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THREE-DIMENSIONAL SOIL VAPOUR EXTRACTION MODELING

ABSTRACT
Lian Zhao Advisor:

University of Guelph, 2007 Professor Richard G. Zytner, PhD, P. Eng

Soil vapour extraction (SVE) is a widely accepted and cost-effective technique
used to remediate unsaturated soils contaminated with volatile organic compounds
(VOCs). In order to improve SVE design, it is necessary to develop a comprehensive
mathematical model that incorporates multiphase flow and multicomponent transport
with nonequilibrium mass transfer. The model must include key controlling
parameters such as relative permeability, dispersion coefficients, phase densities and
interphase mass transfer.

Research has been completed on comprehensive three-dimensional SVE
models entitled 3D-SVE-L/F. Use of these models allows quantitative evaluation of
the SVE tailing effect, a current obstacle for SVE technology. The numerical solutions
of the 3D-SVE-L/F models are obtained using FEMLAB, a commercial multi-physics
modeling software developed by COMSOL Inc.; 3D-SVE-L/F have been calibrated
against known data from lab-scale and field-scale SVE operations. The numerical
simulation study indicates that 3D-SVE-L/F models can simulate SVE tailing effects.
Accordingly, the pressure field and the distribution of the concentration of

contaminant in the soil gas phase as well as the saturation reasonably are predicted.



The completed multivariable sensitivity analysis of the calibrated 3D-SVE-L/F
models under a 95% confidence interval manifests that empirical mass transfer
parameters consisting of the NAPL to vapour mass transfer coefficient are the most
sensitive, followed by air-phase permeability. Dispersivity is the least sensitive.
Comparison of the mass transfer coefficients between lab and field has shown that the
field conditions are more resistant to mass transfer, consistent with high water content,
more complex soil properties, and site heterogeneity.

A challenge facing SVE designs is estimating the length of SVE treatment time
using a 3D-SVE model; a concept referring to a critical time index (CTI) was
developed to predict the closure time for stopping an SVE operation. Applying CTI to
an SVE operation may save operational time and cost. Additionally, the 3D model

developed in this study can be used to assist in field-scale SVE design.
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NOMENCLATURE

The symbols and abbreviations used in this thesis are summarized in this
section. Throughout this dissertation, SI units are applied to the physical amount
unless the prescript units are non-SI. The general subscripts and superscripts are used
in the formulation of variables for easy identification of each term. Double subscript in

the mass transfer rate means the process goes from one phase to another.

English alphabet and abbreviations

a — empirical mass transfer parameter, T
A — specific surface area, L™
b — empirical mass transfer parameter, dimensionless
¢ — empirical mass transfer parameter, T™'
(Cg.)exy — i-th value of concentrations of offgas from the experimental data, mol/L’

(Cgi)moa — i-th value of predicted concentrations of offgas from the model, mol/L?

C, , — concentration of component & in vapour phase, mol/L?

C,, — concentration of component k in aqueous phase, mol/L>

a,

C,, — concentration of component k in NAPL phase, mol/L’
C, , — concentration of component & in phase £, mol/L?

Cs — concentration of sorbed contaminant in soil phase, Mcompound/Msoil

C — concentration of contaminant source, M3

xviii



C; — concentration induced by mass transfer into f phase, mol/L?

Cal; — i-th calculated value

C . — average value of concentration of offgas, mol/L?
CTI] — critical time index
d — empirical mass transfer parameter, dimensionless
D, — dispersion coefficient in gas phase, L¥/T
D; — dispersion coefficient tensor, L*/T
Dgn — molecular diffusion coefficient in # phase, L*/T
e — error of linear multivariable method
E — elapsed time weighted relative slope of breakthrough curve, T

E — rate of interphase mass transfer, M/L’T

E? — mass transfer of NAPL species from NAPL to aqueous phase, M/L* T

E? — mass transfer of NAPL species from NAPL to gas phase, M/L® T
phase, M/L* T
E,, ,— adsorption mass transfer of NAPL species from aqueous to solid phase,
M/L* T
f oc— mass fraction of organic carbon,%

Jes — mass fraction of organic carbon considering the total petroleum hydrocarbon,
g — gravitational acceleration constant, L/T?
h — hydraulic head or soil water potential head, L

hy — reference pressure head, L

Xix



h, — soil water potential head for unsaturated condition, L
H — dimensionless Henry’s law constant

H_,— height of the screened well through contamination region, L

J — mass flux including the advective and dispersive flux, M/L>T
J, — advective flux, M/L*T
Jyis — dispersive flux, M/L*T
k.; — mass transfer coefficient of aqueous phase to vapour phase, T"!
k.s— mass transfer coefficient of aqueous phase to solid phase, T
kna— mass transfer coefficient of NAPL phase to aqueous phase, T!
kng— mass transfer coefficient of NAPL phase to vapour phase, T™'
ko — lumped mass transfer coefficient, T
kqa, — mass transfer empirical constant, T!

ks — overall mass transfer coefficient, L/T

k. — mass transfer coefficient from & phase to S phase, T™

a.p
ky — overall mass transfer coefficient, T
k; — intrinsic permeability tensor, L?
k, — relative permeability

k,s — relative permeability of  phase

K4 — distribution coefficient, L*/M g
K,c— organic carbon partition coefficient
K,, — octanol water distribution coefficient

m — van Genuchten empirical parameter

XX
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CHAPTER 1
INTRODUCTION

Soil vapour extraction (SVE) is a widely accepted and cost-effective in-situ
technique that is frequently used to remediate unsaturated soils contaminated with
volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs)
(USEPA, 2004). A number of design methods, standards and guidelines for the
operation of an SVE system have been published (USEPA, 2002, 2004; USACE,
2001a, 2001b) since the first SVE operation was exercised by Texas Research
Institute in 1984 (Rathfelder et al., 1995).

Modeling of field settings with respect to tailing effects has drawn the
attention of many experts because the remediation practices over past decades have
manifested that the ideal cleanup degree cannot be reached (Chien et al., 2004;
Barnes and White, 2006). It has been broadly experienced that tailing effects cause
SVE remediation deficiency based on a large number of experimental and numerical
investigations in lab-scale and field-scale. Many researchers have reported a wide
variety of operational practices in the lab and field that influence the cleanup of sites.
But there has been scant information on the comprehensive behaviour for a specific
SVE system design. In this chapter, the scope and the objectives of the complicated
3D SVE modeling research, the significance of the 3D modeling methodology, as

well as the major contributions of this research work are briefly addressed.



1.1 The Scope of 3D SVE Modeling Studies

SVE is one of the most successful remediation technologies for underground
storage tank sites and is compatible with other soil and groundwater remediation
technologies (Ball and Wolf, 1990; Sun et al., 1996; Sun and Yeh, 1998). Although
thousands of SVE operations have been completed, and complicated mathematical
models have been developed, simple and empirical designs based on “rules of thumb”
are still being used. The reason is due to ambiguous modeling intentions and the
inability of models to simulate real world SVE situations. The complexity of SVE
performance and nonideal situations is due to the presence of tailing effects.
Unfortunately, there have been limited reports on SVE modeling that can handle
tailing effects properly, minimizing their impact on the prediction and monitoring of
field-scale remediation operations.

Two aspects of the primary concerns that relate to the cost-effectiveness of
SVE remediation operations are closure time and ultimate degree of cleanup over the
entire site. Empirically, the stopping time has been defined as the time when the
vapour concentration is reduced to about 0.1 % of the initial concentration of
contaminants (Wilson, 1995; Ng and Mei, 1996). But this concept for closure time
cannot principally represent the maximum cost-effective capability of SVE operation
to clean up a site. Even though significant development has been made in SVE
remediation technologies (Sawyer and Kamakoti, 1998; Schulenberg and Reeves,
2002), including theoretical studies on the physical and chemical processes existing

in SVE (Schaefer et al., 1999; Abriola et al., 1999), there is still limited
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understanding of the controlling processes in field settings (Lingineni and Dhir, 1997).
The optimized SVE closure time should occur at the start of the tailing stage.

One of the challenges with SVE remediation is the occurrence of tailing
effects that curtails the effectiveness of SVE, since tailing effects can last days,
months, or even years. Continued use of SVE technology during the tailing stage is
not cost-effective. Accordingly, it is important to research the causes of tailing and
predict the performance of the tailing stage, so that other more effective remediation
methods like bioventing can be used to reach final cleanup targets. Identifying
characteristic performances of SVE by forecasting the progress of tailing stages and
determining the pertinent criteria to assess closure time is a challenging task (Zhao
and Zytner, 2004, 2005).

In order to better understand the SVE tailing process and predict closure time,
a comprehensive mathematical model is required. This model needs to capture
significant complexities including soil/contaminant interaction relationships by
dealing with coupled multiphase flow and multicomponent transport, and
nonequilibrium mass transfer through the underlying assumptions. Doing so allows to
analyze and predict the SVE performance at field scale because this model increases
the possibility and range of the realistic settings that may be captured and numerically
simulated.

Mathematical modeling has become an important tool in the development of
soil vapour extraction technology to better understand the remediation processes and
enhance its application (Carey, 1995; Barnes, 2003). Developing a comprehensive 3D

model and improving the numerical simulation is an effective way to predict
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quantitatively the long tailing processes and performance of lab-scale and field-scale
SVE (Zhao and Zytner, 2004, 2005). The scope of 3D SVE modeling studies in this
context will cover a complete methodology and development of the simulator. The
proposed conceptual and mathematical models simulate multiphase flow and
multicomponent transport of contaminants in the subsurface under nonequilibrium
transient mass transfer conditions for both lab- and field-scale tests. The details
include developing the conceptual model for the most general SVE processes and the
corresponding mathematical model with the simplifying assumptions, implementing
the numerical simulation, calibrating the model, conducting sensitivity analysis,
predicting closure time and the final cleanup degree, and developing the protocol of

design by the modeled results.

1.2 Objectives of Research

Modeling practices have provided considerable insights into the processes
governing SVE system design and evaluation of system performance because of the
complexities and expense of conducting experiments either in the field or in the lab
(USEPA, 2002). Modeling has become one of the critical remediation operation
design elements because modeling results reflect how the designed SVE operation
system will respond (Adeel et al., 2001). The most direct objective of developing 3D
models has been to advance the prediction capability as a planning tool for the design
and operation of an SVE system (Rathfelder et al., 1991). However, since SVE

technology arose, very limited studies have been done to focus on this goal.



The improved understanding of SVE processes has been the expectation since
SVE emerged; furthermore, model advances will be meaningful to obtain sound
information on the performances of an SVE system due to the ability of a model to:

o identify the key governing processes which significantly affect the
performance of SVE; and

« enhance the understanding of SVE processes, especially the dominant
mechanism for SVE long tailing effects.

The goal of this research is to develop a comprehensive three-dimensional soil
vapour extraction model using FEMLAB with an accurate prediction capability for
field settings. The overall approach is manifested in the practical realities of operating
a soil vapour extraction system. The objectives of the research toward this goal are
summarized as follows:

« develop a three-dimensional model, which incorporates a coupled multiphase
flow, multicomponent transport, nonequilibrium transient mass transfer,
captures the entire site geometry including SVE system configurations and
specific operation conditions; and

» predict spatial and temporal progress of the SVE operation and suggest the
operational cleanup level and closure time according to the behaviour of the

quantitatively simulated tailing stages.



1.3 Framework of Modeling

The approach to developing a complex 3D field-scale SVE model requires the

following:
. envisioning the generalized SVE operation into a conceptual model,
. formulating the conceptual model into a mathematical model,
. solving the mathematical model by a chosen numerical method by

combining SVE system configurations and operation conditions,

. predicting the expected response with realism and accuracy,
. calibrating the model against known data from similar settings, and
. predicting the closure time and cleanup degree.

A multivariable regression method is then used to carry out the sensitivity
analysis of the calibrated 3D SVE model to identify the key controlling parameters.
Further, the calibrated model can be used to simulate other similar SVE settings.

The solution of the numerical model of an SVE system is a function of the
location of SVE wells, well spacing, screened length, surface sealing status,
controlled operation conditions, and the properties of soils and contaminants and their
interaction. Developing such a complex three-dimensional model introduces
additional complexities compared with one- or two-dimensional modeling with
respect to the following:

» need for sufficient data and more site-specific information, for example, data
on the site characterization and realistic remediation operation monitoring

data;



e increased number of factors that describe heterogeneous characteristics and
parameters of physico-chemical processes involved in SVE;

e complicated mathematical formulations for some parameters related to the
dimensionality, such as spatial derivatives, Darcy’s velocity and dispersion
coefficient tensor; and

» advanced requirements for applicable computer resources and programming
load for numerical simulation of the coupled highly nonlinear partial
differential equations.

In order to develop the proposed three-dimensional model, the research takes
into account the following aspects of:

» comprehensive modeling methodology to target the current obstacle of tailing
effects on SVE technology;

» empirical and theoretical methods and formulation to quantify the physical
and chemical processes possibly simulated in SVE remediation;

» data and parameters obtained from experiments in lab and field; and

» use of the powerful modeling software packages FEMLAB and MATLAB.

1.4 The Significance and Feasibility of 3D Modeling

During the past three decades, there has been general agreement on SVE
remediation technology and related mathematical modeling exercises. Some critical

common viewpoints are as follows:



design of optimal, cost-effective installations tends to be highly site-specific
(Johnson et al., 1990a, b; Wilson, 1995);

modeling studies may successfully fit experimental results in the lab (Harper,
1999, Harper et al., 2003; Gidda, 2003) for the concentration of offgas and in
the few field studies (Farhan et al., 2001);

modeling of migration and remediation of the subsurface contaminants
sometimes is necessary to aid decision making (Schnoor, 1996);

modeling in one dimension and two dimensions with excessive simplifying
assumptions for dynamics of flow limits the application of the models in field
situations (Sepehr and Samani, 1998; Lingineni and Dhir, 1997); and
mathematical modeling is the most cost-effective tool for predicting the
response of an SVE design (Wilson, 1995).

The significance and feasibility of three-dimensional modeling are obvious. A

large number of long-term investigations and experience in exploring the SVE system

design tools and models have demonstrated the need to develop the three-dimensional

SVE models (Baehr, 1987; Baehr et al.,, 1989; Zhao and Zytner, 2005). Three-

dimensional models may produce a markedly improved remediation design relative to

the design based on a one- or two-dimensional model. First, modeling in three

dimensions may use the maximum information available from the actual spatially

variable characteristics of the subsurface site. Predictions may be improved by using

detailed soil mapping processes and conducting experiments with contaminated soil.

Secondly, due to the inclusion of SVE configurations and operation conditions,

modified multiphase, multicomponent, nonequilibrium three-dimensional models
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would be possible and more realistic than local equilibrium, one- or two-dimensional
models. Thirdly, a large number of previous theoretical and practical study results in
the laboratory and the field have provided a sound foundation for the modeling and
simulation of three-dimensional field-scale settings. Fourthly, three-dimensional
models can provide a more accurate representation of field settings, despite the fact
that more significant data requirements and a large computational effort for numerical
simulation is necessary. Additionally, air and groundwater contamination modeling
also requires information on the contaminant concentrations of the source from soil as
the input (Nair et al., 1990). Therefore, the monitored outcomes from a three-
dimensional model, which describes SVE remediation, are also helpful for the
compatible soil and groundwater contamination investigations and other remediation

issues.

1.5 Contributions to the SVE Area

Based on data available on the two lab-scale and field-scale SVE settings and
the reasonable simplifying assumptions, the 3D-SVE-L/F models are calibrated and
the according studies on lab-scale and field-scale SVE performance by the calibrated
model are carried out. The major achievements in the present work are summarized
below.

1. Developed a comprehensive 3D SVE mathematical model that couples
multiphase flow and multicomponent transport with nonequilibrium mass
transfer. Other 3D models reported in the literature do not have this essential

capability (compared details of the typical 3D models see Section 2.5). There



has been very limited work to intentionally target the specific features of
tailing effects mathematically in terms of a realistic SVE setting. In terms of
the work of Harper (1999) and Gidda (2003), both confirmed numerically and
experimentally that the tailing effect was simulated in a one-dimensional
domain. Their achievements have built a sound foundation for future studies
regarding tailing performance under field settings. Of the few existing three-
dimensional airflow models, many are modified from groundwater flow
models, with limited capabilities for including nonequilibrium mass transfer
for SVE, and predicting response on a specific system configuration.

. Used a general and powerful commercial package named FEMLAB to resolve
the systems of highly nonlinear partial differential equations. Numerical
simulation with FEMLAB is able to completely and quantitatively describe
the performance of SVE in three dimensions and to examine with realism and
accuracy of the simulated parameters such as pressure distribution, impact of
variations in parameters and various operation conditions on the performance
of SVE. Meanwhile, the combination of FEMLAB and MATLAB generates
considerable capacities of pre-processing, computation and post-processing
function for the modeled results. The 3D-SVE-L/F models were calibrated
against both known lab-scale and field-scale data, and the corresponding mass
transfer coefficients were obtained.

. Used multivariable sensitivity analysis of the complex 3D SVE model to
evaluate the role of parameters. There has been a conventional method for

conducting sensitivity analysis for a hydrological model, but multivariable
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regression sensitivity analysis was used to characteristically quantify the

impact of the different parameters in the developed complex model.

4. Proposed the criteria of the closure time for SVE remediation. It was essential
to work out a characteristic criterion, which indicates the time when SVE
remediation is no longer cost-effective, and then properly stop SVE operation.
The evaluation criteria for the characteristics of the tailing stage were
developed using lab data and then refined with field data. The critical time
index (CTI) was determined.

Predicting the performances of SVE remediation by modeling needs a model
platform with significant complexity to capture the dominant physico-chemical
processes and operational conditions with site settings in three dimensions, further
based on the platform for the calibration, verification and validation of typical SVE
remediation so that the various performances of SVE may be effectively compared
and evaluated.

The background knowledge of SVE modeling, the complete methodology,
and modeling results numerically simulated with FEMLAB will be elaborated on in
this dissertation. The contents are organized into the following seven chapters.
Chapter 2 is a critical review of literature. Chapter 3 introduces testing FEMLAB
with a soil physics case, groundwater flow and transport of contaminants, and
density-driven flow and transport in a variable-saturated zone, as well as a modified
one-dimensional quaternary component transport nonequilibrium mass transfer SVE
model. Chapter 4 gives the essential theories and pertinent properties of a typical

SVE system, and the detailed processes regarding developing the conceptual model
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and the corresponding mathematical model. Chapter 5 demonstrates the numerical
simulations and calibrations of the 3D-SVE-L/F models; also the behaviours of the
3D-SVE-L/F models, the predicted performance of SVE operation and the impact of
variations in parameters are illustrated. Chapter 6 addresses the sensitivity analysis
and the prediction of closure time. Ultimately, the protocol of designing an SVE
system by three-dimensional modeling also is outlined. Chapter 7 highlights the

conclusions and recommendations for further work.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, the representative achievements and the important findings
about the SVE mathematical models and applications are presented and critically
discussed. A critical review of the latest case studies, models, and the methodology
as well as the developed progress for essential techniques provides sound background
knowledge prior to modeling the three-dimensional multiphase flow and multi-
component transport with nonequilibrium mass transfer processes. Also, this
information provides an understanding of the conceptual model of SVE field
remediation operation and indicates the need to develop a powerful mathematical
model.

Following a brief discussion, this review is divided into five relevant
subtopics to characterize the current existing SVE modeling studies relating to the
objectives of this research topic: 1) mathematical modeling of SVE technology and
application of models in SVE practice, 2) the closure time, 3) coupled multiphase
flow and multicomponent transport modeling, 4) interphase mass transfer, and 5)

computer codes.

2.1  Background

Since SVE technology first emerged in the early 1980s, many literature

reviews, research reports, operation manuals, standards, guidelines and mathematical
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models have been published (DiGiulio, 1992; Jordan et al., 1995; USEPA, 2002,
2004, Wise et al. 2000). These documents concentrated on the various subtopic
domains to constitute almost all aspects of SVE research and experiments in the lab
and field, as well as SVE remediation operations (USEPA, 2002; Harper, 1999;
Gidda, 2003). Significant knowledge of SVE modeling, focusing on individual or
limited combined processes accompanying the simplified assumptions, has been built
up, such as experimental and numerical investigations in lab scale (Abriola et al.,
1999; Hoeg et al., 2004) and in pilot studies (DiGiulio and Varaham, 2001). Largely,
the completed models in 1990s insufficiently incorporated the non-steady gas phase
transport processes; therefore, few models may provide any prediction of the
performance of the SVE system (Jennings and Patil, 2002).

Although many guidelines are available for the design of a field-scale SVE
remediation system, there are few clues as to how the response for various system
configurations can be approached quantitatively. The existing approaches for SVE
design are mainly based on experience or simplified analytical approximation with
the limited simulations (Pedersen and Curtis, 1991; Johnson et al., 1990a, b; USEPA,
2004). SVE system designs have advanced from experimental assessment, analytical
approximation, and simplified simulations to optimization design (Sun and Yeh, 1998;
Barnes and White, 2006). However, these methods have limited capability for
predicting the performance of the system. The process simulation models, which
predict the response of systems, are often an integral part of an SVE optimization
design package (Sun and Yeh, 1998), but the accuracy of SVE process simulation

was doubtful because a relatively simple equilibrium model was used. Obviously, the
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realism and accuracy of SVE simulation to predict the removal of contaminants
greatly affects the optimization schemes, and ultimately affects the estimation of the
cost of SVE operation. Similar concerns are also present for the risk assessment of
SVE remediation where the consequences of risk evaluation models depend on the
predicted concentration of contaminants.

Developing the three-dimensional model and introducing nonequilibrium
mass transfer is an inevitable course to quantitatively predict the performance of a
field SVE operation. A field-scale SVE model should capture the main physical and
chemical processes that occur in SVE remediation, and SVE system configurations.
Doing so will not only allow the prediction of the closure time of the operation, but
also allow comparison of optional remediation schemes. Because of their limited
complexity, many of the existing models and software cannot be used to extensively
deal with the complex system of governing equations, which mathematically describe

SVE operations.

2.2 Modeling of SVE Processes and Application of
Models

2.21 Early Models and Applications

Considering the purpose of this study and the complexities of the various
current models, the expected modeling procedure in an SVE field operation may be
categorized into three stages: 1) preliminary screening, 2) estimation of SVE system
closure time, and 3) design of new SVE system configurations and plan with further
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research tools. The mathematical models presented in the literature describe how the
SVE processes have varied greatly in the level of complexity since the earliest
modeling work (Rathfelder et al., 1995, 2000). Mirsal (2004) proposed the generic
advanced ideology for modeling by which the model is used to solve problems or find
the answer for which a solution or answer, directly under the prevailing conditions, is
not feasible, or is difficult. Obviously, significant discrepancies exist in the capacities
of SVE models available, making it difficult to implement the fundamental functions
which may predict the response of the various SVE system configurations.

Uses of a groundwater model for the design of soil vapour extraction
operations are basic applications of the early air flow models based on the similarity
of the groundwater flow by pumping and the flow of air by venting in SVE (Coffin
and Glasgow, 1992). The simplest models with analytical solutions were applied to
evaluate gas flow and intended to aid the SVE design by delineating the influence
zone of a venting well (USEPA, 2002). At present the SVE system design by
modeling method is still superficial, and largely can be utilized only on the
preliminary screening of the candidate sites for SVE remediation (Mohr and Merz,
1995; Baehr and Hult, 1991) by using air flow models which are modified in terms of
groundwater flow models.

The fundamental components considered with respect to an SVE system
design consist of the number of wells, location of wells, spacing of wells,
combination of venting and air injection or passive wells, sealing area of the surface,
depth to well screen, and operation conditions (Chen and Gosselin, 1998). However,

there have not been many model simulations which could completely capture the
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wells’ situation except the work done by El-Beshry et al. (2001) using VENT3D, an
equilibrium mass transfer model developed by Benson et al. (1993). Benson et al.
(1993) extended the equilibrium gas phase flow and transport model built by Johnson
et al. (1990a, b) to a three-dimensional spatially heterogeneous soil and multi-
component contaminant mixture.

Johnson et al. (1990a, b) incorporated the first comprehensive application of
fluid hydraulics to unsaturated zone vapour flow testing and SVE system design.
Massman (1989) showed that when the maximum pressure difference between any
two points is less than 0.5 atmospheres, the effects of gas compressibility can be
neglected. Thus, the utilization of groundwater flow models was regarded as suitable
for gas flow. An analytical flow model using this approach has been developed for
one-dimensional transient flow (Massman, 1989). Johnson et al. (1990a, b) used
simple analytical tools in conjunction with typical advection and diffusion transport
rates from SVE systems to suggest that near-saturated vapour concentrations from
NAPL volatilization occur over relatively short gas phase travel distances.

Joss and Baehr (1995) coupled analytical two- and three-dimensional steady-
state air flow simulators with an advection-dominated transport model. There has
been no calibration conducted for these models since these models were completed.
The simulated outputs by these models represented only roughly the decreased
tendency of concentration of offgas without predictive capability as SVE operation
proceeds.

Most previous SVE models referred to homogeneous vapour phase as only

one mobile phase (Johnson et al., 1990a, b; Mohr and Merz, 1995). Early vapour flow
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models based on density-dependent flow of groundwater were based on the

equivalent air head (#") formulation in Equation (2.1), which was proposed by Frind

(1982) and Mendoza and Frind (1990a).

Po&
Where:
P = pressure of gas phase, M/LT?
p,= density of uncontaminated soil gas, M/L?
g = gravitational acceleration, L/T?

z = elevation head, L

The governing equation of 2Dgas phase flow is expressed as:

z[knk, pogﬂ}g[k"kr%(%w]:s on”
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Where:
u = dynamic viscosity, Pas
k.. and k,, = permeability along principal coordinates, L*
k. = relative permeability
Ss = specific storage term, L1

pr = the relative density of gas phase.

pe = density of the contaminated soil gas mixtures, M/L?

Q.1

2.2)

2.3)

The relative permeability of gas phase in the matrix k. can be expressed by

(Brooks and Corey, 1964):

K =(1-6,)(1-68P"%)

18

2.4)



g =2 " @2.5)

Where:
¢ = total porosity, L*/L>

0. = effective liquid content in the soil, L3

B . (o 1373
6, = gas phase content in porous media, L'/L

6, = irreducible liquid content in the soil, L*/L?
Assuming the porous medium is rigid, the specific storage term S;in Equation

(2.2) is expressed by Mendoza and Frind (1990) as Equation (2.6):

S, =6,p,8Y (2.6)
Where:
¥ = compression coefficient of air, LTYM

Croisé and Kaleris (1992) used substitution of variables to modify the U.S.
Geological Survey modular three-dimensional finite-difference flow model
(MODFLOW). And more detailed studies were reported on the advancement of gas
phase flow (Falta et al., 1989, 1992a, b; Mendoza and Frind, 1990a; Shikaze et al.,
1994).

The migration of the gas phase of a DNAPL’s plume induced by volatilization
of the gas phase caused early investigations on behaviour of density-driven gas flow
(Reeves and Abriola, 1994) als expressed by Equation (2.6). Shikaze et al. (1994)
developed a 2D air water flow and transport model with equilibrium mass transfer in
fractured and porous media, using the specific storage parameter in flow equation
defined by Mendoza and Frind (1990) in Equation (2.6). Meanwhile, the transport

equations were expressed as:
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Where: ]

Dj;; = mechanical dispersion coefficient, L*/T
C = concentration of contaminant, mol/L?
R = retardation coefficient

H = dimensionless Henry’s constant

K; = distribution coefficient, L’M

q; = Darcy’s velocity, L/T

6, = aqueous phase content

Sleep and Sykes (1989) developed a two-dimensional, two component, and
two phase flow with a linear driving force expression of rate-limited mass transfer.
The multiphase flow equations of water and gas phase were decoupled by assuming a
mutually independent relationship between the gas phase and water phase. Eventually
the gas phase equation was formulated by Equation (2.2). Gas phase was simplified
to a constant density equivalent to air density.

This gas flow equation was used to design the spacing of wells and screen
length through a contaminated vadose zone and sealing area on the surface (Gamlie
and Abdul, 1993). A numerical model based on saturated/unsaturated flow was
employed by Gamlie and Abdul (1993) to generate transient flow fields. Moreover,

the authors expected that the future study of gas flow regime should focus on:

« developing a three-dimensional model, analyzing and optimizing the SVE
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configuration of injection and venting;

» solving the contaminant transport equation; and

o exploring the relationship between the removal of contaminant and

closure time.

Another type of representative coupled gas flow and transport model is
Armstrong’s work (1998). Combining the continuity equation for flow of vapour,
ideal gas law, and Darcy’s law, and neglecting the mass transfer in the flow equation
through variably saturated porous media may be denoted by Equation (2.9) and (2.10)
(Armstrong, 1998; Wagner, 1998). This model consists of a nonequilibrium model
that solves a set of partial differential equations for two-dimensional gas flow and
advective-dispersive vapour transport in variably saturated porous media with a

finite-difference approach.

86, P,)

£ = V(pyg,) (2.9)

Where:
qg = Darcy flux of vapour phase L/T.

(2.10)
Where:
Ceq = equilibrium vapour concentration at the liquid-vapour interface, mol/L
k, = overall mass transfer coefficient of volatilization of residual liquids, T!
The above-mentioned model considered gas phase flow and transport as well
as mass transfer, but does not have the capacity to update NAPL content. The fact is

that the residual saturation varies during SVE operation, and must be accounted for.

Additionally, the method of handling the gas phase flow is feasible, but neglecting

21



the mass transfer which occurs in other concurrent phases is inappropriate for
predictive SVE modeling, especially for tailing, because mass transfer processes are
the dominant mechanism for tailing stage.

Using Equation (2.2), Cho (1993) developed a three-dimensional air flow
computer model to simulate the soil-air pressure distribution at steady state and
specific discharge vectors during soil venting with multiple wells in unsaturated soil.
Although Cho (1993) obtained accurate, calibrated pressure and velocity fields in a
three-dimensional model for a multiple well SVE system, the author postulated that
the analytical solution of this flow equation might be linked to the transport equation
to produce the predictive model by gas concentration. However, later advancement of
SVE modeling method manifested that this expectation cannot further create the
accurate simulated results for SVE tailing effects.

Conclusively, the numerical simulation for single phase air flow and transport
has been used to produce a better SVE design of the layout of wells with varying
operating parameters and observing the results of simulations. An air flow model
mainly is used to delineate the air flow pattern under different operation parameters
and to select and optimize well placement and well screening. But the consequences
of application of air flow models have not further been extended to modeling
transport and mass transfer processes and then predicting the closure time of SVE
remediation operations. More advanced modeling should incorporate contaminant
transport and mass transfer processes in multiphase systems. Emphasis should be on
the heterogeneity of porous media, profiles of pressure around venting wells and

mass transfer characteristics. More complex models will be introduced in Section 2.3.
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2.2.2 Prediction of Closure Time

The major limitation of the current procedure to evaluate SVE is that it does
not yield accurate estimates of the time necessary for the appropriate restoration of a
contaminated site to reach the cleanup target (Armstrong et al., 1994; Zhao and
Zytner, 2005). One reason is that the simple models have not captured the crucial
processes. Many dominant and measurable mechanisms have been studied to improve
the prediction capability of models and applications in field SVE remediation designs
(Sawyer and Kamakoti, 1998). In principle, modeling the pilot-scale test would
normally be done to verify both flow and chemical transport aspects of the SVE
design (Rossabi, 1997; USEPA, 2002).

Predicting the closure time has always been difficult and complicated for SVE
remediation operation (Chai and Miura, 2004; Nobre and Nobre, 2004); the closure
time is an important criterion to evaluate properly the efficiency of SVE because the
operation time on the site closely relates to the life-cycle cost of SVE (Wilson, 1995;
Barness and White, 2006). Johnson et al. (1990b) explained the three aspects of
standard index which might be considered to estimate when the SVE system can be
turned off: cumulative amount removed, extraction well vapour concentration and
composition, soil gas concentration and composition. However, these indexes cannot
determine if the progress of SVE operation has been maximized. Kaleris and Croise
(1997) utilized dimensionless parameters to estimate the cleanup time, but in
principle, still used one-dimensional advective-dispersion transport to obtain the most

direct relation among parameters of SVE and the removal rate of contaminants. They
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treated the rate-limited mass transfer between the pore water and the solid phase, and
formulated the relationship between the cleanup time and the concentration of offgas.

Kaleris and Croise (1999) estimated the cleanup time for the SVE operations
using a mixed petroleum reservoir model with local equilibrium mass transfer. Later,
this numerical model was modified and dealt with the advection—dispersion
differential equations with Darcian isothermal air flow, local equilibrium contaminant
mass transfer between gas phase and soil water, and first-order kinetics mass transfer
between soil water and solid phase (Kaleris, 2002).

Wilson (1995) reported on a generic method to determine the closure time of
an SVE operation based on a simple equilibrium or nonequilibrium model to predict
the time at which the removal rate of 0.1% was reached (Hinsenveld and van den
Brink, 1990). Figure 2-1 sketches the typical modeled breakthrough curves. These
predicted results cannot represent the ubiquitous presence of the tailing effects
because the equilibrium and nonequilibrium models have no capacity to identify the
characteristics of tailing effects. Figure 2-1 also demonstrated the difference in
predicted cleanup time between the equilibrium and nonequilibrium models. The
closure time for the nonequilibrium case is about five times as long as that for the
equilibrium case (Wilson, 1995). However, despite using the nonequilibrium mass
transfer model and the removal rate of 0.1% has been reached, whether the tailing
may start at this time or tendency of no cost-effective remediation may proceed has
not been indicated. Pedersen and Curtis (1991) noted that the purpose of the SVE
design process is to construct an SVE system that removes the greatest amount of

contaminants from the site in the most efficient, timely and economical manner.
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Based on the trend shown in Figure 2-1, apparently, the closure time quantitative

evaluation is not yet available.
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Figure 2-1 Comparison of TCE Removal Time for Local Equilibrium and
Nonequilibrium Cases at a Radius of Influence of 10 m (Cited from Wilson, 1995).

2.3 Multiphase Flow and Multicomponent Transport

Over the past few years, multiphase flow and transport phenomena in porous
media have become increasingly important (Chien et al., 2004). Intensive research in
vadose zone modeling has taken place in the field of environmental engineering,
including analyzing distribution contaminants in the subsurface and remediation of
the site (Thomson and Johnson, 2000; van Geel and Sykes, 1994a, b). SVE operation
is a typical multiphase flow process under the following situations in the vadose zone:

. NAPL migration if NAPL contaminant source is still located in-situ;

. moisture movement resulting from the fluctuation of groundwater table;

. gas phase venting process.
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Although three fluid phases (air-water-NAPL) are present at most SVE
remediation sites, very few models have been reported in the literature that can
simulate the coupled multiphase flow, multicomponent transport, and interphase mass
exchange (Rathfelder et al., 2000). In this section, advancement of fundamental
multiphase flow theory and the applied status in soil and groundwater NAPL

contamination issues are reviewed.

2.31 Advancement of Multiphase Flow Theory

A comprehensive review on multiphase systems in soil and groundwater
contamination, mathematical simulations and the experiments of interest have been
outlined by Farquhar et al. (1990), Bear and Bachamat (1990), Corapcioglu (1991),
Weber and DiGiano (1996), and van Genuchten et al. (1999). Some authors reviewed
the multiphase flow and transport of contaminants in porous media (Allen el al., 1988;
Adenekan et al., 1993). In particular, Miller et al. (1998) have given an extensive
overview on the advancement, remaining challenges and approaches of interest. Both
flow and contaminant transport in the vadose zone have complex issues that do not
exist in the saturated zone. Historically, the theory of vadose zone flow emerged by
the extension of the concepts used in saturated zone flow that have been developed
since the early 1900s. The earliest application of multiphase flow theory was
demonstrated in the 1930s based on Richards equation (Jury and Horton, 2004),
which illustrates flow of moisture in soil and other porous media. In the 1960s,

petroleum engineering simulations became well developed (Peaceman et al., 1977),
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and the classic constitutive relationships between the capillary pressure and the
saturation of a fluid phase and between relative permeability and saturation were
established (Brook and Corey, 1964, 1966). The governing equations for the earliest
three-phase flow models with constitutive relationships have come from petroleum
engineering simulations (Faust, 1985). In hydrology, by the 1980s, much research
had been done as groundwater contamination issues became an increasing concern to
the public (Zheng and Bennett, 2002). A number of overviews on the multiphase
flow and transport of contaminants in groundwater contaminated by NAPLs (Abriola
et al., 1999; Miller et al., 1998) were presented. The more complex issues of coupled
flow and transport in the vadose zone have become of increasing concern since the
1990s (Frind, 1990; Ying and Zheng, 1999; Lenhard et al., 2004). The most pertinent
capability to deal with SVE simulations should capture the coupled multiphase flow
and multicomponent transport with nonequilibrium mass transfer.

Multiphase flow modeling studies in contaminant hydrology are largely based
on the modeling theory derived from petroleum reservoir simulation (Peaceman,
1977; Brush, 1994). The basic governing equations and the derivation have been
addressed very clearly (Bear, 1972; Abriola and Pinder, 1985; Bear and Bachmat,
1990). Adeel et al. (2001) reviewed advancements in multiphase flow and transport
of contaminants in soil and groundwater, and the typically used software. In
particular, they addressed the difference between petroleum engineering and
environmental engineering modeling and the limitations to exploring environmental
case studies. The complicated properties of soil and contaminants in the subsurface

have made the SVE system design empirical and site-specific (Hutzler et al., 1989);
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also, the history of environmental sites is relatively short compared to petroleum
reservoirs with a million year historical genesis, in that there is a limited amount of
repeatable data available for remediation and modeling studies for various
contaminated sites, unlike for petroleum reservoirs.

Most three-phase flow models in porous media assume the air phase to be
passively connected to air with respect to uniform atmosphere pressure (Abriola and
Pinder, 1985; Faust, 1985; Parker and Lenhard, 1987). They dealt with the interphase
mass transfer as equilibrium partitioning. It is extremely difficult to keep all three
phases active when undertaking numerical simulation because of the highly nonlinear
governing equation system.

The earliest interest in gas phase advection and dispersion transport depended
on the findings from the investigation of volatilization of DNAPL and smear zones
produced with the gas phase along the NAPL plume (Sleep and Sykes, 1989;
Thomson et al., 1997). Some of the investigations on multiphase flow neglected
density-driven gas advection (Abriola et al, 1987; Lenhard et al., 1995). Few models
demonstrate gas phase flow behaviours of SVE using hypothetical mass transfer
coefficients (Armstrong et al., 1994) without the calibration against known data from
realistic SVE settings (Jang, 2005).

Successful SVE practices have induced greatly the continued interest in
studies of gas phase flow and transport in a multiphase system (Brusseau and Rao,
1989; Brusseau, 1991; Campagnolo and Akgerman, 1995). Many of the models
described in these reviews are worthwhile references for simulating the typical

processes occurring in SVE even though they do not include complex 3D
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mathematical models, complete parameterization and rigorous 3D numerical

simulation.

2.3.2 Complex SVE Models

This section will elucidate the application and advancement of the multiphase
flow and multicomponent transport theory in SVE modeling studies. There have been
some multiphase flow and multicomponent transport mathematical models dealing
with SVE processes incorporating interface mass transfer documented in the literature
(Sleep and Sykes, 1989, 1993; Lingineni and Dhir, 1992; Abriola et al., 1997, 1999;
Rathfelder et al., 2000). Sleep and Sykes (1993) clearly pointed out that before their
work, all models that handled multiphase flow and multicomponent transport had
neglected gas phase advection.

Sleep and Sykes (1989) introduced ideas of multiphase flow and
multicomponent transport into SVE settings without mass transfer involved in flow
equations and completed numerical simulation for a hypothetical SVE case. Sleep
and Sykes (1993) proposed a compositional simulator to analyze groundwater
contamination and remediation action. The proposed model dealt with water, gas and
NAPL three-phase flow and an arbitrary number of species transport considering
equilibrium interphase mass transfer partitioning. Advection of all three fluid phases
with diffusion in the water and air phases were involved. All solutions were
calibrated against a one-dimensional and three-dimensional analytical solution
assuming three-phase flow and single solute transport. Rathfelder et al. (2000)

reported a two-dimensional aqueous and gas phase two-phase flow SVE model.
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There was no information on the adjustable parameters which may be tuned to
complete calibration, and no index was reported to evaluate the goodness of the
calibration. Only the qualitative analysis and the reasonability of the numerical
solutions with respect to the hypothetical SVE case with cyclohexane contamination
were summarized without the calibration conducted for a field 3D SVE scenario.
There have been no reports to address the predictive capability of the model or the
comparable consequences to forecast the performance of real SVE operations related

to tailing effects.

2.4 Computer Codes Applied in SVE Modeling Studies

In general, even the simplified versions of the flow and transport equations
arising from a simplified conceptual model are too complicated to be solved
analytically (Wheeler, 1988). The availability of solutions to a system of governing
equations always is a significant concern and obstacle for a modeler. Choosing an
appropriate computer code is essential for successful modeling. There are computer
codes of personal software and commercial specialized software which can be chosen
to implement the SVE modeling studies. The computer codes developed by
individual researchers are constrained strictly under specific governing equations
with limited flexibility available. Therefore it is difficult to modify them to perform a
more complex modeling study.

Abriola et al. (1999) reviewed the modeling framework and considered that

there are three types of models which demonstrate SVE processes:
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e Air flow models;

» Steady-state air flow and organic transport models with equilibrium and

nonequilibrium interphase mass transfer; and

e Multiphase flow, multicomponent transport with interphase mass transfer

limitations.

Correspondingly, the solutions to these flow and transport governing
equations can be obtained by the following methods and relevant numerical schemes:

» Analytical and semi-analytical methods (Huang and Goltz, 1999)

Several models have dealt with the flow of gas phase by analytical pressure
solution under different conditions (Falta, 1993; Kaleris and Croise, 1997, 1999), but
a very limited analytical solution for chemical transport equation can be obtained.

» Finite-difference numerical method in one dimension and/or two

dimensions (Sleep and Sykes, 1989, 1993; Sepher and Samani, 1993; El-
Beshry, 2001; Yoon et al., 2002; Harper, 1999) or three dimensions
(Benson et al., 1993)

« Finite element numerical method in one dimension and/or two dimensions
(Huyakorn et al., 1983, 1994; Carey, 1995; Armstrong et al., 1994;

Wagner, 1998; Rathfelder et al., 2000; Gidda, 2003).
There is substantial commercial or open source computer software available.
In fact, Jenninga and Patil (2002) listed and briefly summarized about 30 models
developed in the 1990s alone; however, transport models do no prevail among these
models. What follows is a summary of a variety of commercial models currently

available.
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MISER is a 2D SVE/BV simulator developed by Abriola et al. (1999) and
Rathfeldar et al. (2000). MISER deals with only one organic contaminant component
(toluene) and uses a linear driving force for rate-limited mass transfer. It is a coupled
aqueous and gas two-phase flow and transport finite element simulator in field scale.
Intermodel calibrations were carried out, but there have not been calibrations against
known data from real SVE operations and system configurations. There has been no
literature, which reported the predicted tailing effects or field SVE settings by
MISER simulator.

RESSQ is a 2D contaminant transport semi-analytical model for advection
and adsorption in homogeneous, isotropic, confined and unconfined aquifers of
uniform thickness where regional flow occurs. RESSQ is suitable for determining
capture zones of wells in steady uniform groundwater flow and SVE gas flow

conditions (http://www.ejge.com/1996/Ppr9602/cont2dan.htm). Beckett and Huntley

(1994) found that an underestimated cleanup time and overestimated radial cleanup
effectiveness occurred using VENTING and RESSQ software packages because they
should be used only under confined flow conditions.

VapourT is a finite element model that simulates incompressible soil-gas flow
and vapour transport processes. VapourT has the capability to model VOC transport
by diffusion, dispersion and advection in gas and aqueous phases; it can simulate
density-driven gas phase flow, as well as VOC gas-aqueous phase partitioning. A
detailed description of VapourT was provided in Mendoza (1989), Mendoza and
Frind (1990). As well, VapourT was used to estimate the closure time for field SVE

operations (Barnes, 2003; Barness and White, 2006). But it is difficult to couple the
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rate-limited mass transfer with VapourT because VapourT simply dealt with
equilibrium mass transfer by the fixed model governing equations.

NUFT is a general purpose finite-difference computer code and may be used
to simulate soil vapour extraction. However, detailed information has been not
reported on its commercial applicability, and the results of its application in SVE
scenarios are lacking (Dortch et al., 2001).

The USEPA (2002) has reported several three-dimensional models for
personal computer application for soil vapour extraction, but these models have been
used only to simulate air flow and design the SVE system by screening the candidacy
of a site and arranging the layout of wells. When utilizing these models, one can
roughly predict pressure distribution and air flow streamlines without the coupled
vapour transport processes. One of these is the model MAGNAS, which was written
in Fortran 77 and is based on Huyakorn and Panday’s work (1994). MODFLOW is a
three-dimensional finite-difference groundwater model; connected to GMS
(Groundwater Modeling System) (Dorth et al., 2001), it is often used in SVE
simulation (Sawyer and Kamakoti, 1998) assuming the single gas phase flow,
whereas water and NAPL phases are immobile. AIR3D was used to estimate the
unsaturated zone permeability from field data obtained from horizontal well
SVE tests (USEPA, 2002). AIR3D is an adaptation of the groundwater flow code
MODFLOW to simulate three-dimensional air flows in a heterogeneous, anisotropic
unsaturated zone where air flow is induced through dry wells or trenches, as in
vapour extraction remediation (USEPA, 2002). An SVE simulation-optimization

model, which incorporates MODFLOW and AIR3D was utilized to design the
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number of extraction wells, and location and pumping rates of the wells in a study by
Sawyer and Kamakoti (1998).

UTCHEM and SIMUSCOPP are the specialized petroleum engineering
simulators, which were tested to model SVE processes and enhanced groundwater
remediation simulation (Delshad et al., 1998). Although the UTCHEM compositional
simulator, which has been included in (GMS) and opened to the public, was
developed to accommodate the multiphase flow and multicomponent transport with
chemical reaction and to handle an unsaturated system, it is not well suited to
simulate soil vapour extraction (Dorth et al., 2001) due to its specialization in
petroleum reservoir settings. Similarly, Thiez (1996) applied a simulator entitled
SIMUSCOPP to design SVE remediation pilot tests. SIMUSCOPP is a software
package modified from a petroleum reservoir compositional simulator, and may
simulate three-phase flow, nonequilibrium mass transfer and multicomponent
categorized by the organic carbon groups of the target contaminants. However, there
have been no further reports on its applicability and availability.

GAS2D and GAS3D are numerical two- and three-dimensional models
developed by Sepehr and Samani (1993) to simulate gas flow conditions under
vadose zone conditions. The model has been validated and used to assess the gas
pressure distribution and anticipated gas flow rates from vapour extraction wells
under different boundary conditions, soil moisture contents and heterogeneous and
anisotropic conditions. This model has been used extensively to evaluate and design
vapour extraction systems for different projects. The development and testing of a 3D

gas flow model "GAS3D" for the design of soil venting systems has been described,
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and the simulated pressure around a vapour extraction well by the developed GAS3D
model was verified and validated by comparing the results of the finite-difference
solution to actual field measurements and the results of an analytical solution under
homogeneous and isotropic conditions without transport of contaminants (Sepehr and
Samani, 1993).

STOMP was developed by Pacific Northwest National Laboratory's
Hydrology Group. STOMP is a multipurpose engineering simulator for investigating
remediation technologies for the cleanup of organic compounds within soil and
groundwater. The simulator numerically solves flow and transport through variably
saturated geologic media by a finite-difference scheme. STOMP has been used to
simulate multiphase, compositional NAPL, and nonisothermal conditions involving
nonvolatile three-phase systems. Saturations computed from STOMP were calibrated
against experimental data for one-dimensional, nonvolatile three-phase flow systems
(Lenhard et al., 1995). It was also tested against simulation results from a published
numerical code MOFAT-2D, and against nonhysteretic and hysteretic relationships
between capillary pressure and saturation data from three-phase flow experiments.
STOMP may accurately predict multiphase flow behaviours at a site when the model
parameters are correctly calibrated to the site under the appropriate site
characterization (White et al., 1995). However, STOMP does not have significant
flexibility to allow researchers to incorporate rate-limited mass transfer coefficients
into individual phase and the improved capillary pressure-saturation-relative
permeability constitutive relations (van Geel and Roy, 2002), even in an updated

STOMP version (2006, at website: http://stomp.pnl.gov).
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At present time, two commercially available 3-D vapour flow and transport

models are VENT3D developed and marketed by David A. Benson in 1993 and SVE-

3D (at website http://scientificsoftwaregroup.com, accessed on January, 2006) by
Scientific Software Group. Both of these models are compared against the model
developed in this study (3D-SVE-F) in the summary presented at the end of this
chapter.

Most of the above-mentioned models performed the 3D gas flow simulation
based on groundwater flow models. Even though some compositional simulators are
available to simulate multiphase flow and transport processes, the existing codes have
limited flexibility for modification to meet the high requirements of complicated
models (Karapanagioti et al., 2003). The development of computer software and
hardware, including the numerical schemes, are certain to continue; therefore, any
three-dimensional time-variant comprehensive models with limited information
available are likely to be tentative. There have been very few coupled multiphase
flow and multicomponent transport compositional simulators that can demonstrate
the performance of actual SVE operation. Furthermore, predicting closure time and

the cleanup target of a real SVE operation also remains a challenge.

2.5 Rate-Limited Mass Transfer

The issue of mass transfer involved in multiphase systems has become an
active research field in enhanced recovery petroleum engineering (Aziz et al., 1979),

and groundwater and soil contamination and remediation operations (Kaleris, 2002;
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Benitez, 2002; Zhao and Zytner, 2005). Because of the immeasurable mass transfer
rate, the mass transfer coefficients may be obtained only by fitting modeled results to
known experimental data. Studies in field and laboratory settings have indicated that
the rate-limited interphase mass transfer is crucial for predicting realistic performance
of field SVE. Many investigators applied mass transfer coefficients developed in
terms of a dimensionless parameter group from a simple experimental setup (Powers
et al., 1992; Rathfelder et al., 1991; Harper, 1999; Gidda, 2003).

In this section, the classic multiphase mass transfer theory, the characteristics
of mass transfer processes involved in SVE operation, and a myriad of typical results

of laboratory column experimental and numerical investigations are reviewed briefly.

251 Mass Transfer Processes in SVE Operation

Laboratory and controlled field experiments represent evidence for rate-
limited mass transfer during venting (Gierke et al., 1992; Hayden et al., 1994).
Various relevant mechanisms have been proposed to account for the phenomena
observed as mass transfer rate limitations, including film transfer limitations, intra-
aggregate diffusion processes (Powers et al., 1992), gas flow by-passing low
permeability zones (Gomez et al., 1991), zones of high aqueous phase saturations and
rate-limited desorption from the soil matrix (Brusseau and Rao, 1989). Eventually, a
study on rate-limited mass transfer during SVE operation completely depends on
modeling results because of the unavailability of measured mass transfer coefficients

(Anwar et al., 2000).
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The logical question is whether the mass transfer parameters obtained from
calibrating any model against lab-scale SVE experiments may be extrapolated to real
field-scale situations or not. Accuracy of predictions for mass transfer coefficients
depend on the level of complexity to which the model was developed and the
similarity of experimental results and model outputs as well as the accuracy and
stability of the numerical simulation.

Mass transfer processes occurring in SVE remedial operations are extremely
complex; furthermore, it is still intensely challenging to decide how to represent them
with the calibrated mathematical models and how to explain the diverse or various
realistic situations that occur in the laboratory and field. Lucid comprehension of the
mass transfer-controlled mechanisms has central importance for improving the
predictive capability of an SVE mathematical model in order to assist the design of
SVE configurations and predict the corresponding response. Subsequently, the
destination of modeling studies logically should focus on how the mass transfer
modification may control the SVE long tailing effect in three-dimensional realistic
site settings. Ultimately, the characteristics of mass transfer coefficients related to the
performance of SVE operation will be demonstrated, and the magnitudes of mass
transfer obtained by the calibration against known data will be extrapolated to similar
site settings.

Many studies have been conducted to reveal the typical mass transfer
processes, such as volatilization of residual NAPLs (Ng and Mei, 1999), dissolved
NAPL in the water phase (Armstrong et al., 1994; Fischer et al., 1996, 1998), and

desorption of contaminants from soil particles. Powers et al. (1992) exhaustively
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reviewed the interphase mass transfer processes of various contiguous phase pairs.
The likely mass transfer-controlled processes emerging in SVE originate from
NAPLs across NAPL-water and air-NAPL interface mass transfer. NAPLs in
contaminated soil may exist as a pure NAPL phase, dissolved in an aqueous phase,
volatilized into an air phase and adsorbed in a soil particle phase (Kim, 1994).

Ideally, all volatile organic compounds should produce the phase change into
the air phase during SVE operation. However, SVE remedial experiences have shown
the situation to be not always ideal due to limitations of rate of mass transfer (Hayden
et al, 1994, 1997). One reason for non-ideal behaviour is the controlling
mechanisms of mass transfer limitations resulting from soil heterogeneity with
diffusion through low permeability layers (non-advective layers) to high permeability
layers (advective layers) (Johnson, 1990a, b; Hoffman et al., 1999; Ho and Udell,
1992). Some physico-chemical processes are so fast at reaching local equilibrium or
transient equilibrium that mass transfer limitations are neglected. The nonuniform
contaminant distribution in soil and contaminant molecular diffusion in pore water
mass transfer resistances are also mass transfer limitations, especially for high
dispersivity and high pore water content. These complex scenarios are difficult to
simulate (Yang et al., 1999; Schaefer et al., 1999). The development of long-term,
broad and intensive studies on various mass transfer limitations has promoted the
elaborate work toward the realization of SVE field operation settings in models.

Introducing isolated NAPL-gas phase, NAPL-aqueous, aqueous-gas phase
mass transfer (Yang et al., 1999; Huang and Goltz, 1999; Yoon et al., 2002) and the

rate of mass transfer between different phases have been reported (Wilkins et al.,

39



1995; Rathfelder et al., 2000) even though specifying the rate of mass transfer of
various phase pairs is a difficult task due to demanding a more complex model.

Currently, many models developed based on the lab-scale experimental
scenarios have uncertainly proven connection to field-scale applications and
modeling consequences. It is doubtful whether the consequences from lab-scale
limited simulations may be extrapolated to field-scale SVE domains to predict, for
instance, the tailing effect in which residual vapour concentration decreases gradually
over a long period of time. The laboratory results have not been directed to assist
field-scale SVE design, although they have provided significant information on the
dominant physical and chemical mechanisms involved in SVE operations. As such, it
is difficult to extrapolate laboratory results to real field SVE applications (Harper,
1999; Harper et al., 2003; Gidda, 2003) when one considers historical experience,
operation parameters, field performance, and unanticipated subsurface conditions.

As reported, almost all modeling studies pertaining to the mass transfer
calibration against one-dimensional column experimental data have been conducted
using one- dimensional SVE numerical models (Falta, 1993; Yoon, 2002; Harper,
1999; Harper et. al., 2003; Gidda, 2003). Few studies related to experimental and
numerical investigation of SVE systems at the lab-scale in two dimensions (Fisher,
1996; Rathfelder et al., 2000; Hoeg et al., 2004) have been conducted, and they are
without any calibration and sensitivity analysis. Moreover, these developed models in
multiphase experimental and numerical investigations are unable to simulate the
variation of NAPL and aqueous phase saturation. The mathematical representation of

the mass transfer between the contiguous phases in a multiphase system is the crucial
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key in flow and transport modeling. Ultimately, there have rarely been models that
depict the special tailing effects of SVE because of the inappropriate capability and
limited complexity of these models to match tailing effects. Limited modeling studies
which stressed the availability of calibration and further verification against the
known SVE settings have been published. In three-dimensional SVE modeling work,
there is the challenge of how to adjust model outputs to match the diverse

performance of field SVE in order to identify optimal SVE design.

2.5.2 Mass Transfer Rate and Mass Transfer Coefficients
In order to mathematically incorporate mass transfer processes in a coupled
flow and transport model, it is necessary to formulate mass transfer flux into the
continuity equation. The investigations for interphase mass transfer are grounded on
the molecular diffusion principle, thus Fick’s diffusion law is used principally
(Sherwood et al., 1975). Since the best known theory on the gas molecular diffusion
process is that it works in a similar format to liquid molecular diffusion, interface
mass transfer by convection is described by replacing the diffusion coefficient by the
mass transfer coefficient (Rolle, 2000; Benitez, 2002). Accordingly, mass transfer
flux is denoted by Equation 2.11.
Mass net flux = (mass transfer coefficient) * (concentration difference) (2.11)
The mass transfer processes are handled by two ways. The first one is deal
with only one dominant NAPL to gas phase mass transfer process as nonequilibrium
with the lumped mass transfer coefficient, but equilibrium mass transfer is assumed

between other phase pairs (Harper, 1999). Another way is to deal with each phase
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pair as nonequilibrium processes with different mass transfer coefficients. The
mathematical expressions of transient mass transfer coefficients and the empirical
constants involved have been discussed in the literature (Hoffman et al., 1993;
Wilkins et al., 1995; Harper, 1999; Gidda, 2003).

Mass transfer coefficients may be constant or a function of the NAPL
saturation or concentration of contaminants in the aqueous phase (Gidda, 2003),
depending on the competitive significance of these phase pairs. The variable mass
transfer coefficient also can be formulated linearly or exponentially as a function of
saturation of NAPL phase. A transient mass transfer coefficient may better fit the
experimental data (Armstrong et al., 1994; Harper, 1999; Yoon et al., 2002).

Mass transfer limitations are highly site-specific. The mass transfer limitations
using laboratory column venting experiments for the recovery of entrapped NAPLs
with a variety of media, fluids, and scales have been documented in the literature
(Abriola et al., 1999; USEPA, 2002). The main framework used to model the mass
transfer-controlled SVE processes include:

» exploring lumped interphase mass transfer coefficients for typical soil media
and organic contaminants, such as glass beads, silt loam soil, sandy soil, etc.,
and different fluids;

» quantifying interphase mass transfer rates;

 setting up the mathematical models to capture the advection, dispersion and
mass transfer processes in SVE operation under the specific site conditions.

In order to combine the rate of mass transfer into the advection-dispersion

[IPi)

transport equation as a source or sink term, the interfacial specific surface area “a” is
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multiplied on both sides of Equation (2.12). The first-order mass transfer expression
can be incorporated into a transport model formulated as Equation (2.13) (Sherwood
et al., 1975). However, due to the complexity of the porous media and NAPL

morphography, it is difficult to measure the specific interfacial surface areas.

oC
JA = —atfi =k(Cy,~C, ) (2.12)
Where:

J = flux of mass transfer, mol/TL>

C, = concentration induced by mass transfer into 2 phase, mol/L’

A = specific surface area of interface, L")
ko = lumped mass transfer coefficient, T!
Cp,1 = concentration in liquid phase of interface of # phase, mol/L?
Cp 4= concentration of gas phase of interface of £ phase, mol/L>
The general form of the first-order driving kinetics expression for the rate of
mass transfer in SVE processes is denoted by (Abriola et al., 1999; Rathfelder et al.,

2000):

Vapi = mgﬂkaﬁ(x;,k _xp,k)pp (2.13)

Where:
p, = density of phase §, M/L?

Yapx = rate of mass transfer of component k from phase « to phase 8, M/L*T

k

o = mass transfer coefficient from a to f phase, T"'

Xz, = molar fraction of component &
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e

X, = equilibrium molar fraction of component &

Based on the rate of mass transfer expressed in Equation (2.12) or (2.13), the
general governing equation for gas to aqueous phase mass transfer only that predicts
SVE in one-dimensional settings considering nonequilibrium mass transfer

limitations for the gas phase is written as (Armstrong et al., 1994):

oc, 8 [ocC, oC,
9g ot =0gDi!’6_x,. ax, _qgag Oox gﬂkﬂg(cg—HCa) (2'14)

i

Where: .
C, = concentration of gas phase, mol/L?

C, = concentration of aqueous phase, mol/L*
6, = aqueous phase content, L*/L>
H = Henry’s constant dimensionless

k.g = constant mass transfer coefficient between aqueous and vapour phase, T

For different mass transfer processes involved in SVE operations, mass
transfer coefficients are specific. A linear-driving-force model is adequate to describe
the interphase mass transfer process during NAPL volatilization or dissolution in
porous media (Bradford et al., 2000; Faisal et al., 2003; Power et al., 1992, 1994).
Variable mass transfer coefficients may fit experimental results better than do fixed
rates (Rao, 1980; Wilkins et al., 1995; Fisher et al., 1996; Harper, 1999; Van der Ham
and Brouwers, 1998; Yoon et al., 2002). This feature explains why many models
cannot be fitted to all of the stages of experimental data by a fixed value of the single

mass transfer coefficient, but the decreasing mass transfer coefficient with time may
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be appropriate. Thus the lumped mass transfer coefficients may be expressed as a
function of the fraction of NAPL present.

Harper (1999) introduced the overall volumetric mass transfer coefficient
represented in Equation (2.15), which is treated as a variable and modeled as a linear
function of the NAPL volumetric fraction with two adjustable empirical parameters.
This linear expression of mass transfer coefficient illustrates a limited accuracy in
fitting experimental results. The improved model for Harper’s (1999) one-

dimensional model and the numerical solutions will be discussed in Section 3.2.

9”
k@ = kG, +m( ) (2.15)

n,i

Where:
koo = overall air-NAPL volumetric mass transfer coefficient, T™

_ . . -1
k,c,;, and m = mass transfer empirical parameters, T

6,.; = volumetric initial NAPL content, L*/L.>
@, = volumetric NAPL content, L33
van der Ham and Brouwers (1998) defined the reduction of the NAPL-gas
interfacial area between the NAPL-gas phases in terms of the volumetric saturation of
NAPL, and developed the exponential expression in Equation (2.16). Yoon et al.
(2002) and Gidda (2003) applied a similar format of mass transfer coefficients

between NAPL to gas phase in a one-dimensional SVE transport model.

kg, = (k). (S5 (2.16)

Sa
S,

n,i

Where:
ko = lumped mass transfer coefficient, T!
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(kgo)i = initial NAPL-gas lumped mass transfer coefficient, T"!
¢ = mass transfer empirical constant, dimensionless
S, = saturation of NAPL

Sp; = initial saturation of NAPL.

Updating the mass transfer coefficients relating to the saturation of the NAPL
phase over time is the more advanced modification by which the change in the time-
dependent rate of mass transfer is expressed. The unknown mass transfer coefficient
makes the calibration of the mathematical model more complex (Armstrong et al.,
1994; Faisal et al., 2003). But most mass transfer coefficients reported in the
literature are considered as a constant in all stages of SVE operations. Rathfelder et al.
(2000) extensively and exhaustively reviewed the constant lumped mass transfer
coefficients reported in literature with regards to dissolution, absorption and
volatilization physico-chemical processes present during an SVE operation. Poulsen
et al. (1996, 1998, 1999), Sleep and Sykes (1989), Rathfelder et al. (1991) and
Wilkins et al. (1995) reported the empirical range of the lumped mass transfer
coefficient. Rate-limited mass transfer coefficients of NAPL to gas ranged from 0.1
to 13000 day™'. However, these results have not been tested against any known SVE
experiment in lab or field SVE operations.

Mass transfer coefficients strongly depend on the seepage velocity and mean
grain size of the porous material and other properties of the porous medium,
contaminant and flow rate (Wilkins, 1995; Yoon et al., 2002). Based upon one-
dimensional column experimental data, the empirical correlation for the lumped mass

transfer coefficients has been reported. A dimensional analysis is usually adopted to
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correct the lumped mass transfer coefficients in specific experimental systems by the
following several dimensionless numbers (Powers et al., 1994; Wilkins et al., 1995;

Miller et al., 1990; Chao et al., 1998), which are given in Equation 2.17 through 2.20.

Shy =k, (ds,)* 1 D, 2.17)
Where:
Shy = dimensionless parameter, also called Sherwood number

K, = mass transfer coefficient of aqueous to vapour phase, T
dsp = soil mean grain size, L
D, = dispersion coefficient of gas phase, L*/T
Pe=v,d,, /D, (2.18)
Where:

P, = Peclet number, dimensionless parameter

v._d
Re = PoVe%s0 (2.19)
y7;

Where:
Re = Reynolds number, dimensionless parameter

ve = Darcy’s velocity of gas phase, L/T

u = dynamic viscosity of gas phase, cp

Se=-* (2.20)

Where:
Sc = Schimdt number, dimensionless parameter

D, = molecular diffusion coefficient in free air phase, LT
The Reynolds number (Re) describes the hydrodynamic property of fluid and

the Schimdt number (Sc) reflects the properties of diffusion. Many investigations of
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the relationships among Sy, Sc and Re and Pe have been reported for various soils
and VOCs under different air flow rates of lab-scale experimental conditions
(Wilkins et al., 1995; Faisal et al., 2003). The strongest correlation for the NAPL
saturation used by Szatkowski and Imhoff (1995), and Faisal et al. (2003) is given as:
Shy, = B,0; Pe™ (2.21)
This can be rewritten in log-linearized form as
log Sh, =log B, + B, log8, + B, log Pe (2.22)
Where:
B = adjustable constants

Currently, no evidence has been reported to demonstrate how the calculated
mass transfer coefficients were to be used to model the relevant designated SVE
system or calibrated effectively against known data obtained from actual SVE
settings. So to date there have been very few 3D models which may capture the mass
transfer characteristics and demonstrate the long tailing effects even though mass
transfer studies on developing powerful and rigorous model simulations have been
aimed at improving the SVE field design (Sun and Yeh, 1998; Barnes and
McWhorter, 2000a, b).

A myriad of research results have indicated that mass transfer mainly governs
the overall transport processes that occur in the interface between the two contiguous
fluid phases, as is evident with the emerging SVE behaviour of early stage fast
removal of contaminant followed by long tailing (Faisal et al., 2003); the rate-limited

mass transfer causes a non-ideal long-term tailing process in SVE (Huang and Goltz,

1999). The rate-limited mass transfer and heterogeneity of porous media are two
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reasons to cause the long non-ideal tailing performance in SVE operations (USEPA,
2002). Tailing can result in extremely long remediation times and requires the
extraction of a large amount of soil gas while removing only a small quantity of
contaminants (Kim, 1994).

Most modeling research on multiphase flow and transport has considered the
equilibrium mass transfer processes between contiguous phases (Nair et al., 1990;
Rathefelder et al., 1991). Clearly, the equilibrium models failed to capture the
significant features of experimental results in lab and field due to the exclusion of the
rate-limited mass transfer considerations. The advanced methodology to study rate-
limited mass transfer is to combine the experiments in lab or field with the calibrated
three-dimensional comprehensive mathematical modeling.

Owing to the development of the commercial computer software packages for
numerical simulation and the increased investigation for SVE experiments in lab and
field, the following aspects which deal with mass transfer limitations by SVE models
are involved:

o multicomponent mass transfer processes and mass transfer coefficient
expressions;

o sensitivity analysis for the controlling parameters for the calibrated
rigorous mathematical model, such as mass transfer coefficients,
permeability and dispersivity;

» extrapolation to the 3D settings of the currently existing typical mass
transfer limitations and the possible size range of their mass transfer

coefficients;
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» estimation of the cleanup time in terms of a complex three-dimensional
model;
o establishing the rate-limited mass transfer in the coupled multiphase flow
and multicomponent contaminant transport governing equations.
Although three fluid phases (air-water-NAPL) are present at most SVE
remediation sites, few models have been developed that can simulate the coupled
multiphase flow, multicomponent transport, and three fluid phases and a solid phase

rate-limited interphase mass exchange in three dimensions (USEPA, 2002).

2.6 Summary

The available models and relevant research have shown how further efforts
should be directed to conduct comprehensive three-dimensional SVE modeling
studies. The essential step is to undertake model simulation that includes practical
SVE design and demonstrate the performance of SVE operation quantitatively. A
complex multiphase flow and transport model should be developed for three-
dimensional SVE settings, and then calibrated against experimental data to better
understand the processes and to provide a prediction and design tool for SVE
remediation operation (Chien et al., 2004).

To the best of the author’s knowledge as conveyed in this literature review, it
is a challenge to develop a comprehensive SVE model which consists of accurate
nonequilibrium transient mass transfer rate, coupled multiphase flow and multi-
component transport processes with average lab and field SVE settings. The reviewed

findings of the processes and settings in SVE modeling studies are summarized
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briefly in Tables 2-1 through 2-3. Tables 2-1 and 2-2 provide a concise summary to
examine the level of complexity of the previously constructed SVE models related to
the simulated SVE settings, mass transfer processes and the relevant mass transfer
coefficients, the calibration experience, sensitivity analysis and numerical simulation
methods. Table 2-2 summarizes the application of the variable mass transfer
coefficients incorporated in various models.

At present, an important achievement in SVE modeling studies is to introduce
the transient mass transfer rate by using a variable expression for formulating the
mass transfer coefficient expression associated with NAPL saturation. To date, the
essential elements in tracking the tailing stage are simply applied one-dimensionally
in experimental settings and numerical models.

Using the proposed three-dimensional SVE model developed in this study, a
comprehensive comparison with respect to various technical aspects of other models
is illustrated in Table 2-3. The models are described briefly in the following section.

. VENT3D is a 3D finite difference code for vapour flow and transport of a
multicomponent mixture (Benson et al. 1993; Barnes and White, 2006);

. SVE-3D is the most advanced model on the market as remarked by the
developer Scientific Software Group (2006);

. 3D-SVE-F by the author of this thesis; and

. other typical SVE models (Sleep and Sykes, 1989, 1993; Rathfelder et al.,
2000).

Table 2-3 suggests that the 3D-SVE-F model has a technical strategy for

conquering the prediction of field-scale tailing effects in SVE operations.
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The early nonequilibrium modeling studies have successfully shown that the
rate-limited mass transfer is crucial for quantitative demonstrations of the
performance of SVE remediation. However, these models simulated the progress of
SVE operations just up to the removal rate of 99.9% by means of the breakthrough
curve of offgas concentration versus time, neglecting the likely higher removal rate
operation because of the lack of knowledge of the performance of the tailing stage.
The accurate behaviours of SVE tailing effects are related directly to the
determination of the closure time and the ultimate degree to which the contaminated
site is cleaned up.

The methodology in the present study will be implemented to track the
progress of SVE tailing effects in terms of the simulated results and stop SVE cost-
effectively at the start of the tailing stage by developing a closure time index.
Accurate prediction of the closure time and properly switching SVE to another cost-
effective remediation strategy to meet the cleanup target of the site is a reasonable

strategy.
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CHAPTER 3
NUMERICAL SIMULATION WITH FEMLAB

The developed 3D mathematical model in this study was solved numerically
through the computation functions of FEMLAB. FEMLAB is a multiphysics
modeling software developed by COMSOL Inc. (FEMLAB, 2006) that uses the finite
element method. The use of FEMLAB improves computational issues such as the
numerical approximation method, solution algorithm and computer load. These are
ongoing challenges for multiphase flow and multicomponent transport modeling
studies (Miller et al., 1998). As the preceeding discussion on computer codes in
Section 2.4 showed, specialized commercial software has limited the flexibility to
be modified in order to incorporate user-specified complex processes. FEMLAB as a
general powerful finite element method modeling software has overcome the aspects
of the above-mentioned shortages which limited the numerical simulation for
complex processes.

In this chapter, an overview of FEMLAB modeling software is briefly
addressed. Various typical applications in the unsaturated and saturated zone
modeling were simulated to define FEMLAB’s limits. These tested models include
the flow and transport of contaminants in saturated and unsaturated zones, soil
moisture flow, and a one-dimensional multiphase SVE transport model. The
outcomes of the FEMLAB models for individual cases and the resultant calibration

against the available data are presented. Besides determining that FEMLAB is
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capable to resolve the relevant hydrological modeling issues, the techniques learned
from these test cases in this chapter were applied to the three-dimensional SVE model
developed for this study. The power and robustness of FEMLAB makes it possible to
implement the complex mathematical modeling of SVE in this study. Specifically,
the numerical simulations performed by FEMLAB allow users to deal with large
amounts of diverse spatial and temporal data related to field-scale models, and output
the numerical solution in a wide variety of visualization and animation functions.

These could not be done easily before.
3.1 Overview of Modeling Software

MATLAB and FEMLAB are powerful science and engineering calculation
interactive software tools. FEMLAB is commercial modeling software based on the
finite element method using the MATLAB platform. FEMLAB can solve a system of
highly nonlinear partial differential equations (PDEs) under complex geometries and
deal with the interacting phenomena of the simulated processes. FEMLAB
incorporates the latest finite element numerical simulation method regarding multiple
options for the types and sizes of finite element mesh, discretization of spatial and
time domains, iterative solver and preconditioner in order to meet the needs of
various complex modeling settings. Using FEMLAB allows users to obtain an
accurate, stable and convergent solution to the highly nonlinear governing equations

that describe the three-dimensional SVE system (Zhao and Zytner, 2004, 2005).
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The prerequisite for modeling complex cross-coupled flow and transport
processes is the rigorous treatment of the nonlinear equations. In particular,
FEMLAB generates the flexible forms to handle nonlinear coefficients, sources/sinks
and the characteristic initial and boundary conditions by defining the relevant
expressional functions. These dependent functions or any primary unknown variables
are part of a complex model’s governing equation system. Appendix A outlines how
FEMLARB can be used to solve any modeling situation through the following steps:

* initialization of a mathematical model;
» setting up the model;

« inputing constants and expressions;

« solving the PDE;

« calibrating against known data; and

» post-processing for the results of numerical simulation.
3.2 One-Dimensional SVE Transport Model

In order to test applicability of FEMLAB, the first modeling exercise
undertaken is based on a modified Harper’s (1999) model, which is a one-
dimensional multiphase quaternary component transport nonequilibrium mass
transfer SVE case entitled 1D-SVE-L model. All input parameters used by Harper
(1999) were applied to the model. Specifically, the contaminant mixture has
quaternary components consisting of hexane, toluene, xylene and trimethylbenzene.

The soil used in Harper’s experiment was silt loam, and the one-dimensional column
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geometry including flow parameters were kept identical in 1D-SVE-L. Expeimental
approach see Appendix A4.

Figure 3-1 shows the comparison of breakthrough curves of concentration of
offgas from the 1D-SVE-L model, Harper’s experimental results and numerical
simulation by means of the finite difference method. These outcomes indicate that
1D-SVE-L can fit the experimental results better with an extremely decreased value
of NSSRD (Normalized Sum of Squared Residual Difference) (Harper, 1999)
compared to Harper’s model. The simulated results from the 1D-SVE-L model can
match successfully the one-dimensional column experimental results and represent
the phenomenon of early rising effluent concentration. It was capable of predicting
both the initial and final concentrations of offgas more accurately than Harper’s

(1999) model was able to.

== Harper’ model (NSSRD=0.276)
* Harper's experimental data
— 1D-SVE-L (NSSRD=0.0173)

Normalized concentration of offgas (C/C*
[—) [~ (=]
S o 12 —

o
i
:

1 1 1 1 > J

Time Elapsed (hour)

Figure 3-1 Comparison of Experimental and Modeled Results
(C’ refers to the equilibrium concentration of offgas)
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It must be stated that the 1D-SVE-L model’s governing equation describes the
same experimental approach as Harper (1999); experimental outline given in
Appendix A4, where different mass transfer coefficients and dispersion coefficients
were used. There are two aspects of modification which cause the improved
simulation results by 1D-SVE-L. The first modification was the inclusion of
dispersion in the transport equation. The dispersion coefficient in 1D-SVE-L was
expressed as (Bear, 1972):

D=a,v+1D, (3.2)
Where:
D = dispersion coefficient, L*/T

a; = longitudinal dispersivity, L
D,, = diffusion coefficients in free air, LT

v = seepage velocity, L/T

(8)10/3

T = tortuosity, 7 =-——

(e = air-filled porosity; ¢ = porosity of soil)

The second modification was to apply the exponential transient mass transfer
coefficient expression denoted in Equation (3.3) replacing the linear one in Equation

k_ =a(—")" (3.3)

ng

Where:
kng= mass transfer coefficient from NAPL to gas phase, T

a = fitting parameters, T™

b = fitting parameters, dimensionless.
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S, = NAPL saturation

Sy,; = NAPL initial saturation

3.3 Testing FEMLAB with a Groundwater Flow Model

The second case tested was groundwater flow, as soil and groundwater
contaminations are closely related to each other because contaminated soils are both
buffer and source regions for groundwater contamination. Moreover, groundwater
contamination modeling needs contaminant concentration information from the soil.
Remedial actions for hazardous waste sites and risk assessments also need data for
the contaminant concentration in soil (Nair et al., 1990). Considering the close
connection between soil and groundwater contamination and their corresponding
numerical simulation, the testing of FEMLAB for groundwater modeling is
conducted in this and afterwards sections. Also these simulated scenarios are
necessary to test the capacity of FEMLAB software in solving coupled flow and
transport numerical models.

The most general governing equation of 3D groundwater flow can be derived
by applying the principle of mass conservation and Darcy’s law (Bear, 1972) and can
be written as Equation (3.4) (Fang and Singh, 1994). Hereafter, many cases of
groundwater flow in saturated and unsaturated zones may be treated as the
corresponding simplified versions of Equation (3.4) with various degrees of

complexities of settings and specific initial and boundary conditions.

; %y,
Ox ox" oy

oh, & oh
_) +
0y

(o(x-x,y—y,z—2z)=S, —
= ;Q,()( Y=Y )=S. 5

3.4

0
K — (K,
(K,, 5, K=
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Where:
Qi(t) = i-th point source rate, negative for a sink, L*/T

Ky, Ky, K;; = hydraulic conductivity in principal coordinate, L/T
6= Dirac delta function
h = hydraulic head, L
Ss = specific storage coefficient, Lt
For statistical measures of goodness-of-fit for the case studies in this section,

the root mean of squared residual errors (RMS) is used (Zheng and Bennett, 2002):

1/2
RMS = {%Z(Cali —~ Obs,.)2:| (3.5)

Where:
N = number of calibrated points

i = i-th calibrated points

Cal; = calculated value

Obs; = observed value.

The general groundwater flow equation was applied to simulate a two-
dimensional steady-state groundwater flow case in a confined aquifer with non-
homogeneous and anisotropic porous media and irregular boundaries modeled by
Fang and Singh (1994). Figure 3-2 provides a schematic of the case where the
direction of groundwater flow is along the x direction (Fang and Singh, 1994). The
flow equation is based on a simplified form of Equation (3.4). The parameters used as
inputs for the FEMLAB model are listed in Table 3-1 from Fang and Singh (1994)..
The typical FEMLAB output colour and contour map of the simulated hydraulic

heads are shown in Figures 3-2 and 3-3. The hydraulic heads on the specific locations
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on the domain which are solved by the FEMLAB model and Fang and Singh (1994)

are listed in Table 3-2. Using data in Table 3-2, the calculated RMS according to

Equation (3.5) is 0.416. This indicates a good match between the numerical

simulation with FEMLAB and Fang and Singh’s (1994) data.

Table 3-1 The Parameters Applied in FEMLAB Groundwater Model

Parameters Values
Hydraulic conductivity in region I, &,,=k,,, m/day 1
Hydraulic conductivity in region I, k.=k,,, m/day 0.1
Head boundary at the western boundary, m 125
Head boundary at the eastern bourndary, m 90
Rate of pumping well, m’/day 5

Table 3-2 The Comparison of the Simulated Results of Hydraulic Head Values

Hydraulic Head
Node Coordinates (m)
Node Number (Km) FEMLAB Fang and Singh

model (1994)
1 (3,5) 124.990 125.000
2 (8,5) 123.780 123.560
3 (13,5) 108.710 108.890
4 (18,5) 94.000 94.810
5 (5,10) 124.990 125.000
6 (10,10) 121.010 122.030
7 (15,10) 88.590 88.560
8 (20,10) 97.360 97.670
9 2,17 124.99 125.000
10 (833, 16.33) 123.350 123.530
11 (14.66,16) 106.790 106.42
12 (21,15) 89.293 89.433
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Figure 3-2 The Calculated Contour Map

(Simulating a Confined 2D Heterogeneous Aquifer with a Pumping Well)
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Figure 3-3 The Calculated Colour Map of Hydraulic Head
(Same case as the Figure 3-2)
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3.4 Transport of a Contaminant under Steady-State

Flow of Groundwater

This tested scenario was based on Rao et al.’s work (2000). The modified
governing equations for the groundwater flow and contaminant transport processes
are denoted by Equation (3.6), neglecting chemical reaction. The system of the
governing transport equations is linked to the governing flow equation through
Darcy’s velocity. Data on the geological features of the site and flow and transport of

contaminant conditions are summarized in Table 3-3. This scenario simulated an

unconfined groundwater steady state flow and transient transport of SO~ and

CI” contaminants from a wastewater pond located above the simulated groundwater
aquifer. The constant concentration of discharged chemicals in the wastewater is 600
mg/L. The simulated results gave the prediction of migration of chemicals after 1000
days which was not completed by Rao et al. (2000).

s 22k g
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o ox fax,
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ox, @ @

1

Where:
K, = a principal component of hydraulic conductivity tensor, L/T
v; = interstitial velocity, L/T

Q, = volumetric flux of water per unit volume, T
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. . . . K
R = retardation coefficient, dimensionless, defined as R =1+ Poa

@
S, = specific storage of the porous medium, L™

@ = porosity of porous medium

h = hydraulic head, L

C = concentration of contaminant source, m/L?
C; = concentration of contaminant sorbed in porous medium, M/M
C = concentration of contaminant dissolved in the groundwater aquifer
porous medium, M/L?
D;; = hydrodynamic dispersion coefficient, LYT
A = chemical reaction constant, T!
p»=bulk density of porous medium, M/L>.

Table 3-3  Inputs for 3D Groundwater Flow and Transport of Contaminant Model

Size of domain 2000m * 2000m * 100 m

Hydraulic conductivity K = 2.5 m/day

Longitudinal dispersivity a; =100 m, Horizontal dispersivity azz=10 m
Vertical dispersivity ayy=1m

Porosity ¢ = 0.2

Recharge =65 mm/year

Neglect chemical reaction and adsorption action, that is, A=0, R=0

Boundary conditions:

For the groundwater flow equation, the boundaries are inflow and outflow
constant head condition from the west to the east. No flow boundaries were
simulated on the north and the south boundaries. For transport equations, all
boundaries are no flux.

Initial condition:

Source concentration is 600 mg/L; all other areas are 400 mg/L. uniform
background concentrations in the aquifer.

The unconfined groundwater table is located at the depth 1.88 m.

The water table equivalent potential line is 173 m at the western boundary
and 162 m at the east boundary.
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In this case, the flow equation, in terms of hydraulic head, is solved prior to

solution of the transport equation. Velocity components throughout the region of

interest then are calculated by Darcy’s law; the transport equation is solved using

these velocities as inputs. Hydraulic gradients in the flow area do not change

significantly over time. Thus, the flow of groundwater is steady-state. Figure 3-4

shows the predicted hydraulic head steady-state profile. It indicates the experted

reasonable result. Figure 3-5 demonstrates the advancement of the solute migration

simulated by FEMLAB model at 1,000 days. This is a reasonable output with respect

to direction of groundwater flow and the simulated concentration of contaminant.

There were no sampled quantitative data or outputs from Rao et al.’s work (2000)

that could be used to calibrate the developed model using FEMLAB.

Figure 3-4
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Figure 3-5 The Predicted Distribution of Concentration at 1000 Days

3.5 Density-Driven Flow and Transport in the

Unsaturated Zone

Variable density flow issues originate from the concerns of seawater intrusion
in a subsurface system, for example (Kolditz et al., 1998). The difference in fluid
density in a groundwater system gives rise to the advective flux and velocity-
dependent hydrodynamic dispersion (Zheng and Bennett, 2002). Modeling of
variable density flow in groundwater systems has been addressed by numerous
researchers (Ying and Zheng, 1999). The prediction of the migration of contaminants
simultaneously in the saturated and unsaturated zone is an active area of study.
However, currently, there have been no calibrated outcomes reported for an advection

and dispersion transport equation.
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Utilizing the governing equations that were presented by Ying and Zheng
(1999), the density-driven flow and transport of contaminants in a variably saturated
zone is simulated with FEMLAB. The movement of solute predicted by the transport
equation causes significant change in water density; the flow equation, often
expressed in terms of pressure of the mobile phase, is solved as a coupled set of
governing equations.The coupled approach requires considerably more computational
effort than the decoupled approach, but it is necessary for the solution of transport
problems in which fluid density varies in response to the solute transport. This causes
the cross coupling of highly nonlinear governing equations, which differ from the
constant density cases of groundwater flow and contaminant transport. The simulated
three-dimensional domain has an area of 10 m x 10 m with a vertical thickness of 2 m;
the site is assumed to be homogeneous, isotropic, incompressible and isothermal. The

governing equations for flow and transport are described by the following equation

system:
oh .
p L 98 Ty V[KVhp + ing} +£ 0
pw dhp at pw pO
L =1+ (L _ L)C
< P Py P,
g,=-K, [p£+ Vh, + ng}
k *
02C 1 v(0) - v(ep,ve)=£-gc (3.7)
ot P
Where:

C = mass concentration of chemical, M/L?

p = density of solution at chemical concentration C, M/L>
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p. = referenced density of water at zero chemical concentration, M/L>
p= density of either injection water or withdrawn water, M/L>
ps = density of pure chemical, M/L>
hy, = soil water pressure head for unsaturated condition, L
S = degree of soil water saturation
qa = density related to Darcy’s velocity, L/T
6@ = soil moisture éontent, L

zg= elevation head, L

Q= chemical source/sink, M/L*T

Kolditz et al. (1998) simulated the impact of variable fluid density by using a

coupled nonlinear groundwater flow and transport model. In terms of mass

concentration, the linearized form of equation of state of bulk fluid density is given

by Equation (3.8):
p= pw[1+ﬂcC+ﬂh(hp —hy)] (3.8)

Where:
B, = volumetric concentration coefficient of expansivity, L*/M

hy = reference pressure head or soil water potential, L.

B,= coefficient of expansivity from change of hydraulic head, L

The coupled flow and transport equations were solved using data in Table 3-4.
Figures 3-6 and 3-7 indicate the results drawn as slices at different depths at 1000
days from density-driven flow and no density-driven flow cases. The results show

that the density-driven force causes extended migration of chemicals than no density-
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driven force. Likewise, Figures 3-8 and 3-9 demonstrate the spreading of
contamination from the source by the continuous isosurface of chemical distribution.

Table 3-4 Inputs for the Density-driven Flow and Transport Model
(Ying and Zheng, 1999)

Parameters Values

Brooks Corey constitutive relation empirical parameter, A 3.45
Soil porosity, ¢ 0.52

Saturated hydraulic conductivity, K, m/day 0.3
Density of water, pg, kg/m’ 1000
Bulk density of soil, pj, kg/m’ 1650
Density of chemical, p;, kg/m’ 1350

Source flow rate, O, kg/m’day 0.1

Longitudinal dispersivity, a; , m 3
Coefficient of expansivity from solute concentration, m’/kg 0.2

Although no exact calibrations of the simulated results against known data
can be presented, reasonable migration and comparisons of the concentrations
between the density-driven and the constant density case have been demonstrated.
The simulated results show that the difference of concentrations in chemical due to
density-driven flow is relatively about 8.2 % higher over the same history period
compared to constant density situation without calibration. The results show that such

a complex scenario can be modeled successfully with FEMLAB.
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3.6 Movement of Soil Moisture

Considering the multiphase flow involved in an SVE operation, if movement
of the aqueous phase in an SVE site is present, the aqueous phase flow equation for
the SVE process is represented by the Richards equation. Therefore, the solution for a
two-dimensional A-based Richards equation was applied to validate the aqueous
phase flow equation which is involved in the proposed SVE model (Abriola et al.,
1999). The constitutive relationship between the moisture content and pressure head
makes the possible conversion of the 6-based to h-based Richards equations.
Equation (3.9) is the classical #-based Richards equation. By using FEMLAB, the
tested case is to solve Richards equations in two and three dimensions using the
specified hydraulic conductivity and diffusivity functions.

An example of classic finite element solution in two dimensions for unsteady
and unsaturated flow cases was reported by Brunch (1975). This scenario was first
simulated with FEMLAB and then extended to a three-dimensional domain. The
governing partial differential equations are highly nonlinear as expressed by Richards

equation due to the moisture content-dependent hydraulic conductivity and diffusivity.

90 _ E(D(e) —6—9) + 3[1)(0) %J + i(D(@) %j O 39
o ox o) oy o) oz oz) 0oz

The soil water hydraulic diffusivity is formulated as:
_ -3 2786
D) =125%107e"" cr? fmin (3.10)

The hydraulic conductivity is expressed as:
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K@) =6.25%10(2=004 6
033-0.04" cm/min G.11)

Along with the geometry of the simulated domain as shown in Figure 3-10, boundary
and initial conditions are described as:
6 =0.33 along BC;

% =0 along AB and DE;

- D(G)% + K(6)=0 along AE and CD;

Ok, y,z, 0)=0.1

The simulated results by Brunch (1975) (2D only) and by using FEMLAB
respectively, are shown in Figures 3-10(a) and 3-10(b), which show the simulated
front of moisture which migrates into the soil with the water content marked on the
moisture contours for two specific times. The simulation results in 2D are calibrated
against the results by Brunch (1975). The calculated value of NSSRD is equal to
0.0985. This result shows that the solution obtained using FEMLAB is accurate

when compared to the solution by Brunch (1975).
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Figure 3-10 (a) 2D Contour of Moisture Front by Brunch (1975)
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Figure 3-10 (b) 2D Contour of Moisture Front by FEMLAB (NSSRD=0.0985)
By introducing an additional boundary condition %9 _ 0, the simulation can be

extended to the three dimensions. The corresponding three-dimensional distributions

of moisture in the extended domain are shown in Figures 3-11(a) and 3-11(b), which

demonstrate the migration of the front of moisture in x and y direction slices,

respectively.
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3.7 Summary

The completed numerical simulations for the test cases described in this
chapter show the ease and high level of accuracy by which 3D modeling can be done

with FEMLAB. Therefore, FEMLAB was selected as the modeling tool for this
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research. Several preliminary simulations were completed following the overall
procedures outlined in Appendix A.

Choosing the appropriate commercial modeling software from a number of
commercial candidate software packages is essential to developing a three-
dimensional SVE model. Generally speaking, modeling software for engineering
design and research orientation should have the following advantages:

« powerful calculation capability related to solving the multiphysics highly
nonlinear PDEs, including prompt technical support and updating;

« general running platform;

» confirmed applied experience in relevant areas; and

e casy to understand visualization and animation functions to demonstrate the
modeling results including outputs of all involved dependent variables.

In addition to broad PDE-based modeling studies conducted by the developer
of FEMLAB, the outcomes of the preliminary modeling studies completed in this
chapter with respect to a one-dimensional SVE model, groundwater models, and soil
physics cases have shown that FEMLAB is capable of dealing with PDE-based
numerical simulation for a complex 3D SVE model. The success of the typical cases
undertaken illustrates the capability of FEMLAB in the advanced finite element
method and post-processing function. It can quite adequately be used to describe
various typical hydrological processes in the saturated and variably saturated zones.

The completed simulations show that FEMLAB can integrate several cross-

coupled controlling processes. Besides the above-mentioned general advantages as a
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modeling software, the pertinent advantages in using FEMLAB for SVE modeling

can be summarized in the following capacities in:

treating heterogeneous and anisotropic media representing many geologic
formations;

handling both distributed area and point sources/sinks that are spatially and
temporally dependent;

accepting two types of boundary conditions (i.e., Dirichlet (fixed-head or
concentration), specified-flux, Neumann (specified-pressure-head gradient or
specified-dispersive flux), and any variables dependent on the spatially- and
temporally-independent variables;

powerful numerical simulation method, such as mesh refinement of finite
clement, integrator, time-dependent linear solver, controlled relative and
absolute error of numerical solution, tracking the process of convergence, and
treatment of the nonlinear coefficients;

post-processing functions for the simulated results, which improves unders-
tanding issues related to the saturated and unsaturated zone modeling studies;
and

solving the complex three-dimensional soil vapour extraction model.

The experiences gained from these various testing scenarios will be applied to the

proposed 3D SVE model.
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CHAPTER 4
DEVELOPING THE MATHEMATICAL MODEL OF SVE

In this chapter, the methodology and procedures used to develop the SVE
conceptual model and mathematical model are presented. At first, the theories and
essential laws on the fluid flow and transport of contaminants in porous media,
partitioning of contaminants between contiguous phases, and the relevant properties
are highlighted. Secondly, systematical and detailed descriptions for average SVE
field settings and characteristic physico-chemical processes are given. Finally, the
most general SVE conceptual model and the corresponding mathematical model

including the constitutive relationship and rate-limited mass transfer are illustrated.

4.1 Properties of an SVE System

This section highlights the main features of the soil porous media and the
target contaminants (BTEX) of concern in environmental sites. These properties are
included in SVE models and significantly influence the simulated results due to their
response to various system configurations and/or uncertainty. The performance of an
SVE system depends on the properties of the contaminant and the soil, as well as the
SVE operational parameters (Nobre and Nobre, 2004). Proper air flow spreading over
the site and transport characteristics as well as mass transfer processes determine the
success of SVE technology (Suthersan, 1996). A model which can capture these
crucial processes can be used to design an SVE system and accurately predict the

response for various design options.

80



411 Properties of Contaminants

In the present research, the contaminant simulated in the lab-scale model is
toluene. For the field-scale model, the contaminants are BTEX (Benzene, Toluene,
Ethylbenzene and Xylene), because BTEX is a major group of target contaminants
for soil and groundwater remediation (Johnson et al. 1990a; Hayden et al., 1994;
Yang et al., 2001; Widdowson et al., 2001). BTEX is the first group of hydrocarbons
to volatize from the subsurface, and is highly correlated with the concentration of
hydrocarbons in offgas.

As the advancement in SVE experimental and numerical studies has occurred,
components in the gas phase may be tested and simulated according to the following
three stages of advancement to handle hydrocarbon species in contaminant mixtures:

« pseudo single compound with unique physico-chemical properties the same as
the air (Lee et al., 2000);
« multicomponent mixture such as BTEX, which is regarded as limiting SVE
target compounds; and
« all components at the concentration higher than their detection limits by the
conventional measurement methods, such as gas chromagraphic separation
method, in order to explore the continuity of contaminants separated by SVE
operation from the discernible volatility of individual compounds.
In order to handle the transport of multicomponent distributed in a soil multiphase
system, an SVE mathematical model needs to capture the complexity of the proposed

conceptual model and also can be solved numerically by powerful modeling software.
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4111 Density of a Phase

For a multiphase system, the densities of individual phases affect the perfor-
mance of an SVE system. For a pure NAPL phase, the density of a component of
contaminant mixture is constant while the density of each phase depends on the
composition of the liquid. The molar density of NAPL liquid phase p, is denoted by:

N,

p,=>.C,, (4.1)

Where:
pn = molar density of NAPL, mol/L?

N.= number of components in the NAPL phase

C,,i= molar concentration of i-th component in NAPL phase, mol/L>.

Density of vapour depends on both the composition and state of the phase, i.c.,
the concentration of a single component in the gas phase and the temperature and
pressure of the gas phase. Due to the compressibility of gas and variations in the
concentration of constituents of a contaminant mixture during an SVE operation, an
estimation of the density of the gas phase is important. Also, handling the density of
the gas phase causes a more complex numerical simulation than the NAPL and
aqueous phase. Considering the complex situation of gas phase present, there are two
types of methods to formulate the density of the gas phase in terms of the various
simplified assumptions. In the simplest case, the density of the gas phase is treated
simply as being equal to the density of air under a specific pressure and temperature.

Thus, the gas phase molar density can be estimated using the ideal gas law:

p
Py =2k (4.2)
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Where:
pe = molar density of gas phase, mol/L?

P, = pressure of gas phase, Pa

R = universal gas constant, 8.3145 J/mol K
T = absolute temperature, K°
Kalurachchi and Parker (1990) introduced an appropriate formulation to
update the density of the gas phase p, based simply on the molar concentration of

component in the gas phase:

pﬂ)

Py =p, +C,(1- (4.3)

v

Where:
C,= molar concentration of gas phase, mol/L>
pa = molar density of air-specific pressure, mol/L>
py = reference density of air, mol/L*
The most complete form of density for a multicomponent gas mixture under

a specific pressure and temperature is expressed by Kalurachchi and Parker (1990):

Nc
pg pO + ;Cg,k

RT) £y §Cex
Ma k=1 Mk

P, 4.4)

Where:
po = density of fresh air, mol/L>

M, = molecular weight of pure air, g/mol

M. = molecular weight of component &, g/mol

C ek = concentration of component £ in air phase, mol/L>,
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41.1.2 Viscosity of Gas Phase

Viscosity of the vapour phase depends on the temperature and composition of
the gas phase. The gas viscosity variation due to a pressure gradient can be neglected
at low pressure (below 10 atmospheres) (Abriola et al., 1999). In this context,

viscosity of the gas phase is considered to be equal to the viscosity of air.

4113 Solubility

Solubility is defined as the maximum mass of compound that may be
dissolved in water at a specific temperature. Solubility is one of the most important
properties of petroleum hydrocarbon contaminants, which affect the fate and
transport of organic compounds in the environment (Nyer, 1993) because of
partitioning of components in a multiphase system between the aqueous and solid
phases. Generally, NAPLs in the vadose zone are sparingly dissolved in the aqueous
phase. Solubility can also have an impact on the sorption in contaminated soil, in
particular, under the circumstance of groundwater table fluctuation or high water
content (Zhou and Blunt, 1997). For an organic contaminant mixture such as gasoline,

solubility is a function of the mole fraction of each component in the NAPL mixtures:

Ci =Xi7iC

*
i

(4.5)
Where:

C, = equilibrium concentration for compound i in NAPL mixture, mol/L>

C; = equilibrium concentration for compound i as pure compound, mol/L’

¥, = activity coefficient of compound i

X ;= molar fraction of compound i in NAPL mixture.
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41.1.4 Vapour Pressure

Two important processes in SVE operation are volatilization and gas/water
partitioning, which link to the mass transfer from the NAPL phase (if present) and the
aqueous phase (if present) to the gas phase. The first step to confirm whether a
contaminated site can be remediated by means of SVE technology is to evaluate the
volatility of contaminants (DiGiulio, 1992). As the major characteristic of volatility
of a contaminant, vapour pressure indicates the tendency of a compound to volatilize
into the gaseous phase. Under ideal conditions, NAPL volatilization abides by
Raoult’s law and gas/water partitioning processes follow Henry’s law. Transport of
contaminants in vapour phase is favoured by high vapour pressures and high Henry’s
law constant (Riser, 1998). The equilibrium partitioning relationships among NAPL,
aqueous, and vapour phase have been derived by Harper (1999) based on Henry’s law

and Raoult’s law.

4.1.2 Properties of Soil Porous Media
41.21 Soil Texture and Soil Structure

The major physical and chemical properties of soil which affect transport
processes are permeability, porosity, soil structure, and water saturation (Karimi et al.,
1987; Yong, 2001). Soil texture refers to the proportions of various particle-size
groups in the soil mass, and typically refers to sand, clay and silt (Russell and Ginn,
2004). Soil structure is the shape and size of aggregates in a soil based on its physical
and chemical properties (Yong, 2001). Soil structure is very important since (along

with soil texture) it affects the porosity of the soil. Soil structure relates to the fabric
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of soil plus interparticle forces. Information regarding soil structure may be used to
delineate the form and distribution of contaminant in the soil. Also it may affect the
transport and retention of contaminant (Sharma and Reddy, 2004). The soil texture
triangular diagram, as shown in Figure 4-1, reflects the relative amounts of the three
particle-size groups, and is used to depict the texture of soils according to the
percentage of sand, clay, and silt.

Soil texture strongly influences the air-permeability. Generally, it is an
important indicator which determines whether the contaminated site may be
appropriately remediated by an SVE system or not. The more permeable a porous
medium, the more appropriate is SVE remediation (Russell and Ginn, 2004). Soil
texture influences infiltration and adsorption capacity of the contaminants, which
may further affect the removal rate of contaminants. Moreover, contaminant diffusion
coefficients are texture-dependent (Hillel, 1990, 1998). As identified in the shaded
bottom region in the soil textural triangular diagram in Figure 4-1, the appropriate

soil for SVE remediation are loam, sand and silt (Suthersan, 1996).
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Figure 4-1 Textural Classification of Soils
(Modified from http://www.oneplan.org/Water/soil-triangle.shtml)
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4.1.2.2 Organic Matter Content

The sorption of organic contaminants in soils is primarily due to sorption on
the organic carbon fraction (f,.) (Sharma and Reddy, 2004). Soil organic matter is the
active fraction in soil, which severely affects adsorption of organic contaminants
(Yong, 2001) and controls the sorptive intake of nonionic organic contaminants from
the aqueous phase (Boyd and Sun, 1990). The natural organic matter becomes the
partitioning medium for nonionic organic contaminants. Organic matter content in
the field can vary anywhere from zero to ten percent. For transport of contaminants
during SVE remediation, the organic matter content can affect more than just the
velocity of the vapour phase (Boyd and Sun, 1990; Yong, 2001), and is a very
sensitive property (Gribb et al., 2002). Organic matter content produces a more
sophisticated relationship among the concentration of offgas, mass transfer, and
sorbed phase and air phase. In petroleum-contaminated soils, organic carbon
associated with the total petroleum hydrocarbon content, TPH (mg/kg), may be
present. Residual heavy hydrocarbons can also be effective sorbents for the lighter

hydrocarbons (Boyd and Sun, 1990). To account for this effect, Gribb et al. (2002)

applied that f, parameter defined by Equation (4.6) replaces f,_, assuming that the

heavy hydrocarbon can be an effective absorbent for the lighter hydrocarbon.

TPH
Jos = Foc 1774 (4.6)

Where:
1.724 = conversion factor for calculating the organic matter content consi-

dering the total petroleum hydrocarbon content
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TPH = total petroleum hydrocarbon content, mg/kg

Joe = organic matter content of soil, %

Equation (4.6) does not account for any non-aqueous phase liquid that may be present
in heavily contaminated soils. The partitioning coefficient for the contaminant
between water and organic carbon, K. (cm3/g), which demonstrates the capacity of
adsorption of contaminant to soil, strongly depends on a soil’s organic carbon content.
4.1.2.3 Water Content

Water content in soil porous media is a critical factor, which seriously impacts
one-dimensional SVE column experimental results (Harper et al., 1999, 2003; Gidda,
2003; Zhao and Zytner, 2005). Yoon et al. (2003) elucidated that high water content
causes rate-limited diffusion through the water film, and at low water content rate-
limited desorption, sorption and vapour phase diffusion are dominant.

The present work treats the influence of soil water content through:

¢ nonequilibrium mass transfer between aqueous and solid, NAPL and aqueous,
and partitioning between aqueous and vapour phases; and

 relative permeability of aqueous phase.

41.2.4 Permeability

A key parameter in modeling soil venting systems is the relative air
permeability, determined as a function of total liquid saturation. The effectiveness of
an SVE operation in removing volatile petroleum hydrocarbon greatly depends on air

permeability and diffusivity. These parameters strongly impact the SVE air flow and
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mass transfer limitations, which are diffusive controlling processes from a low
permeability zone to the higher permeability zone. The air permeability is often
assumed as constant during the venting operation because of the lack of information
on the variations in permeability over time (Stylianou and DeVantier, 1995). Many
researchers have discussed the variations in permeability occurring during SVE
operations (Poulsen et al., 1998).

Farhan et al. (2001) developed a model by which the variation in air
permeability was predicted during SVE operations. This air permeability model
cannot be employed to directly model SVE operations because of its complex
deduced processes with unavailability of controlling parameters and unproven
application in multiphase flow and transport modeling issues. Permeability is one of
the most uncertain parameters in soil-water models (Farquhar et al., 1990). Farhan et
al. (2001) estimated the variation in permeability of an SVE soil site to be around 25-
125%. Stylianou and DeVantier (1995) proposed a polynominal expression that
represents the relationship between relative permeability and total liquid saturation to
be used for SVE design replacing the soil-water retention curve-based model. The
detailed relationship among relative permeability, saturation and capillary pressure

will be addressed in Section 4.3.
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4.2 Multiphase Flow in Porous Media and
Multicomponent Transport

4.2.1 Extended Darcy’s Law in a Multiphase Flow System

The two fundamental components in multiphase flow theory are extended
Darcy’s law and the above-mentioned constitutive relationships. In 1856, Darcy set
out to find an experimental groundwater flow law. Darcy's law is applicable when
average velocities of water and gas flow are within the laminar flow range, i.e., Re is
less than one (Bear, 1972). Darcy’s law provides a good approximation for gas flow
in sand, silt, clay, and other low-permeability media, where gas slippage (the
Klinkenberg effect) is negligible (Massman, 1989; Sleep and Sykes, 1989; Falta et al.,
1989, 1992a,b, 1993; Mendoza and Frind, 1990; Shikaze et al., 1994; Helmig, 1997).

Darcy’s law has been extrapolated to a multiphase flow system to calculate
the Darcy’s velocity of each fluid phase. In a multiphase flow system, the
permeability of a fluid phase is the product of the intrinsic permeability of a porous
medium and the relative permeability of the fluid phase. The seepage velocity of a
mobile phase is a function of relative permeability, properties of fluid and porous
medium as well as the mobile phase pressure according to the extended Darcy’s law.
Darcy’s velocity and the seepage velocity are represented as Equation (4.7) (Bear,

1972):

Kk, g

9p =PSzUp == (Vps —psgVz) 4.7)

Where:
pp = pressure of S phase, Pa
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q, =Darcy’s velocity of  phase, L/T

vp = seepage velocity, L/T
@ = porosity of porous medium
Sp = saturation of 8 phase
pg = density of 8 phase, M/L?
k; = intrinsic permeability of porous medium, L?
k. = relative permeability of S phase

z = elevation head, L.

4.2.2 Advection and Dispersion

There are potentially four phases in a contaminated soil, i.e., gaseous, NAPL,
aqueous and solid. Contaminant movement within these phases depends on the
advection and dispersion transport processes, adsorption and desorption,
volatilization and water/gas partitioning. Interphase mass transfer processes occur
across the gas-NAPL, aqueous-solid, aqueous-vapour and aqueous-NAPL interfaces.
This section will introduce the transport of contaminants, and mass transfer processes
will be addressed in Section 4.3.
4,221 Advection

During an SVE operation, fresh air is injected into the subsurface, and the
dynamic partitioning relation is kinetically varying due to advection, dispersion
transport, and mass transfer (Lingineni and Dhir, 1997). Advection pertains to mass
transport due to the flow of the mobile phases in which the mass exists and is carried

as SVE operations proceed. Advection is driven by the pressure, gravitational and

n



density gradients of mobile phases. Advection is the dominant process in SVE
operations, and contributes to contaminant migration to a venting well. Generally,
dispersion would also occur in the region of the flow domain where advection is
present. The advection flux J; of a contaminant in a mobile phase is expressed as:
Jo=45Cp, (4.8)
Where:
Jx = advection flux, mol/L*T

q ;= Darcy’s velocity of B phase, L/T
Cj = concentration of component & in § phase, mol/L’

4.2.2.2 Dispersion and Dispersion Coefficient Tensor

It is important to consider dispersion phenomena in SVE modeling in order to
improve the accuracy of the simulated results (Cann et al., 2002; Gidda, 2003; Gidda
et al., 2006). The variations in local velocity both in magnitude and direction along
the tortuous flow paths and, simultaneously, the presence of a pore system and
heterogeneity create mechanical dispersion and molecular diffusion, resulting in
concentration variations (Schwartz and Zhang, 2003). Hydrodynamic dispersion has
an essential influence on the accuracy of a mathematical model. The variations in
concentration of contaminants cause the changes in density and viscosity of the
NAPL and further affect the flow regime (Bear, 1972). In the present work, diffusion
and hydrodynamic dispersion will be incorporated into the developed 3D SVE model.

Molecular diffusion of contaminant in a gas phase in porous media has been

studied by extrapolating knowledge obtained about molecular diffusion in air.
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Accordingly, the diffusion phenomenon has been extensively incorporated in SVE
modeling studies (Harper, 1999; Yoon et al., 2003). Effective diffusion coefficients
of gas, based on a Millington and Quirk (1961) model, introduce molecular diffusion
theory in free air into the diffusion in porous media by dealing with the tortuosity of

porous media, and are expressed as:

(8)10/3
2

4

D,=D,

4.9)

Where:
D, = effective diffusion coefficient, L%/T
D,, = molecular diffusion coefficient in free air, LT
¢ = air-filled porosity in porous medium, L*/L>
@ = total porosity of soil porous medium, L*/L
An accurate description of gas diffusivity, which is the ratio of gas diffusion
in soil and free air, is a prerequisite for predicting in-situ transport and fate of volatile
organic chemicals. The proposed model for predicting gas diffusivity for various
types of soils (Moldrup et al., 1996, 1997, 1998, 1999) is expressed by Equation
(4.10), which is a soil-type-dependent power functional relationship between gas

diffusivity and air-filled porosity.

D £ \nib)
e — (= 4.10
D, (¢) ( )

Where:
n(b) = empirical expression dependent on the soil type and soil structure.

Ng and Mei’s (1996) model considered the feasible diffusion in water-

saturated spherical aggregates, and advection and diffusion in air-filled porous media.
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This transport model for the first time connected both aqueous and air phase diffusion
in the SVE domain because the diffusion in the aqueous phase can affect the diffusion
in the soil gas phase. Based on the relationship between the diffusion in aqueous and
gas phases coupled with linear insothermal adsorption, the sorption-retardation
effective diffusion coefficient of aqueous or gas phases is denoted by Ng and Mei

(1996) as:

D, =— #Pn 4.11)
K,1-9)p, +¢

Where:

K, = adsorption coefficient, g/g soil

p»= bulk density of soil, M/L’.

One of the most poorly developed issues in SVE transport modeling studies is
the dispersivity in contaminated soils. Experimentally measuring dispersivity is a
difficult task, especially for three-dimensional flow, because it is a challenge to
determine both the longitudinal and transversal (vertical and horizontal) dispersivity
(Zou and Parr, 1993). The complexity of porous media and the lack of consistent
system characteristics preclude a quantitative evaluation of the dispersion coefficient
for SVE remediation operation processes. The dispersion coefficient is highly
uncertain, but its effect is large for vapour flow and transport of contaminants in the
subsurface. Hence, assessing the dispersivity of porous media has theoretical and
practical implications for SVE modeling.

Gidda (2003) proposed a reliable experimental procedure to measure
statistically the dispersivity of various soils using sulfur hexafluoride (SFs), an inert
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tracer. For Ottawa sand (a uniform soil) and Brookston soil (a complex soil) under
the water contents of 0 to 40%, and a controlled flow rate of 0.6 to 20 L/min, the
longitudinal dispersivity was reported as 0.006 to 0.024 m in the laboratory.

Scaling up of dispersivity will occur whenever an (n-1) dimensional model is
calibrated or used to describe an n-dimensional system (Domenico and Robbins,
1984). Heterogeneity and variability in velocity will increase a dispersion coefficient
(Smith and Schwartz, 1980).

Dispersion in the direction perpendicular to the mean direction of flow is
referred to as transverse dispersion, while the dispersion parallel to the mean
direction of flow is termed longitudinal dispersion. Longitudinal dispersion is 10
times bigger than vertical dispersivity (Schwartz and Zhang, 2003). In the present
work, because the SVE venting operation is radially toward the venting well, the
relationship between the longitudinal and transversal dispersivity is expressed as:

a, =a;, =10a, (4.12)
Where:
o, = longitudinal dispersivity, L

oy, = transversal dispersivity in horizontal direction, L
a;;, = transversal dispersivity in vertical direction, L.
The mechanical dispersive and diffusive rates can be combined as a total

dispersive flux and expressed as:

Jas = mas T oy =—PS(D,y5 + 7D, )VC = ~@SDVC (4.13)

Where:
Juis = dispersive flux, mol/L*T

Jmais = mechanical dispersive flux, mol/L*T
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Jay = diffusive flux, mol/L*T
C = concentration of compound, mol/L?
D = dispersion coefficient tensor, LYT
Dyp.4is = mechanical dispersion coefficient, LYT
The dispersion coefficient tensor “D” is dependent on the advective velocity
vectors, diffusion coefficients and dispersivities as formulated in Equation (4.14). In a
uniform flow field, only the dispersion coefficient tensor is distributed in the x, y, z

principal coordinate directions, with the cross-terms regarded as zero.

D.,D_D,
p=|p,D,D, (4.14)
D _D_D,
Where:
v} v;
D . =a Z+a, — +aTV
Ivl v | b |
2
D, =a, +— +aTHU +a,, = U‘ +1D
T o ]
v? v V2
D, =a Z+oy, =+ay, "+rDm
[ Ivl &

v = vf + 0} + 0!

x Uy 0; = component of seepage velocity in a coordinate system.
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4.3 The Conceptual Model

A conceptual model demonstrates the understanding of SVE processes and
their mutual relations. Developing the pertinent conceptual model for field SVE
operation is the first step to conducting modeling studies, as it outlines all the relevant
physico-chemical processes affecting SVE. The conceptual model translates real
world processes into ones which may be mathematically described (Chien et al.,
2004). SVE remediation operation is prevalently regarded as a multiphase flow,
multicomponent transport and nonequilibrium mass transfer process in the vadose
zone (Looney and Falta, 2000). Therefore, the overall conceptual model will be
envisioned in terms of the practical operation situations, flow and transport and mass

transfer processes as well as the distribution of NAPL in the subsurface.

4.3.1 The Air Flow Field and Multiphase System

SVE technology takes advantage of the volatility of the petroleum
hydrocarbons so that petroleum hydrocarbon contaminants may volatilize from
adsorbed, dissolved, and pure NAPL phases in the soil to the vapour phase. The
contaminants, which are transferred into the vapour phase will be removed by a
venting well and treated aboveground. The configuration of SVE wells and vacuum
conditions in these wells contribute to the establishment of the air flow schematic as
shown in Figure 4-2. The flow of gas phase is the dominant mechanism during SVE

operation.
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Q,L°/T To air treatment unit

Ground surface

Contaminated site

Figure 4-2 Typical SVE System Configuration

The fundamental settings of the contaminated site are considered as a
heterogeneous porous medium. Installations of injection or passive wells strongly
improve the flow of fresh air. Sealing the ground surface of the contaminated zone
overcomes the bypass of air flow around the venting well. Three-dimensional
modeling domains allow the modeler to simulate an SVE system under these practical
operational conditions and settings.

Figure 4-3 depicts a generic scenario of a combined soil and groundwater
remediation site. The presence of other groundwater remediation operations, such as
air sparging or the fluctuation of the groundwater table can cause the movement of

the moisture front in the vadose zone, which may significantly affect the SVE process.
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Figure 4-4 illustrates the typical multiphase flow process diagram that exists in the

unsaturated zone.

Venting Air
well i Injected
Fresh Air ) ﬂ;va;eglll.ng air

NAPL
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Source Surface
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Figure 4-3  Settings of an SVE and Groundwater Remediation Site
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At http://ecivwww.cwru.edu/civil/research/airflow.html, Access Data for Dec. 2003

Figure 4-4 Multiphase Flow Diagram in an SVE Setting
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43.2 Mass Transport and Mass Transfer Processes

Currently the representative advanced studies on transport and mass transfer
processes involved in SVE are the mass transfer processes in one-dimensional
column experimental and numerical simulations (Harper, 1999; Yoon et al., 2002;
Gidda, 2003) and the three-dimensional model (Zhao and Zytner, 2005).
Comprehensive conceptual models have integrated the processes identified in three-
phase flow and multicom-ponent compositional transport with nonequilibrium
interphase mass transfer.

Most of these one- or two-dimensional models handle individual processes on
the distribution and transport of NAPL as well as mass transfer, and their
relationships have been described. Figure 4-5 shows simplified SVE settings where
only the gas phase is mobile while the NAPL and aqueous phases are immobile.
Figure 4-5 also illustrates the possible distribution of the liquid phase and advection-
dispersion phenomena in a porous medium. Figure 4-6 depicts the typical mass
transfer processes between contiguous phases involved in SVE. Initially, the volatile
organic contaminants present in the soil may be adsorbed on the soil solid surface, be
dissolved in aqueous phase, occur purely as NAPL, or be free in soil. It is crucial that
these processes in the conceptual model be captured accurately by the mathematical

model.
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Figure 4-5 Conceptual Representation of a Contaminated Soil Porous Medium
with Venting Operation (NAPL and aqueous are immobile phase)

Lenhard et al. (2004) proposed the history-path constitutive relationship based
on the conceptual model of the NAPL distributions as subcategories of the entrapped,
residual and free parts in the subsurface as shown in Figure 4-7. In order to track
NAPL distribution, van Geel and Roy (2002) and van Geel and Sykes (1994a, b)
improved the understanding and applications of the constitutive relationships by

identifying the impact of residual saturation of NAPL in porous media.
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Figure 4-6  Mass Transfer Processes in SVE Operation
Equilibrium process: ; Nonequilibrium processes:
Figure 4-7  Distribution of NAPL in a Porous Medium (Lenhard et al., 2004)

SVE system configurations and site settings including the heterogeneity of

porous media can be represented in a three-dimensional modeling domain. A

significant implementation of the present work is that these issues can be quantified

from the most general conceptual model to the final decision making for cost-
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effectively stopping SVE operations. The modeling results will provide improved
understanding of important processes that have not yet been captured by previous
modeling investigations, especially the coupled multiphase flow and multicomponent

transport with nonequilibrium mass transfer processes.
4.4 Basic Simplifying Assumptions

In field situations, all processes involved in SVE operations are acting
simultaneously and interdependently. Pertinent understanding and application of the
simplifying assumptions for mathematical simulation are necessary to obtain time-
efficient accurate solutions for a particular problem.

Prior to modeling an SVE operation in a real world situation, effective
assumptions are applied in two aspects: one, to simplify the real processes of SVE
operations into a conceptual model, which may be further expressed in a
mathematical formulation; another, to obtain the numerical solution of a
mathematical model, which is denoted by a system of partial differential equations.
Additionally, some implicit assumptions or specific assumptions (e.g., site
homogeneity, boundary conditions, absence of layers) that match the realistic site
conditions are included. An implicit assumption in calibration and verification
exercises is that the model can predict the current events with proper inputs.
Therefore, a reasonable validity regarding the calibrated properties can be expected to
apply to other cases, at least for those that have similar configurations or

characteristics (Vogele, 1996).
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For the proposed conceptual models, the numerical behaviour of the model

depends on the simplifying assumptions and complexity of the model to handle SVE

system configuration and soil heterogeneity. Generally, in this context, modeling of

SVE processes is typically based on the following simplifying assumptions:

4.5

water is the preferential wetting fluid, the NAPL phase is the intermediate
wetting fluid, the gas phase is the nonwetting phase; wettability decreases in the
order of water to NAPL to gas (Weber and DiGiano, 1996).

solid phase sorption occurs only through the aqueous phase (Faust et al., 1985).
porous medium is incompressible, and porosity is constant (Bear, 1972).
Darcy’s law is valid in a multiphase system.

system is isothermal.

gas phase migration due to evaporation of water is neglected.

hysteresis in the retention is neglected since environmental engineering
processes are always drainage (Weber and DiGiano, 1996).

density of water and the density of each component in the NAPL mixture are
constant.

gas-liquid interface sorption is neglected.

Developing the Mathematical Model

Generally, modeling SVE processes involves formulating the conceptual

model into a mathematical model and solving the system of partial differential

governing equations numerically with a computer code with respect to a real SVE

scenario or a simplified one. The system of partial differential equations captures the
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characteristics of the physical and chemical processes well established in the above-
mentioned conceptual model in SVE operation. Generally, the system of governing
equations is of a mathematical model derived from the following laws and theories:

« conservation of mass;

» conservation of energy;

« conservation of momentum:;

« Darcy’s law and its extended application within multiphase flow;

« equations of state;

+ interphase mass transfer; and

+ constitutive relationships.

4.51 The Continuity Theory and Governing Equations

The classic continuity principle is one of the fundamentals of bridging
conceptual and mathematical models. It has been applied extensively in soil physics,
petroleum reservoir simulation, groundwater flow and contaminant transport
modeling and is often based on a number of necessary simplifying assumptions for
various specific situations. By using the continuum approach, the mass accumulation
over a certain interval of time in a finite control element or volume can be described
as (Bear, 1972; Bear and Bachamat, 1990):

Accumulated mass = the rate of inflow — the rate of outflow 4.15)
On the basis of the continuity principle, the governing equations for multiphase flow

and multicomponent transport in vadose zone were elucidated by Bear (1972). The
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following content will formulate mathematically the characteristic processes
delineated in the above-mentioned SVE conceptual model based on Equation (4.15).
In terms of the continuity principle, as expressed in Equation (4.15), the

general form of a continuous partial differential equation for flow is expressed by:

_[6(%/3) RN a(qrz/o)} +04 5 =200 4.16)

ox ay oz ot

Where:
q = Darcy’s velocity, L/T

p = mass density of a phase, M/L?

6 = volumetric fluid content in porous medium, L*/L?

Q = source or sink, mol/L*T

E = rate of mass transfer, mol/L>T

Related to the most general conceptual model developed in the previous
section, the mathematical model should capture that the multiphase flow of NAPL,
water and gas as mobile phases and transport of multicomponent contaminants with
nonequi-librium rate-limited interphase mass transfers. The basic three-phase flow
equation derived from Equation (4.16) is described as (Bear, 1972):

g(cop,;S,;) = V[% (Vs — P8V +EL + 0, (4.17)

Where:

f = a fluid phase: aqueous, pure NAPL, gas phases, i.e.,8=a, n, g

pp= density of § phase, M/L?

Op = source/sink of S phase, mol/L*T

Sp = saturation of S phase

k; = intrinsic permeability of porous medium, L?
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k.s = relative permeability of f§ phase
pp = pressure of B phase, Pa
E? = summation of interphase mass transfer of all components in S phase
from contiguous phases, mol/L’T
The mass transfer term E” in Equation (4.17) is the sum of the rate of mass transfer

of all components within all contiguous phases and is expressed as:

Ef =@gﬂzzk:7ap,k (4.18)

Where:
Yapk = rate of mass transfer of component & between a and f phases, mol/L’T.

Expanding the left side of Equation (4.17) creates the single variable time-

derivative terms below:

0 6¢) apﬂ aSp
—(@p,S,)=p,S, —+ + 4.19
6t(¢p,g p)=PpSg Py oS, 5 TPy (4.19)

The first term on the right side of Equation (4.19) represents the change in mass

storage due to the matrix compressibility, and it is assumed to be negligible, i.e.,

Z_(f = 0. The middle term on the right side of Equation (4.19) represents the temporal

change in phase density. The changes in saturation and phase density are considered

cy s . . . 0
within the whole modeled process, but at a given time step the magnitudes of Pa

for aqueous phase and % for NAPL phase have the negligible effect on the

%Pa g ang2Pr .

solution of governing equations, so Py
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The density of a compressive gas phase is dependent on the composition and
the pressure of the gas phase under isothermal condition. It is necessary to have
another equation of state to express the relationship between the density, absolute
pressure and temperature. As an alternative, the ideal gas assumption is used; the
temporal change of gas density may be extended as Equation (4.20). For multiple gas
mixtures, the density of the gas phase also depends on the mole fraction of each

component.

Py _ Q(Mgpg)z PSM, op,

o ot &0t RT RT ot

(4.20)

The last term in the right side of Equation (4.19) refers to the change in phase
mass storage due to the change in fluid saturation. For any interface between a and
phases, this term may be extended in terms of the capillary pressure theory of

multiphase flow:

as aS, op o, @
B B ¢ a B
—L—pp,— L2 —pp.C = 4.21
PPy Py PP P PPy "(ar at) 4.21)
Where:
c - as, =_6Sg .
" ép,  op,

p. = capillary pressure, Pa.
S; = total liquid saturation, S,=S, +S,
Capillary pressure in unsaturated soils is a nonlinear function of saturation of
wetting phase. Brooks and Corey (1964) and van Genuchten (1980) gave analytical
functions between the capillary pressure and the saturation for a two-phase system.

The details on the closed relation for a three-phase system will be given in Section
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4.4.3. According to the van Genuchten (1980) closed relation, Jury and Horton (2004)
deduced the following formulation that describes the relation between the change in

the saturation of a phase and the change in capillary pressure:

C a'S’l ___asg - a(St _Sr)(n_l)(_pc)n_l

", op, +ap) "

(4.22)
Where:
a and n = van Genuchten empirical parameters
S, = residual saturation
The mass balance equation for each phase is expressed by Equations (4.23),
(4.24), and (4.25), respectively.

For aqueous phase:

HCL) 1 V(p,4,)= 0, + E: - B

nl/a

-E . (4.23)

Where:
E, = mass transfer rate of all components into aqueous phase from NAPL

phase, M/L>T

E?, = partitioning between aqueous and vapour phase, M/L>T

E:,,= rate of mass transfer from aqueous phase to solid phase, M/L*T
For NAPL phase:
AL 19(p,q,)= 0, - Bf - E; (424)
Where:

EZ = rate of mass transfer from NAPL to vapour phase, M/L*T

s
En/a

= rate of mass transfer from aqueous to solid phase, M/L*T
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For gas phase:

oS

—ajp 2 L V(p.q,) = 0F + E + EF (4.25)

nla

For the transport process of contaminants and mass transfer, the form of the
partial differential equation based on the continuity principle represented in Equation

(4.16) is expressed as general formulation:

_|2W) 0 B |,  _ 8@SC) (4.26)
ox oy Oz ot .

Where:
J = mass flux including the advective and dispersive flux, M/L*T

C = concentration of a component, M/L?

E = mass transfer rate of a component into a phase, M/L*T

Mass transport in the aqueous, gaseous and NAPL phase (if applicable) for
each constituent, &, under investigation is assumed to follow the nonlinear advective-
dispersive conservation formulation (Bear, 1972). Substituting advective flux in
Equations (4.8) and dispersive flux in Equation (4.13) into Equation (4.26) plus mass
transfer rate and source/sink, the complete transport equation of a component in a

phase becomes:

0
5 (ngcp,k )= V(wﬂDﬂ,kVCﬁ,k )— V(Qﬂ Cpi)t @S’ﬁ Z Vapi t Qp,k (4.27)

Where:
Qp.x = source/sink of component & in f phase, mol/L*T

C = molar concentration of species & in 8 phase, mol/L?

D, , = dispersion coefficient tensor of component k in f phase, L%/T
B,
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Equations (4.17) and (4.27) comprise the highly nonlinear governing equation
system of an average three-dimensional SVE mathematical model, which
incorporates coupled multiphase flow and multicomponent transport with rate-limited
interphase mass transfer.

In order to close Equations (4.17) and (4.27), additional constitutive
relationships, constraint relationships and equations of state are required to describe
the coefficients in the flow equation as a function of the primary unknown variables
(Helmig, 1999). They are summarized as follows:

Phase saturations must sum to one:

S, +S,+8, =1 (4.28)

The sum of molar mass fractions of all species in a phase is one because any fluid

phase is completely defined by its components:

f){l’; =1 (4.29)
k=1
4.5.2 The Constitutive Relationships

4521 Capillary Pressure

The system of governing equations for describing two or three immiscible
fluid phases in soils is created by describing the conservation of mass in each phase
coupled with the capillary pressure p.(S,), relative permeability %,; (S,), and mass
transfer between contiguous phases. Most of the uncertain effects and processes that
influence the retention and distribution of contaminants in the subsurface and further

remediation operation performance, such as immiscibility, interfacial tension,
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wettability, capillary pressure, and hysteresis presence of microscopic scale fluid-
fluid interfaces, fluid viscosity, macroscale heterogeneities, fluid composition, etc.,
are lumped into the p.(S.) relationship between capillary pressure and saturation
(Weber and DiGiano, 1996). Capillary action and capillary pressure are of central
importance in describing the multiphase flow in porous media (Majia and Gray,
1993).

It is odd that little research has been reported on the relative permeability and
capillary pressure measurements for specific multiphase soil/water/NAPL systems
and the range of empirical constants of interest, despite these relations being the
essential part of multiphase flow theory (Miller et al., 1990; Looney and Falta, 2000;
Chien et al., 2004).

45.2.2 Constitutive Relationship

Almost all multiphase flow simulations applied empirical parameters to

demonstrate the constitutive relationship among the relative permeability of a fluid

phase, the saturation of a phase and capillary pressure (k, —S, — p,) (Sleep and

Sykes, 1989; Rathfelder et al., 2000). The significance of the pertinent representation
of real processes on NAPL residual saturation, which is related to constitutive
relations in a multiphase flow system, has been proposed by van Geel and Sykes
(1994a, b) and van Geel and Roy (2002) and later Lenhard et al. (2004). However,
there is still a challenge to introduce these improved constitutive relationships into
multiphase flow and multicomponent transport models related to a specific remedial

operation because of the lack of appropriate complex models and realistic scenarios.
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The physical behaviour and mathematical behaviour of multiphase flow are
largely controlled by the relative permeability-saturation-capillary pressure
constitutive relationships (Falta, 1989; Fischer et al., 1998). Experimental
determination of the capillary pressure curve with the saturation of a phase is a
necessary issue. However, no data are currently available to represent the situation for
the typical NAPL contaminants and porous media systems. There have been very few
studies on how the constitutive relationships may affect the behaviour of multiphase
flow and transport models (van Geel, 1999; Lenhard et al., 2004).

Brooks-Corey (1966) and van Genuchten (1980) developed mathematical
closed relationships which are suitable for wetting and nonwetting two multiphase
flow systems to describe the dependence of relative permeability and capillary
pressure on saturation. The explicit functional form is considered to be specific to the
combinations of the properties of fluids and porous media and be dependent on the
history of the processes, i.e., drainage or imbibition. Many engineering and
environmental issues are considered to occur during drainage (Weber and DiGiano,
1996).

Lenhard and Parker (1987) regarded wetting and non-wetting theory for three
phase flow systems. The wettability within a three-phase system follows this order:
water, NAPL, and air. Thus, in a three-phase fluid system, there are two interfaces
present: water-NAPL and NAPL-air. Relative to the gas phase, both the NAPL and
aqueous phases are treated as wetting phases. According to the van Genuchten (1980)
constitutive relationship, the saturation of the aqueous phase is a function of the

water-NAPL capillary pressure, whereas the total liquid saturation is assumed to be a
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function of NAPL-air capillary pressure. Respectively, the effective and total

saturation and capillary pressure are expressed as:

S, =[1+(@Po.)" " for pera>0 (4.30)

and S_azl for pena <0

S, =[1+(ap,)" " for peg>0 (4.31)
and S, =1 for peg, <0
Where:
o= van Genuchten empirical parameter, Pa’’
m = van Genuchten empirical parameter, m =1— 1
n
DPecna = Pn - Pa, capillary pressure between aqueous and NAPL phase, Pa
Dcen = Pg - Dn Capillary pressure between air and NAPL phase, Pa.
For any three-phase system, the effective saturation is calculated by Lenhard
and Parker (1987):
S, =(S,=S,)/1-5,,) (4.32)
Where:

Sar = residual saturation of aqueous phase

S =S8 /(1-S,) (4.33)
S, =S,/1-5,) (4.34)
S, =(S, +8,-5,)/1-8,,) (4.35)

Considering the NAPL entrapped by the air phase, Lenhard et al. (2004)

defined the apparent total liquid saturation as:

- S, +5,+5,-S,
S, =-£ | Sg (4.36)
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Sge = Sgeq T8, is the saturation of fluid entrapped by the air phase; it is the

sum of the saturation of the aqueous phase occluded by air and the saturation of the
NAPL phase occluded by air.

The non-hysteretic three-phase relative permeability for aqueous, NAPL and
gas phases is a function of effective and total liquid saturations, and the expressions

are denoted by Lenhard and Parker (1987):

k=S, TI-(1-8'")"F (4.37)
k=S, (=S (4.38)
K, =(S,-8)" 118"y ~(1-5,"")"P (4.39)

Where:
k.. = relative permeability of aqueous phase

k¢ = relative permeability of gas phase

k.» = relative permeability of NAPL phase.

4.5.3 Rate of Interphase Mass Transfer

For SVE operations, experimental and numerical investigations have shown
that rate-limited mass transfer causes a long tailing effect after a sharp decrease in
offgas concentration (Chai and Muira, 2004). Existing models have limited flexibility
to include rate-limited mass transfer simultaneously and interdependently in
multiphase flow and multicomponent transport processes even though rate-limited
mass transfer inevitably hampers the performance of SVE, and causes less than

optimal remediation. A number of nonequilibrium one- and two-dimensional
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transport models have described rate-limited mass transfer between the NAPL and
aqueous, gaseous and sorbed phases using first-order kinetics (Braida and Ong, 1998;
Hayden et al., 1994, 1997). The following five main types of mass transfer processes
are involved in an SVE operation, which should be included in a complex
mathematical model:

+ NAPL phase to vapour phase

« aqueous phase to vapour phase

« NAPL phase to aqueous phase

» aqueous phase to solid phase

« gaseous phase to solid phase

The rate of mass transfer between each individual phase pair in the
mathematical model, in terms of Equation (2.13), will be addressed respectively.
4.5.3.1 Rate of Mass Transfer from NAPL Phase to Air Phase

Mass transfer between NAPL and gas phase is the basic fundamental process
in the presence of NAPL in the subsurface. In terms of the first-order kinetics
expression in Equation (2.13), the molar rate of mass transfer per unit volume of the

porous medium is given as:

7ng,k = pgkng (x;,k - xg,k) (4’40)
Where:
Yngk = rate of mass transfer of component k from a phase to 8 phase, M/L>T
pe = density of gas phase, M/L?

k,. = lumped mass transfer coefficient from NAPL to air phase, T

xgx = molar fraction of component £ in vapour phase
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X, ; = molar fraction of component & in vapour phase in equilibrium with

NAPL phase.

4.53.2 Rate of Mass Transfer from Aqueous Phase to Vapour Phase

Studies have explored the mass transfer of volatile petroleum hydrocarbons
from the residual water to the mobile gas phase (Armstrong et al., 1994; Powers et al.,
1992, 1994). In the presence of entrapped NAPL, the controlling mechanism for the
contaminant migration is mass transfer to the aqueous phase and vapour phase. Under
advection-dominated conditions, laboratory and controlled field experiments have
indicated that water-gas mass transfer also may be rate-limited (Gierke et al. 1992).
Assuming that the rate of aqueous-gas phase mass transfer is controlled by resistance

in the aqueous phase, the analogous expression may be given as:

}/ag,k = pakag (xs,k - xa,k) (4'41)
Where:
kag = mass transfer coefficient for the aqueous phase to vapour phase, T

x, , = aqueous molar fraction of component 7 in equilibrium with the vapour

phase as estimated using Henry’s law
X4+ = molar fraction of NAPL in aqueous phase.
Gidda (2003) formulated the mass transfer coefficient for the aqueous phase

to vapour phase mass transfer as a two-parameter expression:

k,=c(C,, )¢ (4.42)
Where:
C, , = concentration of component & in aqueous phase, mol/L?

¢, d = mass transfer empirical constants.
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4.53.3 Rate of Mass Transfer from NAPL Phase to Aqueous Phase
Generally, the petroleum hydrocarbons in SVE candidate sites have very poor
solubility, so the mass transfer coefficient between the NAPL and aqueous phase &,
is often considered as a constant. For the tested SVE cases, the values of k,, are
within the reasonable range of 0.1 to 0.01 s ' (Gidda, 2003).
Assuming that the rate of NAPL dissolution is controlled by resistance in the
aqueous phase, an analogous linear driving force expression for this process may be

written as:

7na,k = pakna (x;,k - xa,k) (443)
Where:
k,,= mass transfer coefficient from aqueous to vapour phases, T"'

x,, = aqueous molar fraction of component £ in equilibrium with the NAPL

phase

X4k = molar fraction of component £ in aqueous phase.

4534 Rate of Mass Transfer from Aqueous Phase to Solid Phase
Sorption may occur as vapour sorption on exposed mineral and organic surfaces,
vapour sorption at the gas-liquid interface, and soil matrix sorption from the aqueous
phase (Rathfelder et al., 1995). Solid phase sorption occurs only through the aqueous
phase (Faust et al., 1985). Equilibrium between the dissolved phase and solid phase is
described by the linear Freundlich isotherm (McLaren, 1972). If n = 1, the linear
isotherm sorption is expressed and the relevant coefficients are denoted in Equations

(4.46) through (4.48):
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c,=k,c'" (4.44)

K=K, fo (4.45)

K,=063*K,, (4.46)
Where:

n = Freundlich empirical parameter
(s = concentration sorbed on the solid, mol/M soil
C, = concentration of contaminant in aqueous phase, mol/L’

K, = adsorption distribution constant, L*/M soil.

K, = octanol—organic carbon distribution coefficient

K, = octanol-water distribution coefficient.

The most significant process that contributes to the retention of organic
components in two-phase aqueous-vapour systems is solid-phase sorption and
desorption. Any mechanisms that influence the rate of sorption and desorption from
the soil matrix and organic matter will have the potential to substantially decrease the
removal of VOC species during SVE operation. The mass transfer between the solid

and aqueous phases may be expressed as (Abriola et al., 1999):

7as,k = pakas (x:,k - xa,k) (4'47)
Where:
X, = maximum aqueous-phase molar fraction of component &

X, = aqueous-phase molar fraction of component £

kqs = mass transfer coefficient between aqueous and solid phase.
The rate of mass transfer of component & on the solid phase is expressed in Equation

(4.50) (Kaleris, 2002; Hoeg et al., 2004).
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Tk = 8,k (C — 28 (4.48)
ot - a™as\ak Kd :

yas)k = (1—¢)pb(
Where:

C « = sorption concentration of component on the solid phase, M/M soil

p»=bulk density of soil, M/L3

K ;= adsorption distribution constant, L3/M soil.

The rate of mass transfer between sorbed aqueous and solid phase is relatively
insignificant in SVE, therefore it is considered as an equilibrium mass transfer or
rate-limited mass transfer with constant mass transfer coefficient (Gidda, 2003).
453.5 The Rate of Mass Transfer from Vapour to Solid Phase

Vapour sorption of volatile organic chemicals (VOC) to soil minerals and
organic matter exist (Poulsen et al., 1998a,b; Yoon et al., 2003), especially at low
soil-water contents. Very few SVE models have incorporated this effect into
modeling. The vapour sorption model has been used in combination with a two-
dimensional VOC transport model to evaluate the effect of vapour sorption on TCE
transport in the unsaturated zone under both natural conditions and in connection with
soil vapour extraction systems. The simulations show that vapour sorption can result
in increased cleanup times, especially when using vapour extraction in arid regions.
Vapour and solid phase sorption is similar to the sorption between aqueous and solid
phases and can be described by the isotherm adsorption formulation as (Yoon et al.,
2003):

c,.=KC (4.49)

Where:
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C,, = gas adsorption concentration on solid phase, mol/M soil
K, = gas adsorption distribution coefficient, L3/M soil

C, = concentration of gas phase, mol/L?

Combining the sorption of solid from both aqueous and vapour phases considering
partitioning between aqueous and vapour phases, the total distribution becomes the

sum of aqueous and vapours sorption:

K,=K,+K, (4.50)
The value of K, is obtained by fitting model output to experimental results;

Kgis related to the soil water content and soil properties (Poulsen et al., 1998, 1999).
The spatial and temporal variations in water content and cation exchange capacity of
soil affect the sorption. Under both vapour and aqueous phases present, the sorption

capacity of NAPL on the soil particle surface becomes:
C,=C,+C, (4.51)

Where:
Cs¢ = adsorption amount from gas phase, mol/M soil

C,, = adsorption amount from aqueous phase, mol/M soil
Unfortunately, due to the lack of relevant data on gas phase adsorption on soil, the
numerical simulation with 3D-SVE-L/F numerical models by using FEMLAB did not

include solid-vapour phase mass transfer rate.
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4.6 Summary of the System of Governing
Equations for the Developed 3D SVE model

The complex mathematical models, which formulated the most general SVE
processes have been developed. These models completely formulate the conceptual
model into the mathematical realization in order to predict the real SVE process.
Concisely, the constructed mathematical models have the following features:

» tackle the coupled multiphase flow and multicomponent transport;

 include diffusion, dispersion and constitutive relationships;

e incorporate rate-limited mass transfer processes and introduce transient
mass transfer coefficients for volatilization and gas-aqueous partitioning
processes, and nonequilibrium constant mass transfer coefficients for
dissolution and solid phase adsorption processes.

The system of governing equations of the developed general mathematical

model is summarized as follows:

0 Pskk,
= (#0,5,)= V[—"ﬂ’—” (VP -ps8VDN+EL+ 0, 452
i)

0
5 ((Agﬂ Cﬂ,k )= V((ﬂsﬁDﬁk Vcﬁ,k )= V(qﬂcﬂ,k )+ Yapi T Qﬂ,k (4.53)

Ef = @Sﬂ Z;yaﬁ,k (4.54)

The closed relations for 3D-SVE-L/F models include:

S, +S8,+8, =1 (4.55)

ZX /1; =1 (=BTEX, f=solid, aqueous, NAPL and vapour phase) (4.56)
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The equation of state of gas phase, which is modified from Sleep and Sykes (1989),

was also applied by Jang (2005):

Nc
Po(Pe-C) = Py + Ap, + ;Cg,k(l —%J 4.57)

Where:
Ag = gas phase compressibility, M/L? Pa.
p¥ = density of component in vapour phase, mol/L’

The multiphase flow and multicomponent contaminant transport governing
equations under a specific setting of a candidate SVE site were set up in FEMLAB to
demonstrate mathematically the performance of an SVE operation. The partial
differential equations together with additional constraint relations plus simplifying
assumptions and initial and boundary conditions, can be solved in three-dimensional

space and time for lab-scale and field-scale scenarios.
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CHAPTERS
Numerical Simulation of the 3D-SVE-L/F models

In this chapter, the general SVE mathematical model developed in Chapter 4
is specified for lab-scale and field-scale SVE simulations. For both lab-scale and
field-scale models, the following aspects of the methodology of 3D SVE modeling
studies are addressed. At first, the physical properties of lab and field SVE modeling
scenarios and the relevant conceptual models are demonstrated including the
geometry of the simulated domains. Secondly, the system of governing equations of
the mathematical models and the corresponding input parameters as well as boundary
and initial conditions are illustrated. The mathematical models are numerically solved
using FEMLAB and then are calibrated against lab-scale experimental and actual
field SVE sampling data by adjusting two empirical mass transfer parameters.
Furthermore, the time-variant mass transfer coefficients are determined by
corresponding calibrations. Thirdly, the stability of FEMLAB numerical schemes for
the spatial and temporal discretization used is analyzed. Finally, by running the
calibrated model, the distribution of pressure, gas saturation levels and concentration
of contaminants are examined so that the accuracy of the modeling studies can be

illustrated.
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5.1 Modeling the Lab-scale SVE Operation

5.1.1 SVE Experiments in a Lab-Scale Reactor

In this section, simulated lab-scale SVE scenarios are based on a series of lab
SVE experiments completed by Duggal (2005). These experiments were conducted
under various air flow rates for two types of soils (Ottawa sand and Elora silt). The
conceptual SVE model is envisioned according to appropriate flow, transport and
mass transfer processes in a multiphase system. The mathematical model based on
this experimental setting is entitled the 3D-SVE-L model.

The lab-scale model illustrates the performance of experiments conducted in
settings where a screened venting well at a controlled flow rate penetrates through the
cylindrical reactor containing contaminated soil mixed with toluene in advance. Both
top and bottom ends of this cylindrical reactor have an impermeable seal. The lateral
fine-screened metal wall is open to the atmosphere and supports soil away from the
wall. The geometry of this reactor is shown in Figure 5-1. The design parameters are
summarized in Table 5-1.

The radial seepage velocity in the reactor is produced by the screened venting
well. During the venting process, advection and dispersion mass transport occur in
the mobile gas phase, and volatilization, dissolution, adsorption and partitioning
between aqueous and vapour phases are present due to the presence of the residual

immobile NAPL phase. All mass transfer processes are assumed to be rate-limited.
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Table 5-1 Design Parameters of the Lab-Scale Reactor

Radius of Venting Well, r,,, m Radius of Reactor, r, m Height of Reactor, h, m

0.025 0.23 1.00

Screened
Venting well

omogeneous
oil with toluene

Figure 5-1 The Sketch of a Lab-Scale Reactor Designed and Utilized by Duggal
(2005)

51.2 The 3D-SVE-L Mathematical Model

The multiphase flow and multicomponent transport model developed in
Section 4.6 is configured into the above-established underlying conceptual model of
an SVE operation in a reactor (Figure 5-1) after applying simplifying assumptions.
This conceptual model is similar to the classic application of the Richards equation as
a specialized multiphase flow where the movement of soil moisture is reasonably
handled as a specific case of multiphase flow. The corresponding single gas phase
active flow based on multiphase flow theory has been used to deal with SVE

operation (Looney and Falta, 2000). Accordingly, the 3D-SVE-L model handles
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single gas phase as active flow with NAPL and aqueous phases being treated as
immobile phases. Hence, mass transfer processes occur only between NAPL and air,
aqueous and air phases and aqueous and solid phases. The system of governing
equations of the 3D-SVE-L model is summarized below.

The vapour phase flow and transport of component equations are given by:

0 k; .
~(65,0,) = V[ﬁz—wpg — P, 8V + @Sk, (C—C,)+ ¢Sk, (C,—HC,) (5.1)

(4
%(mggcg) =V(eS, D VC,)-V(q,C,)+ ¢Sk, (C, - C,)+ ¢Sk, (C, —HC,) (5.2)
The NAPL phase mass balance governing equation is denoted by:
2 05,,) =8 ko (C = C) =8,k (C~C,) 53)
The aqueous phase mass balance governing equation is expressed by:
2 (05,.) =08,y (C, ~ HC,) = 08,k (C5 = C,)+ 65,k (C5 C,)

5.4
The system of governing Equations (5.1) through (5.4), including the closed
relationships given in Section 4.5, will be numerically solved using FEMLAB by

combining the following initial and boundary conditions as well as the relevant inputs.

51.3 Boundary and Initial Conditions and Inputs

Boundary conditions for governing equations can be specified as either

constant Type I (Dirichlet boundary condition) or specified flux Type II (Neumann
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boundary condition). Both Type I and Type II cannot be specified simultaneously
over the same period of time, but can be switched from one to another in different
periods of time. In this section the boundary conditions are illustrated respectively,
for mass balance of phase and transport equations. For each governing equation, the
boundary conditions assigned at the venting well, outside boundaries of the simulated

domain of the contaminated site, and at the surface of the reactor are illustrated.

5.1.3.1 The Relation between Venting Pressure and Flow
Rate

The maximum negative pressure, which is the difference between vapour
pressure and ambient pressure in the extraction well, is approximately proportional to
the possible blower capacity (Chai and Miura, 2004). Based on the principle of
simplistic steady state radial flow for compressible gas, Equation (5.5) demonstrates
the relationships among the venting flow rate, permeability and the specific absolute
pressures at the venting well which are assigned as boundary conditions for the

numerical model (Johnson et al., 1990a).

14
ln(—’”}
k — /quw * rI

ii 2
Pyt 1— (pzﬂ]
Dy

(5.5)

Where:
k; = intrinsic permeability of porous media, L

Q .~ flow rate of venting well, LT

Py = venting absolute pressures on the venting well, Pa
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P = atmospheric pressure, Pa
r,, = radius of venting well, L

r,= radius of influence of venting well, L

H_ = height of the screened well through contamination region, L

5.1.3.2 Boundary Conditions

The pressure boundary conditions of the flowing phase are assigned in the
following manner:

« boundary condition at the venting well:

For phase flow equations, when assigning an air flow pressure to a venting or
injection well, a Dirichlet condition (Type I) is used. Specific exerted vacuum
pressure results in a constant-head Dirichlet boundary condition for radial pressure in
the vicinity of the screened venting well. During the lab-scale SVE operation
completed by Duggal (2005), the airflow rate is controlled; in this context the
corresponding absolute pressure at the venting well is calculated by the Equation
(5.5).

 boundary condition at the outside of the contaminated site:

The region of the site beyond the radius of influence of a venting well that
connects to the atmosphere; therefore, the boundary conditions are assigned as
atmospheric pressure, i.e., Type I specific pressure boundary cbnditions.

« boundary condition at the top and bottom ends of the reactor:

Both the top and bottom of the reactor are completely impermeable, so they
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are assigned as no flux, i.e., Type IIaa—p =0.
z

The boundary conditions of governing equations of immobile phases at the

. ) . oS
venting well and ground surface are assigned as no flux, that is, ax—” =0, —2=0.

J Ox,

Boundary conditions at the outside of the domain have not been affected by
contamination, hence, NAPL saturation S, is set equal to zero, and the aqueous phase
saturation of soil inside the reactor S, is equal to the initial measured saturation of the
aqueous phase without contamination.

The boundary conditions of the concentration of contaminants in the transport
equations of the NAPL, aqueous and vapour phases are assigned as, respectively:

» boundary condition at the venting well and the ends of reactor:
All transport equation boundary conditions were assigned as Type II zero

dispersive flux boundary conditions at the screened part of the venting well, i.e.,

gx—c = 0. The non-screened interval of well casing is impermeable and is represented

J
by a Type II no flow boundary condition for flow, and zero concentration and
saturation are assigned for transport equations (Nobre and Nobre, 2004).

» boundary at the outside of the contaminated site:
Because the region beyond the influence zone of the remediated site is
considered as an uncontaminated zone, the boundary condition outside of the
contaminated zone is assigned Type I, which is zero concentration. All the boundary

conditions for the 3D-SVE-L model are illustrated in Figure 5-2.
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4,
b\&
A

Figure 5-2 Schematic of Boundary Conditions for the 3D-SVE-L Model

51.3.3 Initial Conditions

For the 3D-SVE-L model, the initial conditions for the gas flow equations are
P, ¥, 2, 0) = pam; saturation of NAPL S,(x, y, x, 0), saturation of aqueous phase S,(x,
¥, z, 0), and concentration of contaminant C(x, y, z, 0) refer to each experiment’s
initial condition data. The initial conditions in all phases for either SVE model
simulations or lab-scale reactor experiments are established by the equilibrium
relations. The initial condition data for the 10 sets of lab experiments are listed in

Table 5-2.
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5134 The Input Parameters of the 3D-SVE-L model

Obtaining the numerical solutions of the 3D-SVE-L model demands many
parameters as inputs. Inputs include properties of the contaminated soil porous media,
empirical parameters, and the physical and chemical properties of toluene. The input

parameters for the 3D-SVE-L model are given in Table 5-3.
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Table 5-3 Inputs for Numerical Simulation of the 3D-SVE-L Model

Input parameters Value Remarks
Intrinsic permeability of Elora silt, k., m’ 6.05e-12 Duggal, 2005
Intrinsic permeability of Ottawa sand, k,,, m" 1.98e-12 Duggal, 2005
Elora silt bulk density, p;., kg/m’ 1151.5 Duggal, 2005
Ottawa sand bulk density, p;, kg/m’ 1158 Duggal, 2005
Octanol-water partitioning coefficient, L/kg, 2.13 Mirsal, 2004
log K,
Vapour pressure, Pa 3800 Mirsal, 2004
Water solubility, kg/m’ 0.515 Mirsal, 2004
Density of toluene, p,, kg/m’ 866.9 Mirsal, 2004
Dimensionless Henry’s law constant 0.26 Mirsal, 2004
Porosity of Elora silt, ¢, 0.40 Duggal, 2005
Porosity of Ottawa sand, ¢, 0.53 Duggal, 2005
Longitudinal dispersivity, a;, m 0.0037 Assumed
Diffusion coefficient in air, m*/sec 8.5e-6 Mirsal, 2004
Density of air, p,;, kg/m’ 1.229¢-3 Mirsal, 2004
Dynamic viscosity of air, 4, kg/msec 1.75e-5 Mirsal, 2004
Residual soil water saturation, S, 0.001 Duggal, 2005
Van Genutchen empirical constant, o, m’ 1 Thomson et al., 1997
Van Genutchen empirical constant, n 2 Thomson et al., 1997
Gas phase compressibility, A,, kg/m’ Pa 1.2*10° | Thomson et al., 1997
Number of finite element mesh 976 FEMLAB
Time step, 4t, hours 1 FEMLAB

Note: "Longitudinal dispersivity is based on the recommended range given in Gidda’s (2003)
experiments and statistical calculations.
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514 The Calibration of the 3D-SVE-L Model and

Goodness of Fit

5141 Calibration of a Model

Calibration of the constructed model is required to determine whether the
elements of actual systems can adequately be described by the model (Farquhar et al.,
1990). Calibration is completed by successively running the numerical model and
adjusting the chosen fitting parameters to achieve an acceptable correlation between
the sampled data set and the modeled outputs (Schwartz and Zhang, 2003).

In this study, the outputs of the 3D-SVE-L model are typically depicted by the
breakthrough curves of offgas concentration, which are plotted as the concentration
of contaminants in the offgas versus the elapsed time of SVE operation.Visual
comparison of simulated and experimental results is based on the semi-log coordinate
system. Using logarithmic scale system can improve considerably the resolution of
the concentration readings over a large range (10° to10”7 mol/m®) of the magnitude of
the concentration of contaminant for average SVE settings. This wide range
represents a typical range of contaminant concentration between the initial
concentration of the contaminants in the subsurface and the concentration of the
tailing cleanup target of SVE operation for both simulated and experfmental results.
Initially, calibration is done manually by visual trial-and-error. Based on the manual

fit, the parameters are adjusted.

135



There are no hard-and-fast rules on how to determine the adjustable
parameters for any given modeling scenarios (Aziz and Settari, 1979) to improve the
best fit. The general rule of calibration is to modify the parameters that have the
largest uncertainty and also have the largest influence on the sensitivity of the
numerical solutions of the constructed models. This includes parameters that cannot
be measured directly, but are obtained by the calibration of a model, such as the mass
transfer coefficients. Other non-adjustable parameters integrated in the mathematical
model are considered as fixed values because they are measurable, have relatively
low or medium uncertainty, or do not greatly affect the results.

Additionally, which and how many parameters are chosen simultaneously as
adjustable parameters during the calibration depends on the complexity of the
constructed model and the power of the chosen computer code. Computational
software must run quickly enough to give results within an acceptable program
execution time. Also, the model should incorporate significantly complex processes
including information on the actual SVE settings. The parameters such as mass
transfer coefficients, intrinsic permeability, and dispersivity, porosity of soil, bulk
density, and moisture content may be selected as adjustable parameters. Vogele et al.
(1996) and Barnes and White (2006) undertook an approach to calibrate their models
by adjusting the initial concentration and intrinsic permeability (two parameters) due
to their evaluated high uncertainty.

5.14.2 Goodness of Fit
The goodness-of-fit can be assessed quantitatively by the NSSRD index after

the trial visual best fit has been attained. NSSRD is expressed in log form in order to

136



prevent the round-off error calculation problems around asymptotic zero
concentrations occurring during the SVE tailing stage, but also to raise the resolution
for the measurement of the quality of the fit. The NSSRD expression in Equation (5.9)
was first proposed and applied by Harper (1999). Later Gidda (2003) and Zhao and
Zytner (2004, 2005) used this NSSRD expression to systematically quantify the

goodness of fit of the relevant calibrations.

2
y log(Cg,i )exp - log(cg,i )mod (5'9)
log(Cg,i )exp

NSSRD = L
N

i=1

Where:
N = number of sampled points in predicted and experimental data

used to calibrate the model
i = i-th sampled point for experimental and predicted data
(Cg.i)exp = i-th concentrations of offgas from the experimental data, mol/L?
(Cg,)moa = i-th predicted concentrations of offgas from the model, mol/L>,
The best-fit status will be determined by the minimized NSSRD value in this
work. If unsatisfactory matching with the known data occurs, the corresponding
adjustable parameters will be systematically varied to attain the least NSSRD. It is
important to state that the adjustable parameters should not be tuned outside of the
reasonable range of experimentally determined values reported in the literature, if

applicable.

5143 Calibration of the 3D-SVE-L Model

As above-mentioned, the nonequlibrium phase pairs include NAPL to vapour,

aqueous to vapour, NAPL to aqueous and aqueous to solid phases. The mass transfer
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rates between these four phase pairs are updated during the SVE process. The
incorporated mass transfer coefficients in the 3D-SVE-L/F models for all
nonequilibrium phase pairs are summarized in Table 5-4.

Table 5-4 Mass Transfer Coefficients Applied in the 3D-SVE-L/F Model

Nonequilibrium
Phase Pairs Expressions or Values, h?! Remarks
S b “a”, “b” are
NAPL to vapour k . = a( " J adjustable parameters
" Sn i
Aqueous tovapour | f = ¢(C.)? ¢=0.001,d=1.9 | “c” “d” valuesare
*® ! same as Gidda (2003)
Aqueous to solid k,=3.6 Same as Gidda (2003)
NAPL to aqueous kua=36 Same as Gidda (2003)

In the present work, the simulated results of the 3D-SVE-L model are
calibrated by adjusting the two empirical parameters formulated in the NAPL-vapour
interphase mass transfer coefficient expression. There are two reasons for this choice:
(1) it is the dominant mechanism according to the principle of SVE technology,
which benefits significantly from the volatilization of petroleum hydrocarbon
contaminants; and (2) experimentally and theoretically, mass transfer between the
NAPL and vapour phase has been demonstrated to have a critical influence on
performance of SVE (Harper, 1999; Gidda, 2003).

Compared to the rate of mass transfer between NAPL and vapour phase, the
rate of mass transfer between aqueous to vapour phase is less because the solubility
of hydrocarbon contaminants is low. Hence, the empirical parameters “c” and “d”,
which are within the aqueous and vapour phase mass transfer coefficient expression,
are treated as constants. The multivariable regression method sensitivity analysis of

138



the 3D-SVE-L/F models presented in Chapter 6 will confirm this issue. The mass
transfer coefficients of aqueous to solid and NAPL to aqueous phase pairs are
constant in the 3D-SVE-L model due to their mass transfer rates being much less than
the mass transfer of NAPL to vapour phase.

Ten cases of experimental data were matched by the 3D-SVE-L model in
order to calibrate the model and demonstrate that the 3D-SVE-L model can describe
the SVE experiments with appropriate inputs. Consider as an example to demonstrate
the calibration procedure of the case 4 as depicted in Figure 5-3. Starting at the
elapsed time t = 0, the early stage is matched by adjusting the magnitude of “a” until
a best fit at the early stage and an approximate fit at the tailing stage approach. Once
the value of “a” was determined, different “b” values were tested. Figure 5-3
illustrates how a + 0.005 variation in the values of parameter “b” affected the fitting
of the model at the tailing stages. The final visual best fit is quantitatively confirmed
when the least NSSRD, 0.0735, is reached. The NSSRD values associated with tested
“b” values are listed in Table 5-5. The results show that the numerical simulation of
the 3D-SVE-L model can fit experimental Case 4 well by adjusting two empirical
parameters of NAPL to the vapour phase mass transfer coefficient. The calibrations

for the remaining cases go through a similar process.
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Experimental data
m— 3D-SVE-L, b=1.900
3 = = 3D-SVE-L, b=1.905
% wim 3D-SVE-L, b=1.895

Concentration of offags (mol/m?)

0 20 40 60 80 100 120 140
Time elapsed (hour)

Figure 5-3 Breakthrough Curves for Case 4 and the Approach to Best Fit
Using 3 Values of Parameter b (Elora Silt, a=42.9 h™)

Table 5-5 Variations of NSSRD Values during Calibration*

Calibration Process Calibration Process
by adjusting “b” NSSRD by adjusting “a” NSSRD
(a=42.89 1) (b=1.90)
b=1.905 0.289 45.50 0.0903
b=1.900 0.0735 42.89 0.0735
b=1.895 0.291 35.10 0.1208

* Keep the value of “a” constant, which has been determined in initial fitting.

Table 5-6 gives final empirical mass transfer parameters as well as the mass
transfer coefficients and the corresponding NSSRD values for the best fit of all
experiments. All experimental and simulated breakthrough curves for these
completed experimental cases are illustrated in Figures 5-4 through 5-13. As judged

by the fitting status in Table 5-6, seven out of ten cases can be matched to approach
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the best fit. The performance of these best-matched cases is consistent with the
characteristics of SVE. As depicted in all figures, there are three stages present during
an average SVE operation: early gentle decrease of concentration in the offgas,
followed by a transition stage of a rapid decrease in concentration, and finally a
tailing stage. Theoretically these three stages represent the advection and dispersion
mass transport and mass transfer dominant controlled mechanisms during SVE
operation. In conclusion, adjusting two empirical mass transfer parameters for NAPL
to vapour phase can allow the 3D-SVE-L model to successfully match the various
characteristic experimental results of lab-scale SVE operation. Mass transfer between
aqueous and solid phase and between NAPL and aqueous phase can be reasonably
represented by constant mass transfer coefficients due to the air dry experimental
conditions.

Inversely, three cases listed in Table 5-6 behave with some error and have not
attained the satisfactory matching quality by the visual fitting as shown in Figure 5-6
through 8. The main reasons are that these experiments have not been conducted
ideally. Their removal rate is around 70% (Duggal, 2005) which is much lower than
other cases with the removal rate of above 99.9%. Because these experiments have
not attained a significant removal rate and show inappropriate operation, the
behaviour of these experiments cannot be predicted by the 3D-SVE-L model with the

relevant inputs.
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Figure 5-4 Matched Breakthrough Curves for Case 1 (Elora silt, NSSRD=0.215)
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Figure 5-5 Matched Breakthrough Curves for Case 2 (Elora silt, NSSRD= 0.0021)
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Figure 5-6 Matched Breakthrough Curves for Case 3 (Elora silt, NSSRD= 0.528)

Experimental data
= 3D-SVE-L

Concentration of offgas (mol/m?)

10°

0 20 40 60 80 100 120 140
Time elapsed (hour)

Figure 5-7 Matched Breakthrough Curves for Case 4 (Elora silt, NSSRD=0.0735)
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Figure 5-8 Matched Breakthrough Curves for Case 5 (Elora silt, NSSRD=0.082)
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Figure 5-9 Matched Breakthrough Curves for Case 6 (Ottawa sand, NSSRD=1.389)
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Figure 5-10 Matched Breakthrough Curves for Case 7 (Ottawa sand, NSSRD=1.169)
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Figure S-11  Matched Breakthrough Curves for Case 8 (Ottawa sand, NSSRD=0.985)
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Figure 5-12  Matched Breakthrough Curves for Case 9 (Ottawa sand, NSSRD=0.161)
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Figure 5-13  Matched Breakthrough Curves for Case 10 (Ottawa sand,
NSSRD=(0.983)

Thus far, the NAPL-vapour and aqueous-vapour mass transfer coefficients
have been determined by calibrating the 3D-SVE-L model. In order to identify the
typical features of the 3D-SVE- model, a review of the current existing representative

mass transfer coefficients reported in the literature and modeling settings are listed in

Table 5-7.
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Table 5-7 Time-Variant Mass Transfer Coefficients and the Calibrated Settings

Mass transfer
Case coefficients, h” Predicted
NAPL- Aqueous- tailing Features of the models Referance
vapour vapour effect?
kng kog
Lumped Yes 1D multiphase Harper, 1999
1 95-225 | Equilibrium multicomponent transport | Harper et al.,
model 2003
Isolated Yes 1D multiphase and single
2" 102-10> | 10*~107 component transport Gidda, 2003
Lumped No 1Dmultiphase and single
3 9~12 Equilibrium component transport Yoon, 2002
4" Isolated No 2D multiphase flow and | Rathfelder et
47~541 4°~7 single component transport al., 2000

:'One-dimensional 0.2 m experimental column, mass transfer coefficients are time-variant.

No mass transfer was obtained by the relevant calibrations for a model, rather from different mass
transfer processes based on the literature. Therefore, the mass transfer coefficients cannot be
compared to differentiate the degree of the rate of mass transfer of the integrated phase pairs in a single
SVE setttings.

A comparison with other one-dimensional SVE models incorporating the
transient mass transfer coefficients, as summarized in Table 5-7, shows the 3D-SVE-
L model is able to represent the physical processes occurring in the lab reactor. The
complex combination of SVE processes is adequately reflected by the 3D-SVE-L
model. The outputs of the 3D-SVE-F model match the performance of actual lab-
scale SVE experiments very well from the initial stage to the tailing stage. A review
of the range of mass transfer coefficients k,, of NAPL to vapour phase for the lab-
scale experimental cases in this study show that initial values of k,, ranged from 5 to
60 h' which is within the range given in Table 5-7. The mass transfer coefficients
for all cases at the tailing stage are less than 1 h™'. The magnitude of the mass transfer
coefficients do fall within the typical range obtained by other researchers as

summarized in Table 5-7. The wide range of mass transfer coefficients indicates the
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typical time-variant nonequilibrium features present during SVE processes.
Comparing this with literature results of 4.16*10°-541 h' (Poulsen et al., 1996;
Rathfelder et al., 2000) shows that for the calibrated 3D-SVE-L model at the initial
stage of SVE the determined mass transfer coefficients fall into this range.

The mass transfer coefficients for aqueous to vapour phase mass transfer also
are tracked, and the values of k,, are approximately 10 h'! at the initial stage and 10"
®h' at the tailing stage. Unfortunately at the tailing stage, there are no comparable
results reported for the data of mass transfer coefficients from numerical simulation
based on the three-dimensional SVE settings. The transient mass transfer coefficients
determined by the 3D-SVE-L model are reasonable to represent the performance of
the complete initial and tailing stages of SVE operation in a lab-scale reactor.

The current range of mass transfer coefficients of NAPL to vapour mainly
originated from relatively simple one- or two-dimensional models, so that the
essential elements rather than the mass transfer coefficients, which significantly
affect the outputs of the model, inappropriately have been neglected due to an

oversimplified model and the relevant assumptions.

5.1.5 Numerical Outputs of the Calibrated 3D-SVE-L Model
The reasonable and accurate numerical solutions for the primary unknowns
which refer to the concentration of component, saturation of a phase and pressure of
vapour phase involved in the governing equations are crucial to indicate the
predictive capacity of the 3D-SVE-L model. In this section the numerical simulation

of the calibrated 3D-SVE-L model for the unknown primary variables (pressure of
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vapour phase, saturation of vapour phase in the soil and concentration of toluene) are
demonstrated and examined in terms of the expected consequences. Insights into
improving future experimental work and accuracy of the constructed model are
developed based on the modeling studies, especially when limited sampled data are
available for calibration. It is essential to demonstrate how the numerical solutions of
the primary unknowns directly affect the accuracy of predicting empirical mass
transfer parameters and behaviour of the model.
5.1.5.1 Distribution of Vapour Pressure

The pressure gradient around a venting well and the profile of the pressure
field have significant implications for the SVE remediation, as venting pressure is
one of the most sensitive factors in the success of SVE (Rathfelder et al., 1991).
Based on the physical structure of the lab-scale cylindrical reactor, the distribution of
vacuum pressure in the vicinity of the venting well should be radially symmetrical
and gradually increase throughout the soil, and should extend to the fine screened
outside wall of the reactor. Figure 5-14(a) shows the cylindrical shaped isosurface of
pressure profile around the venting well and reflects quantitatively the expected
outcomes of the pressure field through a radial venting operation. Figure 5-14(b)
indicates the pressure variations along the radial distance from venting well to the
outside of the reactor. In the vertical direction, the pressure is identical because of the
impermeable boundary conditions on the top and bottom ends of the reactor. The
outside boundary of the reactor is open to air which is at atmospheric pressure. The
predicted profile of the pressure distribution is helpful for calibrating the flow

equation if pressure-monitoring data are available during the venting process.
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Figure 5-14(a) The Profile of Pressure at t=120 hour for Case 4
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Figure 5-14(b) The Radial Pressure Variation at t=120 hour for Case 4

In order to survey the temporal variation in pressure, which depends on the
radial distance away from the venting well, the outputs are tracked at two locations of
radius 0.01 m and 0.17 m as shown in Figures 5-15 and 5-16. The results of the

pressure estimates at the two different locations indicate that the relative mass
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transfer causes the profile of the time-variant venting pressure. What is important is
that the initial pressures at these two locations are identical and equal to atmospheric
pressure. Apparently, fixed boundary conditions at the venting well and at the outside
wall of the reactor cause a steady-state pressure gradient; however, the time-variant
rate of mass transfer and density-driven flow also cause the pressures of vapour phase
to be time-dependent. The small variation in pressure versus time can be barely
detected and denoted by conventional logarithmic coordinate within the range of the
magnitude of venting pressure and atmospheric pressure. The comparison of the
variation in pressure at radii 0.01 and 0.17 m indicates that the mass transfer is
significant because the accumulation towards the venting well occurs. Pressure
changes during the elapsed time are equal to 40 Paatr=0.01 mand 1 paatr=0.17
m over the course of 120 hours; the different changes indicate the rate of mass
transfer is quite different at the two locations. Near the well, the variation in pressure
is greater because of the migration of contaminants toward the venting well where an
increase in concentration and saturation of the contaminant toluene occurs. This
finding indicates that the time-variant behaviour of the coupled flow and transport

model should be stressed in order to improve the accuracy of any SVE model.
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Figure 5-15  Time-Variant Pressure at the Radius of 0.17 m away from Venting Well
(1 Pa pressure drop during 120 hours)
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Figure 5-16  Time-Variant Pressure at the Radius of 0.01 m away from venting well
(40 Pa pressure drop during 120 hours)

5.1.5.2 Variations of Saturation and Concentration of Toluene
Modeling studies can quantitatively and visually explore the time-variant

profile of the saturation and concentration of toluene throughout the entire site.

Figure 5-17 shows the distribution of saturation of vapour phase around the venting

well in the lab reactor at t = 99 hours. It depicts that the saturation and concentration
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of toluene in the soil vapour phase becomes larger when approaching the venting well,
because of the migration and the gradual accumulation of toluene contaminant toward
the venting well. Figure 5-18 indicates the variation in saturation of vapour phase
versus time at two different radial distances of radii 0.023 m and 0.075 m away from
the venting well. Vapour migration toward the venting well and the phase conversion
from NAPL to vapour phase significantly contribute to the early increase in toluene
offgas concentration. The initial uniform saturation of NAPL becomes the
accumulative distribution when approaching the venting well; the vapour phase
saturation farther from the well initially reduces faster than that closer to the venting
well. However, the distribution of the vapour phase becomes asymptotic uniformly
over the entire site when SVE approaches the tailing stage. The overlap of saturation

curves at the tailing stage is shown in Figure 5-18.

Mar £ 2085

Figure 5-17  Profile of Saturation of Toluene in the Lab Reactor at =99 Hours
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Figure 5-18 Variation in Saturation of Toluene in Soil Vapour Phase

During SVE operation, the contaminant is expected to migrate towards the
venting well by advection and dispersion and the resulting mass transfer; then it is
pumped to the surface. Eventually, major concerns are the concentrations of offgas
and contaminants remaining in the soil throughout the site. Theoretically, the
concentration of toluene can be predicted by 3D-SVE-modeling investigations. The
predicted concentration of toluene in the soil vapour phase along the radial distance
from venting well to the outside of the reactor versus the elapsed time is shown in
Figure 5-19, which illustrates the decreasing toluene concentration along a radial
direction away from the venting well. This shows the simultaneous migration and
accumulation of toluene contaminant towards the venting well. This result can
provide helpful information when the residual toluene concentration is monitored for
the whole site. Calibration of the complex three-dimensional model for the

concentration of toluene in the soil vapour phase may be conducted if the soil vapour
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phase data from the lab-scale experiment were available. Unfortunately, the
concentration of toluene in soil vapour inside the reactor was not sampled in

Duggal’s (2005) experiment.
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Figure 5-19 Concentration of Toluene in Soil Vapour Phase versus time for Case 4

Based on the above analysis, the 3D-SVE-L model provides reasonable
pressure, saturation, and concentration behaviours throughout the entire site as time
passes. Therefore, the model can predict and monitor the status of remediation
throughout a site. Ideally, the modeled results could be compared to sampled data to
aid in the decision process. The modeling results can also provide considerable
insight into the design of more advanced experimental procedures and the

improvement of the understanding of the dominant mechanisms.
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5.1.6 Stability and Convergence Analysis for 3D-SVE-L
Numerical Model

In this section, the sensitivity of the numerical simulation of the 3D-SVE-L
model for the number of finite elements in the mesh and the time step will be
examined in order to ensure a stable and convergent solution. Stability and
convergence analysis for the numerical schemes of the complex 3D-SVE-L model are
also checked in this section.

In this work, stability and convergence were examined through a series of
solutions based on the refined size of mesh and time steps with FEMLAB. Under
attainable relative error of 10°-10° with FEMLAB, a non-oscillatory smooth solution
obtained using FEMLAB is considered if the numerical model remains stable and
converges, and the solutions are acceptable (Istok, 1989).

In order to examine the stability of the FEMLAB for the developed 3D-SVE-
L model, a series of numerical simulations are obtained by refining the space and
time steps. The results are listed in Tables 5-8 and 5-9. Analysis shows that stability
for a complex three-dimensional model can be obtained by refining the proper range
of size of finite elements, even though the degree of mesh refinement is very limited
for the complicated three-dimensional model. Generally, the finite element mesh
determined by refining the initial coarse mesh three times can produce an accurate

solution with satisfactory relative error (Rao, 2005).
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Table S-8 3D-SVE-L Model Stability Affected by the Time Discretization”

Concentration of offgas
Time step (mol/m°)
(hours) =100 hours =10 hours
10 1.811e-4 0.756
1 1.811e-4 0.756
0.1 1.811e-4 0.756
0.01 1.811e-4 0.756

*The outputs are from Case 4, and the number of the mesh is 1358.

Table 5-9 3D-SVE-L Model Stability Affected by the Mesh Refinement”

Concentration of offgas

Number of finite element mesh (mol/m*)
=100 hours =10 hours
906 1.7908e-4 0.7563
1352 1.811e-4 0.7562
2006 1.811e-4 0.7565
2500 1.811e-4 0.7565

" The outputs are from Case 4, and time step is 1 hour.

The results in Tables 5-8 and 5-9 show that one refinement to time step and

mesh of finite elements causes the stable solution. The finer mesh of elements and

time step causes the computation load and longer execution time. It is appropriate to

use a time step of 1 hour and number of finite element mesh of 1352 to undertake the

numerical simulation.
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51.7 Impact of the Typical Dominant Parameters

5.1.71 Impact of Intrinsic Permeability of Porous Media

The quantitative analysis for the impact of the intrinsic permeability of soil
porous media on the behaviour of offgas concentration is completed by running the
calibrated 3D-SVE-L model. The intrinsic permeability of the contaminated soil site
is one of the critical factors in evaluating whether the contaminated site may be
remediated by SVE or not, and the success of the corresponding SVE remediation.
Vogele (1996) reported that a magnitude of 107* m? for soil permeability is the
lowest limit at which a site can be remediated by SVE technology. Conceptually, the
higher the intrinsic permeability of soil porous media under the same flow rate, the
faster the concentration of offgas decreases because the higher Darcy’s velocity can
cause a substantial amount of advective flux. Figure 5-20 shows the effect the
intrinsic permeability has on the breakthrough curves from the 3D-SVE-L model
during the whole time span of an SVE operation for case 4. The greater permeability
causes the lower concentration of offgas at the same elapsed time. This consequence
implies that the advective transport process dominates the SVE operation, and the
3D-SVE-L model behaves reasonably in response to changing the soil permeability

as an input parameter.

159



1w
E + Experimental data
] —=15e-12, m’
= wtl s k=le-13, m!
é — L=le-14, m?
ot
g,
E 0}
§
E 3
Swl o
ln.‘ L 1 1 1 1
0 05 1 15 2 2.5

Figure 5-20  Effect of Intrinsic Permeability on Offgas Concentration

5.1.7.2 Impact of the Empirical Mass Transfer Parameters “a” and “b”

Since mass transfer coefficients can be obtained by the calibration of a model,
the knowledge of how an empirical mass transfer parameter affects the outputs of the
developed model is an important issue. It is critical to explore the appropriate way to
adjust the magnitude of the adjustable parameters. As shown in Figure 5-21, the
empirical mass transfer parameter “a” imposes a discernable influence on the
behaviour of the 3D-SVE-L model.

A natural question arises from the fitting processes by adjusting more than
one parameter, that is, whether the uniqueness of the magnitude of each adjustable
parameter for best fit is present or not. The presence of uniqueness can be explained
by means of the mathematical expression NAPL to vapour phase mass transfer
coefficients. In this study, empirical parameter “a” produces a modification over the

SVE operation time for the ratio of the current saturation (S,) of the NAPL and the

initial saturation (S,;) as a multiplier. But empirical parameter “b” is placed on the
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position of the exponent of the ratio of S,/S,,;. Therefore, parameter “b” has the more
intensive influence than parameter “a”. Obviously, at the very early stage of an SVE
operation, the change in the saturation of NAPL phase is very little; as such, “»”
value provides insignificant impact, and “a” has more influence on the behaviour of
the model than “b”. Inversely, at the tailing stage as the ratio S,/S,,; asymptotically
approaches zero, and both “a” and “b” can modify the mass transfer coefficient;
moreover, the impact of “b” as an exponent is more significant than that of “a” as a
multiplier. Therefore, during the calibration process, empirical parameter “a”
controls the whole SVE process of the early and tailing stages and “b” strongly
controls the tailing process. The individual features of “a” and “b” in the
mathematical formulation of the mass transfer coefficient determine the uniqueness
of the empirical parameters when the final best fit is achieved. It can be concluded

that the two-parameter expression is suitable for the realistic situation of an actual

SVE operation with tailing effects through the 3D-SVE-L model.
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Figure 5-21  Effect of “a” on the Offgas Concentration
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5.1.7.3 Impact of Water Content

Soil water content is a very complex issue, which can affect the SVE process
in mass transport and mass transfer. The 3D-SVE-L model was calibrated against the
known experimental data sampled under air dry soil conditions (water content 0.5-
3%). However, the developed model can be used to investigate the impact of
increasing water content. The predicted impact of soil water content on the
concentration of offgas based on the 3D-SVE-L model is demonstrated in Figure 5-22.
An increase of 7% water content from 3 to 10 % causes an increase of 17.66% in
concentration of offgas during the tailing stage. The soil water content more
obviously affects the behaviours of the tailing stage because more rate-limited mass

transfer may occur between the aqueous phase and solid phases.
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Figure 5-22  Impacts of Water Content on the Concentration of Offgas
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5.2 Modeling Field-Scale SVE Operation

In this section, the general three-dimensional mathematical model developed
in Chapter 4 is applied to an actual field SVE operation conducted by CRA in 1997.
However, because of confidentiality, the detailed system configurations including
geological data of the site and layouts of monitoring, venting, passive and inject wells
have been described only in a simplified manner. Accordingly, the modeling domain,
initial and boundary conditions, calibration and the outputs of the simulated variables
are demonstrated; the effects of operation conditions on the concentration of offgas
are examined by running the calibrated 3D-SVE-F model. One of the most important
issues is to determine the mass transfer coefficients for the field-scale SVE model. No
research has as yet provided the details of mass transfer coefficients based on field-

scale settings and modeled results.

5.21 The Physical Properties of Field-Scale SVE Site

The field SVE scenario used in this study is a gasoline station remediation
case conducted by CRA in 1997. More than 20 monitoring wells were installed on the
site in order to survey the site remediation. For this work, a region having the
dimensions of 10 m length by 10 m width by 5 m depth with an ROI (Radius of
Influence) of the chosen well more than 5 m. The isolated domain consists of
isotropic and homogeneous silty sand determided from the monitoring well with one
venting well centered in the region as shown in Figure 5-23. The concentration of

contaminants in the soil, groundwater, soil vapour, effluent vapour of SVE venting

163



well, and total hydrocarbon content of offgas were monitored over time from
different monitoring wells. The single venting well setting is chosen in order to
develop the 3D-SVE-F model and implement the calibration against the sampled
concentration of offgas in the simulated single venting well system.

The corresponding conceptual model for this SVE remediation operation was
proposed as follows. A screened venting well is controlled as a specific vacuum
pressure on the contaminated silty sand zone, and causes the injected air to flow
radially throughout the contaminated soil, and then vapour is carried through the
venting well. During SVE operation, the residual contaminant BTEX mixture is
removed by advection and dispersion transport in vapour phase with rate-limited
mass transfer between contiguous phases and then is carried away from the
subsurface up to ground surface where the vapour is treated. Nonequilibrium mass
transfers were considered between NAPL to vapour phase, NAPL to aqueous phase,

aqueous to vapour phase, and aqueous to solid phase.

Screened
[Venting well

omogeneous

10 m

Figure 5-23  Schematic of the Simulated SVE Site Remediated by CRA in 1997
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5.2.2 The 3D-SVE-F Mathematical Model

For the SVE operation undertaken by CRA in 1997, the developed model
considered only the vapour phase to be mobile, with the aqueous and residual NAPL
phases being considered immobile at residual saturation. As a reasonable and
necessary assumption to tackle flow in the vadose zone, lab-scale experiments and
field SVE are handled as single gas phase active flow (Looney and Falta, 2000). Van
Dijke et al. (1995) used the mixed form of the Richards equation for both water and
air phases to describe an interactive movement of the fluids in a porous medium.
Based on the conceptual model in the preceding section with simplifying assumptions,
the system of governing equations of the 3D-SVE-F model is described below.

The NAPL phase flow governing equation is reduced as:

a Nc Nc
RO o B, =085, 3 oy (o = C) 8, D o (€L = o) 57)
k=1 k=1

Nc
pn=2.C, (5.8)

k=1

The transport governing equation is given by:

0 c ¢
E(wncn,k ) = _knaaga (Ca,k - Ca,k ) - (aggkng (Cg,k - Cg,k ) (59)

Where:
Cnx = concentration of component £ in NAPL phase

N, = number of components, here refers to BTEX

The vapour phase governing equation is given by:

0 Pekikyg g
_a_t (@S’gpg) =V Iu—(vpg_pggvz) + Ea (58)
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Where:
E? = rate of mass transfer into vapour phase, M/L’T

Mass transfer for vapour phase is given by:
Ne
Ef =08, [k (Coi—Coi) +hy(Cou ~H,C, )] (5.9)
k=1

Where:
H; = dimensionless Henry’s law constant of component &

Transport governing equation of component £ is denoted by:

0
E(wgcg’k) = V((ﬂgngVCg’k ) - V(qg(:g,k )

+ @Sgkng (C;,k - Cg,k )+ @S'g kﬂg (Cg,k - HkCa,k )

(5.10)

The aqueous phase balance governing equation is simplified for the mass
transfer processes by considering sorption on solid phase, NAPL dissolution, and

partitioning between aqueous and vapour phases:

0PSuPe) _ po _px _ po

nla nla

ot (5.11)
Ne Nc Ne
= (Aga Z kna (C:,k - Ca,k) - wg Z kag (Cg,k - HkCa,k ) - (As’a Z kas (C:,k - Ca,k )
k=1 k=1 k=1

Transport equation for component £ in aqueous phase is given by:

0 ‘
E(anca,k) = @gakna (Ca,k - Ca,k ) + (ﬂsg kag (Cg,k - Hk Ca,k) (5 12)

This system of governing equations of SVE mathematical model consisting of
Equations (5.7) through (5.12) including the closed relations and equations of state of

a phase will be solved numerically using FEMLAB; the following initial and
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boundary conditions and input parameters collected during the actual measurements

by CRA in 1997 are applied in the numerical simulation.

5.2.3 Boundary and Initial Conditions and Inputs

The fundamental principles for the flow and transport equation are similar to
the boundary conditions introduced in Section 5.1.3 for the lab-scale model. The
following three types of boundaries should be assigned:

+ boundary conditions at the outside of the simulated contaminated zone, which
are via natural leakage to the atmosphere;

+ boundary conditions at a venting well, where the controlled vacuum pressure
is induced;

» boundary conditions at the ground surface and the bottom of the site.

There are two alternatives to treat the ground surface of the site. The vapour
phase boundaries on the surface may be in the range from completely impermeable to
vapour transport (e.g., when the ground is covered) to very permeable (e.g., when the
ground is uncovered, open to the air). If open to air, i.e., uncovered, the ground
surface of the site connects to the atmosphere; using a Type I boundary condition, the
pressure at the ground surface is equal to atmospheric pressure. If the covered surface

exists, the surface boundary condition is assigned as a no-flow boundary condition,

i.e., Type II% =0,x, =x,,z. x; refers to x, y, z principal coordinate directions. The

J
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bottom soil zone is assumed to be impermeable; hence it is treated the same as a

covered surface, i.e., no-flow boundary conditionZ—p =0.

4
Boundary conditions of immobile phase mass balance equations at the venting

oS

a

well and the ground surface are assigned as no flux, that is, %:o, = =0.

J J

Boundary conditions at the outside of the domain have not been affected by
contamination, hence, NAPL saturation S, is equal to zero, and the aqueous phase
saturation of soil porous media S, is equal to the initial measured saturation of the
aqueous phase in soil without contamination.

For the transport equations for the individual component & in phase S, the

outside boundary conditions of the domain are assigned as specific concentration of

oC
zero, Cp, = 0; other boundary conditions are considered as zero flux, £t —0, (%
5 ax ]
J

refer to x, y, z). The details on the assigned boundary conditions are illustrated in
Figure 5-24, which gives the specific expression and values for the pressure of vapour
phase, concentration of the contaminant component, saturation for NAPL and

saturation of aqueous phase.
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Figure 5-24 Schematic of Boundary Conditions for the Flow and Transport Equations
for the Field Site

5.2.3.2 The Inputs for the 3D-SVE-F Model

Generally, there are two different groups of parameters considered, which are
site/contaminant parameters and SVE operation design parameters (Nobre and Nobre,
2004):

« data from the field SVE operation such as site borehole sampling data, site
historical data, properties of the contaminated soil, and other measurable data;
and

+ empirical parameters, data on the physical and chemical properties of BTEX

from literature.
The chemical properties of BTEX are given in Table 5-10 and the operation

condition data and the properties of the soil porous media are given in Table 5-11.
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Table 5-10 Properties of BTEX

Properties Benzene Toluene Ethyl m-Xylene
benzene
Water solubility, kg/m’ 1.7 0.515 0.152 0.125
Molecular weight, g/mol 78 92 106 106
Diffusion coefficient, m” /sec 8.91*10° 8.5%10° 7.6%10° 7.2%10°
Liquid density, kg/m’ 878.7 866.9 867.0 864.2
Dimensionless Henry’s Law 0.22 0.26 0.32 0.29
constant (air/aqueous partition
coefficient)
Saturated vapour pressure, Pa 12700 3800 1270 880
Octane-water partitioning 1.58 2.13 1.93 2.38
coefficient, log K., L/kg

"ASTM standard E1739-1995
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Table 5-11 Inputs for the Numerical Simulations of the 3D-SVE-F model

Parameter, symbol, unit Value Sources
Aqueous phase saturation, S, 0.1 CRA, 1997
Molecular weight of air, M,;, 0.0293 Mirsal, 2004
Intrinsic permeability, k;, m 1.2%10™ CRA, 1997

Dynamic viscosity of air, u, kg/m’sec 1.75e-5 Mirsal, 2004
Venting flow rate, scfm’ 1000 CRA, 1997

Longitudinal dispersivity, ¢, m 0.6 Assumed

Organic carbon content, f,., % 0.02 CRA, 1997
Porosity, ¢ 0.517 CRA, 1997

NAPL initial saturation, S,,; 0.002 CRA, 1997

Soil bulk density, p, kg/m’ 2160 CRA, 1997
Mass transfer empirical parameter, ¢ 0.001 Gidda, 2003
Mass transfer empirical parameter, d 2 Gidda, 2003
Aqueous solid phase mass 1transfer coefficient, 3.6 Gidda, 2003
NAPL to aque:sss’ ;;Zse mass transfer 36 Gidda, 2003

coefTicient, k,,, sec’

Temperatures, K 230 CRA, 1997
Barometric pressure, Pa 101325 Mirsal, 2004
Surface conditions covered CRA, 1997

Radius of venting well, m 0.05 CRA, 1997

Residual soil water content, S, 0.001 CRA, 1997
Van Genutchen empirical constant, a, m’ 1 Thomson et al., 1997
Van Genutchen empirical constant, 7, m” 2 Thomson et al., 1997
Vapour phase compressibility, A,, , kg/m°Pa 1.2%10° Thomson et al., 1997
Number of finite element mesh 1356
Time step, days 1

" scfm standard cubic feet per minute.
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5.24 Calibrations of the 3D-SVE-F Model

Calibration of the 3D-SVE-F model was conducted by matching the simulated
and experimental breakthrough curves of the benzene vapour concentration of offgas.
In this context, the concentration of benzene in offgas is calibrated for the quaternary
component model. The non-calibrated breakthrough curves for the rest three
components are demonstrated.

Initially, the considered nonequilibrium mass transfer processes and the
relevant mass transfer coefficient expressions and values are the same as those
summarized in Table 5-4 except the BTEX components. They are obtained from the
preceding lab-scale modeling studies and the calibration against the known
experimental results reported in Duggal’s work (2005). Accordingly, the mass
transfer coefficients “k,;” of NAPL to vapour phase and “k,,” of aqueous to vapour
phase are transient expressions, whereas mass transfer coefficients of NAPL to
aqueous k,, and aqueous to solid phase “k,; “are considered as constant and not
adjustable parameters.

The initial values of the empirical mass transfer parameters for the field-scale
3D-SVE-F model are the average magnitude of the lab-scale empirical mass transfer
parameters summarized in Table 5-12. As illustrated in Figure 5-25, a series of trial
values of the empirical mass transfer parameter “a” were incorporated into the 3D-
SVE-F model, and the corresponding range of concentrations of offgas at the tailing
stage were obtained. As presented in Table 5-12, the predicted concentration of

offgas approaches the final target of the known sampled data of SVE operation as the
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magnitude of the empirical mass transfer parameter “a” decreases. This tendency
shows that fitting field SVE sample data requires a lower value of the fitting
parameter “a” that is less than 0.001 as shown in Table 5-12 compared to the lab-
scale cases.

Table 5-12 The Response of 3D-SVE-F Model to Empirical Mass Transfer Parameter
“aQ’

Empirical mass transfer parameter “a”, day™

1 0.1 0.01 0.005 0.001
The predicted
benzene concentration of | 107°-10° | 10°-107 10%-10¢ 107-10°¢ 107-10°¢
offgas at tailing
stage, mol/m’

Taking the minimum tested empirical parameter “a” of 10~ day™ in Table 5-
12 as input and running the field-scale 3D-SVE-F model, the predicted breakthrough
curves do not fit the known sampled data well, as shown in Figure 5-25. The results
demonstrate that the performance of the field SVE system could not be represented
by the lab-scale empirical mass transfer parameters. Obviously, this extrapolation
from lab-scale into field-scale introduces significant error. Accordingly, it is
important to explore the range of empirical mass transfer parameters, which are

appropriate for the field-scale model.
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Figure 5-25  Trial to Determine Field-Scale Empirical Mass Transfer Parameters

Because of the limited availability of the SVE operational history and site
geological data, the tailing information is difficult to interpret in terms of data
sampled in the real SVE field operation as shown in Figure 5-25. The sampled data
sets during SVE remediation operation often have poor continuity. Often
unpredictable circums-tances around SVE operation may occur, such that once an
SVE operation starts, some other operation may be present, such as excavation, or
installing a passive well. These additional disturbances may cause the escape of
contaminants or migration along other routes. Therefore, the abrupt reduction of
offgas concentration in the venting well may occur. However, the overall tailing
concentration in Figure 5-25 is credible because the operation and sampling at the
tailing stage occurred for hundreds of days.

Other abnormal activities also could cause decreases in vapour concentration

such as water table fluctuations, mass transfer resistance and poor diffusion due to
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drying and leaks occurring in the venting system. Therefore, the calibration of the
3D-SVE-F model will follow three possible tendencies from the field data, which are
matched according to the early time, medium-time and tailing stage concentrations of
offgas. Early time refers to the trend seen in Figure 5-26 for the first 600 days, tailing
refers to the time in Figure 5-26 for complete data set, while middle is between both.
In this context, the field data could not be fitted as one experimental set due to the
discontinuity seen in the data. No reasons were provided by CRA for the observed
discontinuity. Nevertheless, confidence is expressed in the fitting that was done.
Three possible trends are considered when calibrating the 3D-SVE-F model to
the present field sampling data shown in Figure 5-25. The characteristic breakthrough
curve gained using a minimum amount of fitting parameters has been matched as
shown in Figure 5-26. The best fit for these three possible tendencies of the
concentration of offgas and the individual fitting parameters are summarized in Table
5-13. The consequences of matching the field data show that modifying the two mass
transfer parameters describing k., appropriately simulate the performances of field
operations. The prolonged long tailing effect, which follows the sharp decline in
concentration of the effluent vapour, has been seen by others (Barnes and McWhorter,
2000a, b); also, the sampled data from the site remediated by CRA in 1997 displayed
the tailing effects. However, there has been little work reported about the
performance of the SVE tailing effect with the aid of a three-dimensional

comprehensive model (Barnes and White, 2006).
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Table 5-13 The Determined Mass Transfer Coefficients of the 3D-SVE-F Model

Empirical k"f k,,%,
Status of parameter h h’ NSSRD
fitting Initial Final Initial Final
a b time time time time
h-l
Tailing 4.17e-4 | 1.80 | 4.17e-4 | 6.02e-6 | 2.16e-6 | 1.02e-9
0.348

Middle time | 3.38e-4 | 1.90 | 3.38e-4 | 7.67e-6 | 2.16e-6 | 2.67e-9 2.89

Early time 3.76e-4 | 1.95 | 3.76e-4 | 9.0le-6 | 2.16e-6 | 9.01e-9 0.643

w’
* Experimental data
n. = 3D-SVE-F (Tailing)
3 ' . »:» 3D-SVE-F (Middle time)
LR A\ NN == 3D-SVEF (Early time)

w'f

1w}

Concentration of offgas (mol/m?)

0 100 200 300 400 500 600 700 800 900 1000
Time elapsed (days)

Figure 5-26  Matched Results for Field SVE Operation by CRA in 1997

The mass transfer coefficients of NAPL to vapour phase for the field-scale
3D-SVE-F model fall into the order of 3*10™ hour! at the initial stage of SVE
operation and 9*10® hour! at the tailing stage. The results show that mass transfer
coefficients must be considered as transient expressions. The mass transfer
coefficients of aqueous to vapour phase for three matched breakthrough curves are
the same at the initial point because the initial concentration of contaminants is

identical in the aqueous phase, but different at the tailing stage, as shown in Figure 5-

176



26. The mass transfer coefficients for the aqueous and vapour phases also vary in the
range of 10 to 10 hour™. The essential difference between these curves as shown in
Figure 5-26 is in the tailing stage.

Figure 5-27 shows that varying the magnitude of “a” value affects the
concentration of offgas within the entire SVE operation. At the early stage of SVE
operations, the concentration of offgas decreases as the magnitude of “a” decreases.
However, at the tailing stage, the effect of “a” parameter has an inverse impact
compared to at the initial stage. That is, the greater the value of “a”, the lower the
concentration of offgas. The effect of “b” parameter strongly controls the tailing
behaviour as shown in Figure 5-28. The greater the “b” value, the lower the
concentration of offgas. The impacts of “a” and “b” on the concentration of offgas

estimated by the 3D-SVE-F model are similar to that of the 3D-SVE-L model.

10,

* Field sample data
3 —- a=0.20e 4, l/iday
A — a=1.30e-4, 1/day

w0°}

10t

Concentration of Benzene in offgas (mol/m 3)

"
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0 100 200 300 400 SO0 600 700 800 900
Time elapsed (day)

Figure 5-27  Influence of Empirical Parameter “a” (b=1.9) on Breakthrough Curves
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Figure 5-28 Influence of Empirical Parameter “b” on Breakthrough Curves
(a=4.17*10"*n™")

Figure 5-29a shows the breakthrough curves of all BTEX compounds, which
represent the outputs of the quaternary BTEX components from the simulation of the
calibrated 3D-SVE-F model. These reasonable offgas concentration and the
variations in mass transfer coefficients for BTEX compounds were based on
calibrating the 3D-SVE-F model against the benzene data. The breakthrough curves
from the sampled data of BTEX by CRA as shown in Figure 5-29b and the predicted
breakthrough curves by the 3D-SVE-F models have consistent tendency.

This research attempts to explore the capability of the mathematical model
capture the essential processes involved in an actual SVE setting rather than work out
a relationship between lab-scale and field-scale models. For example, what caused
the difference in “a” values between lab and field setting? There were differences

like homogenous soil in the lab compared to non-homogenous in the field, dry soil in
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the lab and wet soil in the lab. These factors and others can contribute to the
differences noted, and are part of the scale-up factor. The examination of scale up
factor is an important issue that needs to be considered. However, investigation into

the actual scale —up factor was beyond of the scope of this research topic.
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Figure 5-29(a)  Breakthrough Curves of BTEX from the Calibrated 3D-SVE-F Model
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Figure 5-29(b)  Breakthrough Curves of BTEX from the sampled data by CRA
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5.2.5 The Behaviour of the 3D- SVE- F Model

This section demonstrates the outputs of the simulated primary unknowns in
the governing equations by means of the calibrated field-scale 3D-SVE-F model,
such as the pressure field, saturation of a vapour phase, and concentration of benzene
in soil vapour phase and offgas. The expected outcomes and the accuracy and realism
of the numerical solutions for these primary unknowns are essential to confirm the
precision of the empirical mass transfer parameters through calibration of the 3D-
SVE-F model. Additionally, the pressure of a mobile phase and the concentration of
contaminants in an SVE system also may be sampled and analyzed in order to
improve the accuracy of numerical simulation and predictions for similar settings.

Predicting the concentration of contaminants in the offgas and the soil vapour
phase might provide assistant information on the progress of remediation. In a field
SVE operation, the distribution of the pressure around a venting well may be used to
delineate the radius of influence (ROI) of the well with a controlled venting pressure.
The ROI and spacing of wells can be estimated in terms of the pressure profile.
Therefore, the fundamentals of the initial design of SVE configuration can be
obtained in terms of the predicted pressure field by the 3D-SVE-F model. Meanwhile,
the consequences of the design can be predicted such as closure time, pressure field
and the distribution of contaminants.

Vacuum extraction wells produce a reduced pressure zone; the size of the
reduced volume depends on the following elements (DiGiulio, 1992):

+ applied vacuum pressure and surface treatment;
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 venting geometry (e.g., depth to water table);

« soil heterogeneity; and

» permeability.
The impacts of these elements on the behaviours of the 3D-SVE-F model will be
demonstrated in this section and next chapter respectively.

Laboratory-determined parameters using the simple models cannot directly
represent field-scale processes because a lab experiment and simple model never
incorporate enough information related to the physico-chemical processes, geometry
of domain, layout issues and operational conditions in SVE field-scale settings.
However, these elements are essential for the design of well spacing, number of wells,
location of wells and radius of influence (ROI). Ultimately, the efficiency of an SVE
operation dramatically relies on the profile of the pressure field. The parameter
estimations on the pressure field directly influence the accuracy of the contaminant
transport simulation.

A natural impermeable stratum above the contaminated soil or an artificial
surface seal is needed to impede vertical air flow in a conventional SVE operation.
Here, the characteristic pressure field was examined by means of the 3D-SVE-F
model. Uncovered and covered surface situations affect the pressure pattern
throughout the site; hence it has an impact on the velocity field and the profile of
contaminant migration toward the venting well. For covered ground surface settings,
the isosurface profile of the pressure field should be a cylindrical spread around the

venting well with identically vertical distribution as shown in Figure 5-30. The
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isosurface viewed from the bottom side is the same as the view from the top side

because identical no-flow boundary conditions are assigned to both sides.

4
—3¥
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Figure 5-30 The Isosurface of Pressure Field with Covered Surface

For an uncovered ground surface, the top and bottom side pressure profiles
are shown, respectively, in Figures 5-31 and 5-32. For uncovered ground surface,
Figure 5-31 shows the upper projection of the pressure isosurface profile.
Accordingly, the pressure at the uncovered surface is equal to atmospheric pressure.
However, the pressure field viewed at the bottom side has a no-flow boundary, so the
isosurface of pressure as shown in Figure 5-32 is the same as the settings of the
covered surface case as shown in Figure 5-30.

Streamlines are drawn as the tangent value to the direction of radial velocity,
which represents a path flow field along with vapour phase travel in a specific time
period. The streamline and slice images of the simulated pressure fields, as shown in
Figures 5-33 through 5-36, indicate the far sweep zone with a covered surface and the
leakage shortcut of vapour flow with an uncovered surface. In SVE operations,

establishing horizontal air flow in the vadose zone is favourable.
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A cylindrical isosurface pressure profile shows the radial uniform distribution
with a covered surface. Additionally, Figure 5-33 illustrates the vertically identical
pressure distribution because of the identical top and bottom boundary conditions. A
cone-shaped pressure field appears in the uncovered situation as shown in Figure 5-

35, which causes the reduced radius of influence.

et

0.\0
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Figure 5-31  The Isosurface of Pressure Field with Uncovered Surface (top side view)
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Figure 5-32  The isosurface of Pressure Field with Uncovered Surface (bottom side
view
(Bottom projection similar to the pressure distribution with covered surface)
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Figure 5-33 Slices of Pressure Field with Covered Surface Site
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Figure 5-34  Streamlines of Pressure Field with Covered Surface Site
(streamlines have 30 start points)
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Figure 5-35  Slices of Pressure Field with Uncovered Surface Site
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Figure 5-36  Streamlines of Pressure Field with Uncovered Surface Site
(streamlines have 30 start points)

As shown in the preceding figures, having a covered surface is very helpful in
improving the mass removal effectively because of a more extensive ROL The
streamlines of pressure are shown in Figure 5-34 under the covered-surface condition;

the uncovered surface leakages emerge near the venting well as shown in Figure 5-36.
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One of the most important factors in determining the duration of SVE is the extent of
air flow in the subsurface (Massman and Farrier, 1992; Massman and Madden, 1994).
Obviously, a covered surface can cause more effective remediation than an uncovered
surface. Comparisons of the breakthrough curve indicate that the covered treatment

causes a greater removal rate, as shown in Figure 5-37.

— uncovered surface
-=-- covered surface

Concentration of Benzene in offgas (mol/m )

0 100 200 300 400 500 600 700 800 900 1000
Time elapsed (day)

Figure 5-37 Concentration of Offgas by Covered and Uncovered Surfaces

Although the ROI may be used to confirm the number of venting wells
needed, it does not imply that the site can be cleaned up under the estimated ROI
range (Beckett and Huntley, 1994). The reasonable theoretically estimated pressure
profile is the prerequisite for further predicting of the concentration of contaminants
throughout a site as time passes. Based on the predicted pressure, the coupled 3D-
SVE-F model has the ability to predict the concentration of contaminants and the
impact of pressure.

As a controlled condition of SVE operation, the magnitude of the venting

vacuum pressure also affects the efficiency of SVE operation as shown in Figure 5-39.
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The higher the vacuum pressure, the faster the remediation and the lower
concentration of offgas. Increasing the venting pressure can also impact the

concentration of offgas and the soil vapour over an entire site as shown in Figures 5-

38 and 5-39.
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Figure 5-38  The Impact of Venting Pressure on Offgas Concentration
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Figure 5-39  The Impact of Venting Pressure on the Concentration of Soil Vapour
Phase
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As an essential feature, the permeability of site soil and its variations have a
significant impact on the removal rate of contaminants. The higher permeability will
create a higher seepage velocity, thus lowering the concentration of offgas as shown

in Figure 5-40.

% Field sample data
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Figure 5-40  The Effect of Soil Intrinsic Permeability on Offgas Concentration

5.2.6 Stability and Convergence Analysis for 3D-SVE-F
Numerical Model

Compared to the lab-scale case, the 3D-SVE-F model has a more daunting
computational load. It is important to explore the stability and convergence of the
numerical simulation of the 3D-SVE-F model and determine the optimized number of
finite elements and time step. The selected size of finite element mesh should fall into
the range of number where minimal variations occur during the refining of the spatial
and temporal discretization. The data listed in Tables 5-14 and 5-15 indicate that

stable solutions are available over a wide range of time steps by the low number of
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mesh refinements using FEMLAB. FEMLAB can handle actual SVE modeling

simulation as a predicting and monitoring tool with stable spatial and temporal

discretization.

Table 5-14 3D-SVE-F Model Stability on the Time Discretization

The concentration of offgas
Time step (mol/ms)
(days) =400 days =900 days
10 3.294e-5 1.0077¢-6
2 3.294e-5 1.077e-6
1 3.294e-5 1.077e-6
0.5 3.264e-5 1.077e-6

" the number of finite element in mesh 2657

Table 5-15 3D-SVE-F Model Stability on the Mesh Refinement

The concentration of offgas, mol/m’

Number of finite element mesh =400 days =900 days
1102 3.294e-6 1.077¢-6
2615 3.300e-6 1.092¢-6
3217 3.321e-6 1.109e-6

3456 No solution No solution

" time step is equal to 1 day.

As shown in Tables 5-15 and 5-16, FEMLAB produces a highly consistent
solution for a wide range of time steps. In order to obtain both the accurate solution
and fast program execution time, choosing the time step of one day is appropriate.
The number of finite element mesh of 2615 is chosen as reasonable to conduct the

numerical simulation for the 3D-SVE-F model.
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CHAPTER 6
APPLICATION OF 3D-SVE-L/F MODELS

Throughout the preceding discussion, numerical simulations for lab and field
SVE by the 3D-SVE-L/F models have been completed the model was calibrated to
lab-scale and field-scale experiments with the relevant inputs. In this chapter, the 3D-
SVE-L/F models are examined further with respect to:

1) SVE operation in a hypothetical heterogeneous site simulation

2) Sensitivity of 3D-SVE-L/F models

3) Predicting the closure time of lab-scale and field-scale cases

4) Design protocol.
6.1 Modeling in a Heterogeneous Domain

In addition to rate-limited mass transfer, which causes non-ideal
nonequilibrium performance of SVE (Abriola et al., 1999), prolonged tailing effects
originate from two main reasons:

« nonuniform distribution of contaminant mixtures in subsurface and local

lower permeability in the subsurface (Johnson et al., 1990a, b);

+ air bypasses the residual and saturated zone (Ho and Udell, 1992).

Currently, little modeling effort on tailing effects has been reported in

research literature, particularly with three-dimensional medium heterogeneities and

nonequi-librium mass transfer. Exploring the implications of nonequilibrium
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interphase mass transfer of two-dimensional and three-dimensional models requires
the analysis of the effluent gas concentration from the field-scale investigation with
significant heterogeneity (Powers et al., 1992). Air permeability can vary greatly over
the entire site in the range of 100- to 10,000-fold, depending on the soil types (Bachr
and Hult, 1991). With the aid of the 3D-SVE-F model, the present work can study the
impact of porous medium heterogeneity on the long tailing effect.

An ideal three-layer soil porous medium is hypothetically simulated to
investigate the impacts of the heterogeneous permeability as shown in Figure 6-1.
The permeability with the top layer and bottom layers is equal to 3*107'> m, which is
the same as the homogeneous domain simulated in Section 5.2. The middle layer has
a permeability 10? higher than top and bottom layers, i.e., 3*10™'° m. All other inputs
are the same as the previously modeled CRA SVE scenario in Section 5.2. The SVE

model for this heterogeneous domain is entitled 3D-SVE-FH model.

e N Low permeability
= N Layer with BTEX

Venting well

5m

A

High permeability
layers with BTEX

~
Figure 6-1 The Hypothetical Heterogeneous SVE Site
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Figure 6-2 The Profile of Concentrations Distributed in Different Zones
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Figure 6-3 The Concentration of Benzene in Soil Vapour versus Time along vertical

line 0.05 m radially away from venting well

The distribution of benzene contaminant in three layers in the vicinity of the
venting well at 900 days is shown in Figure 6-2. The apparent higher concentration of
contaminants in soil vapour phase is in the region where the permeability is lower.
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Figure 6-3 shows the distribution of the concentration of benzene in soil vapour phase
versus time along the line connected from two point coordinates (5, 5.5, 0) and (5, 5.5,
5) in the simulated domain and 0.5 m away from the venting well, parallel to the
venting well. During a certain elapsed time, the simulated results show that benzene
in the soil vapour phase is distributed mainly in the low permeability zone at the
tailing stage. This indicates that the contaminants in soil vapour phase in the higher
permeability vadose zone have been easily removed by advection-dispersion
transport with higher seepage velocity and rate of mass transfer. However, the
contaminants distributed in the lower permeability vadose zone still remain in the soil
vapour phase due to the lower seepage velocity. The contaminants in the low
permeability zone further diffuse into the adjacent layers, contributing to tailing
effects. If the venting well is shut down, and then reopened, the concentration of
offgas will rebound because of the diffusion. This result implies the importance with
respect to exploring the variations in permeability over the soil site and conducting a

thorough site investigation before SVE operations.

6.2 Sensitivity Analysis by Multivariable
Regression Method

Once an adequate numerical model has been obtained, sensitivity analysis
must be completed as an integral part of modeling studies. Doing so will bring
improvement in the input parameters and the control processes involved. This section
elaborates on the procedure for the multivariable regression method and implements
sensitivity analysis of the 3D-SVE-L/F models. With multivariable regression method,
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modelers are able to identify the combined influence of multiple dominant parameters
on the performance of an SVE system. In this context the empirical mass transfer
parameters, intrinsic permeability, and dispersivity were chosen to conduct the

sensitivity analysis.

6.2.1 Introduction to Sensitivity Analysis of an SVE Model

In a vadose zone numerical simulation, all parameters incorporated in the
developed mathematical model may not play an isolated role under given
circumstances. Complicated cross-mutual actions may be present. Very few
researchers have explored the issues of sensitivity of an SVE model for parameters
(Rathfelder et al., 1991); fewer studies have dealt with the multiple parameter
sensitivity analysis simultaneously. The conventional method for sensitivity analysis
of a hydrological model is only an expedient approach for contamination in the
vadose zone like SVE remediation operation. Especially, sensitivity analysis of SVE
models is not common.

In conventional sensitivity analyses, one parameter is changed at a time, while
keeping all other parameters as constants at fixed base values (Kaleris, 2002). The
base values and the range of the possible uncertainty, which depends on site or
remediation operation conditions, are set up for all the parameters considered
uncertain (Mendoza and Frind, 1990b; Gribb, 2002). By using the conventional
method, Rathfelder et al. (1991) and Poulsen et al. (1996) investigated the effects of

multiple parameter variations on SVE efficiency.
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In fact, modeling results may depend on more than one independent parameter

simultaneously. Multivariable regression analyses can be used to establish the

relationship among the parameters involved in a multiphase flow and transport of

multicomponent model (Fanchi, 2001). Even if one is interested in the effect of only

one variable involved in a model, it usually is wise to include other variables

influencing the outputs of the models (McBean and Rovers, 2001). The principle of

multivariable regression method has been applied in a wide variety of industries to

analyze multiple element influences (Wonnacott and Wonnacott, 1981). Relative to

the conventional sensitivity analysis method dealing with multiple controlling

parameters, the use of multivariable regression to deal with the sensitivity issues of

the SVE model has distinct advantages in that it:

executes sensitivity analysis by a mathematical method;

considers the uncertainty of the multiple controlling parameters simul-
taneously;

reduces stochastic error and therefore reduces the residual variance and causes
confidence intervals to be more precise;

eliminates bias that might occur if the variable is neglected that might
influence the response of a model substantially; and

reflects the interaction among the predictors because the association of
predictors is estimated. The greater the number of variables that would affect
the responses that are included, the more precise is the response to the

variations in the simulated results depending on the predictors (Fanchi, 2001).
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6.2.2 Sensitivity Analysis by Multivariable Regression
Method

6.2.2.1 Multivariable Linear Regression Method

All integrated controlling parameters that may affect the sensitivity of the 3D-
SVE-L/F models are called predictors. If the p sampling values of a controlling
parameter and » parameter predictors are incorporated into a multivariable parameter

regression model, the sample matrix of the predictor X is expressed as:

X= 1 x3 Xp...... X2p (n=1....N; p=I....P) (6.1)

Where:

n = number of parameters considered in sensitivity analysis

p = number of samples for a parameter in sensitivity analysis.
The simulated results for the 3D-SVE-L/F models for the predictors are called

regressors. In this context, the regressor is expressed as the matrix of offgas

concentrations as follows:

C. = (6.2)
Y
Where:

C, = concentration of component in vapour phase, mol/L’

y = the simulated results for n-th series of sampling values, mol/L>
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In order to overcome the round-off error introduced by the big difference in the
magnitude of the related parameters during the statistical procedure of multivariable
regression, the standardized variables for a series of samples for a parameter are

defined as:

S =_nr " 6.3)
o

Where:
Onp = standardized variables of the i-th sample of the n-th parameter

Xnp = i-th sampled value of the n-th parameter, p=1...P

X , =mean of all samples of the »n-th parameter
o, = variance of a series of samples of the n-th parameter involved in
sensitivity analysis.

The physical meaning of the standardized variable in Equation (6.3) represents the
deviation of a parameter per unit variance of the parameter samplings. According to
the definition by Wonnacott and Wonnacott (1981), the sample variance of the
predictors, which are associated with the inputs for the 3D-SVE-L/F models is
expressed as:

o, = li(&,,,p % (6.4)
n

p=1

Where:
o, = average of the samples of the »n-th parameter.

Generally, the sensitivity formulation of a model is constructed by applying
the following procedure:
» obtain the simulated results by running the numerical models for the predictor

sample matrix X defined in Equation (6.1);
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» calculate the multivariable regression equation.

Therefore, the sensitivity of the 3D-SVE-L/F models is the response to the change in
unit variance of a series of samples, which is an index to explore the possible range of
changes in a controlling parameter. The final sensitivity model responds not only to
the change in the values of multiple parameters, but also to the possible range of the
values concerned and interrelation between these parameters.

According to the rationale of a multivariable linear regression (Younger,
1979), the relationship between the standardized variables in Equation (6.3) and the
response from the simulated results is denoted in terms of the multivariable linear

regression equation:

C,=a,+a0, +....a,0,....a,0, +e (6.5)
oC,

;= (6.6)
OAS

Where:
e = error of linear multivariable method

o0 = standardized variable

ap = constant in linear multivariable regression equation

a; = linear regression coefficients of the variable j.
Equation (6.5) can be expressed as the matrix of coefficients of the multivariable
linear regression Equation (6.5):

Cy=ad,t+e 6.7)
Where:
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]
a,
a=| " | matrix of the constant and coefficients which compose the linear
Q,
regression equation
_a” -

6p, = standardized variables for parameter samples defined in Equation (6.3),
also called regressors.

The coefficients in Equations (6.5) or (6.7) mean that the change of offgas
concentration results from an increase in unit &, while other variables are held
constant. Conservative interpretation for the estimates of the linear regression
coefficients by the magnitude and the sign of the estimates of the coefficients in the
linear regression equation has been addressed clearly (Wonnacott and Wonnacott,
1981). The sign of the parameter estimates indicate the direction, i.e., increase or
decrease, of the relations between the predictors and responses.
6.2.2.2 Significance and Standard Error of Estimates

The standard error of estimates may be estimated by the variance described in
the form of a matrix. The variance of the coefficients in the multivariable regression

equation is expressed as:
var(ar) = 5> (57 5,)"" (6.8)

Where:
var( o) = variance of the coefficients

s = standard error of estimate

&, = transfer matrix of &, .

The residual variance of the response estimated is expressed by:
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Z (Cep— (6.9)

e

p n-1%
Where:
C,. = predicted i-th concentration of offgas from 3D-SVE-L model, mol/L>

C, = average value of concentration of offgas, mol/L?

df = p—n—1,is defined as the freedom of regression estimates.

The standard error of estimate from multivariable regression can be used to
formulate the maximum and minimum estimates under a confidence interval for a
given series of controlling parameters. The confidence interval is expressed as
100*(1-a) %. The distribution of “a” relates to the significant level of the
multivariable linear regression. Significance levels show how likely it is that a result
is due to chance. Highly significant estimates mean that these estimates are very
probably true if confidence interval is 95% (Younger, 1979).

For a confidence interval of mean response and individual response, #9595 for
the corresponding df value is obtained by the t-distribution table in Wonnacott and
Wonnacott (1981). The true value is estimated by the multivariable linear Equation
(6.5), and then the general form of a 95% confidence interval considering the

regression error. The actual output will fall into the range which is expressed as:

Ct = C, 50551+ %, (X7 X) ' x, (6.11)
Where:
C ; = estimate of concentration of offgas with 95% confidence interval,

mol/L>

C, = the predicted concentration of offgas by sensitivity model, mol/L*
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Xy = , i=1...m (the number of the multiple variables estimated)

1)

m

Considering confidence intervals and the standard error of the estimated
coefficients, the values of the estimated coefficients in the resultant multivariable
linear regression equation are expressed as:

a,=a, tt, var(o), ; (i=1..p) (6.12)
Where:
a, = estimate of coefficient

«; = possible maximum and minimum values by considering the

standard errors

var(o),, , = variance for the estimate of ¢,

t,= considered confidence interval from student distribution.

6.2.3 The Sensitivity Analysis for the Calibrated
3D-SVE-L Model

Using the above-summarized multivariable linear regression method, the
consequences for sensitivity analyses of the 3D-SVE-L model were illustrated in this
section. The intrinsic permeability of soil, dispersivity and two empirical mass
transfer parameters “a” and “b” are chosen to engage the sensitivity analysis of the
3D-SVE-L model. Soil permeability is the most sensitive during the venting
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operation (Rathfelder et al., 1991), and of all soil physical parameters, it has the
greatest variation. There is very little knowledge of dispersivity in the SVE field. But
the dispersion process has a considerable effect on the removal rate of contamination.
Based on the one-dimensional column experiment and mathematical modeling
investigation, Cann et al. (2002) and Gidda et al. (2006) proved the importance of the
appropriate dispersivity for SVE modeling consequences. On the other hand,
Armstrong et al. (1994) determined that a lab-scale model is insensitive to
dispersivity. Mass transfer coefficients which consist essentially of the empirical
parameters can be obtained only by calibrating a model. In summary, these four
properties were considered because all four parameters have been demonstrated to
significantly influence the performance of SVE operation, respectively, by others.

The data set used to calculate the sensitivity model is listed in Appendix.
Tables B1 and B2. Table 6-1 gives the range of the parameter values handled.

Table 6-1 The Range of Estimated Parameter Values for Sensitivity Analysis of the
3D-SVE-L Model

Parameters Range of values Remarks
Intrinsic permeability, k, m* 6*107°-4%10" Typical range for
SVE site
Longitudinal dispersivity, a;, m 0.037-0.1 Gidda et al., 2003;
Rathfelder et al., 2000
Empirical mass transfer parameter, a, 10-40 Determined by the
hour’ 3D-SVE-L model
Empirical Mass transfer parameter, b 1.6-2.0 Determined by the
3D-SVE-L model

After applying the constructed sensitivity approach and a series of data as

noted above for a 50 hour elapsed time, the sensitivity equation of the calibrated 3D-
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SVE-L model for the four parameters is given by the following linear regression
equation:

Cs =0.0672-0.02135, —1.986,, —0.125, —3.025, (6.13)
Where:

Cso = concentration of offgas at t=50 hour time elapsed, mol/L’

d; = standardized parameters of the linear regression equation for variables
defined in Equation (6.3), i refers to the considered parameters, i.e.,
intrinsic permeability £, longitudinal dispersivity a;, empirical mass

transfer parameters a and b, respectively.

The resulting minimum and maximum estimated standard error of regression
coefficient and the residual variance of the predicted results from the sensitivity linear
regression model are listed in Tables B3 and B4 in the Appendix. Figure 6-4
illustrates the multivariable linear regression sensitivity results for the 3D-SVE-L
model. The figure shows the constants, the four coefficients and their minimum and
maximum values under a 95 % confidence interval. These results demonstrate that

the estimates for the regression coefficients are highly significant.
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for the 3D-SVE-L Model (=50 Hours)

In terms of sensitivity model Equation (6.13) of the 3D-SVE-L model, the
most sensitive parameter for the concentration of offgas “Csy” is empirical mass
transfer parameter “b” which is the exponent of the NAPL saturation in the mass
transfer coefficient. The second one is dispersivity, while the third is the permeability
and the least sensitive is the other empirical mass transfer parameter “a”. This
sequence shows that relative significance of empirical mass transfer parameters and
system parameters involved in the 3D-SVE-L model. A review of the literature
(Gidda, 2003) has shown the dominant mass transfer process in SVE is volatilization
from NAPL to vapour phase. Since the lab experiment was conducted only in air dry
condition, it was decided that aqueous to vapour phase mass transfer has the minimal
importance. The sensitivity analysis of a one-dimensional SVE transport model
determined that the mass transfer from the NAPL to aqueous phase and longitudinal

dispersivity are insensitive in the range of studied values (Rathfelder et al., 1991).
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Therefore no sensitivity testing for empirical mass transfer parameters “c” and “d”
was done for the 3D-SVE-L model.

While the modeling results indicate a lower sensitivity for permeability and
dispersion than one of the empirical mass transfer parameters, it is desirable to collect
more consistent and intensive data during site characterization and evaluate the
impacts of permeability and dispersivity properties. The mass transfer coefficient is
most sensitive, which implies that the knowledge of mass transfer and the relevant

mechanism is critical for improving the predictive capacity and accuracy of models.

6.2.4  Sensitivity Analysis of the Calibrated 3D-SVE-F
Model

The behaviours of the 3D-SVE-L/F models reasonably and quantitatively
describe the performance of the lab and field SVE remediation operations. In
particular, the calibrations of the field-scale model precisely match the non-ideal
characteristics due to integrating the characteristic rate-limited mass transfer. A
sensitivity analysis provides the insights into the impact of the uncertainty of
parameters and their likely variations on the behaviour of the 3D-SVE-F model. A
well-informed selection of parameters for all SVE systems available is necessary to
consider the possible variation of intrinsic permeability, porosity, dispersivity,
organic carbon content, distributions of contaminants and heterogeneity of porous
media. For the 3D-SVE-F model, four parameters, intrinsic permeability, dispersivity,

and two empirical mass transfer parameters “a” and “b” were chosen to conduct the
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sensitivity analysis. The entire dataset of these relative parameter samples to be used
to calculate the sensitivity linear regression equation is listed in Appendix B5. The
ranges of the relevant parameters are summarized in Table 6-2. The sensitivity

multivariable regression linear equation for these four parameters is calculated as:

Cypo = 0.824 17345, +0.5265,, —1.8925, +2.1325, (6.14)

Where:
Cio0 = predicted concentration of offgas at t= 100 days elapses time by
multivariable linear regression sensitivity model, mol/L’
0 = estimated coefficients of the linear regression equation for variables
defined in Equation (6.5); the considered parameters are k, a;, a and
respectively.

For the smaller than 95% confidence interval, the estimates of the coefficients
and constant composing the sensitivity regression equation keep similar trends as lab-
scale sensitivity results as shown in Figure 6-5. It is seen that the multivariable linear
regression sensitivity estimate is highly significant. The consistencies of the
minimum and maximum estimates indicate that it is very appropriate to develop the
sensitivity model for the 3D SVE model by the multivariable linear regression
method. The estimates are highly significant. In terms of the coefficients given in
Equation (6.14) and visually shown in Figure 6-4, the order of sensitivity of
parameters is empirical mass transfer parameter “b”, “a”, permeability and

dispersivity.
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Figure 6-5 95% Confidence Interval Coefficients and Constant of Regression
Equation for 3D-SVE-F (=100 days)

In order to compare the significance of the different interphase mass transfer
processes considered possibly present in SVE operation to the simulated results, the
multivariable regression sensitivity analysis was extended to introduce two additional
empirical mass transfer parameters “c” and “d”, which are formulated in the mass
transfer coefficient expression for aqueous to vapour phase (see Table 5-4). This is
due to the higher water content in the field SVE that may be present as compared to
the lab studies. The examined ranges of these six parameters are listed in Table 6-2.

Table 6-2 The Range of Estimated Parameters Values for Sensitivity Analysis
of the 3D-SVE-F Model

Parameters Range of values Remarks
Permeability, k, L* 1.07°-6*10™° Vogele, 1996
Empirical Mass transfer parameter “a” 10°- 10" Present work
Empirical Mass transfer parameter “b” 1.6-2.0 Present work
Empirical Mass transfer parameter “c” 0.001- 0.1 Gidda, 2003
Empirical Mass transfer parameter “4” 1.6-2.0 Gidda, 2003
Dispersivity, a;, m 0.36-0.75 Rathfelder et al., 2000
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This six-parameter multivariable linear regression sensitivity model is denoted
by Equation (6.15) and the corresponding constant and estimates of coefficients,
including the minimum and maximum estimates of constant and coefficients under a
95% confidence interval, which are shown in Figure 6-6. The most sensitive
parameter is the empirical parameter “b” in NAPL-vapour mass transfer coefficient.
The order of decreasing sensitivity for the other considered parameters is empirical
mass transfer parameter “a” contained in NAPL-vapour phase mass transfer
coefficient, intrinsic permeability and dispersivity. The least sensitive parameters are
the empirical parameters “c” and “d”. Therefore, it is reasonable that empirical mass
transfer parameters for aqueous-vapour phases are treated as constants during
calibrations of the 3D-SVE-F model. This consequence also supports the reason not

to pursue sensitivity studies for “c” and “d” in lab-scale cases.

C o = 0.0676 —0.0595, —0.0445,, +0.051715, +0.1465, —0.000215, +0.02875,
(6.15)

Where:
Co0 = predicted concentration of offgas at t= 400 days elapsed time by
multivariable linear regression sensitivity model, mol/L>
o0 = estimated coefficients of the linear regression equation for variables
defined in Equation (6.3); the considered parameters are k, a;, a, b, ¢

and d, respectively.
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In summary, for the 3D-SVE-L/F models, the most sensitive parameters are
the NAPL-vapour phase mass transfer coefficients. Therefore, the importance of
studying mass transfer processes in SVE operation will play an essential role in
accurately predicting the behaviour of SVE, especially when accurately matching the
tailing stage.

The sensitivity of vapour extraction efficiency and contaminant migration to
system parameters depends theoretically on well vacuum, NAPL-air mass transfer
rate, permeability, and heterogeneities in soil (Poulsen et al., 1996, 1999). However,
there have been no quantitative analyses to prove that these behaviours are reasonable
for application to an SVE field operation. Certainly, it is unavoidable that the various
inconsistent or biased conclusions have been drawn by the models of many different
levels of complexity, which originated from various simplified scenarios in the
conceptual models and the corresponding mathematical models. The pertinent

conclusions come from the comprehensive field-scale 3D-SVE-F model because it
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may handle more processes of SVE systems and simulate the real performance of

SVE including the numerical simulation.

6.3 Prediction of the Closure Time of SVE

Closure time refers to the duration of operation for an SVE system to
remediate a contaminated site to a safe level. The determination of closure time is
directly related to the life-cycle cost of an SVE operation. The concentration of
effluent vapour typically declines sharply by an asymptotic approach to zero or
extended tailing performance (Digiulio, 1992). The decision-making process related
to the closure time is important because tailing strongly affects cost effectiveness and
the final cleanup level to which the contaminant is removed. The effective way
would be to track tailing by the mathematical prediction, properly shut down SVE
and then switch SVE operation to another cost-effective remediation option to
achieve site closure. For example, as shown in Figure 6-7, a typical field SVE
remediation operation breakthrough curve, apparently, the SVE operation during the
tailing stage of 20-100 day elapsed time is not cost-effective because the cleanup
level is not improved remarkably. If the concentration of offgas could be predicted by
modeling studies and then analyzed to examine when the ideal time is to stop, there

could be a substantial life-cycle cost saving for this SVE operation.
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Figure 6-7 The Breakthrough Curve of Offgas Concentration of an SVE
Rmediation (Chai and Miura, 2004)

As SVE proceeds, the personnel and equipment overhead will increase and
have a major impact on cost. An accurate prediction for the closure time to
adequately stop SVE is required. Currently there are very few discussions on SVE
closure time in the literature (Barnes and White, 2006). On the basis of the accurately
modeled results from the 3D-SVE-L/F models illustrated in the preceding chapters, a
procedure is proposed in the present work. Firstly, it is proposed that the relative
slope “R” of the breakthrough curve of the offgas concentration versus operation
time be related to the removal degree in order to describe the performance of SVE
tailing effects. Mathematically the definition of “R” is described by:

RZ_M*L*IOO% (6.16)
ti+l _ti C’1
Where:

R = relative slope of the modeled breakthrough curve, T
Ci+; = concentration of offgas at the #;.; elapsed time, mol/L>
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C; = concentration of offgas at the #; elapsed time, mol/L>
C; = initial concentration of contaminant in the subsurface, mol/L?
t = elapsed time of SVE operation, T.
The relative slope R of the breakthrough curves predicted by the 3D-SVE-L/F
models are given in Appendix C as MATLAB files. Accordingly, the following

modification of “R” is proposed considering the total elapsed time:

E=2 (6.17)
!

Where:

E = relative slope of breakthrough curve weighted by the operation time

elapsed, T™.

The “E” index in Equation (6.17) estimates total relative efficiency of an SVE
remediation operation over time. Normally, the tendency of index “E” is to decrease
as the SVE operation proceeds. Take as an example, a lab-scale case where the
simulated breakthrough curves demonstrate the procedure to track tailing progress by
the variations of “E” during the overall SVE operation. As shown in Figures 6-8 one
of the typical remediation cases is demonstrated by the experimental breakthrough
curve, the predicted breakthrough curve by the calibrated 3D-SVE-L model and the
distribution of E values and Ar. Figure 6-8(a) shows the actual experimental and
simulated breakthrough curves; correspondingly, the curve of the “E” over elapsed

time is drawn as shown in Figure 6-8(b) based on the simulated breakthrough curves.
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The characteristic curves as shown in Figure 6-8 demonstrate that there are
typically three stages in an SVE process:

» nonequilibrium terminal sharp decline stage,
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 transition stage, and

e non-zero asymptotic stages.

Obviously, these three substages of the tailing stage can be represented by the ranges

of “E” values and the corresponding time intervals:

1)

2)

3)

AE=10"-10? % (terminal sharp decline stage) initial phase conversion rate of
advection and dispersion, the early reduction of the relative slope of the
breakthrough curve is insignificant,

AE=102-102 % (transition stage) change from sharply decreasing area to
non-zero asymptotic stage, which reflects the principal features of
decontamination by SVE remediation technology. Stop time should be
considered at the end of this stage,

AE=10"-10" % (non-zero asymptotic stage) a further 10-fold reduction of
“E” value indicates a relatively long period of operation time but has little
impact on the offgas concentration. During this stage, SVE operation is
totally deficient. SVE should be shut down or switched to other effective
remediation such as boiventing in order to reach the cleanup target of the site.

The intervals of the elapsed time corresponding to each equal specific

decreasing fold of “4E” values, which characterize the progress of the tailing stage

are represented by the elapsed time interval Az; Af, Ats, respectively. The next step is

how to determine the proper closure time.

All calculated “E” values and breakthrough curves of the simulated cases in

this work are referred to in Appendix D. The eight cases are chosen to determine the

closure times in terms of “4E” values and the corresponding time intervals. Two of
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ten simulated cases listed in Table 5-7 have not been examined for closure time
because they have the relative short operation time of only two and nine hours.
Reviewing all simulated cases by the 3D-SVE-L model, the following tendencies,
which indicate the relationships among A¢;, At,, and At; are representative:
(i) Aty < At; <At;: this indicates that further SVE operation cannot significantly
improve the level of cleaning;
(1)  Af; >Af; <At3: is a typical SVE process, with early slow reduction, sharp
decrease, and then approaching the tailing stage.
Accordingly, it is proposed that the CTT (critical time index) is related to
the ratios of Afy/At; and Aty/At; and has significant implication for the tailing
progress. Generally, for two continuous time steps, C77 is defined as:

CTI = % (6.18)

I

When the CTT reaches the certain critical value and “4E” falls into the magnitude of
10" -10™ %, the time to reach CTT is the time to stop the SVE operation for a specific
case. CTImeans within tailing stage if ideal E interval and the corresponding CTI are
approached, at this time SVE can be stopped. Generally, that C77 is more than or
equal to 1 already indicates the later time step already cause the delay resulted from
tailing, in order to assure the tailing start as much as using the benefit of SVE
operation might cause the cleaning up. Based on the survey of the simulated lab-scale
cases (see Figures marked with “4E” and At in Appendix D), for any situation of
SVE, when “4E” ranges from 107- 10* %, it was determined that the average CTI =

2.1. But experimental cases 3 and 5 in Table 6-3, which have CT7T is equal to 1.6,
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because they do not experience the tailing stage. Table 6-3 gives the tabulated results
of the analysis for all lab cases and the resulting predicted times that the laboratory
experiments should have stopped. The effectiveness of CTI will be demonstrated by
first using the laboratory data to calculate and verify the C7I. The results from
examining C77 will then be applied to the field case to test the hypothesis.

Table 6-3 gives the predicted closure time for all the lab cases closure time.
It is seen that the closure time for all predicted cases are significantly are short than
the actual run times. This confirms that all lab cases could have been shut down

earlier from tailing properties.
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Based on the analysis for the closure time index by virtue of the lab-scale
numerical and experimental data, the critical range of the “E” value falls into 10"'~10
* % with tailing stage. To test the validity of this criterion for field case, the C71 for
field-scale SVE operation was examined in terms of the range of E from 3D-SVE-F
model. As outlined in Section 5.2 there were three possible fitting curves from the
known field SVE remediation operated by CRA 1997. As such, the analysis will
proceed according to all three fits. The corresponding breakthrough curves which are
used to check “E” value are illustrated in Figure 6-9. Figure 6-9 shows the results of
the analysis for the three types of field situations. It is seen that for all three
situations the average time to close the operation was 330*2.1= 693 days. However,
according to the data provided, it was seen that the site still operated for more than
960 days. This meant that the site ran approximately 267 days longer than it should

have, with ineffective treatment.
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Figure 6-9 The Relative Slope of Breakthrough Curve verse Time
for Field-Scale SVE Operation

218



The analysis for the behaviour of the tailing stage based on CT7 shows the
reasonable evaluation of closure time can bring at least two-thirds equipment using
and overhead expense savings. Additionally, even though three field—scale trends
have been predicted, they have same predicted closure time but real different cleaning
up degree. This facts support the viewpoint that the removal rate of contaminant can
not be considered the index to accurately stop SVE. Tailing effects as a discernable
processes results from the poor progress of removal of contaminant not only the
absolute concentration before reaching the target of cleanup. In other words, even
though still higher is the level of concentration of contaminants, the mass transfer
limitation appears intensive, even though the concentration is not low enough to
reach the cleanup target, the SVE operation should be stopped. The CTT discussed
here can also be used to see if it makes sense to stop and start the SVE process during
the system. During shutdown, there will be rebound of the concentration of

contaminant, allowing a higher mass to be extracted.

The procedure to estimate the closure time can be summarized as follows:

» run the 3D-SVE-L/F models and obtain the breakthrough curve of offgas
concentrations;

« calculate the elapsed time weighted relative slope of the breakthrough curve
“p,

+ Determine the appropriate time intervals “At” and the corresponding “E”
value,

« Apply CTI of 2.1 to determine the corresponding closure time.
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6.4 The Guidelines of SVE System Design by
Modeling

The implementation of the 3D-SVE-L/F models in this thesis has provided
many insights into the capability of a complex three-dimensional model, governing
mechanism of SVE systems and the predictable performance of SVE operation.
FEMLAB multiphysics modeling software meets the requirements of complex SVE
modeling tasks and allows for improved understanding of the simulated scenarios
through powerful pre- and post-processing and computational capacities. Using the
3D-SVE-F model, SVE process modeling in three dimensions with the appropriate
input parameters of SVE associated with design configuration (number, locations and
spacing of wells, operation conditions) may be implemented. How the 3D-SVE-F
model can be used to assist an SVE system design will be discussed in this section.

SVE system design refers to the determination of the number and location of
extraction wells and corresponding extraction rates (Johnson et al., 1990a, b; Sun et
al., 1996; Sun and Yeh, 1996, 1998). Success of SVE remediation strongly depends
on the design of the SVE system (USEPA, 2004). Using a comprehensive numerical
simulation tool to design may significantly increase the ability to optimize SVE
remediation operations. One of the indispensable and most cost-effective tools is to
predict the response of a system by modeling. Because of the lack of the prevalence
of modeling practices present for the response of an SVE design current designs of
SVE systems depend on the empirical guidelines, experience, or the trial-and-error

method. Few reports have shown how an SVE model can be used for field-scale SVE
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remediation (Bradner and Murdoch, 2005; Barnes and White, 2006) based on the
closure time and final cleanup degree criteria to identify the preferred alternative
from various SVE design options.
The completed 3D-SVE-F model can be used to conduct various stages of
SVE design tasks. An optimal design can be evaluated in both aspects of maximizing
contaminant mass removal design and the most time-efficient design. The developed
3D-SVE-F model has the capability to do this.
Fundamentally, the main three aspects of the model are related to:
+ evaluating the performance of SVE physico-chemical processes in a
quantitative format and the critical influence elements;
» predicting the closure time and cleanup degree for a specific SVE system
design; and
- assisting in SVE system design: optimizing the design candidates or
examining effects of site parameter spatial and temporal variations.
To fully describe an SVE system, designers need to identify:
(1) specific numerical values for parameters that characterize the relevant
processes;
(2) conceptual model and the corresponding mathematical model including
powerful computer code for numerical simulations;
(3) simulating parameters, geometry of regions including the simulated
heterogeneity, and initial and boundary conditions.
Figure 6-10 gives an overall systematical flowchart. This chart represents the

procedure of predicting an SVE process based on the 3D SVE model responses for an
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SVE system configuration, the expected operational conditions, and all known
conditions and parameters. The recommended protocol related to the technical chart,
Figure 6-10, is outlined as follows:
o implement site characterization based on the broad data sources;
e determine the conceptual model and plan the initial design;
e collect the design parameters. There are two different groups of
parameters:
(a) site/contaminant parameters, such as the geometry of a modeled
site, geological information, boundary and initial conditions, modeled
domain parameters, physico-chemical properties of contaminants and
soils, empirical mass transfer parameters
(b) design parameters for SVE system configuration and operational
conditions;
e set up the 3D-SVE-F model and run according to site data;
o predict closure time and final degree of cleanup and examine with the
standards or criteria for the expected SVE operations; and
e once system is set up and running, model can be calibrated for refinement.
If the design requirements are met, confirm the current design. If not acceptable for
the system design, further modify for the SVE configuration, repeating the above
steps up to the point at which a reasonable closure time and a relevant cleanup degree

can be attained.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

This dissertation has provided the methodology and insights into how the
developed 3D-SVE-L/F models can be utilized to quantitatively predict and monitor
the response to the expected performance of an SVE operation. The 3D-SVE-F model
can also be used as an assisting engineering design tool. The completed work has
extended the theoretical and numerical studies of the characteristic flow and transport
as well as mass transfer processes involved in SVE remediation. Moreover, it has
provided a quantitative evaluation for the effects of permeability, dispersivity and
mass transfer coefficients on the behaviours of 3D-SVE-L/F models as well. This
chapter will depict the essential conclusions drawn out of the overall research work

and propose recommendations regarding future studies.

7.1 Conclusions

Specifically, the conclusions drawn can be summarized as follows:

» A complex and comprehensive 3D modeling study is a realistic cost-effective
tool to simulate an SVE operation. The geometry of the SVE system and the
corresponding operational conditions can be captured with the numerical

simulation to develop the SVE design and prediction tool.
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3D-SVE-F model successfully deals with multiphase flow and
multicomponent transport with nonequilibrium rate of mass transfer and
accounts for the real site conditions.

3D-SVE-L/F models successfully were calibrated to diverse performance of
lab-scale experiment and field-scale SVE operation, and mass transfer
coefficients have been determined.

Sensitivity analysis for the complex 3D-SVE-L/F models can be conducted
through multivariable linear regression method. With a 95% confidence
interval, the order of sensitivity of 3D-SVE-L/F models for the multiple
parameters from the most sensitive to least sensitive is the empirical mass
transfer parameters “b,” for NAPL to vapour phase then permeability of
porous medium and dispersivity, “a”. The parameters “c” and “d” for aqueous
to vapour phase are insensitive.

Predicting the closure time of various specific cases based on the slope of
effluent vapour breakthrough curve, and the weighted relative slope of
breakthrough curve to stop SVE falls into in the range of 103-10%%. The
corresponding CT7 (critical time index) 2.1 can be applied to determine the
time of SVE operation. Further research should be done to check the validity
of CTI=2.1.

CTI and final cleanup degree over entire site can be considered as criteria to

compare alternative SVE designs.
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7.2 Recommendations

Based on the affirmative consequences of the 3D-SVE-F model as an
advanced design and predictive tool, it is possible to tackle more complicated field
SVE operations and designs. To improve the modeling results to attain more accurate
prediction of SVE operation, further study is needed to include the theoretical and
experimental investigations as well as numerical simulation with FEMLAB.
Calibration and validation of the constructed model by broad field operation data sets
from the various characteristic scenarios are necessary as well.

With respect to theoretical and experimental work on the soil and
contaminants, more work should cover the following aspects:

» measuring the features of specific interaction between contaminants and
porous media in multiple phase flow and transport, such as experimental
measurement for the relative permeability, capillary pressures, and empirical
parameters in the relevant constitutive relations, and the effect of constitutive
relationship on the behaviours of 3D-SVE-L/F models;

« refining generic characteristics of mass transfer coefficients from possible
rate-limited processes in diverse field-scale models to match well the
performance of SVE;

» determining the dispersivity of the different types of soils and the influence
elements.

With respect to numerical modeling with FEMLAB multiphysics modeling

software, the future work should be designed to:
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improve the capability of the model to simulate more complex SVE
configurations, such as multiple types of well systems;

embrace the operation conditions and more complex soil structure and
textures and well screening, and mimic the continually and/or intermittently
changed flow rate and the exerted venting pressures;

demonstrate how to introduce the site characterization data into the model’s
initial condition because MATLAB and FEMLAB can manage the data of site
characterization from multiple data sources including the direct utilization of a
GPR (Ground Penetrate Radar) data set and other data set of measurable
properties of contaminated sites;

introduce stochastic variations in permeability, moisture content, and
contaminant concentrations and try to determine how these variations may
influence the results of model simulation;

develop a more extensive capability to simulate heterogeneous soil and multi-
well SVE system configurations;

further generalize the approach to determining the group compound or
compound selection with 3D modeling and SVE remediation to improve the
accuracy of multicomponent modeling;

verify the calibrated 3D SVE model through more data sets from field-scale

remediation operations.
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Appendix

PART A PPLICATION OF FEMLAB MODELING SOFTWARE

Al Initialization of a Model

The installation of FEMLAB with MATLAB is strongly recommended
because some of the final simulated results need to be edited by means of MATLAB
functions in order to implement more varied formats of the simulated outputs and
improve the understanding of the modeled results. Additionally, the necessary digital
information to assist modeling, such as site characterization, collection of
representative soil sample analysis data for soil gas and soil solid contaminant
concentration, field measurement for operation conditions, known data analysis and
management also can be manipulated under the MATLAB platform. The
computational modeling tasks are very conveniently and flexibly implemented when
carried out in MATLAB. These include calibrating against experimental data or the
outputs from other model results, investigating the effects of various factors on the
simulated results, and undertaking sensitivity analyses.

Prior to modeling the designated SVE scenario, the general instructions and
clues for the constructed model can be written down in the model properties
windows as shown in Figure Al. In the window of the model navigator, all built-in
models, according to typical physical processes, are listed in an optional menu. For

this work, only the PDE modes can be chosen. The PDE modes allow users to
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construct various specific nonlinear coefficients, the rate of mass transfer, source/sink
terms along with the advection and dispersion flux items in mathematical models.
Further, the general PDE form in PDE modes and subsequent time-dependent forms

are chosen.
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Figure Al Model Properties

A series of options in the menu of the built-in models are shown in Figure A2.
The primary variables in PDEs of a model are input into the dependent variables
window. Also, the types of element can be chosen in these windows. Generally, the

linear element is defaulted. FEMLAB Version 3.1 defaults to the quadratic element.
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Figure A2 The Description of Initialization of a Model

A2 Setting up Models with FEMLAB

A2.1 Domain Geometry

Under FEMLAB drawing functions, any 3D geometry can be drawn. The
single primary 3D geometry can be drawn by means of shortcut icons of specific
primary geometries. They can also be combined using the drawing functions of
FEMLAB to get the more complex domain geometries through union, difference, or
intersection of the drawn primary geometries. More complex geometries of the
simulated domains may also be directed in various working planes. This capability to
produce diverse geometries allows modelers to set up simple hypothetical

heterogeneous sites and add operational equipment.
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A2.2 Finite Element Scheme and Interpolation (Shape) Functions

The finite element scheme constitutes weighted residuals and variation
methods (Zaradny, 1993). FEMLAB uses the Galerkin finite element scheme, one of
the classic weighted residual methods, which is a widely applied finite element
method and employs identical weight and base functions. In a general time-dependent
problem, three spatial and one time-independent parameter will be involved. Usually,
a finite element method is used to formulate the solution in physical space, whereas
the time derivative can be approximated by finite difference method such that higher
order finite difference equivalence obtains the solution over a period of time.

The finite element method approximates the behaviour of a continuum by
discretizing the domain into a finite number of elements. Each element is connected
to its neighbour nodes. The field variables are assigned to each node and described by
the degrees of freedom. The values of the field primary unknown variables in
mathematical model governing equation systems in each element are assumed to be
simple functions of these nodal values denoted as:

{uy ={N}{d} (A1)
Where:
{u} = vector of field variable

{N} = interpolation (shape) function

{d} = vector of nodal points.

Approximation (shape) function {N} should not only satisfy the boundary

conditions of the given problem but also should make the description of geometry
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and material parameters by means of the discretized elements. A shape function is a
function that is defined over a single element and is one at a single nodal point and
zero at all others. The solution of a numerical model is the linear combination of
shape functions. If suitable shape functions are used in the solution procedures, the
accuracy of the approximation solution of a numerical method will be improved (Rao,
2005).

There are various types of interpolation functions that can be chosen in
FEMLAB, including Lagrange and Hermite interpolation. For classic Lagrange
interpolation, shape functions are obtained by fitting a curve for the field variables of
a problem without concerning its derivatives. In Lagrange-type elements, the solution
for a field variable being approximated is continuous between elements. However, its
derivatives are not necessarily continuous. Thus, only second-order partial
differential equations can be approximated by Lagrange-type interpolation functions.
In many cases, where higher order differential equations might be encountered,
Hermite interpolation functions should be applied. There exist shape functions of
many different orders such as linear, quadratic, etc. Linear shape functions are used
typically in later 3D SVE numerical simulations. The classic multiple order from
linear to quartic Lagrange interpolation functions and Hermite interpolation cubic and
quartic are covered with FEMLAB. With FEMLAB the type of element and the

corresponding shape function can be chosen as shown in Figure A3.
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Figure A3 The Options of Shape Functions

A2.3 Input Constants and Expressions

Under the option menu in FEMLAB’s main modeling window, there are
constants and expression input functions, respectively (Figure A4). The known
data and expressions are input separately. The constant is shown in Figure A5 while
the expressions are shown in Figure A6. In fact, in the expressions dialogue window,

all functional expression can be tracked in spatial and time domains.

A24 Setting up the Mathematical Formulations of PDEs

Two essential procedures in modeling are to establish the governing PDEs
and the relevant initial and boundary conditions, which are implemented using the
physics menu as shown in Figure A7. First, subdomain settings item is chosen as
shown in Figure A8. The general principle is to set up a PDE that decomposes

derivatives of dependent variables and source/sink terms. Therefore, for any specific
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Figure A6 Input of Expressions

PDEs, only according to the mass accumulation term over time, spatial first- and
second-order coefficients attached to the above-mentioned items are input into the
dialogue windows of the following coefficients:

“d,”, the coefficient of time accumulative term;

“I"”, the coefficient for spatial derivative terms;

“F”, source/ sink term; and

“Init”, initial conditions.
Accordingly, the setup of a PDE is grounded in the various derivatives for the
dependent variable in the PDE. For the cross-coupled multiple dependent primary
unknown PDE, there are several unknown dependent variables; thus other variable

derivatives should be set up in the “weak” item indicated in Figure AS.
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Figure A8 Set up Weak Items for Any Dependent Variable Derivatives

A2.5 Discretization of Space and Time Domain
The shapes, size, and number of the elements have to be chosen carefully such
that the original body of a domain is simulated as closely as possible without

increasing the computational effort needed. The choice of the type of the element is
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indicated by the geometry of the body and the number of independent coordinates
necessary to describe the system (Rao, 2005). The types of elements depend on the
discretized domain; finite elements with straight sides are linear elements, and those
with curved sides are higher order. FEMLAB has been developed for automatic mesh
generating for the efficient idealization of complex domains with minimal interface
for a given geometry.

Any increase in the number of elements means more accurate results for any
given problem. But there will be a certain number of elements beyond which the
accuracy cannot be improved by any significant amount. Usually, no more than two
or three time mesh refinements are required (Rao, 2005). The sequence of
approximate solution will be obtained as the element is reduced successively. This
final solution will converge to the exact solution if the interpolation polynomial is
satisfactory for the field variable, and interpolation at the dominant boundary has
continuity (Rao, 2005).

The sizes of elements influence the convergence of the solution directly and
hence it has to be chosen with care. If the size of the elements is small, the final
solutions are expected to be more accurate. However, the use of a smaller size of
element means more computational time and larger computational load. FEMLAB
adapts the different size of elements in the different regions of a simulated domain.
The number of nodes in a finite element mesh cannot be determined in advance; the
only way to determine the precision of a solution obtained by the finite element
method is to repeat the calculation with a finer mesh to see if the results change

significantly (Istok, 1989).
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FEMLAB deals with time discretization as an implicit scheme with backward
differentiation formulas. By setting the degree of the interpolation polynomial used in
the discrete-time stepping method, the five orders can be selected (5 by default) as
shown in Figure A9. The smaller the order value, the more stable the numerical
scheme. Generally, the proper time step is important for the calculation of the flow
field and the transport of contaminants. Small time increments should be specific
when there are changes in source/sink or time-dependent boundary conditions.
Within the length of the simulated period of time, a sixth time increment without
significant changes in sink/source and system boundary conditions should be
appropriate. The smaller the initial time increment, the greater is the precision
(Walton, 1989).

Accounting for the burden of a finite element numerical scheme computation,
it is desirable to minimize the number of time steps by employing large time steps.
Nonetheless, the sizes of time steps which are critical for obtaining useful results
depend on the size and shape of the elements in the mesh and other property
parameters of the simulated system. The inappropriate size of time steps may cause
the numerical solution to violate reality, instability as well as oscillation (Istok, 1989).
Oscillation means that the numerical solution from one step to the next is
alternatively above and below the true solution. Instability occurs when the difference
between the true solution and the numerical solution becomes great in a few time
steps. Fortunately, for some SSOR (Symmetric Successive Over-Relaxation
algorithm) linear schemes, when o (relaxation coefficient) is less than 0.5, the

numerical solution will be unconditionally stable.
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The size of mesh is controlled by mesh parameters in the Mesh menu

shown in Figure A10. Mesh size has a decisive connection with accuracy and stability.

For 3D simulation, the general predefined mesh option should be “extremely coarse”

so that the initial solution may be obtained as soon as possible.
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Figure A10 Mesh Optimizations

The seven specific mesh size options can be directly selected by the

“Predefined mesh size,” which are “Extra fine,” “Finer,” “Fine,” “Normal,” “Coarse,”
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“Extra coarse,” and “Extreme Coarse” mesh. For 3D geometry and a complicated
mathematical model, it is difficult to implement the broad refined range of the sizes
of element mesh. Also, any specific size of mesh can be generated by setting the
specific parameters as shown in Figure A10. In order to obtain the refined meshes of
finite elements, the following specific parameters can be assigned as specific values:
« maximum element size, which determines the maximum size of element along
with the maximum axial parallel distance;
« element growth rate by which a small size of elements in a region and a large
size of elements in a region are generated;
« mesh curvature factor which determines the size of boundary compared to the
curvature of the geometric boundary;
» mesh curvature cut-off, which presents the generation of many elements

around small curved parts of the geometry.

A2.6 Solving PDEs

Open solver parameters in the solve menu and choose the time-dependent
option from the solver list as shown in Figure Al1. The time step, absolute and
relative error, and various iterative or direct solvers may be chosen to achieve the
accurate and quick-solving strategies. First, the absolute and relative error should be
set up in advance. There is no accuracy at all when the magnitude of a solution is less
than the absolute tolerance. The default relative error is 10, Possible various options
of iterative methods include incomplete LU, geometric Multigrain, SSOR
(Symmetric Successive Over-Relaxation algorithm), SSOR vector, and Jacob.
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For the chosen linear solver, the parameters assigned are shown in Figure A12. For a
complex 3D simulation, the NSSOR scheme generally is chosen due to its fast

convergence and accurate results.
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Figure A12  The Linear System Solver Parameters

FEMLAB software has very powerful and diverse post-processing functions
for the visualization and animation of the simulated results for any involved variables
in the model governing equation system. Figure A13 shows the complete options in
the post-processing menu. These options may be set up before running a program. If
doing so, the expected images will be displayed as defaults in the main windows.
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Tonnaoe

Figure A13 Post-processing for the Simulated Results

To look for the outputs of any variables involved in the numerically solved
FEMLAB model, go to plot parameters under which the outputs of the dependent
variables over the whole simulated domain at a specific time are displayed, or cross-
section plot parameters under which the simulated results for the specific points or
area along a line or a plane in the simulated domain over time are present. The
outputs of the required variables versus three-dimensional domain and time can be
performed by the movie animation function of FEMLAB. Based on these diverse
functions of the post-processing of the simulated results, the desired outputs of the
simulated results at any locations in the simulated domain and at any period of the
simulated time can be obtained. These outputs optionally can be drawn in MATLAB
or FEMLARB graphic user interface windows. But the data management and editing of
the resultant drawings for the outputs of the simulated variables have to be

undertaken with the MATLAB interface.
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There are two basic ways to improve the accuracy of a numerical simulation:
the first one is to refine the finite element meshes and time step; another is to adjust
criteria for the absolute and relative tolerance error for a solution and choose a
different solver in “solve function menu.”

In order to reduce the running time, the larger size of meshes is chosen under
enough accuracy. Figure A14 illustrates a comparison of solutions from two greatly
different time steps, while Figure A15 shows the consequence of refinement of finite
elements for 3D-SVE-L model. These results show that FEMLAB has very high
accuracy for time and space discretization. This advantage assures that the numerical
simulation of field-scale SVE has enough accuracy during the time span of field SVE
operation. Refining the size of finite elements by two times still provides a stable

solution without computer memory overload.
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Figure Al4  Comparison of Solutions from Different Time Steps
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(MISER and TechFlow™") at Gas Extraction/Injection Tests (Cited from Jang (2005))
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Figure A15  The Impact of Refinement of Element Mesh

In order to review all the details on the modeling processes for a specific case,
FEMLAB provides a convenient “report generator” function by which the overall
process of modeling is recorded as a final report of the completed project. All input
parameters and expressions involved in the model governing equation system and the

entire numerical schemes are recorded sequentially in the final report.

A3 Calibration of the Numerical Model against Known Data
After the mathematical model is solved numerically, the simulated results
should be calibrated against known results. The convenient data sharing between
MATLAB and FEMLAB interactive interfaces makes the combined application more
powerful for carrying out the calibration and sensitivity analysis for the modeled
results. All known experimental data or data from other simulations which can be
used to calibrate the developed model are saved as MATLAB files in advance. In the

post-processing menu, the expected dependent variable will be compared against the
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modeled value. It is convenient to make a trial visual comparison of the output of
FEMLAB modeled results and the known data. For example, in order to calibrate the
developed 3D SVE model in this context, the breakthrough curve of offgas
concentration is drawn on the same coordinate system as the MATLAB curves of
known data. By adjusting the fitting parameters, the updated simulated results are
obtained. The match to the known data curves is repeated until visually satisfactory
fitting is achieved. The graphics editor can also extract the data from this curve to
calculate the final NSSRD (normalized sum of squared residual difference between
the calibrated data and the modeled output) in order to confirm the final calibration

and quantitatively assess the goodness-of-fit.

A4 The Harper’s experimental approach

Harper (1998) completed 1-D column tests with a quaternary component
multiphase SVE experiment. The experimental and modeling conditons have been
tested using FEMLAB. The following experimental overview is excerpted from
Harper et al. (2003).

The soil investigated was a disturbed silt loam soil consisting of 34 wt% sand,
50 wt% silt, and 16 wt% clay. The silt loam had an organic matter content of 2.5 wt
%. Venting experiments were performed at three water contents; air dry about 2.7 wt
%. The composition of the quaternary contaminant was 42.5 wt% hexane, 25 wt%
toluene, 25 wt% m-xylene, and 7.5 wt% trimethylbenzene. Single runs with toluene

only were also completed. Following the mixing of the NAPL, water, and soil, the
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soil was placed in three lifts in the column to attain a soil bulk density of 1,300 kg/m>.
The columns were made of glass at 200 mm long with a 59 mm outside diameter.

The columns were capped with aluminum end plates connected to a diaphragm
vacuum pump, which drew humidified atmospheric air.

Venting runs were immediately started, with a combination of manual and on-
line sampling used to obtain vapor samples. Manual samples were obtained by
inserting a 10 mL gas tight syringe through the septa attached to the sampling port at
the top of the column. These vapor samples were injected immediately into an HP
5890 series gas chromatograph equipped with a flame ionization detector for analysis.
Manual sampling continued until the vapor concentrations were below the upper
detection limit of the photoionization detector of approximately 7.5 g/m>.

The complete mathematical model FEMLAB file is attached in the Disc with

this thesis.

A5 Simulated Case: Duggal 's Experimental Approach

Duggal (2005) designed a SVE reactor and completed a series of SVE
experiments. As shown in Figure A16, this SVE system includes with one sreened
venting well which creates the radial flow of fesh air through the contaminated soil.
The outside of the reactor is connected to atomasphere. The flow rate of each
experiment is controlled by the air pump. The concentration of effluent gas is

macasured by online HP 5890 series gas chromatograph.

274



Flow Valve

Pump

1D Apparatus.
Radial Column e s s

Figure A16  Lab-scale SVE reactor by Duggal (2005)
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Part B Experimental and Simulated Breakthrough Curves
And Sensitivity analysis

B1 Data Used in the 3D-SVE-L Model
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Figure B2 Fitted Results for Case 2 (Elora silt, NSSRD=1.336)
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Figure B4 Best Fitting Results for Case 4 (Elora silt, NSSRD=0.0735) and the Approach to

Best Fitting
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Figure B5 Best Fitting Results for Case 5 (Elora silt, NSSRD=0.082)
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Figure B6 Best Fitting Results for Case 6 (Elora silt, NSSRD=0.76)
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Table B4

The Regression Equation for 3D-SVE-F and Residual Variant

Coefficients of

Concentration, mol/m>

Regression equations t=100 days t=200 days t=400 days T=800 days
Constant 7.4428e-5 2.3536¢-5 7.5616¢e-6 1.5054¢-6

k -1.1269¢-4 -2.8813e-5 -1.1572e-5 -3.2661e-6

ay -1.6913¢-4 -3.1956¢-5 -1.4584¢-5 -3.3398¢-6

a -1.21549¢-4 -2.8796¢05 -1.2100e-5 -3.0350e-6
b 2.2078¢-4 5.873¢-4 2.3484¢-4 .1352¢-5

Residual variant of 1.648e-11 5.219e-13 6.6167¢-13 6.2655e-15

regression equations

Max. errors of 4.1957¢-6 7.4662¢-7 8.406¢-7 8.1803¢-8

regression equations

Table BS

The Errors of Coefficient of Regression Equation for 3D-SVE-F Model

Coefficient errors of

Standard errors of coefficients, mol/m’

Regression equations for t=100 days t=200 days t=400 days T=800 days
Constant 1.6574¢-6 2.945¢-7 3.321e-7 3.2315¢-8

k 6.664e-6 1.118¢-6 1.332e-6 1.296e-7

a; 2.296e-5 4.086¢-6 4.600¢-6 4.4771e-7

a 8.199¢-6 1.459¢-6 1.643¢-6 1.5986¢-7

b 1.021e-4 1.1818¢-5 2.0464¢-5 1.9914¢-6
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Table B6

The Errors of Coefficient of Regression Equation for 3D-SVE-F
and the 95% Confidence Interval

Coefficients and distribution
Coefficients of t=100 days t=200 days
Regression
equations Estimate | Max Min | Estimate Max Min
Constant 0.7443 0.7868 0.6959 0.2335 0.2400 0.2267
k -1.1297 | -0.9355 | -1.3238 | -0.2881 -0.2536 -0.3226
ar -1.6913 | -1.0208 | -2.3619 | -0.3196 | -0.2002 -0.4389
a -1.2155 | -0.9761 -1.4549 | -0.2880 | -0.2453 -0.3306
b 22.079 25.061 19.096 5.8734 6.4041 5.3427
The estimated values of coefficients in regression equations;
95% confidence interval possible maximum values;
" 95% confidence interval possible minimum values.
Continued Table B6
Coefficients Coefficients and distribution
of
Regression — —
equations ‘ t=400 days ‘ ‘ T=800 days :
Estimate Max Min Estimate Max Min
Constant 0.07515 | 0.08485 0.0654 0.0151 0.0160 0.0141
k -0.1157 | -0.0768 -0.1162 -0.03326 -0.0280 -0.1546
ay -0.1458 -0.0115 -0.2801 -0.3398 -0.0209 -0.2801
a -0.1210 | -0.0730 -0.1689 -0.03036 -0.0257 -0.1689
b 2.3484 2.946 1.7508 0.5135 0.57175 1.7509
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Part C Developed Model Software CD disc

FEMLAB and MATLAB files, which are programs of the developed models and data

set applied in sensitivity analysis and calibration, are attached on the disc in this thesis.

C1 Data MATLAB File

MATLAB programs contain data and calculus programs:

« Calibration against Duggal’s (2005) and Harper’s (1999) experimental
data and CRA SVE field sampling data and the calculated NSSRD;

« Sensitivity analysis data set which comes from the simulated results from

3D-SVE-L and 3D-SVE-F.

C2 Model FEMLAB Files

The program includes the best fitting program and series simulation for

various fitting parameters for sensitivity analysis.
C21 1D-SVE-L

This is a one-dimensional transport model and it is calibrated into the

experimental data and simulated results done by Harper (1999).

C22 3D-SVE-L

This is a series of model files which are calibrated into the 10 sets of

experimental results with a lab-scale reactor completed by Duggal (2005).
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C24 3D-SVE-F

This is a model file which is calibrated into the results of a real ficld SVE

remediation operation conducted by CRA Inc. in 1997.

C2.5 3D-SVE-FHE

This program is a model which simulates the hypothetical heterogeneous site

SVE operation in field scale.

C3 A Series of FEMLAB Model Files Sensitivity Analysis

C3.1 3D-SVE-L series

C3.2 3D-SVE-F series
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Part D Data and Breakthrouhg Curves Used to Predict
Closure Time

w0,

Experimental data
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Figure Dla  Matched Breakthrough Curves for Case 1 (Elora silt, NSSRD=0.215)
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Figure D1b  The Relative Slope of Breakthrough Curve over Time for Case 1,
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+ Experimental data
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Figure D2a  Matched Breakthrough Curves of Case 2 (Elora Silt, NSSRD=0.002 1)
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+ Experimental data
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« Experimental data
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Figure D4a Matched Breakthrough Curves of Case 3 (Elora silt, NSSRD= 0.0735)
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* Experimental data ‘
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Figure DSa  Matched Breakthrough Curves of Case 5 (Elora Silt, NSSRD= 0.985)
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| Experimental data |
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Figure D7a  Matched Breakthrough Curves of Case 10 (Ottawa Sand, NSSRD=

0.983)
&
10 ¢
16°
1° >
.:; ”
210
10" ‘
i
|
10 ¢ SIO;; $VE at
10‘* A i ; ¥, v : ; ;
) 20 40 60 86 100 120

Time elapsed {hours)

Figure D7b  The Relative Slope of Breakthrough Curve over Time for Case 10,
Aty >At, <At;

294



Table D1 The Predicted Concentration of Benzene in Offgas versus Time

C.q, mol/m’

Operation time, day Top fitting Middle fitting Tail fitting
0 0.0032634 0.0032634 0.0032634
100 0.0012619 0.00032596 6.7384e-5
200 0.00022626 5.5028e-5 1.1539e-5
300 9.0679¢-5 1.8586e-5 5.8768e-6
400 4.5914e-5 8.222¢-6 3.2782¢-6
500 2.7402e-5 5.3133e-6 2.1239¢-6
600 1.88766e-5 3.5842¢-6 1.4744¢-6
700 1.3778e-5 2.524e-6 1.0876¢-6
800 1.1041e-5 1.9321e-6 7.6508¢-7
900 7.7624¢-5 1.4724¢-6 5.3063¢-7

Table D2 The Predicted Slope of Breakthrough Curve of Benzene in Offgas versus

Time
Relative slope of breakthrough curve, R, day”, %
Time, Days Top fitting Middle fitting Tail fitting
100 1.59 9.01 4743
200 4.58 4.92 4.84
300 1.49 1.96 0.96
400 0.97 1.26 0.79
500 0.68 0.55 0.54
600 0.451 0.48 0.44
700 0.37 0.42 0.36
800 0.25 0.31 0.42
900 0.42 0.31 0.44
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Table D3 The Calculated Relative Slope of Breakthrough Curve of Benzene

in Offgas versus Time

Operation time weighted slope of breakthrough curve, E, day?,%
Time, days Top fitting Middle fitting Tail fitting

100 1.59e-2 9.01e-2 0.47

200 2.29¢-2 2.46e-2 241e-2
300 4.98¢-2 6.54¢-3 3.21e3
400 2.43e-3 3.15¢-3 1.98¢-3
500 1.35¢-3 1.09e-3 1.09¢-3
600 7.53¢-3 8.00e4 7.34e-4
700 5.28e-4 6.00e-4 5.08e-4
800 3.09¢4 3.83e-4 5.27e-4
900 2.09¢-4 3.46e-4 4.09¢-4
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