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ABSTRACT 

The effectiveness of remediating aquifers and vadose zone sediments is 
frequently controlled by spatial heterogeneities. A continuing and long-recognized 
problem in selecting, planning. Implementing, and operating remediation projects 
Is the development of methods for quantitatively describing heterogeneity and 
predicting its effects on process performance. 

The Savannah River Integrated Demonstration Project has produced a wealth 
of data upon which to try a variety of modeling approaches, from conceptualization 
through calculation. Several approaches will be described briefly. 

The simiianfy to and differences /mm modeling oil recovery processes in the 
petroleum industry are illustrated by the extension to contaminant extraction 
processes of an analytic model originally developed for waterflooding petroleum 
reservoirs. The resulting equations incorporate the effects of heterogeneity through 
a single parameter, a. 

Fitting this model to the Savannah River In Situ Air Stripping test data 
suggests that the injection of air into a horizontal well below the water table may 
have improved performance by changing the flow pattern in the vadose zone. This 
change increased the capture volume, and consequently the contaminant mass 
inventory, of the horizontal injection well completed in the vadose zone. The 
apparent increases (compared to extraction only from the horizontal well) are from 
10.200 to 21.000 pounds for TCE and from 3.600 pounds to 59.800 pounds for 
PCE. The predominance of PCE in this calculated increase suggests that 
redistribution of flow paths in the vadose zone, rather than in-situ stripping, may 
provide most of the improvement. Although this preliminary conclusion remains to 
be reinforced by more sophisticated modeling currently in progress, there appears 
to be a definite improvement, which is attributable to air injection, over 
conventional remediation methods. 

INTRODUCTION 

Subsurface environmental restoration typically requires the transport of 
contaminants (volatile organic compounds, radionuclides, etc.) or reactants 
(including bacteria, nutrients, etc.) for tens to hundreds of meters through porous 
media by carrier fluids, such as air (for soil vapor extraction! or water (for pump 
and treat). All naturally occurring porous media are spatially heterogeneous, with 
permeability, porosity, concentrations, and other properties governing fluid flow 
and transport varying from point to point, sometimes only slightlv but often by 
orders of magnitude. 

At Savannah River, on the order of one million to several million Kg of 
trlchloroethylene (TCE) and tetrachloroethylene (PCE) were discharged berween 



1952 and 1979 through a process sewer line to a seepage basin. A substantial, 
but unknown, fraction of this mass of volatile organic compounds (VOCs) entered 
the subsurface vadose zone sediments and underlying aquifers from the seepage 
basin and from sewer Une leaks, contaminating the ground water. A pump and 
treat project employing eleven wells has been in operation since 1985. and a three-
week soil vapor extraction (SVE) test employing three wells was conducted in 
IE87. prior to the evolution of the Integrated Demonstration Project concept within 
the US Department of Energy POE). 
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Figure 1. Wells in the vicinity of the Savannah River Integrated 
Demonstration Project Site, Savannah River Plant, Aiken, SC. 

The Savannah River Integrated Demonstrations include a 140-day In-Situ Air 
Stripping (1SAS) test completed in December 1990. and an In-Situ Bioremediatlon 
test started in the spring of 1992. These tests used a horizontal injecdon well 
(AMH-1) completed from 7 to 15 m below the water table, and a horizontal 
extraction well (AMH-2) completed in the vadose zone from 18 to 23 m above the 
water table. The traces of these wells are shown in plan view on Fig. I. along with 
the trace of the process sewer line, the locations of vertical weils (VB1. VB2. and 
VB3) used in the SVE test, and the locations of some of the monitoring wells used 
during the integrated demonstration. The area shown is about 100 m by 120 m. 
which is contained within but less than 1% of the area of the 11-well pump and 
treat operation. 



The variety of remediation technologies applied at a single site is intended to 
provide data for comparing their effectiveness under similar hydrogeologic 
conditions. Unfortunately, the large differences In spatial and temporal scales 
make it very difficult to sort out scale effects and local differences In contaminant 
distribution from the effects of the technologies themselves, and it is this difficulty 
which provides the primary motivation for using a number of different modeling 
techniques of varying degrees of sophistication on the Savannah River data to 
understand the observed performance differences and help transfer the lessons 
learned to other DOE sites and elsewhere. 

We are using a variety of sophisticated formulations of the flow and transport 
equations implemented in different computer codes (TOUGH. STARS, NUFT) for 
modeling contaminant extraction performance as well as for studying the physical 
mechanisms controlling the redistribution of contaminants away from the source 
and helping to analyze the results of a helium tracer test. It is perhaps worth 
noting that the choice of a code is not a critical matter, and should be left up to 
the individual investigator. What is much more significant is the development of a 
sufficiently detailed geological description of the system, along with numerical 
estimates of the necessary physical parameters, such as porosity and 
permeability. Much of our effort has been devoted to the problem of Inferring 
detailed spatial distributions of parameters between wells from different types of 
analyses of various kinds of characterization data. 

The overall efficiency of remediation processes depends upon how effectively 
the carrfe. fluid contacts the contaminants. In many cases, contact efficiency may 
depend strongly upon geologic variability - Le., heterogeneity, and may be changed 
only slightly by operating decisions such as the number and placement of wells. 
the flow rates and types of fluids injected and extracted, etc. Very similar problems 
arise in oil recovery processes, such as water flooding or miscible displacement by 
carbon dioxide or other agents, in which one fluid displaces another through 
geologic media. One goal of the Analysis and Evaluation Task of the Savannah 
River Integrated Demonstration Project is to use petroleum industry experience to 
guide development of methods for modeling the performance of remediation 
technologies. In particular. It Is desirable to adapt, for predicting remediation 
technology performance, methods that appear to work for incorporating the effect 
of heterogeneity on oil recovery efficiency. 

OIL RECOVERY BY WATER FLOODING 
Water flooding is by far the most widely applied method for increasing the 

amount of oil recovered from petroleum reservoirs. Water is Injected into some 
wells, displacing, oil. gas, and water through the reservoir rock to the remaining 
production wells. During the economic life of a waterflood. from two to perhaps ten 
or more pore volumes of water may be injected into, and produced from, the 
reservoir. The record of water injection and fluid production comprises an 
extremely large-scale and long-term tracer test, which, interpreted properly, 
should allow one to extract most of the relevant information concerning How and 
transport within the reservoir, subject to the specific boundary conditions imposed 
by the drilling, production, and injection history. 

Because of its intrinsic economic importance, water Hooding has probablv 



been the subject of more model development and application effort than any other 
fluid displacement process. The methods used range from extremely sophisticated 
finite-difference or finite-element and related codes, through analytic and semi-
analytic methods to graphical and empirical techniques. 

A particularly simple method of accounting for the effect of heterogeneity on 
water flood performance was developed (but not published externally) by the 
author in 1970 at Shell Oil Company. Subsequently, the water flood model. 
Including some adjustments for effects neglected In the original work, was 
published in 1979 by Chesnut. Cox, and Lasakl. The reservoir Is represented 
conceptually as a collection of independent flow elements connecting an Inflow 
boundary and an outflow boundary (i.e.. one or more injection wells and one or 
more production wells). The permeability of these elements is assumed to follow a 
log-normal distribution, and water injection is allocated among the elements in 
proportion to the product of permeability and area perpendicular to the direction 
of flow. Displacement within each element is purely advectlve (Le.. "piston-like"), 
with free gas produced first, followed by the movable oil. and finally by water. 

By letting the number of elements tend to infinity while the total flow area 
remains fixed, the oil production rate as a function of cumulative injection can be 
reduced to the following equation: 
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The normalized dependent variable. | . on the left side of Eq. (1) is just the oil 
production rate divided by the water injection rate. The normalized independent 
throughput variable yis the cumulative water injected divided by the movable oil 
in place at the start of the water flood, and the parameter A is the :atio of free gas 
to movable oil present in the reservoir before water injection begins. 

The heterogeneity parameter cr determines the degree to which the water flood 
departs from an iaeal piston-like displacement with no dispersion, fingering, or 
other deviation from ideal behavior, and is equal to 0 for a completely 
homogeneous system. It is introduced as the standard deviation of the natural 
logarithm of the permeability (one of two parameters required to specify the log-
normal distribution function). However, it also seems to account for such diverse 
phenomena as area! sweep effects and viscous or gravitational instabilities. These 
effects are reflected the value of o" required to fit the oil and water production data. 
Figure 2 compares actual field data for a waterflood with calculations based on Eq. 
(1). The model parameters were determined by fitting field injection and 
producUon data. A more complete discussion of procedures for fitting these data 
and a comparison of parameter values determined by other means is given by 
Chesnut et. ai (1979). The value of a is about 0.76 for [his example. 
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Figure 2. Normalized monthly oil production versus cumulative water 
injected for the Benton Field, Benton, Illinois. Points are actual field 
data and the continuous curve is calculated from Eq. 1 with a = C.76. X 
= 1.44, and a total Initial movable oil in place of 18.7 million barrels. 

According to Eq. 1, the oil production rate should be a unimodal curve 
resembling a Gaussian distribution when plotted a function of the logarithm of the 
cumulative injection (if the injection rate is approximately constant the logarithm 
of time can be used as the throughput variable). Furthermore, changing the size of 
the system merely translates the curve along the horizontal axis, leaving its shape 
unchanged. If this model is valid, the scale-up problem is tremendously simplified. 

CONTAMINANT EXTRACTION PROCESSES 
The foregoing discussion serves to introduce the concept of heterogeneity 

parameter models and show that they do work, for at least the one example given, 
in that they can accurately represent field-scale displacements through porous 
media. Exactly the same conceptual development has been applied to the 
displacement processes associated with contaminant extraction methods, 
including pump and treat, soil vapor extraction, and in-sttu air stripping. The 
basic approach is to write down the equations for purely advective displacement in 
an ideal linear system, treat the real system as a collection of linear elements 
drawn from a log-normal distribution, sum the contributions of the individual 
elements to the total contaminant extraction rate, and replace the sums by 
Integrals in the limit of an infinite number of infinitesimal elements. Upon 
normalization, the equation for the concentration as a function of cumulative total 
earner fluid extracted Is exactly the same form as Eq. 1, with the normalized 
extraction rate variable £ Interpreted as C/CQ rather than the normalized oil 
production rate. Here, eg is an effecUve initial concentration, averaged over the 
contaminated volume within the capture zone of the extraction well. 

The throughput variable yean be interpreted as either t / t c or by Q/Qp where 
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tc Is a characteristic time and Qc Is a characteristic volume of carrier fluid 
extracted. Physically, t,. is the time that would be required to remove the initial 
contaminant mass Inventory if it were produced at concentration CQ in carrier fluid 
extracted at a constant rate. Similarly. Qc is the volume of carrier fluid that would 
be required to extract all the contaminant at concentration CQ. 

APPLICATION TO SAVANNAH RIVER EXTRACTION PROCESSES 
Both the pump and treat and the In-sttu air stripping processes have been 

applied long enough at Savannah River to attempt fitting the data with the 
heterogeneity parameter model. Preliminary results for the pump and treat system 
were obtained by fitting data for the first thirteen months of operation, from 
September 1985 to October 1986. using the total flow rate to the air stripping 
column from all the extraction wells and the monthly average air stripper inlet 
concentrations of TCE and PCE (see Fig. 3). Based on this curve fit. the total mass 
of TCE and of PCE originally within the capture volume of these wells was 524,000 
kg and 374.000 kg. respectively, and the heterogeneity parameter, a, is about 2.5. 

Extrapolation of these performance curves (not shown) for the Savannah River 

Savannah River Pump and Treat Forecast 
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Figure 3. Field data and model results for the Savannah River Pump 
and Treat project. The lower curve is for FCE. the middle curve is for 
TCE, and the upper curve is for total VOC concentration in ppm at 
the inlet to the air stripping tower. The point at six years Is included 
for reference; it was not used in determining the model parameters. 

Pump and Treat Operation Indicates that the total VOC concentration would 
remain above 100 parts per billion for more than 500 years, if there were no 
microbiological degradation of the contaminants, no change in well patterns or 
pumping rates, etc. Although this length of extrapolation is extreme, it Is quite 
likely that the general conclusion from tills application of the model is correct: viz.. 



the cost of cleanup by extraction alone may be completely prohibitive. 
The same model can be used to fit data for the ISAS test, using the 

concentration in the extracted soil gas as the dependent variable and the total 
volume of soil gas extracted or the total operating time as the independent 
variable. In fitting the Savannah River data, it was necessary to treat the data for 
extraction alone (before air injection into AMH-1 began) to determine one set of 
parameters, then subtract the resulting TCE and PCE concentration curves from 
the field data to obtain post-injection residual concentrations. A second set of 
parameters was determined for each contaminant by fitting the residuals, with the 
results shown in Figure 4. Details are given in Chesnut (1992) 
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Figure 4. Fit of Savannah River ISAS data to the heterogeneity parameter 
model, using two sets of parameters (one for early time and one for late 
time) for each contaminant. 

According to this application of the heterogeneity parameter model, about 
3290 lb. of a calculated total of 5320 lb. of TCE removed over the operating time of 
the test could be attributed to extraction alone, with the difference attributable to 
the effect of air injection (for comparison, note that the actual total removal was 
5220 lb.). Similar values for PCE are 2210 lb. of a calculated total of 11510 lb., 
compared to an actual total of 11150 lb. If extraction alone were conunued 
indefinitely, the ultimate mass extracted would be about 10.200 lb. of TCE and 
3600 lb. of PCE. The incremental mass attributable to air injection combined with 
continued extraction, continued indefinitelv. is 10.800 lb. of TCE and 56.200 lb. of 
PCE. 

CONCLUSIONS 

1. A simple model originally developed to calculate the effect of heterogeneity 
on water Hooding has been extended to contaminant extraction by pump ana treat, 
vacuum extraction, and related operations. 



2. Application of this model to the Savannah River Site shows that 
heterogeneity may dominate some remediation processes to such an extent that 
impractically long operating times may be required to achieve regulatory targets. 

3. The model clearly separates the effects of heterogeneity (determined by the 
value of the parameter a) from the effects of uncertainty (the "error" In estimates of 
o and other parameters), and can provide the basis for a probabilistic analysis of 
the costs of remediation. 

4. Since the parameters can be estimated from a fit to ej-rly-Ume data, the 
model may prove useful In guiding the development of a remediation pi-cgram. A 
follow-on study is planned to analyze the individual well data in the SR pump and 
treat project to see how the fit to the total data compares with the total for the 
individual wells, particularly for the contaminant Inventory. 

5. Model application to the ISAS project suggests that air Injection may have 
Increased the rate of contaminant extracdon over the application of vacuum 
extraction alone, probably by changing flow patterns in the vadose zone. 

6. Finally, this application frustrates the benefits that may be achieved by 
adapting other modeling approaches originally developed for oil and gas recovery 
processes to the problems of contaminant removal. 
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