[l
UNIVERSITI PUTRA MALAYSIA

DETERMINATION OF THE MOISTURE CONTENT IN HEVEA RUBBER
LATTEX USING SHORT CIRCUITED WAVEGUIDE TECHNIQUE

PARNIA TOHIDI KALOURAZI

FS 2014 92




UNIVERSITI PUTRA MALAYSIA
[BERILMU BERBAKTI]

[0
"[ﬂﬁm

DETERMINATION OF THE MOISTURE CONTENT IN HEVEA RUBBER
LATTEX USING SHORT CIRCUITED WAVEGUIDE TECHNIQUE

By
PARNIA TOHIDI KALOURAZI

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia,
in Fulfilment of the Requirements for the Degree of Master of Science

May 2014



All material contained within the thesis, including without limitation text, logos, icons,
photographs and all other artwork, is copyright material of Universiti Putra Malaysia
unless otherwise stated. Use may be made of any material contained within the thesis
for non-commercial purposes from the copyright holder. Commercial use of material
may only be made with the express, prior, written permission of Universiti Putra
Malaysia.

Copyright © Universiti Putra Malaysia






This thesis is dedicated to
my beloved parents (Pakizeh Ghalandari and Qumars Tohidi )
and
my dear brothers (Pouya and Sahand) who support me with their
endless love to carry out my education.

i



Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of the
requirement for the degree of Doctor of Philosophy
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LATTEX USING SHORT CIRCUITED WAVEGUIDE TECHNIQUE

By

PARNIA TOHIDI KALOURAZI

May 2014

Chairperson : Associate Professor Zulkifly Abbas , PhD
Faculty : Science

The thesis describes a short circuited waveguide technique for the determination of
moisture content from reflection coefficient measurement of a waveguide loaded with
Hevea rubber latex samples. The operating frequencies were from 8 GHz to 12 GHz. The
theoretical part includes both the Finite Element Method and Short Circuit Line (SCL)
theory to calculate the reflection coefficient of the sample placed in a waveguide. A
computer program was written to implement the SCL calculation of the reflection
coefficient due to the interaction between the electromagnetic waves and sample in the
waveguide. Simulations using Finite Element Method was realized using the COMSOL
software. The geometrical problem and the boundary conditions were first defined before
performing the simulation of electromagnetic field distribution in the waveguide. The input
permittivity of latex require for both SCL and FEM were obtained from measurements
using Agilent Dielectric Probe Kit 85070B. Relationships between the dielectric constant,
loss factor, moisture content and frequency have been established. The dielectric constant
increases linearly with the measured frequency for all percentages of moisture content (%5
m.c). However the loss factor was inversely proportional to the operating frequencies.
Samples with higher % m.c would give higher values of the dielectric constant and vice
versa for the loss factor. The permittivity results were used in the calculation of the
reflection coefficient. The FEM results were much closer to the measured values compared
to the SCL theory for the whole frequency range between 8 GHz and 12GHz.

Calibration equations to predict the % m.c from the measured reflection coefficient have
been established. It was found the most accurate equation was based on the measurement
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of the magnitude of the reflection coefficient with accuracy within 3 % when compared to
the actual mc obtained by the standard oven drying method.
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MENENTUKAN KANDUNGAN AIR DALAM SASU GETAH
MENGGUNAKAN TEKNIK PANDUGELOMBANG TINTASAN
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Mei 2014

Pengerusi : Profesor Madya Dr. Zulkifly Abbas
Fakulti : Sains

Tesis ini memperihalkan teknik pandu gelombang pintasan untuk penentuan
kandungan kelengasan melalui pengukuran pekali pantulan pandugelombang yang
dibebankan dengan sampel lateks getah Hevea. Frekuensi operasi ialah dari 8 GHz to
12 GHz. Bahagian teori tesis ini merangkumi Kaedah Elemen Terhingga (FEM) dan
teori garisan  pintasan(SCL) untuk menghitung pekali pantulan sampel yang
dimuatkan dalam pandugelombang. Satu program komputer telah dibina
menggunakan kaedah SCL.untuk pengiraan pantulan akibat interaksi diantara
geleombang elektromagnet dan sampel didala, pandugelombang. Simulasi
menggunakan FEM pula dicapai melalui perisian COMSOL. Masalah geometri dan
syarat sempadan ditakrifkan terlebih dahulu sebelum memulakan simulasi taburan
medan elektromagnet dalam pandugelombang. Nilai ketelusan lateks yang diperlukan
sebagai input kepada SCL dan FEM diperolehi melalui pengukuran Pengesan
Dielektrik Agilent 85070B. Hubungan persamaan diantara pemalar dielektrik, fakror
kehilangan dielektrik, kandungan kelengasan dan frekuensi telah diperolehi. Pemalar
dielektrik didapati berubah secara linear dengan frekuensi pengukuran untuk
keseluruhan peratusan kelengasan sementara faktor kehilangan dielektrik berubah
secara sonsang dengan frekuensi. Sampel dengan kandungan kelengasan yang tinggi
memberi nilai pemalar dielektrik yang lebih tinggi dan untuk nilai faktor kehilangan
dielektrik, sebaliknya pula berlaku. Nilai ketelusan digunakan dalam pengiraan pekali
pantulan. Keputusan pengiraan menggunakan FEM didapati adalah lebih tepat
berbanding SCL untuk keseluruhan frekuensi 8 GHz hingga 12 GHz.
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Persamaan tentukuran untuk menganggarkan kandungan kelengasan melalui
pengukuran pekali pantulan telah dibina. Adalah didapati persamaan paling tepat
adalah berdasarkan pengukuran magnitud pekali pantulan dimana ketepatan dalam
julat 3% kelengasan boleh dicapai bila dibandingkan dengan kaedah piawaian
pengeringan ketuhar.
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CHAPTER 1

INTRODUCTION

The rubber industry is a major source of income in Malaysia. Since World War II,
rubber has contributed very much to Malaysian economy, as a result of which Malaysia
is still one of the largest rubber-growing countries in the world. The Malaysian rubber
industry has evolved over years into an integrated entity where rapid changes in the
medium and downstream have turned it to a multi-billion Ringgit industry.
Considerable progress in the design and manufacturing of rubber based products led
to the increasing demand in both local and global markets. The statistics of rubber
production, exports and domestic consumptions in Malaysia during the mid-2013 are
shown in Figure 1.1. More than 60,000 tons of rubber were exported whilst only
35,000 tons were for domestic consumption.
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__ 70,000
3
S 60,000 -
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£
<
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Production Exports Domestic Consumptions

Figure 1.1.Monthly rubber statistics, Malaysia 2013 (Source:(Department of
Statistic Malaysia, Official Portal, 2013))

1.1 An Overview of Hevea Rubber Latex

Rubber tree originated from Central and South America. Natural rubber, the main solid
component of Hevea latex, is obtained by tapping the rubber trees. Latex composition
varies according to type of clone, tree age, seasonal changes, the utilization, soil
conditions, contamination, tapping system, etc. (Khalid and Mohamad Daud, 1992)

Latex tapped from a rubber tree is essentially a white discharge from the subcutaneous
tissue of the tree. According to Poh (Poh, 1989) and Tomazic-Jezic (Tomazic-Jezic et
al., 2004) the main components of natural latex are rubber particles (30 - 40%), water
(40 - 65%)), protein (2 - 3%), sterilglycosides (0.1 - 0.5%), resin (1.5- 3.5%), ash (0.5
-1.0%), and carbohydrate (1.0 - 2.0%). Rubber particles and water are more than other
components in Natural latex. Chin (Chin, 1979) considered latex as a complex mixture
consisting of 55-80% water, 15-40% of rubber hydrocarbon, and 3-5% of non-rubber
1



solid. The basic components of the non-rubber solid (NRS) are proteins, lipids,
quebrachitol, and inorganic salts. The NRS also has a small portion of organic salt,
approximately 0.5%, which includes phosphate ions (~0.25%), potassium (~0.12-
0.25%), and a bit of copper, iron, calcium, sodium, and magnesium (Cook and Sekhar,
1953). The total concentration of organic salts is approximately 0.5% which consists
of phosphate ions (~0.25%), potassium (0.12-0.25%), and small amounts of copper,
iron, calcium, sodium, and magnesium (Cook and Sekhar, 1953).

In the rubber industry, latex rubber prices depend on the percentage of dry rubber
content (DRC) or total solids content (TSC) or moisture content (m.c.). In general, the
dry rubber content (DRC) of fresh latex is normally between 20 to 40 percent and less
than TSC. Rubber smallholders supply almost half of the whole world production of
latex, which is sold to a collector, paying according to DRC, TSC, or m.c.
Approximately half of the total world production of latex comes from rubber
smallholdings. Latex collected by smallholders is sold to a collector who pays
according to the DRC or TSC or m.c. Finding a suitable technique for accurate
determination of the true DRC or m.c. is considered really important to policy makers.
It is important that the true DRC or m.c. of latex is determined correctly to ensure a
fair price is paid to the tapper. There are various techniques to determine the content
of latex, each of which is discussed in chapter 2. The various techniques proposed to
determine latex concentration will be discussed in Chapter 2.

1.2 Microwave Sensors

Microwaves are electromagnetic waves with frequencies between 300 MHz (0.3 GHz)
and 300 GHz (Pozar, 2005; Sorrentino and Bianchi, 2010). The prefix "micro-" in
"microwave" originated from the historical terminology, then microwaves have
smaller wavelength than radio broadcasting signals which were called short
wavelength usually denoted by SW. The boundaries between far infrared light,
terahertz radiation, microwaves, and ultra-high-frequency radio waves are fairly
arbitrary and are used variously between different fields of study. Microwaves are used
in spacecraft communication, and much of the world's data, TV, and telephone
communications are transmitted through long distances between ground stations and
communications satellites by microwaves. Microwaves are also employed in
microwave ovens and in radar technology.

Microwave technology has been wused extensively for point-to-point
telecommunication (i.e., non broadcast uses). The waves can be easily focused into
narrower beams than radio waves, allowing frequency reuse. Antenna sizes are smaller
if working at higher frequencies because antenna size is inversely proportional to
transmitted frequency. Its comparatively higher frequencies allow broad bandwidth
and high data transmission rates. Microwave sensors were introduced in the 1960s but
were not given much attention by science and industry due to its various limitations.
The microwave sources were bulky, expensive, unreliable and lacked safety measures.
Also the lack of understanding of the effect of material properties such as moisture
content, density or temperature on the permittivity was a disadvantage for the
microwave techniques to gain support from the industry. However with advent of
telecommunication industry and advanced computational electromagnetic software,
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the interest in new applications began to grow as the devices are now more compact,
cheaper, more reliable and available in shielded packages.

In recent years, there has been an increasing interest to apply microwaves to detect
moisture content (m.c) in agricultural products. The amount of m.c. in a fruit is very
important as it affects the quality, stability and development of the fruit. The storability
of fruits and vegetables are also influenced by m.c. Excessive long-term storage of the
product degrades fruits and vegetables quality, resulting in direct economic loss (Ali
etal., 2011).

Microwave sensors can be found in almost all major industries including health,
environment and agriculture. The principles and limitations of microwave sensors
must be known before applying them to any industrial problem. The most popular type
of microwave sensors are the commonly used microwave components or transmission
lines as shown in Figure 1.2 :

1. Details of the various types of sensors are discussed in Chapter 2. In this work,
the Hevea latex sample shall be placed in a waveguide terminated with a metal
wall. All the waveguide walls are conductors. Some parts of wave incident on
the interface between air and sample in the waveguide are transmitted and some
are reflected. The transmitted wave propagates in the sample and is reflected
when reaches the metal wall at the other end face of the sample.

2. The various elements to be considered when deploying microwave sensors are
frequency range, bandwidth, power handling capability, attenuation, size and
fabrication technique.

Some of the advantages of microwave sensors include (Nyfors and Vainikainen,
1989):

i.  Non mechanical contact with the object which is especially important in
continuous process.

ii.  Insusceptible to environmental conditions, such as water vapour and dust
(contrary to infrared method) and high temperatures (contrary to
semiconductor sensors);

iii.  Negligible effect of dc conductivity. Capacitive and resistive measurements at
low frequencies are affected by DC Conduction, which is extremely dependant
on the temperature and ion content of the material under test. The later highly
affects the material conductivity. However, the effect of dc conductivity almost
disappeared at microwave frequencies.

iv.  Safe electromagnetic wave probing. Microwaves are non-ionizing radiation.
Additionally, the output power for most microwave sensors is very much below
the safety standard (Ahlbom et al., 1998).



v.  Fast and non-destructive technique

Because of its importance in modern life, especially in agriculture, a large number of
existing and potential applications of microwave techniques have been reported by
many researchers (Khalid et al., 1988).

Ground Plane 7

(b) microstrip patch antenna

(a) Rectangular Waveguide
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Figure 1.2.Some Examples of Microwave Sensors. (Source: (Ansarudin et al.,
2012; Garcia-Baiios et al., 2012))

The m.c. in various types of liquid or solid materials discussed in this section are for
different microwave techniques. Determination of moisture content was used
microwave techniques that it is known as a microwave aquametry. Microwave
aquametry is generally recognized based on the fact of both dielectric constant (&) and
loss factor (") otherwise they are based on water above the dry ingredients in a
microwave. During recent years, many microwave techniques in many applications
have been introduced to the wet ingredients m.c.

Basically, microwave techniques include simultaneous measurement of amplitude and
phase of the electromagnetic wave through a layer of a test substance. Parameters are
related to water content and dry weight and moisture content of the material under
test. It was subsequently developed into a device that measured both phase (¢) and was
calibrated with simultaneous linear equations dependent on both of the material
variables. Materials can be placed in a waveguide, resonator or in a free space, and the
microwave frequency of operation should be adapted for the structure and properties
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of the material. Measurement and calculation of reflection and transmission
coefficients of plane electromagnetic waves from a dielectric layer is essential (Chope,
1960; Klein, 1981; Kupfer, 2000; Stuchly and Kraszewski, 1965). Great demand for
the electromagnetic properties of the dielectric material is determination of the
reflection coefficient.

Dielectric aquametry is based on the systematic variation of the dielectric properties
of the material or the system considered with its water content (Brandelik and Huebner,
2000). Therefore, the necessity for optimizing the dielectric aquametry is to study and
understand dependence on the dielectric properties of water content for different
classes of materials at the molecular level. In general, by using microwave techniques
the dielectric properties of the material can be obtained. Generally, this technique is
applied for measuring permittivity and electrical properties of liquid and solid samples
including density, moisture content, maturity of the crops, and so on.

1.3 Dielectric Properties of Materials

The parameters involved in the electromagnetic waves interaction with materials are
absorption, scattering, attenuation, reflection and transmission. Various fast and
accurate microwave methods have been proposed for rapid determination of food
quality and agricultural products. The dielectric properties of the material are usually
represented by its complex permittivity (¢ = €’-j€”’). The real part of the permittivitye’
called dielectric constant describes the ability of the material to store energy, whilst
the imaginary part (¢”) refers to the dielectric loss factor which is a measure of the
dissipation by the material under applied electromagnetic field.

The permittivity of material depends on a variety of physical phenomenon. The main
contributions to the permittivity of a dielectric material are ionic conduction, dipolar
characterization and electronic polarization. For moist materials such as Hevea rubber
latex, bothe” ande” are much dependable on the amount of m.c. in the sample which
influences the degree of polarization. The relationship between €’ and €” is basically
based on behaviour of the polar molecules is governed by the Debye Relation (Ramo
etal., 1994) . The electronic and atomic polarizations develop instantly in the presence
of electric fields but the polar molecules turn slowly and exponentially approaching
the final state of polarization with a time constant t called relaxation time. In the
absence of the electric field, the process goes in reverse order.

When the field is switched off, the sequence is reversed and disorder is restored with
the same time constant. At low frequencies, the effect of ionic conductivity is the main
contribution factor to the values of € ”. However, the ionic conductivity is very small
at microwave frequencies (Nyfors and Vainikainen, 1989).



1.4 Problem Statements

Moisture content in freshly tapped natural rubber latex is between 40 and 65%. Bad
practices such as diluting the latex with water could result in a conflict between buyer
and seller. Various techniques have been developed to determine the quality of Hevea
latex. The quality of latex can be assessed either by the determination of total solid
content, dry rubber content or moisture can be grouped into microwave and other non
microwave techniques. The microwave techniques include open ended coaxial
(Jumiah et al., 1997), monopole (Ansarudin et al., 2012) ,microstrip (Yahaya et al.)
and horn waveguide techniques (Khalid, 1982) . The monopole sensors were found to
be most accurate when compared to the actual moisture content. Unfortunately, the
accuracy of the monopole sensor depends on the length of the monopole and the
volume size of the sample. In contrast, the non microwave techniques such as the
hydrometer technique (Fleenor and Stott, 1980), titration (Schwarzenbach and
Flaschka, 1969), buoyancy (Turner, 1979) and optical (Yariv, 1976) were either
inaccurate, time consuming, laborious or required skillful worker to operate the
apparatus.

An alternative solution is to use the short circuit line or usually called the short
circuited waveguide (SCW) technique. The technique was first introduced by Von
Hippel (Von Hippel, 1953) to measure permittivity of solid samples. However the
technique is getting less popular due to new advances in microwave technology where
the combined transmission reflection technique (TR) is now the more preferred choice
for permittivity measurement of solid samples having low loss, low dielectric constant
values. However, it should be noted that the sample thickness must be sufficiently
thick for TR method to calculate the reflection coefficient. For liquids or semi liquids,
this will result in a no uniform density distribution of the sample especially if the
measurements were to be implemented with the waveguides in the vertical position.
In contrast, the SCW technique does not require the sample to be infinitely thick.
However several issues need to be resolved for the SCW technique to be a suitable
candidate for accurate measurement of moisture content in latex. These issues formed
the main research objectives added in section 1.5. Thus the interaction between the
electromagnetic magnetic waves and the Hevea latex samples of varying percentages
of moisture content must be investigated.

1.5 Research Objectives

This thesis presents a detailed investigation on the theoretical and experimental
analyses of the microwave properties of a thin layer of latex placed in a short circuited
waveguide in the frequency range between 8 GHz and 12 GHz. The frequency range
was chosen to ensure negligible effect of AC conductivity on the values of the
reflection coefficient. The main research objectives include:

1. To design the computational geometrical problem and simulate the field
distribution in the waveguide due to the interaction between the
electromagnetic waves and sample in the waveguide using Finite Element
Method and to develop a computer program in MATLAB to calculate the
reflection coefficient of the sample loaded

6



11. To measure the permittivity of Hevea rubber latex of various percentages
of m.c.; also to compare measured and calculated values of both the
magnitude and phase of the reflection coefficient using transmission line
theory and finite element method;

iil. To determine the relationship between mc, magnitude and phase of the
reflection coefficient of the sample loaded waveguide and to determine the
effect of mc in Hevea latex on the variation in both the magnitude and phase
of the reflection coefficient.

1v. To determine the accuracy of the short circuit in the prediction of mc in the
sample.

1.6 Scope of the Study

The focus on this study is limited to the interaction between electromagnetic waves
with Hevea rubber latex in a waveguide backed with a metal plate in the frequency
range from 8 GHz to 12 GHz. Chapter 2 reviews the various techniques in the
determination of DRC and m.c. for Hevea rubber. Chapter 3 presents the theory of
short-circuited waveguide. Both the transmission line theory and finite element
methods were discussed in detail. The methodology and experimental set-up used in
this work are presented in Chapter 4. The chapter also includes a detail description of
FEM procedure to calculate the reflection coefficient using the COMSOL software.
The calculated and measured reflection coefficients are compared in Chapter 5. The
chapter also provides an analysis on the various calibration equations for prediction of
m.c. based on the measured reflection coefficient. Comparison between predicted m.c.
and actual m.c. for all the equations are also presented. Chapter 6 is the conclusion of
the thesis summarizing the main contributions and recommendations for future works.
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