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1 Abstract

Recent developments in Radio Frequency (800MHz-1000MHz) Identification
(RFID) devices suggest that it is possible to use them for wireless laboratory
measurements of the dielectric coefficients (or compositions) of fluid mixtures
with possible spin-off for their use in the petroleum engineering practice. The
advantage of RFID devices is their small size (0.095 x 0.008 x 0.001m?), the de-
velopments to make them increasingly smaller and that they do not require the
use of leak prone connecting cables. RFID measures the response of a sample
volume of interest irradiated by a radio frequency electromagnetic (EM) wave.
The response can be expressed in terms of various response functions, e.g. two
scattering functions (S;; and Sg;) or the minimum irradiated power (Py).
The response functions can be measured using a state-of-the-art RFID device
(CISC RFID Xplorer-200), which operates in the range between 800-1000 MHz.
The effect of the dielectric coefficient on the RFID response was tested by plac-
ing the RFID tag in different media with various dielectric coefficients ¢ ranging
from 1 to 80. The overall purpose is to develop a work-flow to relate the response
functions obtained with RFID technology to the dielectric coefficient and thus
the composition of fluid mixtures in which an RFID tag can be immersed. An
application is to measure fluid compositions during a spontaneous imbibition
experiment in an Amott-cell. As an intermediate step we measure the composi-
tion dependence of the partial molar volume of diethyl ether (DEE) in brine and
the partial molar volume of DEE in oil by using an Anton Paar density meter.
The relation between the dielectric coefficients and the volume fraction can be
obtained with the Bottcher mixing rule. The DEE volume fraction range of
interest is 0-8 % volume fraction in the aqueous solution whereas DEE volume
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fraction range of interest is 0-100 % volume fraction in oleic solutions. For better
understanding of the measurement results, we used COMSOL™ simulations,
which show that the response functions depend on the dielectric coefficient in a
vessel of appropriate dimensions filled with a fluid of choice. The measurements
show that the minimum power at the tag position P,,;, is the preferred response
function and that the sensitivity of P,,;, was highest at 915 and 868 MHz for
aqueous (8.547x107°) and oleic (1.905x10~%) solutions respectively. The mea-
surement error is of the same order of magnitude as the errors mentioned above
(Hon, 1989) ensuing from evaporation of DEE during the preparation of the
calibration fluids or the approximate nature of the Bottcher mixing rule. We
conclude that it is possible to use RFID technology for contact-less measure-
ments of the compositions of fluids in imbibition experiments.

Keywords: Amott-cell; Dielectric coefficient; Laboratory measurement;
In-situ fluid composition; Radio Frequency Identification (RFID); Solvent en-
hanced oil recovery.



2 Introduction

Naturally fractured reservoirs contain around
20% of the world oil reserves ((Salimi, Bru-
ining, et al., 2010a),(Salimi, Bruining, et al.,
2010b),(Firoozabadi et al., 2000),(Saidi et al.,
1983)). Oil recovery from fractured reser-
voirs is generally low due to preferential flow
in the fractures thus bypassing the oil in
the matrix layers ((Hirasaki, Zhang, et al.,
2004),(Kleppe, Morse, et al., 1974),(Warren,
Root, et al.,, 1963),(Mattax, Kyte, et al.,
1962),(Holm, Csaszar, et al., 1962)), un-
less water imbibes in the matrix thus ex-
pelling oil to the fracture ((Salimi et al.,
2010a),(Salimi et al., 2010b)). This mecha-
nism only occurs when the matrix is water wet
or made water wet ((Al-Hadhrami, Blunt, et
al., 2000),(Motealleh, de Zwart, & Bruining,
2005)). These transfer mechanisms can be
conveniently studied in the laboratory by us-
ing an Amott-cell. Generally, an Amott-cell is Figure 1:  Amott-cell Experi-
a powerful tool to study processes in fractured ment: the Amott-cell contains
reservoirs in the laboratory. The Amott-cell an oil saturated core, which
consists of a glass jar with a graded cylin- represents the matrix (porous
der on the top; the jar contains an oil satu- medium) outside the fractures,
rated core, representing the porous medium and the fluid surrounding the
(matrix) outside the fractures, whereas the core which represents the frac-
fluid surrounding the core represents the frac- ture.

ture (see Figure 1). Experiments in Amott-

cells can be used to elucidate mechanisms that can enhance or deteriorate the
feasibility of using solvents for improved oil recovery in fractured reservoirs
((Chahardowli et al., 2016),(Chahardowli, Zholdybayeva, Farajzadeh, Bruining,
et al., 2013),(Kahrobaei, Farajzadeh, Suicmez, & Bruining, 2012),(Mattax et
al., 1962),(Holm et al., 1962)). The most important experimental data com-
prise in-situ determination of the composition of the fluid mixtures.

There is recent interest to improve the oil recovery in fractured reservoirs
using solvents that are mutually soluble in demineralized water or brine solu-
tions and oil ((Parsons et al., 2016),(Chahardowli, 2016),(Chahardowli et al.,
2016),(Chernetsky et al., 2015)). Solvent-based oil recovery, which we abbrevi-
ate as SEOR, is a process whereby a solvent is injected into an oil reservoir in
order to increase the macroscopic and microscopic displacement efficiency, due
to a number of mechanisms such as oil swelling, oil density reduction, oil viscos-
ity reduction and wettability alteration ((Chernetsky et al., 2015),(Chahardowli
et al., 2013)(Zhou, Morrow, Ma, et al., 2000),(Standal, Haavik, Blokhus, &
Skauge, 1999),(Morrow et al., 1990)). However, due to the high costs of sol-
vents, SEOR only becomes economically viable when the oil price is high and
the amount of solvent to be used can be kept low or retrieved. Using minimal
amounts of solvent is not only economically attractive but also enhances the
effectiveness of the production process ( (Govind, Das, Srinivasan, Wheeler, et




al., 2008),(Gupta, Gittins, et al., 2007)). Moreover, minimizing the quantity
of injected solvent would reduce the environmental impact of SEOR. It would
therefore be useful to accurately monitor solvent concentrations in real-time
from within the reservoir. This is where R(adio) F(requency) ID(entification)
or RFID technology could potentially play an interesting role ((Hassan, 2016),
(Laheurte, Ripoll, Paret, & Loussert, 2014),(Liu, Bolic, Nayak, & Stojmenovic,
2008),(Zhang & Wang, 20006)).

The RFID system comprises of a reader that contains both a transmitting
antenna, a receiving antenna and a passive tag, which can modulate the sig-
nal before transmitting it back to the reader receiver (Want, 2006) (Dobkin,
2012). We use a state of the art RFID set-up (RFID CISC Xplorer200), to
measure the response functions as a function of frequency (800 MHz- 1 GHz)
and dielectric coefficient, in which the tag is immersed. RFID has attracted
considerable interest and is widely used in a number of applications, including
supply chain management, public transportation, asset tracking, access control,
health care, food industry etc. ((Laheurte et al., 2014),(Dobkin, 2012),(Want,
2006),(Dobkin & Wandinger, 2005),(Cho, Song, Kim, Kim, & Yoo, 2005)).
In recent years, the combination of RFID technology with sensory systems
has extended its applications to measure a wide range of environmental pa-
rameters including temperature ((Law, Bermak, & Luong, 2010),(Vaz et al.,
2010),(Shenghua & Nanjian, 2007)), pressure ((DeHennis & Wise, 2002),(Mori,
Suemasu, Noguchi, & Sato, 2004),(Beriain, Rebollo, Fernandez, Sevillano, &
Berenguer, 2012),(Opasjumruskit et al., 2006)), humidity ((Amin, Bhuiyan,
Karmakar, & Winther-Jensen, 2014),(Virtanen, Ukkonen, Bjorninen, Elsher-
beni, & Sydéanheimo, 2011),(Virtanen, Ukkonen, Bjorninen, & Sydédnheimo,
2010),(Jia, Heif}, Fu, & Gay, 2008)) and chemical composition ((Fiddes & Yan,
2013),(Potyrailo et al., 2012)).

RFID tags have benefited from innovative research. Novak in his thesis
(Novak, 2009) describes the use of the RFID tag as a chemical sensor for trace
substances in the liquid phase. Ong et al. (Ong, Grimes, Robbins, & Singh,
2001) show that RFID is capable of monitoring the complex permittivity, i.e. the
real and imaginary part of the dielectric coefficient of the medium surrounding
the tag. Grimes at al. (Grimes et al., 2002) give an overview of sensors based on
remote resonance frequency detection that allow the measurement of a variety of
physical parameters. Only very recently the possibility of using RFID for deter-
mining dielectric coefficients, has been worked out by Humberto Lobato-Morales
et al. ((Lobato-Morales, Corona-Chévez, & Olvera-Cervantes, 2013),(Lobato-
Morales et al., 2011)), who use a Substrate-Integrated-Waveguide (SIW) reso-
nant cavity and a tunnel sensor, which allows the determination of the complex
permittivity. The dielectric coefficient also depends on the frequency; measure-
ments at various frequencies therefore expand the capability using RFID’s for
measuring quantities that depend on more than two parameters ((Warnagiris,
2000)). Karappuswami et al. (Karuppuswami, Kaur, Ghazali, & Chahal, 2016)
is recently published and describe different sensor designs for measurement of
dielectric properties via the response functions under far field conditions. Even
if the focus of their paper is largely on optimal sensor design but they also
report possible applications to fluid compositions, i.e. isopropyl alcohol-water
and methanol-water mixtures. Karappuswami’s research, which has been car-
ried out in parallel with our research shows overlap with the results described
in this paper. However, in addition to (Karuppuswami et al., 2016), we explore



the possibility of using RFID technology and its optimization in a laboratory
set-up (Amott-cell) (see Figure 2). As a consequence we developed a work-flow
including the procedure to relate the composition in terms of volume fraction
to the RFID response function with an emphasis on the minimum power at the
tag position (P,in), which is defined as the minimum power that the passive
tag requires in order to be activated.

The work-flow can serve as a template for implementing RFID technology
in laboratory experiments, and therefore, e.g. be used to enhance the interpre-
tation capabilities in Amott-cells. This can be accomplished by using the RFID
tag to measure the dielectric coefficients of the medium surrounding the tag.
This requires the calibration curves of the response functions versus the volume
fraction both in the aqueous brine phase and oleic phase; the DEE volume fac-
tion can be conveniently expressed in terms of the partial molar volumes and
the mole fractions of the constituents; the use of partial molar volumes results
in more linear relationships. Conversely the volume fractions can be used to
estimate the dielectric coefficients of the mixtures as a function of the compo-
sition using the Bottcher mixing rule. Thus the relation between the response
functions and the dielectric coefficients can be determined. However, due to the
low boiling point of Diethyl Ether (DEE), a special experimental procedure is
necessary, which is therefore described in a separate section devoted to experi-
mental aspects to obtain the calibration curves. For the optimal development of
the workflow it is helpful to use COMSOL to simulate the behavior of the RFID
system in terms of the RFID response functions to facilitate the interpretation
of the measurements. Yeoman and Neill (Yeoman et al., 2009) have developed
and implemented a prototype numerical model in COMSOL to obtain the elec-
tric field of an RFID system that contains a meandering dipole tag antenna. We
modified the Yeoman-Neill model to implement the tag geometry used by us,
and used two reader antennae, instead of one. The computed electric field al-
lows to obtain quantities that can be measured by the reader, e.g. the scattering
function as a function of frequency. The COMSOL model of Yeoman and Neill
does not include modulation of the tag back-scattered signal, so that only the
total electric field can be obtained. The model shows that the response mainly
depends on the embedding extending several centimeters around the tag (up to
0.03 m). Beyond 0.03 m the response function becomes independent of the size
of the embedding.

The organization of the paper is as follows: In section 4 we determine the
maximum full solubility of DEE in demineralized water (or brine with zero
salt concentration), in brine (0.05M NaCl and 0.5M NaCl) and hexadecane.
We establish the calibration curve by using the Anton Paar density meter, us-
ing hexadecane-DEE mixtures, brine-DEE mixtures and water-DEE mixtures.
From this the partition coefficient as function of the composition is determined.
The density meter measurements can be used to determine the partial molar
volumes of the constituents as a function of the DEE mole fraction. We use the
IDAX-300 Insulation diagnostic system and the Wayne Kerr Precision-6640A
to determine the dielectric coefficient of pure hexadecane and DEE and the di-
electric coefficient of demineralized water and the brine respectively. Moreover,
we apply the Bottcher mixing rule to determine the dielectric coefficient of the
brine-DEE and hexadecane-DEE mixtures, using the dielectric coefficients of
the pure components and the partial molar volumes. Section 5 has two subsec-
tions. In subsection 5.1 we describe the COMSOL simulation. We define the



RFID response functions and give the model equation description. Subsection
5.2 shows the result of the numerical calculations. Section 6 gives an overview of
the RFID experiments. Subsection 6.1 describes the RFID set-up. Subsection
6.2 and 6.3 discuss the experimental measurements and results respectively. We
end with some conclusions in section 7.

3 Motivation

In order to illustrate why measurements with RFID technology are useful for
solvent enhanced imbibition experiments, we consider the following mechanism.
When a core is immersed in an Amott cell filled with brine saturated with DEE,
imbibition of the aqueous phase into the core occurs while displacing oil to the
aqueous phase (see right part of Figure 2). It can be expected that the equi-
librium concentration of DEE in the oleic phase is much larger than the DEE
concentration in the aqueous phase. As a result, it is inferred that the aqueous
layer around the core is quickly scavenged from DEE by oil droplets, which are
collected in the graded cylinder of the Amott-cell. With an RFID tag we would
be able to validate this mechanism by monitoring the DEE concentration in the
aqueous phase surrounding the core and the DEE concentration in the graded
cylinder of the Amott cell. If the proposed mechanism would be correct we ex-
pect that the DEE concentration in the fluid (oleic phase) collected in the lower
part of the graded cylinder quickly reduces to zero. Consequently it is asserted
that an RFID tag can be used in an Amott-cell to study the effect of partition-
ing of DEE concentration in the aqueous and the oleic phase on the efficiency
of solvent enhanced imbibition experiments ((Hassan, 2016),(Chahardowli et
al., 2016),(Chahardowli et al., 2013)). RFID tags become increasingly smaller,
which gives additional possibilities (see left part of Figure.2)

(AMOTT-cell)

Figure 2: Right part of figure (6) shows counter-current imbibition: the space
surrounding the oil saturated core, which is filled with DEE saturated brine
(colored red) represents the fracture . The DEE saturated brine penetrates into
the core by capillary imbibition from the sides and from the bottom by gravity
displacement of the oil (green). In counter-current imbibition flow, the oil and
DEE saturated brine flow in opposite directions. Left part of figure (6) shows
how RFID tags become increasingly smaller, which makes RFID technology
more useful for laboratory and field fluid composition measurements



To clarify the use of small RFID tags, we have added a COMSOL simulation
result (Chahardowli et al., 2016) of imbibition and gravity displacement of DEE
saturated brine. This occurs when a core is immersed in an aqueous phase
with dissolved DEE. Indeed, we observe that the imbibition is combined with
gravity displacement from below. An interpretation would consist of an RFID
measurement aided with such a simulation. We can anticipate that the oleic
phase and aqueous phase leaving at the top contains only small amounts of DEE.
By mounting small RFID tags at the top of the core we expect that this effect can
be monitored. In summary, by combining RFID measurements with COMSOL
simulations, the AMOTT-cell becomes a powerful tool to elucidate relevant
details of solvent imbibition and gravity displacement in fractured media.

A 02085

40

x10™

20

Figure 3: COMSOL simulation of imbibition of brine saturated with DEE into
a core filled with oil at connate water saturation. We observe that recovery is
partly due to gravity effects and counter-current imbibition. The produced oil
will be expelled to the annular space surrounding the core in which RFID tag
can be placed. Subsequently, the produced oil will be collected in the graded
cylinder on the top of the Amott-cell. The hydrocarbon distribution is shown
at about 52.5 days.



4 Phase Behavior

This section describes the behavior of phases in a system of diethyl ether-brine-
oil in terms of the partition coefficient of diethyl ether (DEE) between the oleic
and the aqueous phase. Moreover, we determine the dielectric coefficients of the
mixtures in terms of the pure dielectric coefficients of the pure substances and
the volume fraction of DEE ((Hassan, 2016),(Chahardowli, 2016)).

4.1 Measurements of partial molar volume

The purpose of the measurements described here was to obtain an experimental
relation between the partial molar volumes of the oleic phase and aqueous phase
versus the mole fraction, which can be determined by measuring mass densities
with the Anton Paar DMA-4100M density meter (see Figure 4B). The accuracy
and precision (see, however,(Hon, 1989)) of the density is 0.0001 g/em? and
0.00005 g/cm? respectively. The accuracy and precision of the temperature
is 0.05 °C and 0.02 °C respectively. The cell of the density meter is filled
with binary DEE-water mixtures and binary DEE-hexadecane mixtures. The
experiments were performed at 23 °C' and 1 atm. First, the pure solvent (water
or hexadecane) was placed in a chemically resistant sample tube and weighed
(accuracy 10~ gram) to determine the initial volume. To the weighed sample
tube filled with solutions of DEE-water or DEE-hexadecane weighed amounts
of DEE were added to obtain aqueous solutions of approximately 0.5-6.5 DEE
% wight fraction with increments of 0.5 % weight fraction and oleic solutions
of 0.0-25 DEE % weight fraction with increments of about 5 % weight fraction.
Using the molecular weight of DEE and water, the compositions of the solutions
were converted into mole fractions. As DEE is volatile and can evaporate easily
(boiling point at 34 °C), we use a metal syringe, which is filled both with water
or oil from a glass tube and with DEE from a glass jar through a septum. To
minimize evaporation we implemented refrigeration using an ice container. To
validate negligible evaporation we compared the mass decrease from the glass
vessels to the mass increase of the filled syringe (see Figure 4A). The estimated
evaporation was measured to be below 10~* gram for a sample volume of at
least a milliliter.

Anton Paar Density-meter 3 Taken samples

N

Ny

Classiiube Metal Syringe  Waste container

A. Close system B. Anton Paar Density-meter

Figure 4: Closed-system and establishing calibration curves using Anton Paar
density-meter



The Anton Paar DMA-4100M density meter measures the mass densities
Pa,j, i our case, of the DEE-hexadecane mixtures (oleic phase) and the DEE-
water and the DEE-brine mixtures of known molar fractions. Using the molar
fraction it is possible to obtain the mole fraction averaged molecular weight
M,,. Division of the mass density by average mole fraction averaged molecular
weight leads to the molar density pmoi,a,j = Pa,j/May (Smith, Van Ness, &
Abbott, 1987). The partial molar volume of pure water is vy, g,0 = 18.0622
and of hexadecane v, yrpx = 293.44. By plotting the inverse molar density
versus mole fraction it is possible to obtain the partial molar volume (inverse
molar density) as a function of the mole fraction. Figure 5A shows the partial
molar volume of the DEE-hexadecane mixture versus the composition expressed
in mole fraction. It is approximately a straight-line. The straight-line indicates
that the partial molar volumes of the constituents in the mixture, i.e. the
partial molar volume of DEE and hexadecane are more or less independent of
the composition (Smith et al., 1987). Figure 5B shows the partial molar volume
of demineralized water-DEE mixtures and salt solutions mixtures, which are
also approximately independent of the composition.

Partial molar volume for demi-water and

Partial molar volume for hexadecane salt water NaCl (0.05M and 0.5M)

350
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Diethyl ether mole fraction [mole/mole] Diethyl ether mole fraction [mole/mole]
A. Partial molar volume for hexadecane B. Partial molar volume for demi-water and salt solutions

Figure 5: Partial molar volume calibration curves for oleic and aqueous phase

Extrapolation to mole fractions of one in Figure 5A and Figure 5B shows that
the partial molar volume of DEE in water is v, ppr = 94.906 cm3/mole and
the molar volume of DEE in hexadecane v, prr = 104.21 emB /mole. Indeed
the partial molar volume of DEE in water is usually smaller than in organic
solvents (Israelachvili, 2011). For the ease of reference we have summarized the
coefficients a and b in Table 1.



Table 1: The coefficients of the linear regression between the partial molar
volume and the mole fraction of DEE (v = ax + b)

Component Coefficient (a) Coefficient (b)
C16H34-expl -189.08 293.29
C16H34-exp2 -189.14 293.35
H20-expl 77.914 18.062
H20-exp2 72.064 18.057
NaCl (0.05M)-expl  77.687 18.052
NaCl (0.05M)-exp2  76.854 18.052
NaCl (0.5M)-expl 76.988 17.899
NaCl (0.5M)-exp2  77.365 17.594

After obtaining the experimental relation between the partial molar volumes
of the oleic phase and aqueous phase versus the mole fraction, we determine the
partition coefficient of DEE between the oleic and aqueous phase by calculating
the solvent concentration in the oleic and aqueous phase from previously estab-
lished calibration curves (Hassan, 2016). The partition coefficient is the ratio of
the DEE concentration (or DEE volume fraction) in the oleic phase divided by
the DEE concentration (or DEE volume fraction) in the aqueous phase. Figure
6 shows the partitions coeflicients of DEE between the Oleic and aqueous (dem-
ineralized water-DEE mixtures and salt solutions mixtures) phase as function
of the composition.

Furthermore, we use the

volume fraction v,; of the Partition coefficient of diethyl ether between
components ¢ in phase « and o oleic({C16H34) and aqueous phase
the pure component dielec- g | g P I—
tric coefficients ¢; to caleu- =, | ——— sk Loealinky
. . . x . ine 0.
late the dielectric coefficient 'y, RO
. . ] —— Linear (K_Demi-
of mixtures €, by applying & | y=186 3003 water)
. .. b= R*=0.9988 L —— —linear(lmw
the Bottcher mixing rule g 40 salinity 0.05M)
5§ 20
€1 —Em €9 — Em £ —— |
Va,1 Va,2 = 07; 20 y=119.53x +1654
€1+ 2em €2+ 2e, A By
(1)
. 0
where the volume fraction of 0.06 0.08 01 012 0.14 016
Component j in phase . i.e Diethyl ether mole fraction in oleic phase [molefmole]
, l.e.

Uar,j 18 B1VER BY Figure 6: Partition coefficients as function of

TV, j the composition.
Tiva,j+ (1= @5)Va ks’
2)

and where z; is the mole fraction of component j. As pure components we
selected demineralized water (brine with zero salt concentration) (e,, = 79.08),
hexadecane (g, = 2.05) and DEE (ep = 4.24) at 23 £ 0.02 °C. We measure
the dielectric coefficients of the pure substances using the IDAX-300 Insulation
diagnostic system and the Wayne Kerr Precision-6640A. The thus obtained
experimental values can be compared with tabulated values in the literature.
For water (e, = 79.19) , for hexadecane (¢p, = 2.049), and for DEE (¢p = 4.43).
(Wille, Buggert, Mokrushina, Arlt, & Smirnova, 2010)(Predel, 2006)(Wohlfarth,

Va,j =

10



2008)(Wyman Jr, 1933) Figure 7 plots the dielectric coefficient on logarithmic
scale versus the molar volume fraction. We use the logarithmic scale to clearly
show the behavior of both the DEE-Water mixture and DEE-Oil mixture in a
single plot. The dielectric coefficient of the DEE-water mixture is approximately
linear in the molar volume fraction range of interest (0-8 % volume fraction).
The Dielectric coefficient of the DEE-Oil mixture is approximately linear over
the entire range (0-100 % volume fraction).

5 COMSOL Simulation

The work described here fol-
lows the paper of Yeoman and
Neill (Yeoman et al., 2009)
and their implementation in ~

60 b 198
COMSOL™  In the COM- e

SOL program we adapt the 40 \\
configuration of the antennae
and the detailed configura-
tion of the tag (RFID device)
to correspond to the outlay
used by us. The geometrical
outlay of the setup used by
us consists of two reader an-
tennae (emitting and receiv-
ing) and a passive tag. Tbe : = - - - !
reader antennae are at a dis- Pastial il volumis

tance of 10.0 em from each [— - DEE Brine DEE.Oil]

other (edge to edge), where

the emitting antenna (Tx) co- Figure 7: Dielectric coefficient versus Diethyl
incides with the xz-plane and ether (DEE) volume fraction in oleic and aque-
the receiving antenna (Rx) is ous phase.

rotated (45°) around the z-

axis counter clock wise. The

tag (port-2) is located at a distance of 0.5 m from the emitting antenna (port-1),
and the Tx and the Rx reader antennae are at a distance of 10 ¢m from each
other (see Figure 8). The tag that we used in the experiment is shown in Figure
12 and 13.
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Substrate
Emitting antenna L

Inductor 1(L1)

/ Substrate

Inductor 2(L2) tag antenna

Receiving antenna

Substrate

Lumped port 2

Figure 8: COMSOL simulation model: the Tx antenna parallel and at 0.2 m
from the Rx antenna. The tag is placed parallel at 0.5 m distance from both
antennae.

5.1 Theory and model equation

The Maxwell equation that describes the electric field E in the entire domain is

qur_l(VXE)—(i)Z(ET—jU)EZO, (3)

WEQ

where . = 1 is the relative magnetic permeability, w is the angular frequency,
c is the velocity of light, e is the dielectric coefficient, and ¢ is the conductivity.
In the COMSOL simulation, we consider a spherical domain filled with air
bounded by a conducting sphere with boundary condition V x E =0 . We can
say that the sphere of air is bounded by a perfectly matched layer (PML), which
excludes all EM disturbances coming from outside the sphere. In the domain
we have Tx and Rx reader antennae, which consist of two parallel Teflon plates
(10cm x 10em) with two half circular conductors. The two half circles are closed
on the top with lumped inductances of 66 nH. The emitting antenna of the
reader is put at one volt. The reader antennae have both an impedance of 50
) whereas the impedance of the tag is 114+143j 2. We solve Eq.(3) subject to
the boundary conditions (PML of the outer sphere and the voltages applied on
the antennae) to obtain the electric field in the entire domain (see Figure 9).
For our configuration all arrows are of equal length thus the figure shows only
the direction of the electric field vector. The electric field is the gradient of the
potential (E = —VV). From the electric field E we can calculate the response
functions, e.g. Scattered functions Ss;, which are related to the minimum power
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at the tag position (P, ), to be obtained experimentally in section 6. The S1a
function is defined as the logarithm (see Eq.(4) and Eq.(5)) of the voltage ratio
between the input V5 at port-2 and the output V; also at port-1 (Dobkin, 2012),
ie.
v
Sg1 ="° lOgi[dB]' (4)
1%

The S1;1 parameter is defined by the voltage ratio between the input V; at port-1
and the output V4 also at port-1 (Dobkin, 2012)

V;
Sy =10 logﬁ[dB]. (5)

We use the computed response functions S1; and So; as function of the frequency
as output of the numerical code. Note that the model of Yeoman and Neill, show
the response functions S1; and Ss; in vacuo, whereas our simulations show the
response functions S1; and S2; for a tag embedded in a medium with dielectric
coefficient € > 1. The purpose of the COMSOL simulation is to show that the
effect of the dielectric coefficient of the medium on the response functions is
significant. The numerical simulations indicate that the output of the RFID
system can be used to determine the dielectric coefficient of the medium in
which the tag is immersed.

5.2 COMSOL Results

The main results of the COM-

SOL simulation are the scat- q(8)=8.921388 i
tering functions Sp;; and S
in the frequency range of
(800-1000 MHz). Figure 10A
shows the response function
S11 as function of frequency
between 800 MHz-2.5 GHz
for the base case and for var-
ious dielectric coefficients be-
tween 1-80 as indicated in the
insert. We observe that the
response function Sp; is in-
sensitive to the dielectric co-
efficient. Figure 10B shows
the response function S3; as
function of frequency between
800 MHz-2.5 GHz for the base
case and for various dielectric coefficients between 1-80 as indicated in the in-
sert. We observe that the response function So; significantly depends on the
value of the dielectric coefficient. The wave like structure of Sy; shifts to the
left for increasing dielectric coefficient except for water where it shifts to the
right. Figure 11A shows the response function Si; as function of the frequency
between 800 MHz-2.5 GHz for the base case, and for various dielectric coeffi-
cients between 1-80 as indicated in the insert. We observe that the response
function Sp; is insensitive to the volume of the box in which the tag is encased.

Figure 9: electric field vector shows the normal-
ized electric field in dB (*°logi1oE2/Eref) in a
color graph in the z = 0 plane. Moreover it
shows with arrows the direction of the electric
field. The highest values of the normlized elec-
tric field occur near the emitting antenna
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Figure

11B shows the S3; response function as a function of frequency for vari-

ous thicknesses of the dielectric box. In the wave like structure, we observe that
the amplitude of the wave slightly decreases with increasing thickness until it

reaches

a thickness of 3 ¢m beyond which the results stay more or less constant.

Moreover, the Teflon chemical protection bag (0.06 mm) in which the RFID tag
was wrapped had only negligible influence on the measurements. We conclude
that the response function Ss; is the preferred response function, which is not
much affected by the the thickness of the encasement, but is sensitive to the
dielectric coeflicient.

Effect of frequency and dielectric coefficienton

Effect of frequency and dielectric coefficient on
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6 RFID Experiment
6.1 RFID set-up

The RFID set-up consists of a transmitting (Tx) antenna, a receiving (Rx) an-
tenna and the passive tag. The tag is the same as described for the COMSOL
simulation and configured as described below (see Figure 12). The transmit-
ting and the receiving antennae are separate entities. Separate transmitting
and receiving antennae allow to optimally separate the incident and backscat-
tered power measurements. In this setup, the Tx antenna emits Left-Hand Cir-
cularly Polarized (LHCP) radiation and the Rx antenna receives Right-Hand
Circularly Polarized (RHCP) radiation (see Figure 12). As shown in Figure
13, the Tx and Rx antennae are mounted on a square plastic cover of size
20 x 20x0.2 cm® with a constant dielectric coefficient (¢ = 2.1). The cov-
ers are placed perpendicular to the z = 0 plane. The antennae consist of a
copper circular ring with a radius of 10 cm and a thickness of 1 mm in the
same way as described for the COMSOL simulation above. The z-coordinate
of the midpoint of the tag coincides with the z-coordinate of the midpoint of
the covers. The line connecting the midpoints of the tag and the cover of the
emitting antenna is perpendicular to the cover-plane. The other cover is ro-
tated 45° around the z-axis (see Figure 13). Both antennae are connected with
the reader by a coaxial cable. The distance between the midpoints of the two
antennae is 0.2 m and the distance between the emitting antenna and the tag
is 0.5 m, which causes that the set-up operates in the far-field domain (Dobkin,
2012). The RFID setup is located far away from the laboratory walls, floor
and ceiling such that it is minimally affected by the surrounding environment.
The RFID setup can measure

the frequency dependence of

two selected response func-

tions in terms of the scatter- ] S pemorim i e el

ing function Ss1) and in terms ‘ '
of minimum power at the tag
position (Pp,;yn) as a function
of the dielectric coefficient.
The S5 and P,,;, functions
are interrelated. = We per-
formed a calibration of the
frequency dependent RFID [ womn o | rtsarm

Focusing distance 0.5 m Propgating

Focusing point
of reader antennae

response functions as a func-
tion of the dielectric coeffi-
cient. This is accomplished
by immersing the RFID tag
in a cylindrical tube, with
a diameter of 0.05 m and a
height 0.35 m, filled with flu-
ids (till 0.2 m height and a
volume of 0.00039 m3) of var-
ious known dielectric coefhi-
cients (¢ = [1,80]). By plot-
ting the RFID response functions at various frequencies as a function of the

Figure 12: RFID communication system: this
experiment use passive tag, which contains no
battery, the tag-reader communication process
is always initiated by the reader emitting an-
tenna (RHCP), the tag can modulate the signal
before transmitting it back to the receiver an-
tenna (LHCP).
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dielectric coefficient an optimal frequency can be found for which the dielectric
dependence is most sensitive.

6.2 Experimental measurements

The aim of using the RFID
set-up is to measure the tag
response functions for vari- Receiving

antenna Rx:

Transmitting

Plastic tube  Tag antenna Tx.

ous media (with dielectric co-
efficients between 1 and 80).
Of the possible response func-
tions, we specifically mea-
sured the minimum power
at the tag position (Pin)
and the scattering function,
S21. The minimum power at
the tag position can be re-
lated to the scattered signal
at the midpoint of the tag
with respect to the input sig-
nal at the emitting antenna.
The measurements are per-
formed at 23°C in the fre-
quency range between 800-
1000 MHz (with frequency steps of 5 MHz). We started our calibration process
by measuring in air (¢ = 1). As the system is designed to operate in air this
is considered as our base case. We did not measure other response functions
because it turned out that P,,;, gave optimal results. Measurements for other
dielectric coefficients were done by placing the tag in a cylindrical (polypropy-
lene, ¢ = 2.2) tube (with an outside diameter of 0.05 m, an inside diameter
of 0.046 m and a height of 0.35 m, and filled up to 0.2 m, corresponding to a
volume 0.00039 m3. The cylindrical polypropylene tube, which is chemically
resistant against the used fluids, is filled with different liquids such as water, oil
and alcohol (propanol, butanol, ethanol and methanol) with various dielectric
coefficients (between 1-80). The tube (volume of 0.00039m3) is filled up to a
height of 0.2m; the top 0.15 m is filled with air. The tag is fully immersed in
the liquid.

Figure 13: RFID Xplorer setup: the tag is
placed in a cylindrical plastic tube filled with
different liquids, with varying dielectric coeffi-
cient (¢ between 1-80).

6.3 Experimental Results and Discussions

This experiment seeks to measure the effect of the dielectric coefficient ¢ on
the RFID response functions obtained with the CISC (Xplorer-200) setup. In
this study, we determine the response functions So; and P,,;,. The response
function Sy; is equal to logVs /V1 dBm, where V5 is the voltage measured at
port-2 and Vj is the applied voltage at port-1. The response function P,
(19 log10(V) dBm) is the minimum voltage required to activate the RFID tag.
Figure 14A shows the So; versus frequency for air € ~ 1, hexadecane ¢ = 2.05,
diethyl ether ¢ = 4.1 | a variety of alcohols (ethanol with ¢ = 25, methanol
¢ = 33, propanol ¢ = 18, butanol £ = 17) mixtures of alcohol and(e € 17 — 33)
and water € = 80. We observe an oscillatory structure for a frequency ranging
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between 800-1000 MHz, with mainly four distinct peaks. The position of the
peaks shifts monotonously to the left for increasing dielectric coefficients, except
for water where the peaks shift to the right. This is possibly due to a conduc-
tivity effect of distilled water brought about by dissolution of carbon dioxide.
Figure 14B plots the scattering function Ss; versus the dielectric coeflicient for
given frequencies, e.g. 868 MHz, 915 MHz. These frequencies show the high-
est sensitivity of Se; to the dielectric coefficient between diethyl ether-oil and
diethyl ether-water respectively. Figure 15A plots the minimum power P,
versus the frequency for the same fluids as used for the scattering function So;.
P,.in shows a less oscillatory behavior than Ss;. The minimum power increases
for increasing dielectric coefficient. Between 800-1000 MHz we observe a single
minimum around 900 MHz, except for water where we observe two minima at
850 MHz and 950 MHz respectively. We use the data to construct Figure 15B to
plot the P,,;, versus the dielectric coefficient for selected frequencies. Again the
frequency 868 MHz and 915 MHz shows the highest sensitivity. In Figures 16
and 17 we convert the dielectric coefficient to volume fraction using the Bottcher
mixing rule as explained in Section 4. The volume fraction range of DEE of in-
terest is up to 8 % volume fraction. Figure 16A shows the scattering function
Sa1 changing only significantly at 950 MHz (sensitivity 124.5 [dBm/ volume
fraction%]) and therefore only the behavior at 950 MHz is preferably used to
determine the volume fraction of DEE in the aqueous solution. Figure 16B
shows the So; response function versus the volume fraction of DEE in the oleic
phase. This shows that 850 MHz (sensitivity 13.5 [dBm/ volume fraction %)
and 868 (sensitivity 9.5 [dBm/ volume fraction %]) are the optimal frequencies
to determine the fluid composition in the entire range 0-100 % volume fraction.
Figure 17A shows the P,,;, as a function of the volume fraction of DEE in the
aqueous phase. The volume fraction range of interest is 0 — 8%volume fraction,
the optimal frequencies are 915 (sensitivity 46.8 [dBm/ volume fraction%]) and
950 (sensitivity 46.4 [dBm/ volume fraction %]) MHz. Figure 17B shows the
response function P,,;, as a function of the volume fraction of DEE in the oleic
phase. The frequencies, 800 MHz (sensitivity 2.6 [dBm/ volume fraction %]),
850 MHz (sensitivity 2.3 [dBm/ volume fraction %)) and 868 MHz (sensitivity
2.1 [dBm/ volume fraction %)), are optimal to determine the composition in
the entire range. The RFID manual states that the accuracy with which the
response function can be measured is (0.0004 dBm). By dividing the standard
deviation by the sensitivity, we can estimate the precision with which, the com-
position can be determined. Therefore we conclude that P,,;, is the preferred
response function at frequencies of 915 and 950 MHz for the oleic phase and
800, 850 and 868 MHz for the aqueous phase.
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7 Conclusion

This paper developed a work-flow to relate the response functions (Ss; and
P,,in) obtained with RFID technology to the dielectric coefficient and thus the
composition of a fluid mixtures in which an RFID tag can be immersed. An
application is to measure fluid compositions during a spontaneous imbibition
experiment in an Amott-cell. Firstly, the work-flow consists of measurements
of the partial molar volume of diethyl ether (DEE) in brine and the partial
molar volume of DEE in oil by using an Anton Paar density meter. Secondly,
we use the Bottcher mixing rule to relate the dielectric coefficient of mixtures
to the volume fraction which can be obtained from the partial molar volume
and the mole fraction. The DEE volume fraction range of interest is 0-8 % vol-
ume fraction in aqueous solutions, whereas the dielectric coefficient is between
79.084-70.214. The DEE concentration range of interest is 0-100 % volume frac-
tion in oleic solutions, where the dielectric coefficient is between 2.049-4.739.
For the calibrations it is possible to use alcohol (butanol, propanol, ethanol and
methanol)-water mixtures for the aqueous phase whereas for the oleic phase and
air (¢ = 1), hexadecane (¢ = 2.05), squalene (¢ = 3.0) and olive oil (¢ = 4.1) can
be used. Thirdly, for better understanding of the measurement results, we used
COMSOL™ simulations to (a) show that the Teflon chemical protection bag
(0.06 mm) in which the RFID tag was wrapped had only negligible influence on
the measurements, (b) to show the effect of the thickness of the box (between
1-10 ¢m) with given dielectric coefficient (¢ = 2.1) in which the RFID tag was
mounted; beyond 3 ¢m the response function Sa; stays unchanged, (c) to show
that the response function Ss; depends on the dielectric coefficient of the box
(between 1-80). Fourthly, a CISC RFID setup can be used to measure the re-
sponse functions (S2; and P, ) as a function of frequency (800-1000 MHz) and
the dielectric coefficient in which RFID was encased. The measurements show
that the sensitivity of the minimum power at the tag position P,,;, was highest
at 915 and 868 MHz for aqueous (8.547x10~°) and oleic (1.905x10~%) solutions
respectively and the error of measurement with the RFID tag is negligible with
respect to other errors (Hon, 1989). Therefore, the error due to the evaporation
of DEE during the preparation of the calibration fluids is of the same order of
magnitude as the error ensuing from the RFID experiments. The measurements
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until now, show that it is possible to use RFID technology for contact-less mea-
surements of the compositions of fluids in imbibition experiments.
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