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ABSTRACT

This work presents the development of electromagnetic model for the laboratory 2-D
Soil-Bed setup, which was developed at the Civil Engineering Department of the University
of Puerto Rico, Mayaguez, to verify the posibility to detect a contaminant (DNAPL) in the

subsurface, using Cross Well Radar (CWR) technologies.

The electromagnetic model developed using two electromagnetic simulators, Ansoft's
HFSS and Remcom’s XFDTD. The simulations are done for dry and saturated sand, with
and without the contaminant, with different shapes and positions of the contaminant pools
within the tank, transmitting through all the different ports independently, where we observed
for each case the E-field propagation and S-parameters at the three analysis frequencies of

285 MHz, 515 MHz and 1.5 GHz.

The results of the XFDTD simulator are used to verify the results in the HFSS
simulator. The analysis of the S-parameters, taking into account the position of the ports,
shows it is possible to detect the contaminant in dry sand and saturated sand at the analysis

frequencies.



RESUMEN

Este trabajo presenta el desarrollo del modelo electromagnético computacional de un
tanque de flujo en dos dimensiones, el cual fue desarrollado en Ingenieria Civil de la
Universidad de Puerto Rico, para verificar la posible deteccion en el subsuelo de un

contaminante (DNAPL), usando tecnologia CWR.

El modelo fue desarrollado usando dos simuladores electromagnéticos Ansoft's HFSS y
Remcom’s XFDTD. Las simulaciones son hechas para arena seca y humeda, con y sin
contaminante, con diferentes formas y posiciones del contaminante dentro del tanque,
transmitiendo a través de todos los puertos independientemente, donde nosotros observamos
para cada caso la propagacion del campo eléctrico y los parametros S a las tres frecuencias de

analisis 285 MHz, 515 MHz y 1.5 GHz.

Los resultados del simulador XFDTD son usados para verificar los resultados del
simulador HFSS. EIl analisis de los parametros S, tomando en cuenta la posicion de los
puertos muestra deteccion del contaminante en arena seca y saturada a las frecuencias de

analisis.
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1 INTRODUCTION

In the past years, the study of contaminated sites had covered much interest in soil and
environmental engineering, due to amount of harm caused on environment and human health.
Most of these contaminants found in soil and groundwater are Dense Non-Agueous Phase
Liquids (DNAPL), which are liquids denser than water that don't dissolve or mix easily in
water. Many of these DNAPL are chlorinated solvents, wood preservatives, coal tar wastes
and pesticides [1]. Furthermore, these contaminants pose long-term perseverance and

heterogeneous distribution that limits its detection and characterization [2].

Currently, there are studies on varideshniqueso detecDNAPLs in the subsurface such
as monitoring wells, multi-level samplers, organic chemical analyses of soil samples at different
depths, and soils borings or cone penetrometers to determine site strafitin@geytechniques
of detection are divided into invasive and non-invasive methods [3]. The invasive techniques
of detecting underground contaminants can require drilling, testing, and sampling, such as
Direct Push Probe Technologies (DPT) and In-Situ Tracers (IST), increasing the risk of
establishing a new path for the spreading of the DNAPL. The non-invasive techniques such
as Geophysical Methods (GM), offer rapid and relatively inexpensive characterization

avoiding the risk of additional vertical migration of pooled DNAPL [4], [5].



Geophysical methods of locating subsurface DNAPL include Ground Penetrating Radar
(GPR), Cross-Well Radar (CWR), Electrical Resistance Tomography (ERT), Vertical
Induction Profiling, and Seismic Reflection [6]. These technologies do not involve
penetrability in the DNAPL zone. They have a conceptual advantage over conventional
methods of characterizing DNAPL zones, in that they do not risk alter the geosystem and
increase the DNAPL distribution. However, since they rely on properties of the system
rather than direct measurements of the contaminated medium, they are subject to numerous

interferences and interpretive errors [6].

The Center for Subsurface Sensing and Imaging Systems (CenSSIS) is a National
Science Foundation (NSF) Engineering Research Center (ERC), which combines multi-
disciplinary resources to revolutionize the existing technology for the detection of source of
contaminants and the characterization of the soil in the subsurface [7]. CenSSIS developed
Cross Well Radar (CWR) technologies to detect and monitor DNAPL contaminants in
underground environments. As part of this effort, a laboratory-scale 2-D Soil-BED setup has
been developed to establish controlled flow and electromagnetic conditions, and minimize

the generation of DNAPL contaminated soil [4].



1.1 Justification

To prevent the effects in human health and environment caused by the contamination of
the subsurface and groundwater, it is necessary to detect and to characterize the contaminated
sites in order to obtain a possible remediation. Detection of Dense non-aqueous Phase
Liquids (DNAPL) contaminants is limited because of their heterogeneous distribution in
subsurface environments. Additionally, invasive techniques in polluted areas can cause
spreading of contaminants in contrast with the non-invasive detection methods that to avoid

the movement of pooled DNAPL [2].

Non-invasive electromagnetic methods have been developed based in knowledge of
electrical properties of soils and groundwater, such as Ground Penetrating Radar (GPR) and
Cross-Well Radar (CWR). Ground Penetrating Radar uses antennas located on the surface of
the ground for transmitting and receiving high frequency electromagnetic waves in the tens
of megahertz to gigahertz range. This method is used to delineate near surface, map the
extent of buried waste, locate the water table, and find buried utilities [8]. GPR detection
technologies depend on the contrast between the dielectric permittivities of the soil medium,
water and DNAPLs to determine water contents, and detect contamination of organic
immiscible fluids [2]. The GPR method is applied at the soil surface and detection in
underground systems is limited to shallow depths. Furthermore, the results are highly
dependent on soil moisture conditions and soil type, because the radar signal is attenuated by

the soil [1].



Cross-Well Radar is similar to Ground Penetrating Radar except that antennas are located
in wells. This method overcomes the GPR depth limitations but the distance between the
wells strongly influences the effectiveness of the method [6]. As the distance between
transmitting and receiving wells increases, radar wave amplitudes attenuate, which creates

greater difficulty in distinguishing the wave from background noise [1].

Computational methods get around problem of to detect and to characterize by
approximating the waves over small regions of space and combining them with simple
relations. Given a computer with enough memory and power, arbitrarily large wave

problems can be accurately solved [9].

The purpose of this research is to analyze electromagnetic simulations for the laboratory-
scale 2-D Soil-BED developed by CenSSIS, using some computational methods with the
objective of create a benchmark for characterization of soil studying the electromagnetic

wave propagation.

1.2 Objectives

The objective of this thesis is to determine the possibility to detect a contaminant in the
subsurface with CWR technology, by means of a computational model of the laboratory-

scale 2-D Soil-BED. This model is based on electromagnetic simulations that serve as a



benchmark for laboratory experiments and to verify the possibility of detection of the

contaminant in the soil. Specific objectives for this work are:

1.3

Describe the laboratory-scale 2-D Soil-BED setup at the Civil Engineering building at

the University of Puerto Rico (Mayaguez campus).

Determine the electromagnetic field distribution under different subsurface conditions
and different excitation frequencies.

Analyze the wave propagation characteristics to determine if it is possible to detect
any pollution in soil

Analyze the network parameters to determine if it is possible to detect any pollution

in soil.

Thesis Structure

This thesis document consists of five additional chapters. Chapter 2 contains the

background theory of different methods of electromagnetic analysis. Chapter 3 provides a

complete description of the electromagnetic model for laboratory of the Soil-Bed with

different soil conditions using commercial electromagnetic design software. Chapter 4

presents the results obtained and its analysis. Finally, Chapter 5 presents the conclusions and

recommendations for future work.



2 BACKGROUND THEORY AND LITERATURE
REVIEW

2.1 Overview

The Center for Subsurface Sensing and Imaging Systems (CenSSIS) combines multi-
disciplinary resources to revolutionize the existing technology for the detection of source of
contaminants and the characterization of the soil in the subsurface [7]. CenSSIS developed
several laboratory-scales Soil-BED setup to detect and monitor DNAPL contaminants site in

underground environments using Cross Well Radar (CWR) technologies [4], [5].

Cross Well Radar technology uses antennas that are placed into sampling wells. The
waves emitted from an antenna are received in another in order to observe possible change in
the radar waves caused by contrasting of the electromagnetic (EM) properties between the
medium and DNAPL [3]. Therefore, is necessary to study some characteristics of the EM

wave propagation to analyze these changes.

The next section gives a basic electromagnetic wave propagation theory and network

parameters theory.



2.2 Background Theory

2.2.1 Electromagnetic Fields Propagation

Electromagnetic (EM) field theory is a discipline concerned with the study of charges, at
rest and in motion, that produce currents and electric-magnetic fields. The electromagnetic
fields are a combination of strengths field electric and magnetic, which oscillate in phase

perpendicular to each other and to the direction of energy propagation [10]. See Figure 2-1.
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Figure 2.1: Electromagnetic waves propagations [11]
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Electric and magnetic phenomena at the macroscopic level are described by Maxwell's
equations, which can be written either in differential or in integral form [10]. According to
[12], the differential form of Maxwell's equations is the most widely used representation to
solve boundary-value electromagnetic problems used to describe the field vectors in space

and in time. Maxwell's equations in differential form are shown in (2.1) - (2.4).



OxE=-"-M 2.1
ot

OxH =92 +3 2.2
ot

O = p,, 2.3

OB=p,, 2.4

Maxwell's equations in the integral form (2.5) - (2.8), describe the relations of the field
vectors, charge densities, and current densities over an extended region of space. The integral
form can be derived from its differential form by utilizing the Stokes' and divergence

theorems [12].

§CEEu|=—jLM ms—%”sBms 2.5
i HDdI:HSJmIS+%”SDms 2.6
ff ps=Q, 2.7
ff BHls=Q, 2.8

These quantitie€,H, D, B,J,M and Q represent time-varying vector fields and are real

functions of spatial coordinatesy, z, and the time variable These quantities are defined as

follows [12]:



E is the electric field intensity, in V/m.
H is the magnetic field intensity, in A/m.
D is the electric flux density, in Coulfm

B is the magnetic flux density, in Wb?m

M is the magnetic current density, Vim
J is the conduction current density, in Alm

0., is the electric charge density, in Coul/m

Py 1S the magnetic charge density, in WB/m

Qe is the electric charge, in Coul.
Qm is the magnetic charge, in Coul.

All of materials contain charged particles, and are subjected to electromagnetic fields.
Their charged patrticles interact with the electromagnetic vectors, producing currents and
modifying the electromagnetic wave propagation in the media compared to that in free space.
These currents and modified electromagnetic field depend on the constitutive parameters (
K1 ando) wherep is the magnetic permeability,is the dielectric permittivity and is the
electrical conductivity of the medium respectively. The constitutive parameters are used to
characterize the electrical properties of a material [12].

The following equations, shown the relation among the electric and magnetic field

intensities, flux densities and the constitutive parameters in the free space:
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B=uH 2.9

D=¢E 2.10
J=0E 2.11
M =y, uH 2.12

where, x,, is the magnetic susceptibility, for magnetic materiditse expressions (2.9-

2.12) are referred to as the constitutive relatipnsando are referred to as theonstitutive
parameterswhich are functions of the applied field strength, the position within the medium,
the direction of the applied field, and the frequency of operation. In general, materials are
characterized as dielectric, magnetic, and conductors depending on the predominant
phenomenon as polarization, magnetization, or conduction [12].

Media can be considered lossless or lossy. Inside a lossless medium the electromagnetic
wave is not attenuated, thenC O oro <<we¢ ; and in lossy media, the electromagnetic
wave is attenuated then# 0 org >> we .

In other words, the wave propagation in the medium depends not only of the constitutives
parameters but also of the operation frequency. Therefore, solving the equation (2.2) for a
lossy medium, the permittivity is treated as a complex function like as is in the equation

(2.12) [13],

11



g=¢'—je" 2.13

Where £’ is the real part of the permittivity, which is related to the stored energy within the

medium, ands” is the imaginary part of the permittivity, which is related to the dissipation

(or loss) of energy within the medium.

Generally, the dielectric permittivity is compared to free space, aldiese dielectric

permittivity.

o o£
r go
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where,s is the electrical conductivity of the mediumjs the angular frequency.

Rewiting the equation (2.2) in terms of equation (2.12), it is obtained the equation (2.16).

Ox H= J+ jweE = oE + jwlg - j&')E

=(o+we')+ jwe'E 210

The term(a+w,s") is the equivalent electrical conductivity, which is the sum of the AC

and DC terms, (2.15) [14].

12



aequiv = UDC + aAC

2.17

Where, 0,. and 0,. are the static conductivity and alternating conductivity of the

media.The alternating conductivity is calculated by (2.17) [14]:

JDC = _qveue 218

Tpo = GE, 2.19

where,q.e is the electron charge density gndis defined to be the electron mobility of the

material. The conductivity varies as a function of frequency [12].

In real world problems, the fields undergo reflection and transmission due to boundaries,
scatterers and other objects encountered in the medium. In order to obtain the portion of
wave reflected or transmitted into the medium, it is necessary to derive the reflection and
transmission coefficients. The reflection and transmission coefficients are functions of the
constitutive parametergl(e ando) of the two mediums, the direction of wave travel (angle

of incidence), and the direction of the electric and magnetic fields (wave polarization) [12].

The basic analysis of the reflection and transmission coefficients when an

electromagnetic wave changes from one medium to other one is presented in the next section.
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2.2.2 Scattering Parameters Analysis

The scattering parameters or S-parametes are used to analyze microwave circuits (high
frequencies) \. These parameters relate the input and output variables of the circuits.

When the analysis of the S-parameters is made in a multi-port network analyzer, the
parameters are stored in a matrix namedadtering matri§10].

According to the N-port network shown in Figure 2-2, the scattering matrEqatrix,

is defined in relation to these incident and reflected voltage wave as (equations 2.18-219):

. =%,

Figure 2.2: An arbitrary N-port network [10]
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where, V" is the amplitude of the voltage wave incident on portandV, is the

amplitude of the voltage wave reflected from poji0].

A specific element of the§ matrix can be determined as:

S =5 2.22

In equation (2.18), the ternt represent transmission coefficients, and the tefms

represent reflection coefficients.
Different numerical methods have been applied to provide electromagnetic models

computational based on Maxwell's equations. The literature reviews on some of these are

mentioned in the next section.
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2.3 Literature Review on Numerical Methods

The electromagnetic analysis of real world problems can present difficulties because
closed-form solutions to the differential equations often do not exist due to its geometry.
Numerical methods get around this problem by approximating the waves over small regions
of space and combining them with simple relations [9]. Most of the numerical methods are

restricted to special geometries [15].

Some applicable techniques are:

Spectral-domain approach (SDA), is an analytical and numerical technique that applies
integral transforms, such as the Fourier and Hankel transforms, to the solution of boundary-
value and initial-value problems [16], this method can only be applied to planar structures
and losses are introduced by a perturbational calculation [17].

Method of Moments (MOM), requires the knowledge of special functions as the
Green's function [17] and are therefore mainly restricted to planar or symmetrical structures
[15].

Finite Element method (FE), investigates the propagation characteristics of any
arbitrarily shaped structure using a triangular mesh in the frequency domain [18].

Finite Difference method (FD), discretizes the differential Maxwell's equations in space

and time [19].
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The Finite Difference method (FD) and Method of Moments (MOM) are conceptually
simpler and easier to program than the Finite Elements method (FE) [20]. However, FE
method is a more powerful and versatile numerical technique for handling problems
involving complex geometries and inhomogeneous media [20]. The electromagnetic (EM)
simulators more commonly used are based on the Finite Element method and the Finite

Difference method.

The objective of this research is to verify if it is possible the contaminant detection
through electromagnetic model based on simulations, using various EM softwares. The next

sections give fundamentals of the numerical methods FE and FD.

2.3.1 Finite Difference method (FD)

The FD methods provide a simple way to study wave scattering in the time and frequency
domains. These methods approximate Maxwell's Partial Differential Equations (PDE) by
multi-dimensional centered difference equations in space. Since it finely discretizes space,
FD methods effectively capture rapid field changes, as well as intricate geometry variations,
and are well suited for problems involving inhomogeneous volumes and rough boundaries
[9]. The more common computational approaches in FD for studying dielectric structures are
the Finite Difference Time Domain (FDTD) and Finite Difference in the Frequency Domain

(FDFD).
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2.3.1.1 Finite Difference Time Domain (FDTD)

The FDTD method is rapidly becoming one of the most widely used computational
methods in electromagnetic analysis [21], since it can cover a wide frequency range with a
single simulation run, and the interest in electromagnetic interactions with complicated
geometries, which include penetrable dielectric and magnetic materials [22]. One of the
advantages to using the FDTD technique is that all the frequency components of the scattered

field may be computed simultaneously [21].

The FDTD method belongs in the general class of grid based on differential Maxwell's
equations in time domain and are modified to central-difference equations, discretized, and
implemented in software. A FDTD algorithm solves the electric field at a given instant in
time, then the magnetic field are solved at the next instant in time, and the process is repeated

over and over again [23].

A unit cell with its electric and magnetic fields is shown in Figure 2-3.
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Figure 2.3: Unit cell with labeled field components [23]

FDTD algorithms have been applied to model wave propagation in lossy, dispersive,
inhomogeneous soils. This type of modeling is extremely useful for predicting the
performance of Ground Penetrating Radar (GPR) systems in specified inhomogeneous
environments. The computer modeling the electromagnetic fields scattered by various types
of scattering objects such as buried waste drums, metallic or dielectric pipes, and pollution
plumes. Also are useful for testing GPR detection and imaging algorithms with synthetic data

[21].

Three-dimensional FDTD methods (3D FDTD) have been applied to accommodate
dispersive medium using a wave propagation model in heterogeneous soils. A 3D FDTD
code was used to model electromagnetic waves for Cross Well Radar (CWR) and Ground
Penetrating Radar (GPR) systems [24]. The code was developed at Northeastern University's
(NU) Center for Subsurface Sensing and Imaging Systems (CenSSIS) to study effectiveness

in detecting mines buried in the soil [25]. The code was modified to model non-homogenous
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soil (different regions or layers), water and also was modified for simulation of monopole

and dipole antennas in soil boreholes [24].

The 3D FDTD code is derived from the differential form of Maxwell's equations, where

all field quantitieD ,E ,B,H and J are a function of the space coordinates and time. Here
D is the electric flux density is the electric fieldB is the magnetic flux density is the
magnetic fieldJ electric current density, and ¢ y ¢ are the constitutive parameters [12]. In

rectangular coordinates, the Maxwell’'s equations may be combined as shown in (2.15).

2.23

These partial differential equations are discretized in a 3D rectangular grid

(xy,z)=(A, A, ka,) using the central-difference approximation of two consecutive
values for the field components in both space and time [19], wher8, , andA, are the

space increments; anig j, and k represent the cell location. In space discretinatibe
electric and magnetic field components are assigned to edges of complementary interlocking
cubical mesh. The electric fields are computed at integer time steps, while the magnetic
fields are iteratively computed on half integer time steps. Thus, the finite difference

equations are second order in both space and time [24].
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The grid size in 3D FDTD limits the stability and the accuracy of the method, and the
time step size. Therefore, for better results, the largest side of a grid cell should be much
smaller than the smallest wavelength, and the time increment should satisfy the Courant

condition [22] given in (2.22),

%
1.1 1} 2.24

meaxAts{sz Ay +A22
where, Vpmax 1S the maximum wave phase velocity within the model Ahd the time

increment. A third restriction for the grid size is the geometric size of the modeled problem,
and the time-step size must be proportional to the spatial grid size for numerical stability.
Consequently, if the spatial resolution is doubled, the number of time steps must be doubled.

The principal advantage of this technique is that requires only one simulation run to analyze

geometry under a broad range of frequencies. [24].

The 3D FDTD was used in [25] to model soil medium along with different antenna types
(half-wave dipole antenna and monopole antenna) to evaluate feasibility of Cross Well Radar
(CWR) for DNAPL detection. The authors initially analyzed this problem without DNAPL,
where they observed that the components of the electromagnetic field were symmetric and
propagated outward. They assumed a DNAPL zone like a rectangular pool (see Figure 2-4).
The results showed that propagation of the E-field is scattered by the presence of the DNAPL
in soil, establishing the magnitude the field perturbation by the contaminant. In addition, they

concluded that the results depend on the antenna position and the type of excitation used.
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Figure 2.4: Schematic representation of the borehole dipole antenna geometry [21]

The Difference Time Domain (FDTD) is fast, accurate, easy to implement, and intuitive.
Also is best for wideband (short pulse) scattering in non-uniform media. Special means must
be developed for dispersive media, such as soil and biological tissue [9]. The principal
advantage of Finite Difference Time Domain FDTD method is that only is necessary one step

for different electromagnetic calculations of a broad range of frequencies.

2.3.1.2 Finite Difference Frequency Domain (FDFD)
The Sparameters are part of electromagnetic studies and represent frequency-domain
guantities [26]. The Finite Difference Frequency Domain (FDFD) method gives a

straightforward derivation of the scattering matr&pg@rameters). Also, this technique is
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used when the materials have a frequency dependence (e.g. lossy medium) causing complex

permittivity and permeability [26] in the frequency domain.

A generalized version of FDFD, to model monolithic microwave integrated circuits
(MMIC) chip interconnections, was made in [15]. The authors included the discretization and
the derivation of the scattering parameters and verified the numerical procedure. They
demonstrated the capability of the method and its applicability to practical problems (i.e.,
monolithic microwave integrated circuits, waveguide transitions, electromagnetic
compatibility, and fields in biological media or similar structures). In this paper, the
structure under consideration was enclosed in a rectangular box (Figure 2-5), where the
whole box was divided inta elementary cells filled with arbitrary materials. Furthermore,
the walls of the box were set as perfectly conducting except for the two planes at the front
and back sides. Every cell were defined the three field compomxegt<) for electric and
magnetic fields, which were used for discretization of Maxwell’'s equations. Therefore, there
is a relation between the field components of the neighboring cells. For this reason, these
equations are solved in the frequency domain by solution of a boundary value problem.

In order to solve the resulting system of equations in [15], it was necessary a

supercomputer, which could deal with up to 55,000 elementary cells.
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Figure 2.5: Grid for a 3D structure for discretization of Maxwell's equations [15]

FDFD is good for non-uniform media. This method handles frequency dependent
mediaeasily and is particularly useful for signal processing forward models. In comparison
the FDTD, FDFD is less computationally expensive when only one frequency is analized, but
for analysis under a broad range of frequencies, it is neccesary to do several simulations by

incrementing the computational cost [9].

2.3.2 Finite Element method (FE)

The FE method is a good choice for solving the Maxwell's partial differential equations
over inhomogeneous or complex domains by representing a geometrically complicated
domain as a collection of sub-domains that allow an easy construction of the approximation
functions [27].

In this technique, the domain of the problem is viewed as a collection of non-intersecting
simple sub-domains callefihite elementstypically triangular elements (see Figure 2-6).
Over each finite element, the solution is approximated by a linear combination of

undetermined parameters and preselected algebraic polynomials [27].
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Figure 2.6: Typical triangular element [28]

In Figure 2-6, each vertex number has its coordinate correspondikg as(xl, yl),

\,, - (x2 yz), andV,; - (x3 y3). Also, a normal unit vector at each side is assigmgdo

side (1-2),ny3 to side (2-3), andhs; to side (3-1). For each element, the transverse electric

and magnetic field components are expressed by using 12 unknown parameters (2.17) [18]:
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E=> N,(xYy)a 2.25

m=1

12
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m=7

where, ¢, (for m= 1 ~ 2) denotes unknown parameters &k, y) (for m= 1 ~ 6)

represents linear vectors shape functions [28]. The vector shape functions are determined by

the scalar shape functions and the normal unit vectors in the element [18].

The finite element analysis of any problem involves basically four steps: 1) discretizing
the solution region into finite number of subregions or elements, 2) deriving governing
equations for a typical element, 3) assembling of all elements in the solution region, 4) and

solving the system of equations obtained [28].

The Finite Element (FE) method has been employed in diverse areas such as waveguide
problems, electric machines, semiconductor devices, microstrips, and absorption of

electromagnetic (EM) radiation by biological bodies [20].

Several problems have been identified when the nodal based finite elements are
employed to compute vector electromagnetic fields, such as, long computation time, large
amount of memory, satisfaction of the appropriate boundary conditions at material and
conducting interfaces [29]. An approach for the nodal finite elements has been developed in

order to solve these problems. This approximation uses edge finite elements (or vector finite
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elements), which are geometrically the same that nodal. The nodal element has one shape
function associated with each of the nodes; the edge element has one shape function for each
of the edges. Also, edge finite elements satisfy continuity of only tangential or normal field
components across interfaces between two adjacent finite elements. For this reason, edge
finite element approximations can be used to model electromagnetic field since they do not
impose any additional constraints on the approximated field apart from those prescribed by

the nature of the field itself [29].

The performance of the software, based on edge finite element method, requires less
amount of memory than the software based on nodal finite element method. This fact is
important when analyzing complex 3-D electromagnetic field distributions. Some simulation
programs have been developed based on Finite Elements method for the analysis of the
electromagnetic field that can be used to calculate parameters shEla@sneters, resonant
frequency, and field. Some of these programs are: ANSYS/Emag (ANSYS Inc.), Maxwell
2D and Maxwell 3D (Ansoft Corporation), COSMOS/EMS (Structural Research & Analysis
Corporation), Algor/Electrostatic (Algor Inc.), QuickField (Tera Analysis Ltd.), FlexPDE
(PDE Solutions Inc.) and etc. These programs differ in number of solved different
electromagnetism problems, computer resource demand, preprocessor and postprocessor

possibilities, integration with other finite element and automated design programs [29].

Some comparisons between Finite Difference FD and Finite elements FE methods are [20]:
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1. The FD method is an approximation to the Maxwell's partial differential equations;
the FE method is an approximation to its solution.

2. FE method is able to handle complex geometries and boundaries, while FD method in
its basic form is restricted to handle rectangular shapes and simple alterations.

3. The most attractive feature of FD is that it can be very easy to implement.

4. The disadvantage of the FE method lies in the irregularity of the meshes, which

requires additional effort in preparing the input data.

This thesis uses two commercial different software, these are:

HFSS. Ansoft's High Frequency Structure Simulator is based on the Finite Element
Method (FE) and can be used to calculate the full 3-D EM field inside a structure. In HFSS,
the geometric model is automatically divided into a large number of tetrahedra, where a
single tetrahedron is a four-sided pyramid. This collection of tetrahedra is referred to as the
finite element mesh. There is a trade-off among the size of the mesh, the desired level of
accuracy, and the amount of available computing resources. It is desirable to use a mesh fine
enough to obtain an accurate field solution but not so fine that it overwhelms the available
computer memory and processing power [29].

XFDTD: Remcom's XFDTD simulator is a three-dimensional full wave electromagnetic
solver based on the Finite Difference Time Domain method (FDTD). Applications include
microwave, RF, antennas, scattering, biological EM, photonics, packaging, EMC, and

specialized materials. An XFDTD simulation is referred to as a project, where each project
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has a geometry file with the description of the structure or device to be simulated, and a

parameter file that includes the inputs and outputs defined [31].

In order to detect and characterize DNAPL contaminated soils, different models have
been developed, using the CWR technique. The model in [32] used transmitter and receiver
antennas placed in boreholes equally distributed on a circle with ratio 15.3 cm, each borehole
is spaced from one another at 4bhese antennas were located below the air-soil interface,
at different depths (22.9, 27.9, and 33 cm, respectively). The detection and location of the
contaminant in the subsurface was achieved with different positions and depths of the
antennas, using a wide frequency range (500 MHz to 2.2 GHz) [32].

The work presented in [32] was analyzed in [33] for three different computacional
methods, however the analysis of the electromagnetic fields propagation and the analysis for
different frequencies were not discussed.

The research in [32] and [33] are of great interest for our work, since those provide an
understanding of CWR thecnology for different structures and computational models by

making several detection processes.
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3 METHODOLOGY OF THE COMPUTATIONAL
MODEL FOR DETECTION OF THE
CONTAMINANT

3.1 Overview

This chapter presents the methodology of the electromagnetic model of the Soil-Bed
setup. The setup is modeled with two different commercial softwares based on Finite
Element (FE) and Finite Difference Time Domain (FDTD) numerical methods, varying the
electrical conditions of the soil, geometry of the tank and at operations different frequencies

and in this way to know if the detection of the contaminant in the subsurface is possible.

3.2 Description of the laboratory scale 2D Soil-Bed

The laboratory-scale 2D Soil-BED setup developed in [4] consists of a Plexiglass tank
with length, height and width of 1@nby 100cmby 7 cm, respectively. It has two vertical
metal meshes of dimensions &@2by 82cmof length and height, these mesh panels act as a
parallel plate transmission line, forcing a TEM electromagnetic field between the plates. The
hole size is selected so that it looks electromagnetically as a solid plate, and it does not

interfere with the DNAPL's flow into the system. The metal meshes are centered in the tank
30



and separated by@n The Soil-BED system is shown in Figure 3-1. This tank was filled
with dry sand, saturated with water, and injected with DNAPL. Also, loop antennas were
situated on the lateral sides of the tank, where one of those transmits the electromagnetic

signal while the others receive it [4].

H = 100cm

Figure 3.1: Two-Dimensional flow setup [4]

In this thesis, an electromagnetic model is developed for this laboratory scale 2D Soil-

BED setup, to describe the electromagnetic field behavior inside it.

3.3 Electromagnetic M odel Description

The laboratory-scale 2D Soil-BED contains two parallel flat, conductor meshes separated
by a dielectric material (e.g., soil). These meshes are considered as parallel plates conductors

for the electromagnetic study of the system. Taking this into consideration, when a signal is
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excited between the plates, it propagates into the dielectric and it is totally reflected by the
conductors. When the signal travels and finds the edges of the plates, it undergoes multiple

reflections and transmissions due to the surroundings of the system.

The electromagnetic model is determined by the region limited by the plate conductors
and the dielectric material. This region can be represented into the software simulators as a
parallel plate waveguide. The electromagnetic model is a computational model for the
waveguide and it considers different characteristics, such as the computational mesh
definition in the simulators, boundary conditions, frequency response, excitation ports and
medium between the plates. The dimensions of the simulated waveguiderane 8 m x

2cm, which represent length and height of the plates and the separation between them.

3.3.1 Mesh

HFESS constructs an adaptive mesh that is automatically tuned until to the response of
interest converges. In XFDTD, a mesh is constructed using a base cell size, this size should
be smaller thai/10, whered is wavelength and is calculated &sv/f, wherev is the wave
velocity (see equation 3.2) in the medium &rglthe frequency operation (see section 3.3.3),
the cell size depends of the higher permittivity in the simulation. In our case the cell size was
selected aa/24, considering the higher operation frequency in dry sand (see section 3.3.3) in
order to obtain a better resolution. Therefore, the total number of cells is 164 by 164 of

length and height and 4 cells of width.
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3.3.2 Boundary Conditions

The boundary conditions of the EM tardce implemented as follow:

For the case of HFSS simulator, the EM tank is implementedas as shown in Figure
3-2 where the walls parallel to theplane are perfect electric conductors (PEC). These
walls simulate the conducting mesh of the laboratory-scale 2D Soil-BED setup. On the other
hand, the walls parallel to thy-plane are considered as absorption boundaries to model the
surface as electrically open (i.e., the waves can then radiate out of the structure and toward
the absorption boundary). Air boxes are placed above and below of the EM tank to provide a
proper termination of the computational space. In order to obtain the better matching
between the boxes, the height of the air boxes hasA6il{em). Moreover, external walls of

the air boxes are also absorption boundaries.

! EM tank is referred as our region of interest for simulation
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Figure 3.2: Boundary conditions in HFSS Simulator

In the XFDTD simulator, twelates(PEC)were placed to simulate the conducting metal
mesh panels of the Soil-Bed. The structure is enclosed in a box automatically constructed to
obtain a proper termination of the computational space. Then, all walls of this box are
considered as PML (perfectly matched layer) absorbing boundaries. The size of this box
depends of theell size selected previously to generate the mesh (see section 3.3.1). In the

Figure 3.3 shows the boundary conditions of the EM tank in the XFDTD simulator.
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Figure 3.3 Boundary conditions in XFDTD Simulator

3.3.3 Frequencies of Operation

Initially, the frequencies considered were based on preliminary measurements on the
laboratory-scale 2D Soil-Bed setup, which included 300 MHZ, 600 MHZ and 1 GHz [2], and
considered only two ports placed at 14.5 cm from the bottom of the EM tank. For this
analysis, the transmitter portt]{Rs situated opposite to the receiver pét)((section 4.2).

Since, the medium into the model is homogeneous, standing wave patterns inside the EM
tank are formed, but at these frequencies the ports did not receive the maximum power of the

waves.
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Therefore, it is necessary to find other operation frequencies to assure that the maximum
power of the waves are received by the ports to do a better analysis of the S-parameters.
The maximum amplitude in a wave is found in the first quarter of cyé#. (Therefore,
the length of the EM tank must be an odd multipleA6f. Hence, the frequencies of
operation are calculated by (3.1), considering the propagation velocity of the medhan
wavelength\ and the quantity of multiples for thns

Vv

f=— 3.1
(n+1/4)1

The propagation velocity was calculated for dry sand, which depends of the dielectric
permittivity € corresponding to this medium (see section 3.3.5) and the light velocity in the

vacuumg, (3.2). This equation is for lossless media.

V=— 3.2

Using equations (3.1) and (3.2), and selecting 1, 2 and 5, the frequencies were

calculated are, 288IHz, 515MHz and 1.5GHz

A comparison between the standing waves for both of these frequencies range is shown
in Figure 3.4 where the blue and red rectangles indicate the power received at each port for

operation frequencies computed, and for preliminaries operation frequencies.
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Figure 3.4 Standing wave patterns.

3.3.4 Excitations Ports

After analyzing the frequencies of operation in the section 3.3.3, the quantities, position
and sizes of the excitations ports were analyzed to do a better characterization of EM tank.
Section 4.2 shows the analysis for the excitations ports in detail.

Eight antennas of the Soil-Bed setup were replaced by excitations ports in the final model
of EM tank, which are located at the lateral sides of the tank. Each side has four ports. When
a port transmits the others receive. The position of the transmitter port is changed for each
simulation. In this way, it acquires the electromagnetic field distributiorbgradameters for

each case.
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The excitations ports are different in the two simulators for changes in the form, location

and type of excitation. These are described below.

3.3.4.1 Excitation ports in HFSS

In HFSS, the excitations ports are of tywaveport These were placed on the walls
parallel to theyzplane. Thewaveport is a square with dimensionsi® by 2cm  The

separations between ports are I&Pand are numbered as is shown in Figure 3-5.

65.3cm —Port8 [ N Port 4.
152cm
I
48.6 cm —Port7 [ Rl Port 3
31.9cm —Porté ** :: Port 2
15.2 cm —Port5 || 3 Port 1

Figure 3.5: Excitations ports in HFSS

HFSS allows exciting individually eaclaveport and the incident wave contains one

watt of time-averaged power.
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3.3.4.2 Excitation ports in XFDTD

In this case the ports selected digcrete sourceffeed), composed by a voltage source
(1V) in series with a resistance () and since the excitation is related with the desired
response§parameters). This feed is placed on an edge of one cell selected vertically, every

33 cell in the mesh, (see Figure 3-6).

Feed i i
[o———— "

3% Cell=

Figure 3.6: Excitation ports in XFDTD
The input wave function is selected aG&aussian Derivativgulse; this provides better

results in terms of frequency without DC components. The pulse width of the Gaussian
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Derivative depends of the frequencies of operation and the attenuation of the spéBjrum (

For 1.5GHz,the pulse width is 200 time steps.

3.3.5 Medium

Different soil conditions are simulated (dry sand, wet sand and contaminated sand). It is,
then, necessary to know the electromagnetic properéieg @&nd o) of these media to
spatially and temporally analyze the electromagnetic wave propagation at different
frequencies of operation. In this work, it is assumedihajl,, wherep is the permeability
of the medium for free space, because usually the soil has no magnetic behavior. This
assumption is based on [34].

For lossy media,s and o generally varies with the frequency; for this reason the

permittivity is treated as a complex function (equation 222’ - je" 5 19 [13].

Analyzing the figures for dielectric constant versus frequency given in [34] and [35], it is
observed that these constants can be considered with a fixed value for frequencies in the
megahertz range. These values of dielectric constants for dry and wet sand are shown in

Table 3-1.

The static conductivity in the dry and wet sandjs. = 4.4(5/mand the alternating

conductivity were calculated usihy (equation 2.1, = «x, ) 19) [34], where the
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imaginary part of the permittivity was obtained from [35] for dry and wet sand:

=0.19Fm and ¢,

wetsand

& =1.9Fm.

Drysand

The equivalent electrical conductivity was calculated using (equation 2.17) at the
operation frequencies, the results are shown in Table 3-1.
Table3.1: Electrical propertiesfor dry and wet sand [34]
Soil Conditions Diedlectric Constant Electrical Conductivity
(F/m) (S/m)

f285!\/IHZ f515!\/IHZ f1.5(3\HZ

Dry Sand 2.55 0.003 0.0054 0.016

Wet Sand 20 0.03 0.054 0.16

In this study, the DNAPL analyzed is a tetrachloroethene (PCE). The dielectric constant
and the electrical conductivity for this contaminant were obtained from [1] and are shown in

Table 3-2.

Table 3.2: Electrical propertiesfor DNAPL (PCE) [1]

Didectric Constant

Electrical Conductivity

(F/m) (S/m)
f285|VIHZ f515|V|HZ f1.$Hz
2.28 2.2e-5 4.69e-5 1.52e-4
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4 RESULTSAND ANALYSIS

4.1 Overview

Several simulations were made to determine if it is possible to detect DNAPL
contamination in the soil. The analysis was made taking into account different conditions of
the soil electrical properties and four different shapes of DNAPL within the EM tank. Also,
the position of the excitation point was varied and evaluated at the three frequencies, and the

Sparameters and the distribution of the electromagnetic field in the EM tank were obtained.

HFSS was the principal simulator used to develop the electromagnetic model of the
laboratory scale 2D Soil-Bed. The XFDTD simulator was used to validate and to conclude if

it is possible to detect contaminants.

4.2 Experimental Simulation

Several experimental simulations were done to optimize the model on the simulator, and
to ensure that the data obtained in the final model was representative of the system. The
optimization was conducted by varying sizes, position and quantity of ports. These variations

are described below.
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Initially, the frequencies considered were based on preliminary results of the laboratory
scale 2D Soil-BED setup, which included 3@®iz, 600MHz and 1GHz[2]. It considered
only two ports, which were placed at 14rhfrom the bottom. The transmitter poRt] was
situated opposite the receiver pdet), The dimensions of the ports were Oddiby 0.01cm

width and height, respectively.

Initial model runs used electrical properties of dry sand 4 ands = 0.01 S/mat the
frequencies 300 MHz, 600 MHz and 1 GHz. According to the literature resiggequent
runs usedes, =25 and,o = 0003 00054, 0016S/m [34], at the frequencies 285 MHz,

515 MHz and 1.5 GHz (see Table 3-1).

In Figure 4-1, it is observed that the wave is propagated radially in the direction of
negativex into the tank from thét, at 300 MHz, 600 MHz and 1 GHz, with= 4 and
o = 001S/m The E-field distribution presents that the port Pr (left side) does not receive
signals at the location of the port, because of the wave pattern posses a minimum at this point

due to the wavelength of the signals emitted (see Equations 4-1, 4-2, 4-3).

Ao, = 50CM 4.1
Ao = 25CM 4.2
Ay, =156m 4.3
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Figure 4.1: E-field propagation with three experimental frequencies: a) 300 MHz, b) 600
MHz, and c) 1 GHz.

Taking into account these electrical constants listed in Table 3-1 and the EM tank
geometry, three operation frequencies (B83z, 515MHz and 15 GH2) were calculated to

ensure thalPr receives a maximum of the signal emitted (see section 3.3.3).
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In the previous simulations the values for 8ygarameters in each port were analyzed for
the three frequencies. TR shows the reflected energy from s@li(reflection coefficient),

whereas th®r shows the transmitted energy fréth(S; transmission coefficient).

The HFSS simulator mentioned in (section 3.3.1), obtainS{@rameters through an
iterative process doing a comparison of each adaptive pass between the results of the current
mesh and the results of the previous mesh. When the maximum change in the magnitude of
the S-parameters between two consecutive iterations (definBdl@sg is less than 0.02

(2%) the mesh/solution convergence is attained [35].

The values of th&parameters obtained were very small, lower Hi&9dB. Therefore,
we attempt to improve the results of the simulations assessing different sizes ports, and a
vacuum as a propagation medium=< 1 F/mandos = 0 S/nm). Table 4-1 presents the value of
Sparameters for four different sizes: Sige 1:0.01cmby 0.01cm, b) Size 2 0.02 cm by
0.01cm c) Size 3:0.01 cmby 0.02cm, and d)Size 4:0.02 cmby 0.02 cmwidth and height,

respectively.

The results for the different ports are divided into two p&itsand $; (see Table
4.1). Note that irBize 4the reflected energy in tht (S,) is low and the transmitted energy
to Pr (1) is high in comparisons with the other sizes. Therefore a final size of 0.02 cm by

0.02 cm Gize 3 was selected for better coupling of the incident energy to the medium.
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Table 4.1: S-parameters values for different sizes the ports

| PortSize(cm) | Su(dB) | Sau(dB) |
0.01 by 0.01 4.2 -62.7
0.02 by 0.01 -6.39 -120
0.01 by 0.02 -0.642 -95
0.02 by 0.02 1.7 -33.3

With the frequencies of operation, the electrical properties for the medium and the port
size defined for the final electromagnetic model, the analysis of the space into the EM tank
was performed by increasing the number of receiver ports to 5 (left side), which are separated
by 5cm The transmitter port is evaluated in two different positions (right side) cidlahd

35cmfrom the bottom of the simulated system.

Figure 4-2 shows the E-field distributions at 9Iblz with five receiver ports and the
two positions for the transmission port. It was observed that the E-field distribution into the
EM tank and theSparameters in the receiver ports depend on the localization of the

transmitter port.
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It was also observed that the number of ports and the distance between all of them, are

(a) P; at 14.5em

(b) P at 35em

Figure 4.2: E-field propagation, with 5 receiver ports at/dHz in dry sand at
a) 14.5 cm, and b) 35 cm, from the bottom.

35cn

82 cn

not enough to analyze all the structure of the EM tank. Also, to use a single frequency of

operation is not enough to analys the EM tank, since the soil electrical properties change and

it is necessary to know the behavior of the soil under different excitation frequencies. For

this reason, we increase the number of ports to eight as is shown in Figure 4-3. These

included four ports in each side separated by a distance otit6.The ports 1K;) and 5

(Ps) are localized 15.2m from the bottom (Figure 4-3). The selection for the transmitter

port is explained in the next section. We also increased the operating frequencies to 285

MHz, 515 MHz and 1.5 GHz.
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Figure 4.3: Design for the final electromagnetic model at 285 MHz

82 cn

To analyze the subsurface with the Cross Well Radar( CWR) technology, it is necessary
to take into account the operation frequencies, location and distance between ports. In this

manner, the final electromagnetic model to study the contaminant detection is obtained.

4.3 Final Electromagnetic M odel

For the final electromagnetic model, the electrical parameters of the medliurando)

are the ones obtained theoretically for dry and wet sand, and DNAPL. Also, we placed four
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ports in each side of the EM tank using a size port of €n®By 0.02cm width and height,

respectively.

The characterization of the final electromagnetic model is made by analyzing several
simulations. These include different soil conditions for various levels of saturation, as well as
different distributions of the electromagnetic field due to sequential change of position for
the transmitter port and the receiver ports. The transmission and reflection skgnals (
parameters) on the ports were analyzed in the presence and absence of DNAPL in the
medium. All of these simulations were made at three operation frequenciedgdH28515

MHz,and 1.5GHz

In the HFSS simulator, th8parameters are presented ascattering matrix which
relates the wave emerging from the transmitter port with the wave received in the receptors
ports as a function of frequency. Due to this relation, the HFSS simulatéstwark
Analyzer To characterize many types of these devices and to determine the measurement
performance, it is necessary to define the system dynamic range. The Network analyzer
dynamic range is essentially the range of powengx - Pmipthat the system can measure.

Specifically [36]:

Pmax: The highest input power level that the system can measure before unacceptable errors

occur in the measurement.
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Pmin: The minimum input power level the system can measure (its sensitivity), set by the

receiver of noise floor.

Thereceiver of noise floois an important network analyzer specification. In general for
a network analyzer device, the receiver of noise floor has a range®tEato -102.4 dBm

[36]. Based on this range, we chose Bmain=-92.8 dBmas the noise floor.

4.3.1 Simulations without DNAPL

4.3.1.1Dry sand
The first simulation was made considering dry sand into the EM tank at the three

operation frequencies.

In the Figure 4-4 is shown the E-fields propagation at three analysis frequencies from the
Ps, which is the transmitter port. Observe that the propagation is radial xdinection
when it is transmitted from the right side ports: If transmitted from ports on the left side, the

propagation is radial in the negatixelirection.

The Sparameters are presented in tables and organized as follows: the rows RPort
contain the values of the signal received in each port when this is transmitted from a specific

port (EPord, first column), recall that the position of the excitation point was varied in order

2 RPort: Receiver port number

3 EPort: Excitation port number
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to analyze all of the space into the EM tank. Therefore, the main diagonal contains the
reflection coefficient §;) for each port. Tables 4-2, 4-3 and 4-4 show $hmrameters
obtained for the three operation frequencies. The blue values indicate the ones that are out of

the dynamic range, for this reason will be replaced®py —12435dB for further analysis of

the model results.
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Figure 4.4: E-field propagation without DNAPL wi#8 as transmitter port for dry sand, a)
285 MHz, b) 515 MHz and, c¢) 1.5 GHz
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Table 4.2: S-parameters for dry sand at frequency 285 MHz.

Port
1 2 3 4 5 6 7 8
EPort

1 11 346 | 443 | 942 | 337 | 389 | 387 | -429

2 -109 129 |20 874 75.1 805 851 79

3 44 209 | -103 | 666 | 874 | -433 | 389 | 714
4 [ 804 76.2 114 -108 743 714 116

5 -84.1 336 | 367 | 779 | 104 | 771 | 436 | 541

6 -66.1 396 79.9 686 34 04| 653 453

7 123 904 | -855 419 | 902 | 767 | -131 | 801

8 113 -106 -110 103 | 137

*Blue cells are values out of dynamic range

Table 4.3: S-parameters for dry sand at frequency 515 MHz

Port
1 2 3 4 5 6 7 8
EPort

1 -12.2 -92.4 -42.1 -45.5 -35.6 -41.3 -40.7 | -49.2

2 -35.2 -12 87.1 -89.2 -40.7 -38.8 -34.4 -39.6
3 -79.2 731 -11.6 745 774 -115 771 -122

4 -44.5 -41.8 -82.8 -11.3 -48.8 -39.3 -39. -75.9
5 -75.2 -38.2 -68.9 -50.2 -11 -34.3 842 | -747

6 -86.4 -39.1 -34.9 -92.1 -97.6 -11.7 -35.1 -78.2
7 -38 -33.8 -38.2 -37.6 -74.9 -34.1 -10.8 | -334

8 -49.3 -40.2 -40.8 -35.1 -96.3 -41.8 -35.1 -11.7

*Blue cells are values out of dynamic range

Table 4.4: S-parameters for dry sand at frequerteGHz

Port
1 2 3 4 5 6 7 8
EPort

1 -10.5 -103 -80.6 -119 -111 -65 938 | -76.8
2 -76.3 -10.9 79.7 -91.9 -78.1 -80.5

3 -93.7 -82 -11.9 -114 -83.4 -84.4

4 -92 -119 -11.8 -94.9 -80.9

5 338 | 294 43 115 | -365

6 -81.2 -86.2 -76.1 -82.3 -11.2

7 -61.8 -82.7 -34.9 -34 -45.6 -38.6 -11.1 | -65.7
8 -86.7 -110 -67.2 -64.3 -112 -111 -97.3 -10.9

*Blue cells are values out of dynamic range



In the previous tables, the values of the main diagonal are between -10.3 dB and -13.7
dB, indicating the reflected energy from the soil toward the transmitter port. The transmitted
energy at the receptor ports found between -29.4 dB and -124.35 dB, (the blue values that are

out of the dynamic rang®, = —12435dB are replaced by this value).

4.3.1.2Saturated sand
Figure 4-5 shows the E-fields propagation frégas excitation port for the saturated

sand, at the three analysis frequencies.

The E-field distributions in saturated sand (Figure 4.5: E-field propagation without
DNAPL with P3 as transmitter port for wet sand and dry sand (Figure 4.4) are different, due
to its electrical properties. Observe that the wavelength given by the distance of repetitive

cycles in the E-field in saturated sand is smaller than in dry sand because it depends on the

. . . c
dielectric constants(). From equations 3.1 and:T 3.2, the wavelength for dry sand
£
and saturated sand at 285 MHz are:
Abrysand oSz = 65.9cm 4.4
Asausandossurz = 239CM 4.5

53



E Fiald[¥/m]

LR LT ]
. L. TAE Sy
A, BRI
L. DGR 24500

82 cn

{

(a) 285MHz (b) 515MH=

82 cn

E Tremilyinl

R A
1.3nzLn s
l 5 L7 Su =381 -
TR

bt LT ]
. AR
a7 e 0

LA

TR
1 Eafapnl
LECTTE ]
T .
R - 82 cn
A ad7 70k
[RL LI
T
5 T s
1 BO0a r-oee

f

i
%&:}f 4

i E‘
.

Wy -‘-f*{-{f._ﬁ,ra,-'t.--.

S

K (=%

() 1.6GH=
Figure 4.5: E-field propagation without DNAPL wil8 as transmitter port for wet sand:
a) 285 MHz, b) 515 MHz and c) 1.5 GHz

The results obtained for dry and wet sand are used as a reference, to compare the results
obtained simulating different combinations of the soil under the presence of the contaminant
and then to characterize the soil. In both cases it is observed that the wave propagation is

uniform because the medium is homogeneous.
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Table 4.5: S-parameters for saturated sand at frequency 285 MHz

Port
1 2 3 4 5 6 7 8
EPort

1 Szl 307 | -46.7 -86 747 | 534 | 464 | 421

2 -89.4 13 -84.8 06.7 [LElaA 28 9290 | 987
g 801 | -115 | -66.2 -113 77 110 | -105

4 -106 87.3 124 121 116 124 1110 -110

5 -102 53.2 -102 421 | -13.3 -40 -49.8 !

6 113 712 72.3 -123 -101 11 66.4 -113

7 475 -44.2 -40 478 | 991 | -8656 12 -38.8
I- -101 -08.9 915 13

*Blue cells are values out of dynamic range

Table 4.6: S-parameters for saturated sand at frequency 515 MHz

Port
1 2 3 4 5 6 7 8
EPort

1 -11.3 -75.3 -84.6 -93.8 -79.3 -78.1 -83

2 -82.5 -12.3 -85 -98.1 -84.6 -86.8

3 52 394 | -126 | 418 | 386 | 497 | -424 | -415

4 09.2 504 | -401| -116| -46.3 -36.1 79 376

5 124 117 -69 742 | 113 | 395 | 895 | 697

6 -81.9 85.1 -81.3 -109 786 1140000260 021

7 -71.8 -79.9 -94.3 -41.5 -49 -37.3 -11 -89
773 | -954 | 862| 773| -114

*Blue cells are values out of dynamic range

Table 4.7: S-parameters for saturated sand at frequency 1.5 GHz

Port
1 2 3 4 5 6 7 8
EPort

1 -5.46 -37.8 -50.8 -80.2 -62.5 -31.7 -47 -62.4

2 -92.7 -5.89 -83.6 -50.8 -31.6 -24.9 -25.1 -81.2
3 -51.9 -42.1 -5.46 -97.8 -43.4 -25.1 -28.2 -26.5

4 -44.6 -47.6 -39.3 -5.67 -73.8 -32.1 -26.1 24.4
5 24 -31.8 -43.7 -31.3 5.32 -79.2 -66.6 -84.3

6 -31.9 -25.2 -25.2 -32 -38.2 5.7 -96.3 -49.1
7 -43.5 25.2 -28.3 -73.7 -85.9 -39.6 5.6 -40.2

8 -31.1 -32.5 -26.5 727 -45.2 -50.9 -40.7 5.76

*Blue cells are values out of dynamic range
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Tables 4-5, 4-6 and 4-Bhow the Sparameters obtained for the three operation
frequencies. The blue values indicate the ones that are out of the dynamic range. The
reflection coefficients (main diagonal) are between -11 dB and -13.3 for 285 MHz, -11 dB
and -12.6 dB for 515 MHz and -5.32 dB and -5.89 dB, is found in a range appropriate for the

soil conditions.

Since the geometry of the electromagnetic model is symmetrical, it assumes that all of
results obtained for the right side ports and the left side ports must be similar. This
assumption is verified numerically on the model simulator, comparingS{perameters
obtained for the right side with the mirror of tBgparameters for the left side. Figure 4-6
shows this comparison at 1G&Hz for saturated sand. The graphical comparison was made
between the opposite pos-Ps, Po-Ps, P3-P; andP4-Pg. Note that the ports have a similar
behavior. Hence, the analysis to characterize the soil will be made considering only the ports

P;...P4 as transmitter ports.
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4.3.1.3EM response for varying degrees of soil saturation level
To characterize the soil some combinations at different levels of dry and wet sand, were

simulated. Initially the EM tank was considered full of dry sand, and then the saturation level
was increased from bottom. The analysis was conducted when the tank was 10% saturated
and 90% dry (Level 1), 33.3% saturated (Leveb), 50% saturated (Levels).and, 66.6%

saturated (Level }).

4.3.1.3.9First Level (L).
The first level ;) of wet sand is inserted into the EM tank to &2from bottom, as is

shown in Figure 4-7. Given that the ports are placed above of the wet sand_jgviig
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incident wave at the plane between the dry media (medium 1) and wet (medium 2) sand
undergo a change due to the different soil electrical properties. In other words, when the
incident wave encounters a change medium, a fraction of the wave intensity is reflected into
the dry sand and patrt is transmitted at the wet sand.

When the wave enters the wet sand zone, wave velocity produces contrasts due to
changes in dielectrical constant. Therefore the wavelength in medium 2 (saturated sand) is

different than in medium 1 (dry sand). Moreover, the E-field propagates in the negative
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The Table 4-8, Table 4-9 and Table 4shdw the S-parameters obtained for 10%

saturated level.

Table 4.8: S-parameters when saturated leveiserted at 28 MHz

RPort
1 2 3 4 5 6 7 8
EPort

1 -11.8 -34.2 -39.4 -50.5 -45 -39.1 -42.8 -43.5

2 -73.6 -13.3 -69.5 -76.9 -71.2 731 -73.8
3 -93.1 -13.1 -97 -89.8 -87.9 -89.3

4 -89 -60.8 -69.9 -10.5 -40.3 73 -70 67
5 -44.5 -38.8 -98.5 -43.3 -11.5 -338 -90.7 -50.6

6 -66.1 -31.1 -74.3 -69.5 -31.5 -10.4 -32.1 -63.4
7 -76.9 -70.5 -69.2 -70.4 -113 -106 -12.6 -68.9

8 -86.6 -37.2 -36.4 -106 -49.8 -62.2 -35 -12.2

*Blue cells are values out of dynamic range

Table 4.9: S-parameters when saturated leveiserted at 51MHz

Port
1 2 3 4 5 6 7 8
EPort

1 -11 -33.9 -40.3 -45.3 -44.4 -48.4 -39.1 -44.7

2 -36.5 -13.1 -38.3 -43.6 -50.1 -36.8 -34.1 -40.4
3 -42.7 -37.6 -12.5 -84.7 -41.1 -33.9 -42.6 -43.7

4 -98.6 -90.5 -116 -12 -89.9 -87.4 -122

5 -44 -48.8 -80 -75.6 -10.6 -33.4 -74.7 -45.4

6 -90.2 -35.2 -62 -38.4 -34.8 -11.6 -35.9 -41.2
7 -40.4 -334 -78.7 -41.9 -41.8 -68.5 -11.9 -35.3

8 -45.3 925 -83.4 -35.4 -47.6 -42.7 -36.3 -12.5

*Blue cells are values out of dynamic range
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Table 4.10: S-parameters when saturated leyveiserted at 1.5 Bz

Port
1 2 3 4 5 6 7 8

EPort

1 -11.4 -87.3 -108 -97.5 -83.4 -90 -88.8

2 -124 -11.8 -77.3 -87.5 -104 -116 -88.5

3 -77.4 -73.6 -10.9 -122 -66 -108 -70.7 -68.4

4 -43.9 -95.5 -37.2 -12.5 -34.9 -32.7 -98.9 -29.6

5 -35.5 -29.7 -64.1 338 -11.4 -33.1 -80.6 -43.4

6 -30.6 -42.4 -32.6 -325 -34.2 -12.2 -41.4 -44.5

7 -71.9 -72.8 -70.8 -33.4 -39.7 -40.8 -11.4 -73.4

8 -34.9 -78.3 -34.5 -29.8 -82.9 -45 -80 -12.4

*Blue cells are values out of dynamic range

The analysis of the S-parameters at the three frequencies of the operation when 10%

saturated sand is included a, is show in the section 4.3.1.4

4.3.1.3.2 Second Level ¢).
The level of wet sand is raised to 2416 (33.3%) from the bottom, as shown in Figure

4-8.

PortsP; andPs are within the kL zone (saturated sand). When these ports are transmitters,
the wave energy is mostly contained in the saturated region because of total internal
reflections in the Lk zone, although some is transmitted to thezdne (dry sand). For the

remaining ports, the behavior of the E-field propagation is same as for {evel L
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Figure 4.8: E-field distribution from P3 with 33.3% saturated levglifiserted:
a) 285 MHz, b) 515 MHz and c) 1.5 GHz

The Table 4-11, Table 4-12 and Table 4sh8w the S-parameters obtained for 33.3%

saturated level.
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Table 4.11: S-parameters when saturated levelserted at 285 MHz

RPort
1 2 3 4 5 6 7 8
EPort
1 -11.6 -67.4 114 114 -123 -123 !
2 39.5 126 99.8 476 46 -109 -106
3 -97.9 339 | -114 | 352 | -944 | -448 | 401 | -837
4 .66 -49.6 77.4 111 921 -40.9 8174 342
5 709 75.9 117 -113 112 113 -113 -
6 -90.9 44.4 -89.8 -40.3 771 115 69.d -86.2
7 H -80.4 | -76.1 116 818 | -66.2 12 75.7
8 -49.3 -40.8 -90.6 -68.6 -106 -49 341 113

*Blue cells are values out of dynamic range

Table 4.12: S-parameters when saturated levekerted at 515 MHz

RPort
1 2 3 4 5 6 7 8
EPort

1 11.4 80.9 | -915 - 993 | 961 | -968 | -103

2 79.1 11 33.8 -69.6 51.8 443 733 426

3 925 342 | 114 | 699 -103 363 | -381 | -349
-4 |EsE| 028 935 135 111 933 861  -845

5 -84.6 -87.3 _ 115 742 -86 -89.5

6 51.9 417 -83.3 81.4 -38.4 105 67.4 -36.6

7 117 66 623 | 635 | 783 | -604 | -11.7 | -64.9

8 63.9 75.4 78.2 35.1 -90.1 37 334 107

*Blue cells are values out of dynamic range

Table 4.13 S-parameters when saturated ldveinserted at 1.&5Hz

Port
1 2 3 4 5 6 7 8

EPort

1 -9.33 -103 - -118 825 -114 -108 -

2 -38.1 -11.4 -36.8 -49.3 -48.8 -38.8 -62.4 -28.3

3 -50.1 -36.1 -11.2 -70.4 -44.5 -29.7 -77.8 -35.7

4 -118 -49.3 -40.7 -12.3 -45.9 -29.5 -78.8 28

5 -87.1 -48.2 -45.4 -45.9 -5.91 -87.7 -116 57.5

6 -47.8 -71.6 62.2 -68.3 -38.4 -11.1 -82.4 -80

7 -44.6 -62.7 -75.6 -35.5 -50.1 -36.4 -11.2 -86.3

8 -86.9 -117 -123 - -99.2 -88.8 -83.2 -11.8

*Blue cells are values out of dynamic range
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The analysis of the S-parameters at the three frequencies of the operation when 33.3%

saturated sand is included a, is show in the section 4.3.1.4.

4.3.1.3.3 Third Level (L).
For this analysis, the level of the saturated medium is increasing until it reaches half

of the EM tank (4Xm), as shown in Figure 4-9. In this case the ps$,, Ps andPg are in

the wet sand zone. PoRs, P4, P; andPg remain in the dry sand zone. When the transmitter
ports are within medium 1, the E-field in medium 2 tends to propagate radially in the
negativez-direction. If the transmitter ports are within medium 2, total internal reflection can

occur and the behavior of the E-field is similar at the previous cases at the three frequencies.
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The Table 4-14, Table 4-15 and Table 4-16 show the S-parameters obtained for 50%

saturated level.

64



Table 4.14: S-parameters when saturated lguaterted at 285 MHz

RPort
1 2 3 4 5 6 7 8
EPort
1 -13 -41 -99.4 -106 -36.9 -44.9 -53.9 -53.5
2 -40.3 -125 -84.1 941 -44.8 -44.8 -107] 535
3 -83.8 71.2 -11.9 ! 92.9 -96.3 !i
4 -116 -49.8 -83.4 11 51.4 52.4 -80.8 815
5 -66.1 -44.8 -83.3 -83.9 -115 -38 -84 -55.6
6 -88.5
7 -113
8 95.4

*Blue cells are values out of dynamic range

Table 4.15: S-parameters when saturated lgvaeterted at 515 MHz

RPort
1 2 3 4 5 6 7 8
EPort

1 -12.7 -41 -92.8 -108 -43.6 -35.5 52.8 -58.6

2 -39.6 -11.4 -66.6 -46.1 -34.6 -44.7 52,7 53.9
3 -103 -38.6 -12 -34.2 52.6 53.3 -49.6 -44.4

4 -102 - -77 -12.3 - -90.7 -85.7 -90.6
5 -42.5 -35.6 -52.1 -58.2 -12.3 -40.6 -50.6 -58.2

6 -75.5 -84.8 -94.2 -95.8 -82.8 -13.1 -78.7 -87.6
7 -97.8 H -85.6 -109 -93.2 -11.9 -73.1

8 -55.1 -53.3 -39.5 -33.6 -55.7 -45.3 61 -10.9

*Blue cells are values out of dynamic range

Table 4.16: S-parameters when saturated lgveterted at 1.5 GHz

Port
1 2 3 4 5 6 7 8

EPort

1 -5.44 -74.2 -54.5 -87 21.4 -50.9 -47.6 -76.5

2 -86.9 -7.26 -118 97 -86.5 -65.3 -89.7-

3 -53.8 -40.1 -11.4 -34.7 -47.1 A7 4 -35.4 -89.8

4 -55.2 -90.5 -34.1 -11.2 -40.5 -41.3 -26.4 -64.7

5 214 -46.7 -47.4 -41.4 -5.54 -40 91.1 995

6 -78.2 -76.2 93.1 - -89.6 -7.92 -119

7 -89.2 -85.8 -79 -98.7 -91.6 -11.7

8 -85.9 ‘ -41.2 \ 27 27.7 -55.4 -110 -68. -11.3

*Blue cells are values out of dynamic range



The analysis of the S-parameters at the three frequencies of the operation when 50%

saturated sand is included a, is show in the section 4.3.1.4.

4.3.1.3.4 Fourth Level (k).

For this analysis, the EM tank is saturated to &fmdvhich represents about 66.6%
of the tank (Figure 4.10). Porg, P,, P3;, Ps, Ps andP; are in the saturated sand zone and
portsP, andPg remain into the dry sand zone.

The behavior of the E-field is similar with the leug for the three frequencies

analysis.
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Figure 4.10: E-field distribution from P3 with 66.6% saturated ldvglifiserted:
a) 285 MHz, b) 515 MHz and c) 1.5 GHz
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Tables 4-17, 4-18 and 4-19 show the S-parameters obtained for 66.6% saturated level.

Table 4.17: S-parameters when saturated leyvielserted at 285 MHz

RPort
1 2 3 4 5 6 7 8
EPort
1 118 | 379 | -91.2 58 -39 524 | 391 | -o1
2 -87.1 -13.4 -83.4 -93.4 -87.3
3 717 | 599 | 116 | 933 -99 936 | 703 | 11
4 -96.4 462 | 365 | -108 86 911 489 83
5 111 873 | 721 | 902 | 119 | -689 | 816 | -884
6 525 42 963 | 564| 396| -127] 86d 494
7 9.8 | 405 | 759 | =832 | 861 | 821 | -117 | 371
8 902 106 96.3 ! 935 114 102 | 117

*Blue cells are values out of dynamic range

Table 4.18: S-parameters when saturated lemelserted at 515 MHz

RPort
1 2 3 4 5 6 7 8
EPort
1 -11.5 -40.2 -49.6 -94.9 -73.8 -44.6 -104 53.1
2 -76.2 -11.4 -76.3 -82.2 -85 -78.1 -72.8 -87.8
3 -89.2 -75.6 -11.5 -36.7 -90.5 -36.4 -45.6 -48.4
4 53.3 -43.7 -35.9 -10.6 55.3 -48.3 -48.2 -41.1
5 -67.9 -45.5 -36 -91.5 -11.4 -39.7 -86.7 -52.8
6 -44.4 -40.4 -75.6 -105 -41.2 -12.4 -39.7 -45
7 -92.6 -37.7 45.2 -50.7 -112 -40 -12.4 -38
8 -95.8 -80.7 -47.1 -40.6 -53.4 -43.6 -78.1 -10.2
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Table 4.19: S-parameters when saturated leyeserted at 1.5 GHz

RPort
1 2 3 4 5 6 7 8
EPort
1 5.72 -39 477 | 103 | 229 | 383 | 331 | -946
2 393 543 | -483 | -957 -39 239] 314 831
3 476 | 427 | 538 | -403 | 328 | 312 | 223 | =515
4 111 1105 -96.8 13 -109 -109 113|185
5 231 | 394 | 331 | 768 | 536 | -389 48 -51.1
6 -65.1 238 31 50 399| 547 734 50
7 329 | 313 | 224 | 889 | 473 | 707 | 563 | -412
8 975 97.2 - -90.6 105 001 | -136

*Blue cells are values out of dynamic range

The analysis of the S-parameters at the three frequencies of the operation when is included

a 66.6% saturated sand, is show in the section 4.3.1.4

4.3.1.4Analysis of S-parameters for varying degrees of soil saturation level
The S parameters obtained for different soil combinations and for dry sand are
compared taking into account the three analysis frequencies and condtdeHndP; andP,
as transmitter ports. Figures 4-11, 4-12 and 4-13, show the relationship between the S-
parameters reference results (dry sand) and the four levels of wet sand. The behavior of the
electromagnetic model is described for each transmitter port with the different levels of

saturated sand as follow:
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Figure 4.11: Comparison of S-parameters atM8& for the four soils saturated:
a) Transmitter port £ b) Transmitter port P c) Transmitter port
and d) Transmitter portyP

4.3.1.4.1 Dry Sand vs Saturated level L

P1: Minimum changes of energy are observed at the 3 analysis frequencies. However the
receiver port®sandP2for 285MHz and 515MHz respectively, receive less energy
in comparison with the reference results.

P2: At 285 MHz and 515MHz the receiver ports located on the same side of the
transmitter port show some changes in comparison with dry sand. The receiver ports
located opposite at thR-have a similar behavior between them. At GHz only
the results for the receiver pos, Psand Pz are considered equals with respect to

dry sand.
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Figure 4.12: Comparison of S-parameters atMHz for the tour solls saturated:
a) Transmitter port £ b) Transmitter port P c) Transmitter port
and d) Transmitter portyP

P3: In general, at 288Hz and 515MHz, all of receiver ports undergo changes, except
the portsP4 (285 MHZ) andPs(515MH2z). At 1.5GHz the changes are not observed,

except inP7.
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Figure 4.13: Comparison of S-parameters atGHz for the four solls saturated:
a) Transmitter port £ b) Transmitter port P c) Transmitter port
and d) Transmitter portyP

P4 At 285 MHz the behavior of port®s, Ps and Pz are similar, but for the remaining
ports the magnitude is bigger than in dry sand. There are no significant changes in
behavior at 519VIHz, but the values of th8parameters tend to decrease. At 1.5

GHz only the values on pori2andPrare similar at the reference results.

4.3.1.4.2 Dry Sand vs Saturated level L

P1: At 285 MHz and 515MHz, the Sparameters decrease considerably for all of the
receiver ports. At 1.835Hz the portsPs, Ps, Pe and Ps present changes in these

parameters.
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P2: For 285MHz the values change for all of receiver ports. At M3z, only the ports
Ps and Pspresent values similar to the dry sand. Bysarameters increase in value
for all of receiver ports at 1.6Hz

P3: For the receiver poRi1 at 285MHz, the Sparameter is decrease. At 9¥biz, theS
parameters increase for all of ports, exceptFfor At 1.5GHz is observed that the
behavior in all of ports is similar with respect to dry sand, but with its values
increased.

P4 At 285 MHz and 515MHz, the graphics patterns change considerably. AGHZ

the observation is the same given for transmitter fPort

4.3.1.4.3Dry Sand vs Saturated leve L

P1: The magnitudes for S-parameters at 285 MHZ decrease with respect to dry sand,
keeping a similar behavior of dry sand. At 915z the opposite ports to transmitter
port keep their values close to those obtained for dry sand. The other ones change
considerably. At 1.%5Hz port Psundergoes a change of energy and the other ones
keep a behavior similar of dry sand.

P2: PortsPsat 285MHz andP1, PsandPesat 515MHz, show changes in its behavior. At
1.5GHz only the port$zandPr decrease its magnitude.

P3: In all of frequencies, significant changes were observed as regards to their magnitude
and behavior. For 28BIHz the S-parameters are decreased while atNB#iz and

1.5GHzare increased.
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P4: PortsP1, Psand Pz at 285MHz, Pz and Psat 515MHz, andP2at 1.5GHz keep a

behavior similar to dry sand, but increasing its magnitude.

4.3.1.4.4 Dry Sand vs Saturated levej L

P1: TheSparameter at 286IHz and 515MHz are reduced and at 1GHzare increased,
without present similarity in the behavior.

P2: The observation obtained is the same th&uin

P3: The observation obtained is the same th&uin

P4: For the three frequencies the S-parameters keep a similar behavior as the other ports,
but theSparameters at 288IHz are increasing and at 5MHz and 1.5GHz are

decreasing.

The analysis of S-parameters for varying degrees of soil saturation level does not give
clear results on the behavior electromagnetic, because the contrast of the soil electrical
properties produces multiple reflections on the receptor ports at the three frequencies of

operation.

4.3.2 Simulations with DNAPL

The effect of DNAPL such as PCE in the EM behavior in the tank, are evaluated by
placing different geometries of EM properties represents DNAPL in the tank. The evaluation

was conducted in dry and saturated sand at M8&, 515 MHz and 1.5GHz These
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geometries are placed between the pé&sPs, Pz and Ps, and represent the possible

spreading of the DNAPL.

4.3.2.1 Dry sand with DNAPL

4.3.2.1.1DNAPL1

Figure 4-14 is presents the E-field propagation into the dry sand with the first
contaminant geometry (DNAPL1), having dimensions of @@y 0.03cm of length and
height and width of 0.018m This shape represents a small amount of the DNAPL into the

soil.

DNAPL1

E Field[¥/n]

82 cn

) L5 GiHe

Figure 4.14: E-field distribution in dry sand with DNAPL1 from &) 285 MHz,
b) 515 MHz and d) 1.5 GHz
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In this case, the E-field distribution does not change when the incident wave travels from

a medium to other one (dry sand to DNAPL1 and DNAPL1 to dry sand), due to the

similarities in the dielectric constants for both media.

Tables 4-20, 4-21 and 4-22 present 8ygarameters when is included DNAPL1 on dry

sand at analysis frequencies.

Table 4.20: S-parameters for dry sand at 285 MHz with DNAPL1

Port
1 2 3 4 5 6 7 8

EPort

1 137 | 817 | -o18 ! 121 | 832 | -864 !

2 -102 118 | 565 105 | 996 -986 103 -926

3 -45.1 -31.6 -11 -35.2 -39.1 -44.6 -93.1 -82.2

4 787 104 | 93| 114| 671 121 882 117

5 344 | 357 | 392 | 833 | 112 81 454 | 583

6 3458 409 | 447 | 379| =48] 113 e8] 78.9

7 852 | -441 -40 749 | 447 | 767 | -109 | -337

8 -84.8 655 | 719 | -331| 9023] 887 911 105

*Blue cells are values out of dynamic range

Table 4.21: S-parameters for dry sand at 515 MHz with DNAPL1

Port
1 2 3 4 5 6 7 8
EPort

1 -10.7 -33.6 -39.4 -42.9 -32.2 -69.8 -37.6 -50.6

2 -35.9 -12.3 -95.2 -85 -88.2 -39.5 -35.3 -40.4
3 -42 -36.2 -11.8 -35.7 -40.2 -34.9 -39.9 -40.9

4 -75.4 -72.9 -66.5 -12 -82.8 713 -70.2 -104
5 -35.5 -41.2 -40.3 -48.9 -11.9 -35.6 -42.2 -45.2

6 -40.5 -88.6 -80.8 -39.8 -35.3 -11.5 -35.4 -89.3
7 -38.5 -33.5 -38.6 -88.6 -73 -34 -10.8 -79.7

8 -93.6 -38.3 -37.7 -80.1 -75.7 -40.4 -76.§ -10.8
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Table 4.22: S-parameters for dry sand at 1.5 GHz with DNAPL1

Port
1 2 3 4 5 6 7 8

EPort

1 -11.4 -83.8 -88 -47.1 -80 -78.6 -33.6 -40.6

2 -78.4 -11.4 -72.1 -51.2 -31.2 -30.8 -79.2 -32.6

3 -77 -10.3 -10.7 -107 -108 721 -62.6 -61.1

4 -93.2 -95.5 -79 -11.2 -78.4 -116 -122

5 -62.9 -63.2 97.9 835 -115 -71.9 -116 -785

6 -84.2 -31.4 -36.7 -34 -37 -12 777 -51.3

7 -109 -104 -66.7 -109 -82.9 -70 -11 -74

8 -91.1 -33 31 -97.7 -48 -49.5 -36.8 -11.7

*Blue cells are values out of dynamic range

The analysis of the S-parameters at the three frequencies of the operation is show in the

section 4.3.1.4 comparing the S-parameters for dry sand without and with DNAPL.

4.3.2.1.2DNAPL2

A second contaminant geometry (DNAPL2) in introduced into the dry sand. This
geometry is composed by two rectangles with dimensionsddl®/ 0.04cm of length and
height and width of 0.018m The geometry represents a vertical and horizontal spreading of
the contaminant. Figure 4-1% presented the E-field propagation into the dndsaith the

DNAPL2. As the previous case, the E-field distribution does not change at any frequency.
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Figure 4.15: E-field distribution in dry sand with DNAPL2 from &) 285 MHz,
b) 515 MHz and d) 1.5 GHz

In Table 4-23, Table 4-24 and Table 4-25, are presentedfiaameters when

DNAPL2 is included into the dry sand at the analysis frequencies.
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Table 4.23: S-parameters for dry sand at\N28z with DNAPL2

Port
1 2 3 4 5 6 7 8
EPort

1 -10.5 -32.7 -94 -68.5 -64.1 -31.3 -36.5 -34.7

2 -78.9 -12 -120 -97.6 -123 -82.2 -85 -122

3 -84.5 -75.6 -11.4 -108 -115 93.1
T- -95.9 -108 -11.7 -78.8 -110 -117

5 -75.2 -33.7 -38.1 924 -11.8 -90.7 -66.4 -39.3

6 -65.6 -35.3 -37.9 -38 -34.8 -11.2 -33.3 -58.1

7 -70.5 -109 -103 -66 -66 -11.6 -66.8

8 -75.4 -77.4 -116 -114 -78.3 -110 -12

*Blue cells are values out of dynamic range

Table 4.24: S-parameters for dry sand atNsiz with DNAPL2

Port
1 2 3 4 5 6 7 8

EPort

1 155 79 437 | 941 | 331 | 347 | -106 | -445

2 38.6 126 37.2 965 85.2 42.2 36d 375

3 1110 382 | 131 | 928 | -105 | -87.7 | -104 | 111

4 433 43.4 -38.3 123 44.6 37.4 344 332

5 316 335 | 362 | 432 | 113 | 365 | 419 | 728

6 338 83.4 353 36 37 112 355 887

7 37.1 359 | -425 | 339 | 433 | 363 | -119 | 855

8 84.8 80.2 112 815 041 - 774 | 127

*Blue cells are values out of dynamic range

Table 4.25: S-parameters for dry sandsaGHz with DNAPL2

Port
1 2 3 4 5 6 7 8
EPort
1 -12.1 -78 -89.3 -86.7 -102 711 71 -87.1
2 -124 -11.6 - 91.7 -79.2 -116 -85.3 -80.4
3 -48 -80.1 -12.4 -37.5 -34.5 -36.3 72,9 -31.9
4 -102 -96.2 -87.8 -13.4 - -89.6 95.6 -90.2
5 738 722 | 114 | 781 12 748 | 845 -
6 -30.6 -30.7 -66.8 -32.9 -36.9 111 -36.3 50
7 34 -36.1 -31.9 -31.9 -98.9 -38.1 -12.3 -37.9
8 -41.2 -34.6 315 -31.8 -49.2 -50.9 -86.3 -12.3

*Blue cells are values out of dynamic range
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4.3.2.1.3DNAPL3

A third geometry (DNAPL3) is included into the dry sand, as shown in Figure 4-16. This
contains two rectangles and one cylinder, the dimensions for the rectangle are the same as the
previous case, and the cylinder is placed vertically with 0ddOdf radius and 0.08m of
height.

Change in the E-field distribution when are not observed, due to the little contrast

between the dielectric constants of the media.
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In Table 4-26, Table 4-27 and Table 4-&& shown the data obtained when DNAPL3

into the dry sand is included.

Table 4.26: S-parameters for dry sand at 283 With DNAPL3

Port
1 2 3 4 5 6 7 8

EPort

1 -12.1 -35.6 -63.3 -40.3 -33.4 -76.7 -39.2 -89.2

2 -121 -13.1 m -96.2 -99.4 -88.6

3 -94.9 -33.3 -11.1 -34.3 -38 -88.5 -35.5 -33.2

4 -68.4 -60.3 -75 -10.5 -35.3 -73.9 -65.3 -31.8

5 -30.7 -60.4 -66.8 -34.9 -10.2 67.3 -84.3 79.4

6 -33 -35.2 -93.9 375 -33.5 -10.9 -76. -58.2

7 -85.2 -38.5 -35.9 -34 -61.6 -33.7 -11.6 -75.1

8 -73.6 -77.8 -33.2 -32.6 -38.8 -61.9 -70.3 -11.2

*Blue cells are values out of dynamic range

Table 4.27: S-parameters for dry sand at 5#% With DNAPL3

Port
1 2 3 4 5 6 7 8

EPort

1 -11.7 -65.2 -74.7 -113 -106 -70.7 -112 -111

2 -35.7 -10.9 -34.4 -41.6 -32.7 -40.2 -72.2 -35.1

3 -41.7 -79.2 -11 -36.6 -35.8 -34.3 -75.4 67.1

4 -44 -34.3 -37.3 -11.9 -32.5 -37.7 -42.7 -42.9

5 -44.2 -43 -38.4 -43.3 -12.4 -37.1 77.2 -33.3

6 -87.3 -41.9 -36.5 -90.9 -38.2 -12.2 -36.§ -43.1

7 731 724 -78 -70.6 717 -12.7

8 -126 -80.4 -112 -113 - -85.8 -82.4 -12.1

*Blue cells are values out of dynamic range
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Table 4.28: S-parameters for dry sand at H5W@th DNAPL3

RPort
1 2 3 4 5 6 7 8
EPort

1 -11.5 -79 -118 -90.8 -76.1 -77.6 747 | 912

2 -63.6 -11.1 -36.5 -81.1 -30.5 -84.8 -69.1 -64.4
3 -88.4 -38.7 -12.5 -38 -85 -36.7 -32 -78

4 -85.8 -50.2 -79.3 -11.7 -86 -84.8 31 -31.2
5 -32.3 -65.5 -78.6 -40.4 -11.5 -37 477 | -89.3

6 -30.9 -31.1 -36.2 -76.8 -36.8 -11.3 -37.% -86.4
7 -33.8 -36.6 -31.3 -79.8 -49.8 -38.3 -12 -37.2

8 -39.8 -33.1 -30.5 -31.2 -48 -50.6 -36.5 -11.4

The analysis of the S-parameters at the three frequencies of the operation is show in the

section 4.3.1.4 comparing the S-parameters for dry sand without and with DNAPL.

4.3.2.1.A/DNAPL4

A fourth geometry is included for the analysis; it contains a rectangle with dimensions
0.2cmby 0.03cmof length by height and width of 0.081 This represents a horizontal
spreading within the medium. Figure 4-17 shows that this distribution does not result in
significant change when the incident wave travels from dry sand to DNAPL and from

DNAPL to dry sand, due to little contrast between the electrical properties of the media.

81



DNAPL3

E Fialdlv/m]

5. 0Eke-002
1.1 Se 00l
5. 4B2Terlil
1

2. 58040 «B00
B TeITe-001

2. 50526001 i
7.5257c-002 \ /

E Field[¥/n]

wosamesmaz | P

. 1479402 -
3.uz3zesnns | R
9. 9357e000 ( B

FRC L
. 3707e<p01
2.42%e-001
7.0514e-002

2.20790-002 N’ 2,0908c-002
6. 4TThe-003 5. MW se-0uy
1.9003-00 1 724ze-N
5. 57500004 500430004
1. BESRR-00Y 1. 45252004 82cm
. 79850005 , Zatbe -5
L.4078e-008 1. 22360005
+ 100-006 3.5518¢-006
1. 211706 1. 0308008
i

E Flend[v/m]

¥ 5288e 0 | 7
l 1. 18 Re e

§ B355e it

1. 209 e wdL

| L SaTRe

10rte-00 | [
320720001

g

A 4

Figure 4.17: E-field distribution in dry sand with DNAPL4 from &) 285 MHz,
b) 515 MHz and d) 1.5 GHz

Tables 4-29, 4-30 and 4-31 show the data obtained when is introduced the DNAPL4 into

the dry sand.
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Table 4.29: S-parameters for dry sand at 283 With DNAPL4

RPort
1 2 3 4 5 6 7 8
EPort
1 -11.2 -35.1 -86.1 -105 -345 -35.6 -38.9 -43.1
2 -66.8 -11.7 -102 -75 -65.3 -107 -106 67
3 -101 -58.4 -11.8 -113 -66.5 -107 -106 -63.5
4 -110 972 (D400 143 | -o51 [EM4BN| 86 -85.3
5 -101 -66.7 -117 -115 -12 -68.7 -79.8 -85.1
6 -35.6 91.8 91.2 -38 -67.8 -11 311 -114
7 72 -78.4 -116 -99.7 -78.4 -106 -12 -114
8 -113 -116 -61.5 -61.1 -81.5 -75.3 -108 -11.8
*Blue cells are values out of dynamic range
Table 4.30: S-parameters for dry sand at 5#2 With DNAPL4
RPort
1 2 3 4 5 6 7 8
EPort
1 -11.4 -63.2 97.1 -73.2 -63.6 -69.9 -67.8 775
2 -35.7 -11.9 -94.7 -42.2 -40.8 -38.9 -34.7 -40.3
3 -73.8 71 -11.7 -62.3 -111 -66.5 -74.2 -102
4 -44.2 -41.5 -34.7 111 -49 -39.3 -39.7 -34.6
6 725 -37.7 -33.4 -81.9 -33.6 -10.8 -68.6 -40.4
7 -38.6 -34.1 -75.5 -39 -41 923 -11.3 -34.2
8 918 -112 -122 -68.2 -79.6 -75. -12.4
*Blue cells are values out of dynamic range
Table 4.31: S-parameters for dry sand at 282 With DNAPL4
RPort
1 2 3 4 5 6 7 8
EPort
1 -12.8 -87.6 -95 -90
-70.4 -10.8 63.1 -76.6 -63.1 -62.1 -111 -62.2
3 -49.4 -38.9 -12.7 -38.1 -35.5 -375 321 -32.4
4 -79.3 -110 -67.7 -11.3 -114 -109 -99.3] -65.9
5 -70.5 -69.5 -70.6 -116 -11.2 -74.2 -87.8 -121
6 -30.7 -82.3 -37.3 -65.3 -35.3 -10.9 -36.3 -A7.7
7 -70.6 -36.7 -71.6 -30.4 -81.6 -80 -11.1 -80.6
8 -124 -72.6 -104 -71.4 -89.1 -124 -80.8 -115

*Blue cells are values out of dynamic range



4.3.2.2Analysis of S-parameters in dry sand without and with DNAPL

In this section shows the analysis of the EM tank when the contaminant is introduced into
the dry sand. This analysis was done by comparin@{herameters of the reference results
for dry sand, with theSparameters obtained of the contaminant with the contaminated
medium (described as consolidated parameters). The consoli@g@@ameters are the
average of th&parameters for the 4 DNAPL geometries. This ensures that the system can
detect contaminant regardless the position of them, also there are minor changes because the
area of different the 4 DNAPL geometries is small. The comparison for dry sand, with and
without contaminant is shown graphically in Figures 4-18, 4-19 and 4-20, for the transmitter

portsP1, P2, PzandP4at the analysis frequencies.

Figure 4-18, shows few changes of energy atM8& when the contaminant is included
within the EM tank. When the signal is transmitted Payyand P2, there are significant
changes of energy on some receiver portsPf@andPsdue toP1and forP1andP3due toPa.
These changes do not ensure presence of the DNAPL, because of they could be generated by
using different parameters for the simulation. It is observed that when the signal is
transmitted byPs and P4, the Sparameters for almost all the receiver ports undergo more

significant changes, because the contaminant is placed in front of the transmitter ports.
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Figure 4.18: Comparison of S-parameters obtain in dry sand with average DNAPL
at 289MIHz for a) Transmitter  b) Transmitter | ¢) Transmitter g
and d) Transmitter P

When the signal is transmitted at 3¥5iz (Figure 4.18)there are more changes in e
parameters for the receiver ports in comparison with those obtained EtH285When the
port Priis the transmitter, only the energy for the receiver porincreases its magnitude.
Increments of energy on ti&sandPrs are also for . When the signal is transmitted by
Pt3, all of Sparameters for all of receiver ports are increased. We can say that this change is
due to the presence of the DNAPL. Finally, for Bteare only observed changes ferzand

Prs.

In general, th&Sparameters values for all of receiver ports are near ofiB4due toPts

andPts, since the 4 DNAPL geometries are opposite.

85



— R
3 g 15
2 v 30
2 & a5
o o
£ ' ® Dry Sand £ -60 m Dry Sand
2 2 75
& 100 B DNAPL 2 i mDNAPL
Wl vy
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Ports Ports
a) Transmitter port P b) Transmitter port P
0 - 0 g ‘ ‘
8 25 g 15 ]
> » 30 —
:':' -50 - :':' a5 -
£ 23 4 ® Dry Sand £ 60 ® Dry Sand
s -100 s 75
& 125 m DNAPL & o m DNAPL
vy wy
12 3 4 5 6 7 8 12 3 4 5 6 7 8
Ports Ports
c¢) Transmitter port £ d) Transmitter port P
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and d) Transmitter P

At 1.5 GHz (Figure 4.20), larger changes Byparameters were observed for all of
receiver ports, compared with the obtained at frequencie$/285and 515MHz due to the
wavelength at 1.5 GHz is smaller.

Small changes of energy are observedHar With Pt and Pt3, the magnitude fo6-
parameters in all of receiver ports is increased. This is due to the close of the DNAPL at

these ports. These magnitudes of the S-parameters change are produced by the reflection of

the contaminant. Lastly, when the transmitter poRtisthe portsPrsandPrsdo not undergo

changes in S-parameters.
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The detection of the contaminant inside the EM tank in dry sand is possible for specific
ports, depending of the depth of the transmitter port at 285 and 515 MHz (Figures 4.18 and

4.19). For 1.5 GHz, the detection of the contaminant is clearer due to the small wavelength

(Figure 4.20).

4.3.2.3 Saturated Sandith DNAPL

4.3.2.3.1DNAPL1

Figure 4-21shows the E-field distribution of the saturated samgresence of the first
contaminant geometry (DNAPL1). For the three frequencies, when the signal travels from

wet sand to DNAPL (from a denser to a less dense medium) an energy concentration is
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observed into the DNAPL. This energy concentration does not affect the E-filed distribution
of the saturated sand when the wave travels from DNAPL to saturated sand. This is possibly

due to the small DNAPL size.
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Figure 4.21: E-field distribution in saturated sand with DNAPL1 frgna}P285 MHz,
b) 515 MHz and d) 1.5 GHz

Tables 4-32, 4-33 and 4-3#ow the data obtained when the DNAPLL1 is introduced

the wet sand.
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Table 4.32: S-parameters for saturated sand at 285Mth DNAPL1

Port
1 2 3 4 5 6 7 8

EPort

1 -11.6 -37.6 -80.8 -98.2 71 -45.8 -80.9 -76.4

2 -115 -11.9 -121 -83.8 -84.5 -77.8 -116 -86.7

3 -89.2 775 -12

4 -103 93

5 885 95

6 -94.9 -87.3

7 -119 -79.7 -117

8 -87.7 -93.4 92.8

*Blue cells are values out of dynamic range

Table 4.33: S-parameters for saturated sand at H5Mih DNAPL1

Port
1 2 3 4 5 6 7 8

EPort

1 -11 -73.3 -82.7 -95.1 -70.2 -113 -103 -110

2 -70.2 -10.9 -37.4 -49.6 -41.6 -46.9 -83.2 -36

3 -95.5 -38.9 -11.8 -86.2 -38.1 -46.8 -93.7 -41.9

4 63 -50.6 -40.3 -11.7 52.7 -37.4 -41.4 -78.6

5 -92.6 -41.4 -38.3 -101 -12.5 -41.7 51 -69.1

6 -93.6 -44.6 -87.1 -38.2 -40.6 12 77 -49.6

7 -38.4 -43.1 -41.6 -85.2 -49 -38.2 -11.8 -80.2

8 -98.3 -37.2 -77.4 37.7 -67.1 -93.4 -40.1 -11.6

Table 4.34: S-parameters for saturated sand atHz@h DNAPL1

Port
1 2 3 4 5 6 7 8

EPort

1 745 | 109 | 801 | 832 | -645 65 663 | -111

2 382 | 544 | 401 456 | 317 242 -26.1 623

3 96 979 | 679 | 768 | 871 | 746 | 746 | 763

4 445 | -49.9 33 549 | -334| 406 -30.2 226

5 721 | -109 | -103 -94 112 | 796 -ﬂ

6 326 | 324 | =373 352 | 382 128 -38. 50.4

7 944 | 941 | 604 | 986 | 752 | 632 11 68.8

8 -74.9 -70.4 -68.2 -96.4 -87.8 -91 -75.9 -7.6

*Blue cells are values out of dynamic range
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The analysis of the S-parameters at the three frequencies of the operation is show in the

section 4.3.1.4 comparing the S-parameters for saturated sand without and with DNAPL.

4.3.2.3.2DNAPL2

In this case, there are some changes in the E-field distribution (Figure 4-22), when the
wave incident into the DNAPL and when the wave goes out of the contaminant. This is due

to the contrast of the electrical properties of the media.
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As the previous case, there is energy concentration into the DNAPL although lower.

When the wave travels from DNAPL to saturated sand, loss of energy is observed for the E-

field in saturated sand. These changes are more notable<G444.5

Tables 4-35, 4-36 and 4-37 show the data obtained when DNAPL2 into the wet sand is

introduced.

Table 4.35: S-parameters for saturated sand at 285with DNAPL2

\Q
1 2 3 4 5 6 7 8
EPort
1 -11.3 -70.7 -46 52.6 -36.6 -37.3 -89.5 -45.6
2 -38.9 -13 -39.7 -50.4 -40.3 -41.4 -42.4 -50.2
3 = -79.2 -12 -83 -100 -123 -121 -86.1
4 -97.5 -117 -95.1 -84.4 -121
5 -38.7 -39.8 -96.3 -89 -48.8 -56.6
6 -96 -107 -109 -115 -101 -121
7 -114 -98.8 -100 -98.5 -161 -95 -14 -93.5
8 776 -112 -69.3 67.2 -86.3 -104 -99.9 -115

*Blue cells are values out of dynamic range

Table 4.36: S-parameters for saturated sand at $15wWith DNAPL2

\%

1 2 3 4 5 6 7 8
EPort

1 -11.7 -40 -51.8 -103 -36.3 -48.2 -37.7 -44

2 -40 -11.9 -84.6 -47 -90 -40.9 -41 -90.9

3 -50.9 -36.6 -11 72 -84.9 -37.8 -42.7 -42.1
Tl- -101 -91.6 -11.2 - 97 -131 -26

5 79.1 411 -49.5 -44.3 -11.1 -77.3 52.1 51.7

6 -106 -41.2 -39.7 -41.9 -39.9 -12.5 90.3 475

7 -38.5 411 -49.5 -44.3 54.1 -37.9 -12.4 918

8 -96.2 -41.7 -44 -35.3 53.9 -47.8 -40.7 -12.8

*Blue cells are values out of dynamic range
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Table 4.37: S-parameters for saturated sand atHz5nh DNAPL2

Port
1 2 3 4 5 6 7 8

EPort

1 -5.31 -35.2 -57.8 -82.4 -21.8 -28.6 777 -35.5

2 -36.6 -5.65 -36.4 -42.7 375 744 -26.9 -32.8

3 -44.6 -36.3 -5.51 -33.2 -32.1 -63.6 -31.2 -73

4 -95.5 -44.7 -83.6 -5.62 92.4 -42 4 -43.2 22.1

5 -22 -36.7 -33.4 -37.1 -5.26 -38.4 -78.5 -43.2

6 -30.1 -23.4 -23.6 -43.3 -37.7 -5.69 -89.7 -90.5

7 -36.8 -26.3 -30.5 -41.1 -42.5 -39.1 -5.49 -63.6

8 -92.3 -32.8 -36 -79.2 -44 -44.6 -29.5 -5.49

*Blue cells are values out of dynamic range

The analysis of the S-parameters at the three frequencies of the operation is show in the

section 4.3.1.4 comparing the S-parameters for saturated sand without and with DNAPL

4.3.2.3.3DNAPL3.

The E-field distribution for this experiment is shown in Figure 4-23. In this case, the
effects produced when the wave travels from a medium to other one are similar to the
previous case. The addition of the cylinder into the DNAPL2 configuration does not present

significant changes in the E-field distribution.
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Figure 4.23: E-field distribution in saturated sand with DNAPL3 frgna}P285 MHz,

Tables 4-38, 4-39 and 4-4how the data obtained when DNAPL3 into the wet sand

introduced.
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Table 4.38: S-parameters for saturated sand at 285Mth DNAPL3

RPort
1 2 3 4
EPort

1 -87 -101 -109

2 - -125 - 92.7

3 -78.5 -37.1 -11.4 -36.4

4 -120 -114 -107 -14.2

5 -48 -12.9 -39.2 -49.3 -55

6 -82.5 -69.4 -11.9 -71.4 -111

7 -85.2 -94.6 -86.7 -12.2 -121
-90.1 -106 -99.2 -90.2 -14

*Blue cells are values out of dynamic range

Table 4.39: S-parameters for saturated sand at H15MWh DNAPL3

RPort
1 2 3 4 5 6 7 8
EPort
1 -12.8 -41.8 -50.3 -70.6 -89.6 -47.1 -37.9 -44.3
2 -40.8 -11.8 -38.7 -48.9 -86.2 -43.1 -39.2 -38.6
3 -95.4 -39.2 -12.8 -40.1 -37.5 -39.7 -108 -45.9
4 -104 -44.4 -88.5 -12.2 -37.7 -40.8 -96. -57.8
5 -44.1 -92.6 -82.3 -70.1 -12.1 -39.1 -46.1 -80.2
6 -46.3 -42.6 -75.4 -38.8 -395 -115 -39.4 -49.7
7 -37.5 -89.2 -56.2 -46.3 -96.7 -82.2 -12.3 -88.3
8 -96.5 92.1 -101 -88.2 -109 -102 914 -12.8

*Blue cells are values out of dynamic range

Table 4.40: S-parameters for saturated sand atHz@h DNAPL3

Port
1 2 3 4 5 6 7 8
EPor

1 -5.27 -46.3 -43.9 -101 -23.4 355 -35.7 -44.9

2 -82.2 5.18 -31.8 -78.4 -32.2 -25.4 -25. -34.8
3 -42.4 -32.3 -5.49 -79.3 -35.7 231 -48.2 -34.6

4 -50.3 -44.1 -34.5 5.26 -35.9 -43.5 -31. -24.4
5 235 -31.3 81.2 355 5.4 -40.1 -44.8 -39.7

6 -34.1 -68.5 22.6 -44.6 -85.5 -5.29 -35.1 -33.7
7 -71.8 -61.7 -119 -109 -119 -73.2 -7.03 -72.3

8 -78.6 -101 -98.3 -54.7 -102 -65.5 -63 -7.15

*Blue cells are values out of dynamic range
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The analysis of the S-parameters at the three frequencies of the operation is show in the

section 4.3.1.4 comparing the S-parameters for saturated sand without and with DNAPL

4.3.2.3.4 DNAPL4

For this experiment, the effects in the E-field distribution for saturated sand are the same
as the previous case (Figure 4-24), although is observed an E-field distribution clearer into

the DNAPL4 due to its geometry.
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Figure 4.24: E-field distribution in saturated sand with DNAPL4 frgnma}P285 MHz,
b) 515 MHz and d) 1.5 GHz
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Tables 4-41, 4-42 and 4-43 show the data obtained when is introduced the DNAPL4 into

the wet sand.

Table 4.41: S-parameters for saturated sand at 285Wth DNAPL4

Port
1 2 3 4 5 6 7 8
EPort

2 914 11 -104 -103 -99.2 -66.5 111 109
3 -83.3 -36.6 -11.3 -37.6 -103 835 | -69.5 | -75.4

4 70.2 -48.6 -38.3 -11.6 71.4 -48.4 791 683
5 -73.2 -44.7 -48.1 -41.1 -11.6 -37.4 -48 -96.9

6 -48.7 -39.8 -108 -48.8 73.1 119 75.4 -87.7
7 -104 -105 -98.4 -102 792 | 117 | -112

8 -80.9 -87.8 -89.1 79.7 % -123 -114 -12.2

*Blue cells are values out of dynamic range

Table 4.42: S-parameters for saturated sand at $i5wWth DNAPL4

RPort
1 2 3 4 5 6 7 8
EPort
1 -11.6 -40.1 51.1 -63.8 -36.2 -39.2 -38.2 -89.6
2 -82.1 -11.8 -38.6 -53.2 -75.4 51.4 -42.1 -39.8
3 52.1 -37.6 -11.6 -40.7 -71.6 -40.9 -78.9 -41
4 91.2 -88 -81.2 -11.3 -84.2 -38.3 -77.6 -36.5
5 -39.2 -39.6 -83.6 -56.6 -12.7 -41.3 53.5 -66.4
6 -79.3 -88 -123 -81.8 -86.1 -11 -122)
7 728 -40.7 -40.5 -40.5 50.7 835 -11.3 -39.8
8 -102 -99.3 97.6 92.2 -109 -104 924 -12.8

*Blue cells are values out of dynamic range
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Table 4.43: S-parameters for saturated sand atHz@h DNAPL4

RPort
1 2 3 4 5 6 7 8
EPort

1 7.7 -68.7 -77.4 -83.6 57.3 -65.1 657 | -67.9

2 -38.8 -5.59 -40.1 -45.9 -68.4 -22.5 -26.4 -38.8
3 -42.2 -40.6 5.71 -34.8 -38.3 -29.3 728 | -66.1

4 -47.1 -73.9 -33.1 -5.49 -34.9 -33.3 -29.4 215
5 24.2 -30.9 -37.6 -79.8 5.4 -38.2 -45.9 -48

6 -82.2 22.4 -29.3 -34 -38.9 -5.23 -34.9 -56.5
7 -36.6 25.9 27.2 -27.5 915 -37.5 -5.39 -43

8 -82.1 -39.9 -32.4 212 -48.5 -58.9 -44.4 -5.54

*Blue cells are values out of dynamic range

4.3.2.4 Analysis of S-parameters in saturated sand

In this section, the analysis of the EM tank when the contaminant is contained in

saturated sand is shown. This analysis was done by comparirfgptrameters of the

reference results for saturated sand, with the consolidgtedameters within this medium.

The comparison for saturated sand, with and without contaminant, is shown graphically

in Figures 4-25, 4-26 and 4-27, for the transmitter pBrisP2, Ps and P4 at the analysis

frequencies.

Figure 4-25 shows increment of energy (around -50 dB) in all of receiver ports when the

signal is transmitted bytz, PtsandPta since these are closer to the DNAPL zone.
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When the incident wave travels from, Ehe receptor ports are affected by the presence of
contaminant (around -5 dB), principally tRes and Pr7 (around -40 dB). This is due to the

distance between thg the DNAPL, and to the localization of the DNALP in the EM tank.
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Figure 4.25: Comparison ot S-parameters obtain in saturated sand with average DNAPL
at 285 MHz for a) Transmitter f b) Transmitter i ¢) Transmitter g

and d) Transmitter £

When the signal is transmitted at 5881z (Figure 4-26), there are changes in 8e
parameters for the receiver ports when the wave is transmitted from all ports.

Mainly, the B port as receptor presents more significant change of the energy when is
transmitted from the four ports. These results are expected because the DNAPL is just in

front of these ports; therefore the wave is propagating directly.
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Figure 4.26: Comparison of S-parameters obtain in saturated sand with average DNAPL
at 515 MHz for a) Transmitter  b) Transmitter i c) Transmitter g

and d) Transmitter

At 1.5 GHz (Figure 4-27), changes of energy in all receptor ports are observed in the
presence of the DNAPL. Only in some receiver ports significant changes are observed.

For R as transmitter port, the receptor pogsaRd B show significant changes (around -
30 dB and -20 dB, respectively). Foy & transmitter port, the receptor poris B and R
show significant changes of energy (around -45 dB). Wheis Ehe transmitter port, the
receptor port Phas a change of around -60 dB, and whegrnsRhe transmitter port, the

receptor port R These changes of energy are due to the reflections produced by the DNAPL.

From the figures of E-field distribution for saturated sand with the different shape of
DNAPL show before (Figure 4.21, Figure 4.22, Figure 4.23, and Figure &pd)jameters
are expected to show more significant changes d@H2 since there was more contrast due

to the dielectric constants of the media. However, the wavelength at this frequency is small,
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therefore the changes in magnitude of the S-parameter very significant in comparison with

the S-parameters at the frequencies 285 and 515 MHz.
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Figure 4.27: Comparison of S-parameters obtain in saturated sand with average DNAPL
at 1.5 Gdzfor a) Transmitter P b) Transmitter 2 ¢) Transmitter B

and d) Transmitter P

In order, changes of energy in the transmitter ports when the wave is reflected from the
medium were no observed. These changes were observed comparing the S-parameters of dry
sand without and with DNAPL and the S-parameters of saturated sand without and with
DNAPL.

Also, the detection of the contaminant with different electrical properties of the media

and positions of the transmitter port was achieved at the frequencies of operation.
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4.4 Electromagnetic Model Using XFDTD

To corroborate the results obtained in the HFSS simulator, when different contaminant
geometries are included in the dry and saturated sand, an electromagnetic model in the
XFDTD simulator was implemented. In these simulations, the EM tank was simulated with
dry and saturated sand in order to obtain the reference results. Two different shapes for the
DNAPL (DNAPL1 and DNAPL?2) into these media were also simulated. The analysis made

for these simulations was done in the same manner as the one realized for HFSS simulator.

4.4.1 Dry Sand

This section presents tH&parameters for simulations of dry sand without and with
contaminant, at the three analysis frequencies and its analysis. The E-field propagation in it
simulator, is considered similar to the E-field propagation shows in HFSS. Tables 4-44, 4-45
and 4-46, show the S-parameters obtained for dry sand without DNAPL using XFDTD

simulator at the frequencies of operation.
The convergence in the XFDTD simulator is determined dissipating the electromagnetic

energy to zero. Due to numerical noise in the calculation, the values are diminished by at

least 30 dB or 1/1000from the peak values [31].
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Table 4.44: S-parameters of dry sand av285with XFDTD

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.25 -18.82 -25.43 -20.82 -10.62 | -11.88 | -17.59 | -18.51
2 -18.82 -2.83 -11.46 -25.04 -11.89 2925  -21.73  -18.46
3 -25.43 -11.46 -2.86 -19.09 -17.6 -21.73 | -26.37 | -12.3
4 -20.82 -25.03 -19.08 -3.06 -18.51 -18.44  -12.29  -10.63
5 -10.62 -11.88 -17.59 -18.51 -3.25 -18.82 | -25.43 | -20.82
6 -11.89 -29.25 -21.73 -18.46 -18.87 2.8 -11.46  -25.04
7 -17.6 -21.73 -26.37 -12.3 2543 | -11.46 | -2.86 | -19.08
8 -18.51 -18.44 -12.29 -10.63 -20.87 2503 -19.08  -3.07

Table 4.45: S-parameters of dry sand at@Hz with XFDTD

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.52 -11.89 | -1841 | -1859 | -15.07 | -18.43 | -19.68 | -15.91
2 -11.9 -3.92 -22.42 -17.92 -18.42 -16.51  -13.65  -19.9
3 -18.4 -22.42 -3.89 -11.92 | -19.67 | -13.65 | -15.88 | -18.89
4 -18.59 -17.92 -11.93 -3.74 -15.91 -19.9 -18p  -15.06
5 -15.07 | -1843 | -1967 | -15.91 -3.52 -11.89 | -18.41 | -18.59
6 -18.42 -16.51 -13.65 -19.9 -11.9 -3.91 2242  -17.92
7 -19.67 | -13.65 | -15.88 | -18.89 -18.4 2242 | -3.89 | -11.92
8 -15.91 -19.9 -18.9 -15.07 -18.59 -179p  -1193  -3.74

Table 4.46: S-parameters of dry sand at@Hzwith XFDTD

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.71 2991 | -2053 | -20.86 | -21.78 | -22.97 | -1529 [ -29
2 -29.56 -3.86 21.3 -21.33 -23.08 -19.4 29.33  -16.12
3 -20.52 -21.3 -3.92 -29.4 -15.29 | -29.33 | -20.65 | -23.96
4 -20.87 -21.37 -29.88 -3.4 -29.9 -16.18  -23p  -26.29
5 21.78 | -2297 | -15.29 -29 -3.7 -29.58 | -20.53 | -20.86
6 -23.08 -19.5 -31.33 -16.12 -29.56 -3.8 213  21.33
7 -15.28 | -29.33 | -20.65 | -23.97 | -2052 | -21.3 | -3.92 | -29.4
8 -29.01 -16.13 -23.9 -26.3 2087  -21.37 -29.88  -34

102



The analyses of the S-parameters in dry sand without contaminant at the frequencies of

operation are made comparison the consolidated S-parameters in dry sand with of the two

DNAPL geometries (sections 4.4.1.1 and 4.4.1.2).

4.4.1.1 Dry Sand with DNAPL1

Tables 4.47, 4.48 and 4.49 present $qmrameters when DNAPL1 is included on dry

sand at analysis frequencies. This geometry has dimensions an®60.03cm of length

and height and width of 0.018n, respectively.

Table 4.47: S-parameters of dry sand with DNAPL1 avt85

RPort
1 2 3 4 5 6 7 8
EPort

1 -3.25 -18.8 -25.4 -20.81 -10.63 | -11.88 | -17.57 | -18.49

2 -18.81 -2.83 -11.45 -25.04 -11.88 2922 -21.73  -18.46
3 -25.39 -11.45 -2.86 -19.07 -17.59 | -21.74 | -26.37 | -12.29

4 -20.82 -25.04 -19.05 -3.07 -18.5 -18.4p  -12.28  -10.62
5 -10.63 -11.88 -17.57 -18.5 -3.25 -18.8 | -25.39 | -20.8

6 -11.89 -29.22 21.74 -18.45 -18.87 -2.83 -11.45  -25.03
7 -17.59 -21.73 -26.37 -12.29 2537 | -11.45 | -2.86 [ -19.05

8 -18.5 -18.44 -12.29 -10.62 -20.8 25.04  -19.03  -3.07
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Table 4.48: S-parameters in dry sand with DNAPL1 a5

RPort
1 2 3 4 5 6 7 8
EPort

1 -3.51 -11.88 -18.4 -18.62 | -15.08 | -18.37 | -19.62 | -15.95

2 -11.87 -3.9 -22.41 -17.94 -18.38 -16.1 -13.43  -19.84
3 -18.42 -22.41 -3.86 -11.92 -19.64 -13.65 | -15.84 | -18.91

4 -18.62 -17.92 -11.92 -3.73 -15.91 -19.91 -18)8  -15.07
5 -15.08 -18.35 -19.66 -15.91 -3.514 -11.9 -18.41 | -18.62

6 -18.4 -16.48 -13.64 -19.88 -11.89 -3.9 -22.38 -17.93
7 -19.6 -13.63 -15.84 -18.83 -18.43 -22.28 -3.87 -11.9

8 -15.95 -19.87 -18.87 -15.07 -18.62 -17.9 -119 -3.72

Table 4.49 : S-parameters in dry sand with DNAPL15s6GHz
RPort
1 2 3 4 5 6 7 8
EPort

1 -3.7 -34.29 -20.51 -20.84 -21.9 -23.22 -15.31 | -29.17

2 -34.25 -3.86 -21.14 -21.3 -23.34 -19.30 -31.%3 -16.11
3 -20.5 -21.14 -3.9 -42.98 -15.32 -30.97 -20.56 | -23.88

4 -20.85 -21.34 -43.41 -3.4 -29.3 -16.1P -23.83 -26.15
5 -21.9 -23.23 -15.32 -29.29 -3.72 -32.84 | -20.45 | -20.94

6 -23.3 -19.39 -30.96 -16.17 -32.84 -3.9 -21.17 -21.3
7 -15.31 -31.52 -20.56 -23.9 -20.44 -21.16 -3.92 -42.5

8 -29.18 -16.12 23.82 -26.15 -20.95 -21.33 -42.85 -3.4

4.4.1.2 Dry Sand with DNAPL2

A second contaminant geometry (DNAPL2) in introduced into the dry sand. This

geometry is composed by two rectangles with dimensionsddl®/ 0.04cm of length and

height and width of 0.01&m, respectively. Table 4.50, 4.51 and 4.52 presentShe

parameters when DNAPL2 is included on dry sand at 285 MHz, 515 MHz and 1.5 GHz.
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Table 4.50: S-parameters in dry sand with DNAPL2 atvi85

RPort
1 2 3 4 5 6 7 8
EPort

1 -3.25 -18.8 2541 | -20.82 | -10.64 | -11.88 | -17.57 | -185

2 -18.81 -2.83 -11.45 -25.04 -11.89 2922 2173  -18.46
3 -25.39 | -11.45 -2.86 -19.07 | -1759 | -21.74 | -26.37 | -12.3

4 20.82 -25.04 -19.06 -3.07 -18.5 -18.43 1228  -10.62
5 -10.64 | -11.88 | -17.57 -18.5 -3.25 | -18.81 | -25.39 | -20.81

6 -11.89 -29.22 -21.74 -18.45 -18.8 2.88  -1145 -25.03
7 -17.59 | -21.73 | -26.37 | -1229 | -25.38 | -11.45 | -2.87 | -19.05

8 -18.5 -18.44 -12.29 -10.62 -20.81 2504  -19.03  -3.07

Table 4.51: S-parameters in dry sand with DNAPL2 ati15

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.51 -11.89 -18.4 -18.62 -15.08 | -18.37 | -19.63 | -15.95
2 -11.88 -3.9 -22.41 -17.94 -18.38| -16.49  -13.64 -19.84
3 -18.42 -22.41 -3.86 -11.92 -19.64 | -13.65 | -15.84 | -18.91
4 -18.62 -17.92 -11.92 -3.73 -15.91 -19.91 -188  -15.08
5 -15.08 -18.35 -19.66 -15.91 -3.51 -11.9 | -18.41 | -18.62
6 -18.4 -16.49 -13.65 -19.88 -11.89 -39.02  -22.38  -17.93
7 -19.61 -13.64 -15.84 -18.83 -18.43 | -22.38 | -3.88 | -11.9
8 -15.95 -19.87 -18.87 -15.08 -18.62 -17.91 1191 -3.73

Table 4.52: S-parameters in dry sand with DNAPL2 aGHZ

RPort
1 2 3 4 5 6 7 8
EPort

1 3.7 -34.29 -20.51 -20.85 2191 | 2323 | -15.31 | -29.17

2 -34.26 -3.86 -21.15 -21.31 -23.35 -19.39 3159  -16.11
3 -20.51 -21.15 -3.91 -42.98 -15.32 | -30.97 | -20.57 | -23.88

4 -20.86 -21.35 -43.42 -3.41 -29.3 -16.19  -23.84  -26.16
5 -21.9 2323 | -15.32 -29.29 -3.72 -32.85 | -20.45 | -20.95

6 -23.34 -19.39 3.1 -16.18 -32.84 3.9 2117  -21.3
7 -15.31 -31.53 | -20.57 23.9 2044 | -21.17 | -3.93 | -42.48

8 -29.18 -16.12 -23.82 -26.16 -20.995 21.34 4286  -341
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These DNAPL geometries are placed between the Part2, andP7, Ps, and represent
the possible spreading of the DNAPL. In the Tables previous, the reflected energy (reflection
coefficient) from the medium toward the transmitter port in the main diagonal is showed. The
transmitted energy (transmission coefficient) to the receptor ports is presented in the row and

column of the tables.

4.4.1.3 Analysis of S-parameters in dry sand

Figures 4.28, 4.29 and 4.30 showed the comparison between the S-parameters in dry sand
and the consolidated S-parameters of the two DNAPL geometries in dry sand.

The comparisons of S-parameters at 285 MHz (Figure 4.28) do not present significant
changes of energy, due to few contrasts of the soil electrical properties of dry sand and the
contaminant. However, wherny B transmitter port, energy changes (around -7 dB):in P

receptor port is observed, since the DNAPL is near ilpoR.
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Figure 4.28: Comparison of S-parameters in dry sand with average DNAPLMiH284r a)
Transmitter B, b) Transmitter | ¢) Transmitter i
and d) Transmitter P

At 515 MHz the detection of the contaminant does not observed. These results are
waiting, due to few contrasts that there are between soil electrical properties (Figure 4.14 and

Figure 4.15).
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and d) Transmitter P

Figure 4-30shows the comparison &parameters for the dry sand with and without
DNAPLs at the three operation frequencies. Energy changes between -2 dB and -3 dB is
observed for specific ports. Energy changes in the receptor ports coincide with energy

changes in the receptor ports in HFSS simulator in the same conditions.
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and d) Transmitter

In Figure 4.28, Figure 4.29 and Figure 4.30 energy changes in the receptor ports do not
observed when is included DNAPL in the EM tank at 285 and 515 MHz, due to few contrasts
between the soil electrical properties. Therefore the detection in XFDTD in these conditions
is not possible. For 1.5 GHz energy changes in the receptor ports is observed. These ports
coincide with some ports in HFSS when the transmitter ports ;arg,PP; and RB. The

detection at 1.5 GHz is possible in dry sand.

4.4.2 Saturated Sand

In this section are presented tBgarameters for saturated sand without and with
contaminant, at the analysis frequencies and its analysis. Tables 4-53, 4-54 and 4-55, present

the S-parameters for saturated sand at using XFDTD simulator.
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Table 4.53: S-parameters in saturated sand MR8%ith XFDTD

RPort
1 2 3 4 5 6 7 8
EPort

1 -3.25 -18.81 | -25.43 | -20.82 | -1062 | -11.88 [ -17.59 | -18.51

2 -18.82 -2.83 -11.46 -25.04 -11.89 2925  -21.73  -18.46
3 2543 | -11.46 -2.86 -19.09 -17.6 21.73 | -26.37 | -12.3

4 -20.82 -25.03 -19.08 -3.07 -18.51 -1845  -12.29  -10.63
5 -10.62 | -11.88 | -17.59 | -1851 -3.25 -18.81 | -25.43 | -20.82

6 -11.89 -29.25 -21.73 -18.46 -18.82 -2.83  -11.46 -25.04
7 -17.6 21.73 | -26.37 -12.3 2543 | -11.46 | -2.86 | -19.08

8 -18.51 -18.44 -12.29 -10.63 -20.82 2503  -19.08  -3.06

Table 4.54: S-parameters in saturated sand &B1%with XFDTD

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.52 -11.89 -18.41 -18.59 -15.07 | -18.43 | -19.67 | -15.91
2 -11.9 -3.92 -22.42 -17.92 -18.43 -16.51 -13.65  -19.9
3 -18.4 -22.42 -3.89 -11.92 -19.67 | -13.65 | -15.88 | -18.89
4 -18.59 -17.93 -11.93 -3.74 -15.91 -19.4 -18p  -15.06
5 -15.07 -18.43 -19.68 -15.91 -3.52 -11.9 -18.41 | -18.59
6 -18.42 -16.51 -13.65 -19.9 -11.9 -3.97 2242  -17.92
7 -19.67 -13.65 -15.88 -18.89 -18.4 2242 | -3.89 | -11.92
8 -15.91 -19.9 -18.89 -15.06 -18.59 1792 -11.93 -3.74

Table 4.55: S-parameters in saturated sand@HzWwith XFDTD

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.7 -3359 | -2053 | -20.86 | -21.78 | -22.97 | -15.29 | -29
2 -33.56 -3.86 21.3 -21.33 -23.08 -19.51 -31.33 -16.12
3 -20.52 -21.3 -3.92 -43.4 -15.29 | -31.33 | -20.65 | -23.97
4 -20.87 -21.37 -43.89 -3.4 -29.01 -16.183 23p  -26.29
5 2178 | -2297 | -15.28 29 -3.7 -33.29 | -20.53 | -20.86
6 -23.08 -19.5 -31.33 -16.12 -33.56 -3.8( 21B  -21.33
7 -15.3 -31.33 | -2065 | -23.96 | -2052 | -21.3 -3.91 | -43.4
8 -29.9 -16.13 -23.9 -26.29 -20.87 2137  -4388  -3.4
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4.4.2.1 Saturated sand with DNAPL1
Tables 4.56, 4.57 and 4.58 present 8yarameters when DNAPL1 is included on
saturated sand at analysis frequencies. The DNAPL geometry was described in the section

4.3.2.1.1.

Table 4.56: S-parameters in saturated sand with DNAPL1 Ett285

RPort
1 2 3 4 5 6 7 8
EPort

1 -3.25 -25.4 -18.8 -20.81 | -10.63 | -11.88 | -17.57 | -185

2 -18.81 -2.83 -11.45 -25.04 -11.84 2922 2173 -18.46
3 2539 | -11.45 -2.86 -19.07 | -17.59 | -21.74 | -26.37 | -12.3

4 -20.82 -25.05 -19.06 -3.07 -18.5 -18.42  -12.28  -10.62
5 -10.64 | -11.88 | -17.57 -18.5 325 | -18.81 | -25.39 | -20.8

6 -11.89 -29.22 -21.74 -18.45 -18.82 288  -1145 -25.03
7 -17.6 -21.73 | -26.37 | -12.29 | -25.38 | -11.45 | -2.87 | -19.05

8 -18.5 -18.44 -12.29 -10.62 -20.81 -5.04  -19.04  -3.07

Table 4.57: S-parameters in saturated sand with DNAPL1 EtHA 5

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.51 -11.89 -18.4 -18.62 | -15.08 | -18.37 | -19.63 | -15.95
2 -11.88 -39.06 -22.41 -17.94 -18.34 -1649  -13p4 -19.84
3 -18.42 | -22.41 -3.86 -11.92 | -19.64 | -13.65 | -15.84 | -18.91
4 -18.62 -17.92 -11.92 -3.73 -15.91 -19.91  -18/8  -15.08
5 -15.08 | -18.35 | -19.66 | -15.91 -3.51 -11.9 | -18.41 | -18.62
6 -18.4 -16.49 -13.65 -19.88 -11.89 -3.9 -22.38  -17.93
7 -19.61 | -13.64 | -1584 | -18.84 | -18.43 | -22.38 | -3.88 | -11.9
8 -15.95 -19.87 -18.87 -15.08 -18.63 -17.91  -11p1  -3.73
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Table 4.58: S-parameters in saturated sand with DNAPL1@HZ.5

RPort
1 2 3 4 5 6 7 8
EPort
1 -3.7 -34.29 -20.52 -20.85 2191 | -2323 | -15.32 | -29.18
2 -34.26 -3.86 -21.15 -21.31 -23.35 -19.39 -31.53  -16.11
3 -40.21 -34.64 -5.27 -44.37 -40.7 -31.04 | -28.72 | -37.96
4 -39.4 -49.22 -44.74 -5.41 -32.52] -3413  -36.13 -27.03
5 -29.29 -36.15 -40.7 -32.69 5.3 -39.96 | -44.17 | -50.29
6 -31.23 -32.25 -31.05 -34.58 -39.95 5.18 363  -40.72
7 -36.67 -27.41 -28.72 -36.4 -44.17 -36.3 515 | -42.9
8 -34.51 -37.51 -37.97 -26.78 -50.3 4072 4291 -5.38

4.4.2.2 Saturated sand with DNAPL2
Tables 4.59, 4.60 and 4.61, present 8yarameters when DNAPL2 is included on
saturated sand at analysis frequencies. The DNAPL geometry was described in the section

43.2.1.1

Table 4.59: S-parameters in saturated sand with DNAPL2 ki+285

RPort
1 2 3 4 5 6 7 8
EPort
1 -4.93 -25.84 | -30.58 | -42.42 -20.24 | -23.78 | -26.39 | -22.75
2 -25.85 -4.17 -20.21 -29.68 -24.84 -19.91  -2495  -30.43
3 -30.59 -20.21 -4.45 -25.02 -28.07 | -24.33 | -21.18 | -32.75
4 -42.47 -29.64 -25.04 -4.51 -21.63 299  -29.71 2152
5 -20.24 | -24.83 | -28.07 | -21.59 -4.86 -26.26 | -30.29 | -37.4
6 23.78 -19.81 -24.33 -29.22 -26.21 -4.18 -20.8  -30.99
7 -26.39 2495 | -21.18 | -29.74 | -30.29 | -20.38 | -4.42 | -25.78.
8 -22.75 -30.43 -32.75 -21.52 -37.4 -30.99 -25.18 -4.49
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Table 4.60: S-parameters in saturated sand with DNAPL2 BMI45

RPort
1 2 3 4 5 6 7 8
EPort
1 -1.7 -36.92 -43.49 -57.37 -35.68 | -43.62 | -32.86 | -41.2
2 -11.88 -3.9 -22.41 -17.94 -18.39 -16.49  -13.64 -19.84
3 -18.42 -22.41 -3.86 -11.92 -19.64 | -13.65 | -15.84 | -18.91
4 -18.62 -17.92 -11.92 -3.73 -15.91 -19.91 -18/8  -15.08
5 -15.08 -18.35 -19.66 -15.91 -3.51 -11.9 | -18.41 | -18.62
6 -18.41 -16.49 -13.65 -19.88 -11.84 -39 -22.38  -17.93
7 -19.61 -13.64 | -15.84 -18.84 | -18.43 | -22.38 | -3.88 | -11.9
8 -15.95 -19.87 -18.87 -15.08 -18.61 -17.9 -11.91  -3.73

Table 4.61: S-parameters in saturated sand with DNAPL2@HZ.5

RPort
1 2 3 4 5 6 7 8
EPort

1 -5.16 -29.86 29 -29.08 | -28.39 | -29.06 | -29.19 | -29.6

2 -29.7 -5.27 -29.35 -29.24 -29.92 -29. 27.35  -29.12
3 -41 -29.36 | -29.68 | -29.41 | -29.51 | -26.12 | -28.03 | -29.99

4 -29.09 -29.37 -29.41 -5.39 -29.52 3548  -34.48 -25.96
5 -28.4 -29.04 | -29.51 | -29.51 524 | -2958 | -37.5 | -29.94

6 -28.96 -29.8 -26.08 -29.78 -29.51 5.23 2944 -36.38
7 29.97 | 2735 | -28.12 | -29.28 | -29.39 | -294 | -523 | -27.52

8 -29.61 -29.05 -29.99 -25.95 -29.94 -29.48 -2¢ -5.62

4.4.2.3 Analysis of S-parameters
Figure 4.28 showed the comparison of the S-parameters in saturated sand without

contaminant and the consolidated S-parameters of the two DNAPL geometries.
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Figure 4.31 shows increment of energy between -3 dB and -5 dB in all of receiver ports
when the signal is transmitted by the four transmitter ploktsto contrast of the two media.

For HFSS also in all receiver ports increment of energy are observed with the same soil

electrical properties.
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Figure 4.31: Comparison of S-parameters in saturated sand with average DNAPL at 285
MHz, for a) Transmitter £ b) Transmitter | ¢) Transmitter g
and d) Transmitter

At 515 MHz (Figure 4.32), only the receiver portss@nificant changes of energy are
observed. These results by comparison with the obtained for HFSS simulator, are not

similar. These comparisons are expected due to the contrasts of the soil electrical properties

at 515 MHz.
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When the signal is transmitted at 1.51£5Figure 4.33), the transmission from the four
ports, produce energy changes in all the receiver ports. These changes are expected, since in
HFSS simulator these changes are observed. The energy changes are due to the reflections

produced by the contrasts with DNAPL.
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The previous analyses, the detections in dry and saturated sand without and with
contaminants at the three frequencies of operations is possible ysiRg P; and R as

transmitter ports, since the behavior of the S-parameters is similar in the two simulators in

the same conditions.
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5 SUMMARY, CONCLUSIONSAND

RECOMMENDATIONS

5.1 Summary and Conclusions

An electromagnetic analysis was presented to determine if it is possible to detect
contaminants in the laboratory scale 2D Soil-Bed setup. To do this, we first developed the
electromagnetic model of the structure, and then several simulations were obtained in order
to study the effect of the DNAPL in dry and saturated sand, and combinations of them. Also,
we computed new operation frecuencies and changed the transmitter port positions, to do a
better study of the S-parameters and E-field distribution into the EM tank.

Due to the EM tank symmetry, we only considered transmition energy from one side of

the tank.

To determine the electromagnetic field distributions under different subsurface
conditions, different degrees of soil saturation level in dry sand were simulated. The
simulations did not show a clear benchmark that can describe the medium constitution taking
into account the S-parameters. Particular behaviors of the generated E-field distributions

were, however, observed for different conditions.
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To detect possible soil contamination, different DNAPL geometries were introduced into
the dry and saturated sand, determining the E-field distribution and the S-parameters.

The analysis of th&parameters was done by comparing the reference S-parameters for
dry and saturated sand, with the consolideBguhrameters for four DNAPL geometries
within these medium. With this comparison, the detection was possible in dry and saturated
sand. This detection depends on the frequency of operation, since these must be a multiple of

the structure, and position and amount of ports used to have a better spatial resolution.

In the analysis of the E-field distribution, it was observed brightness changes in the wave
propagation when was included the contaminant in saturated sand at the three frequencies of
operation. These changes were due to the difference between the electrical properties of
them. These differences imply that there is soil contaminant only in saturated sand, since in
dry sand the few contrast do not produced brightness changes in the wave propagation when

was included contaminant.

Analyses were mostly made in the HFSS simulator and were composed for the
experiments made with DNAPL using the XFDTD simulator. In the case of dry sand with
DNAPL using XFDTD, the results were not conclusive since the S-parameters did not
present significant changes with respect at reference results for dry sand. The small
difference between these parameters could be caused by the definition of the dynamic range

for this simulator (surrounding of -30 dB) in contrast to the obtained for HFSS (surrounding
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of -124.35 dB). However, these results were expected due to few contrasts of the media
electrical properties. For saturated sand, the results at 285 MHz and 515 MHz were similar
with the obtained by HFSS.

Therefore, it was concluded that the detection of contaminants using the Cross-Well
Radar method is possible for different soil conditions using HFSS and XFDTD simulators,

taking in the account the frequencies of operation, position and amount of ports used.

5.2 Recommendations

In order to obtain more precise resultant, it is necessary to keep in mind the follow
factors:
 To use the phase information of S-parameters in the analysis, to determine if
detection of the contaminant can be improved.
* To analyze the system through simulations in the time domain to obtain answers
in a wide range frequency and with this to determine other frequencies for the

detection of the contaminant.
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