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The Early History of Microwave
Processing — An Overview

Robert F. Schiffmann

R. F. Schiffmann Associates, Inc., New York

Keywords: microwave processing, early processing systems, reasons for failure,
chicken, donut and sausage processing, potato chip drying.

INTRODUCTION

Soon after Percy Spencer's discovery of the heating ability of microwave energy
and how to apply it, interest grew in the potential of applying microwaves for the
processing of materials. Beginning in the 1960s, there were many attempts to
commercialize such ideas, resulting in a number of successful microwave processes.
However, despite their commercial success, all ultimately failed, i.e. they were
supplanted by other technologies, or removed from the marketplace. The reason for these
failings is instructive and will be the subject of this paper.

DISCUSSION

The early history of the adoption of microwave energy for industrial processing
will begin with the invention of the microwave oven, followed soon thereafter with
conveying materials through a microwave field, and the invention of simple choke
systems, and on to other microwave devices. A number of significant and successful
industrial microwaves systems will be described, as well as the reasons for the demise,
including, potato chip drying, chicken cooking, donut processing, sausage patty
manufacture. Such things as technical issues, changes in the marketplace (1), and the
innovation being ahead of its time are important reasons.

REFERENCES

[1] J.P. O’Meara, Why did they fail? A backward look at microwave applications in the food
industry, A Backward Look at Microwave Applications in the Food Industry, J. Microwave
Power, vol. 8,10 2, pp.167 - 172, 1973.
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Opportunities for Microwave
Technology in
Small Scale Hydrogen Production

John F. Gerling
Gerling Consulting, Inc., Modesto, CA, USA
Keywords: Microwave heating, hydrogen production, electrolysis, fuel cells

INTRODUCTION

As the demand for hydrogen fuel cells is rapidly becoming a multi-billion (US)
dollar market opportunity [1], their usage in broadly distributed applications such as
stationary energy storage and transportation presents a need for distributed hydrogen
production. In 2008 over 96% of all molecular (gaseous) hydrogen was centrally produced
by large scale fossil fuel reforming [2], primarily by steam methane reforming (SMR)
which is more efficient and cost-effective than smaller scale distributed processes. The
costs associated with distribution and storage of centrally produced hydrogen incentivize
the development of smaller scale distributed production methods. Additionally, as all fossil
fuel reforming processes generate CO; as a by-product, much of the current research and
development activities focus on alternate zero-emission technologies that avoid the added
costs associated with CO, capture, conversion and/or sequestration. The utilization of
sustainable and renewable energy sources (e.g. solar, wind, hydro-electric) further
motivates development of these alternate technologies.

WATER ELECTROLYSIS

Hydrogen production by water electrolysis (aka “water splitting”’) has advantages
and disadvantages compared to fossil fuel reforming methods. Water electrolysis uses
electricity to split water molecules into molecular hydrogen and oxygen, which is
potentially a zero-emission source of hydrogen when utilizing energy sources such as solar,
wind, nuclear and hydro-electric. However, due to the inherently smaller economies of
scale, the cost of hydrogen produced by water electrolysis is currently higher than by SMR.
Cost reduction of electrolysis methods is a major focus of ongoing research [3].

The proton exchange membrane (PEM, aka polymer electrolyte membrane)
electrolysis method is gaining momentum and market acceptance as a scalable technology
that operates at low temperatures (< 100 °C) and requires only electricity as the source of
energy [4]. A disadvantage of PEM electrolysis is reduced conversion efficiency, whereas
other methods operating at higher temperatures achieve higher electrical efficiency and
potentially reduced hydrogen production costs [5]. Two such methods are of interest: high

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018
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temperature electrolysis (HTE) that utilizes solid oxide electrolyte cells (SOEC) operating
at around 800 °C [6], and hybrid thermochemical-electrolysis such as the Copper-Chlorine
cycle operating at around 500 °C [7]. In both methods the thermal heat source required to
achieve the operating temperature is traditionally provided by nuclear (e.g. Figure 1) or
concentrated solar energy which limits scalability.

StearHydrogen
Separator

Pawer 106 ERCHOlysis —=

2> Hectclty

Power to Grid —=

Figure 1, High Temperature Electrolysis (HTE) utilizing nuclear energy as the source of
thermal heat.

Electrode-Electrolyte Assembly

~

Ferritic Stainless Flow Field (Air) —

Edge Rail =——Zm
Separator Plate ———gp.

Edge Rail /

} 1 cell

Nickel Flow Field (Steam)

Figure 2, Solid oxide electrolyte cell (SOEC) for steam HTE [8].

APPLICATION OF MICROWAVE TECHNOLOGY

Microwave technology may be applicable to higher temperature hydrogen
production methods that require an external source of energy to heat the cell or reactor.
Because microwave technology is highly scalable, the advantages of these methods that

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018
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otherwise are viable only at larger scales can be realized across a broader range of scales.
In the case of HTE, conventional SOEC designs (Figure 2) can be modified for microwave
compatibility and efficient energy coupling.

The total energy required in a laboratory HTE system at Argonne National
Laboratory is 47 kWh/kg, of which 77% is electrical for electrolysis and 23% is thermal
for heating [9]. On a smaller scale utilizing 1 kW of microwave power, a similar system
could produce up to 2.2 kg/day of hydrogen. As the typical driving range of fuel cell electric
vehicles (FCEV) is 60 miles/kg [10], this production rate easily meets the demand of a
typical consumer driving 12,000 miles/year. Considering a 65% electrical conversion
efficiency of the microwave source, the cost of hydrogen based on local utility rates can be
within USD 5.20-6.80/kg. This cost can be reduced when utilizing lower cost renewable
sources of electricity (e.g. solar), which on a per-mile basis becomes roughly comparable
to current prices for gasoline fuel.

CONCLUSION

Microwave technology in the production of hydrogen has been shown to enable
economic feasibility for small-scale application at the consumer level. Although the
technical challenges may be significant, these results warrant further study to identify the
most practical methods and techniques to develop.

REFERENCES

[11 T.G. Benjamin, J. Gangi, S. Curtin, The Business Case for Fuel Cells: Delivering
Sustainable Value, 7* Edition, Argonne National Laboratory, ANL-17/08, June 2017.

[2]  RJ.Press, K.S. Santhanam, M.J. Miri, A.V. Bailey, G.A. Takacs, Introduction to hydrogen
Technology. John Wiley & Sons. ISBN 978-0-471-77985-8, 2008.

[3] “Hydrogen and Fuel Cells,” 2016 Annual Report of the Hydrogen and Fuel Cell Technical
Advisory Committee, Department of Energy, submitted June 2017.

[4] R.E. Clarke, S. Giddey, F.T. Ciacchi, S.P.S. Badwal, B. Paul, J. Andrews, Direct coupling
of an electrolyser to a solar PV system for generating hydrogen, International Journal of
Hydrogen Energy, 2009, 34 (6): 2531-42.

[5] Y. Zheng, et al, A review of high temperature co-electrolysis of H20 and CO2 to produce
sustainable fuels using solid oxide electrolysis cells (SOECs): advanced materials and
technology, Chemical Society Reviews, 2017, 46, 1427-1463

[6] S.P.S.Badwal, S. Giddey, C. Munnings, Hydrogen production via solid electrolytic routes,
WIRES; Energy and Environment, Sept 2012, 2 (5): 473-487.

[71 M.A.Rosen, G.F. Naterer, R. Sadhankar, S. Suppiah, Nuclear-Based Hydrogen Production
with a Thermochemical Copper-Chlorine Cycle and Supercritical Water Reactor, Canadian
Hydrogen Association Workshop, Quebec, October 19 — 20, 2006.

[8]  J.S. Herring, C.M. Stoots, J.E. O’Brien, High Temperature Electrolysis for Hydrogen
Production, Materials Innovations in an Emerging Hydrogen Economy, Cocoa Beach, FL,
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Microwave Assisted Crystallization;
Recent Advanced Applied to Freezing
of Foods (FREEZEWAVE Project)

Alain LE-BAIL*Y, Piyush Kumar JHA*?, Mathieu SADOT?®P, Olivier

ROUAUD®P, Vanessa JURY*", Michel HAVET®*Y, Sylvie CHEVALLIER®®,

Sébastien CURET*?, Epameinodas XANTHAKIS®, Sven ISAKSSON,
Lovisa ELIASSON¢, Julien HUENY, Marie SHRESTHAY & Jean Paul
BERNARD®

a ONIRIS, BP 82225, 44322 Nantes, France
b CNRS UMR 6144 GEPEA CNRS, 44307 Nantes,
¢ RISE-Agrifood and Bioscience, Gothenburg, Sweden
d TTZ-BILB, Bremerhaven, Germany
e SAIREM, France

Keywords: Freezing, crystallization, microwave, radiofrequency, food.

INTRODUCTION

Phase change in biological tissues yields mechanical (volume change during water to ice
transition) and biochemical damages (due to freeze concentration). The resulting freeze damage
remains a challenge for the food industry. Phase change in an aqueous solution containing solutes
induces electric charge displacement. Also, the interaction between water molecules is governed
by hydrogen bonds, which are related to a balance in electrical charges. Based on this, it can be
understood that freezing could be affected by electrical and magnetic disturbances. This
presentation proposes a review based on existing literature as well as some very recent results on
Micro Wave (2450 MHz) Assisted Freezing (MW-AF). Results of the ongoing Collaborative
European FREEZEWAVE Project are presented in the case of apple freezing.

THE FREEZEWAVE PROJECT

FREEZEWAVE is a SUSFOOD ERA-NET project (2015 — 2018) about Micro Wave Assisted
Freezing (MW-AF). Partners are ONIRIS, RISE, TTZ and the company SAIREM, which
provides prototype equipment. A previous study [1] showed a 62% decrease of the average ice
crystal size for samples frozen under microwave irradiation compared to the control (Xanthakis
et al., 2014, IFSET - study on pork meat). A similar improvement was reported by [2] with RF
waves applied to meat freezing. MW-AF with low energy microwave permits to obtain a higher
number of nucleation sites and in the end a higher frozen food quality with less freeze damage.
FREEZEWAVE aims at optimizing the freezing rate and the quality of frozen foods in the case
of MW-AF; sauce, meat, fish, fruits, vegetables are considered. At the end of the project, the
design of a continuous industrial scale equipment is foreseen.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018
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METHODOLOGY

Low power MW were applied using a domestic cavity connected to a solid state emitter. Apple
was considered as a model food, and selected quality attributes were studied: image analysis
(Cryo-SEM and X-ray tomography), texture etc. Different strategies have been used to apply

MW power, either continuously or as pulsed emission at regular time spacings.
Sample preparation (cvlinders of apple with a diameter of 8 mm and height ot 10 mm)

Temperature stabilization to 5 °C

2
Freezing of apple to -30 °C under different conditions
L 2
¥ ¥ L 4
Control Constant MW (CMW) Pulsed MW (PMW)
2 2
1 4
No MW 5 W (167 W/Kg) applied 15 W (500 W/Kg) with 10 - 20 W (667 W/Kg) with
continuously s pulse width and 20 s 10 s pulse width and 20 s
pulse interval pulse interval
- Average power (167 - Average power (222
W/Kg) W/Kg)

Figure 1. Flowchart representing the freezing strategies that were studied.

RESULTS

In Figure 2, the microstructure of control and MW-AF apples obtained using x-ray
tomography techniques are presented. The lighter regions in the figure correspond to the
cellular matrix, while darker region corresponds to the ghost of ice microcrystal that
sublimed during freeze drying. The X-ray images clearly show the difference in voids left
by ice crystals, and in addition, differences in material microstructure are seen for different
freezing conditions. It reveals that freezing in absence of MW produces larger voids area
and greater destruction to the cellular matrix compared to the MW-AF conditions. Further,
the image analysis was performed to evaluate the effect of microwaves in improving the
microstructure of the apple during freezing. Figure 3 shows the frequency curves of the
pore size distribution in the apple samples frozen under various conditions. The pore size
distribution depicts that the MW-AF conditions produced a better microstructure than the
control condition.

DISCUSSION

With respect to the effect of MW on the microstructure, our observations are in accordance
with [3], [2] and [1], who found a better microstructure with numerous ice crystals for
freezing conditions assisted by electromagnetic radiation. The production of small size ice
crystals in food products can be related to better quality preservation upon thawing.
Similarly, with respect to the effect of MW power on microstructure, our results are in line
with [1] who observed a decrease in the size of ice crystals with an increase in applied MW
power level. As reported in the literature for MW-AF by [1], [4] and [5], MW can exert a
torque which can displace the water molecules from their equilibrium relationships in the
ice and limit its growth, thus, favouring the genesis of numerous ice crystals in the food.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018
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Figure 2. Microstructure of apple after freezing Figure 3. Frequency curve for apple sample
under different conditions: (a) control, (b) 5 W  frozen under control condition and the best
constant power, (c) 15 W pulse condition, and (d) MW-AF condition.

20 W pulse condition.

CONCLUSION

MW-AF process produced smaller size ice crystals in the food product compared to
conventional freezing and in turn would promote better quality retention. It would also
allow us to switch to less energy-intensive freezing, because the freezer could be operated
at a higher temperature. 20 W pulsed MW emission conditions yielded the best
microstructure followed by 15 W pulsed conditions and 5 W continuous microwaves
conditions. The final results from FREEZEWAVE will be presented during an End of
Project conference in Nantes — France on 5" Nov 2018. The detailed project and program
of this even is available on www.freezewave.eu.

REFERENCES

[1] Xanthakis, E., Le-Bail, A., Ramaswamy, H., 2014. Development of an innovative microwave
assisted food freezing process. Innovative Food Science & Emerging Technologies, 26, 176—
181.

[2] Anese, M., Manzocco, L., Panozzo, A., Beraldo, P., Foschia, M., Nicoli, M.C., 2012. Effect of
radiofrequency assisted freezing on meat microstructure and quality. Food Research
International, 46(1), 50-54.

[3] Hafezparast-Moadab, N., Hamdami, N., Dalvi-Isfahan, M. Farahnaky, A., 2018. Effects of
radiofrequency-assisted freezing on microstructure and quality of rainbow trout (Oncorhynchus
mykiss) fillet. Innovative Food Science & Emerging Technologies. In Press, Accepted
Manuscript

[4] Hanyu, Y., Ichikawa, M., Matsumoto, G., 1992. An improved cryofixation method:
cryoquenching of small tissue blocks during microwave irradiation. Journal of Microscopy,
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[5] Jackson, T.H., Ungan, A., Critser, J.K., Gao, D., 1997. Novel microwave technology for
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Neutron Generators Employing Solid
State Microwave Sources

David L. Williams', Charles K. Gary', Melvin A. Piestrup'

' Adelphi Technology Inc., Redwood City, California, USA

Keywords: Neutron generator, 2.45 GHz power amplifier

INTRODUCTION

Neutron generators have a range of uses including imaging, materials analysis,
medical isotope generation and cancer therapy. The first neutron generator was developed
by Bothe and Becker in 1930 [1], prior to the discovery of the neutron by Chadwick in
1931 [2]. In 1942 the reactor pile was developed and provided the possibility of very large
neutron fluxes [3]. By 1949 neutron generators using isotopes of hydrogen had been
developed [4]. Such devices produce fewer neutrons than a nuclear reactor, but as the
technology has evolved, and neutron yields have increased, these devices have begun to
emerge as a suitable neutron source for industrial and medical applications. Recent
developments in the 2.45 GHz RF power amplifier technology has enabled neutron
generator performance improvements as well as reductions in size weight and cost of these
machines.

NEUTRON GENERATOR TECHNOLOGY

Adelphi Technology Inc. has been manufacturing neutron generators for over 10
years, making generators that produce either 14.1 MeV neutrons (employing the
deuterium-tritium, DT reaction), 2.45 MeV neutrons (employing the deuterium-deuterium,
DD reaction) or thermal neutrons which have an every of 0.025eV, produced by
moderating neutrons produced via the DD reaction. Adelphi’s early generators had an
output of 3x10” neutrons/second (DD). The largest output to date is 1x10'" n/s (DD). This
is more than a thousand-fold increase in neutron yield over 10 years, and is both the result
of numerous engineering improvements, as well as an increase in customer interest.

Adelphi’s neutron generators consist of an Electron Cyclotron Resonance, ECR,
ion source, a target and an acceleration section. Either deuterium gas, or a mixture of
deuterium and tritium is fed into the ion source. RF energy excites a plasma within the ion
source. A high voltage (typically upwards of 100kV) is then used to pull ions out of the ion
source and implant them into a target. After a few minutes of operation, sufficient ions are
loaded into the target that subsequent ions collide with ions that are loaded into the target
material. The binding energy of these light ions is such that nuclear fusion occurs. The
reactions of interest are D+ T 2 o + n (14.1 MeV),and D + D = a + n (2.45 MeV). A
mid-range DD neutron generator is shown in Figure 1.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018
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- —
Figure 1. A DD neutron generator. From left to right: magnetron box, waveguide+matching stub,
ECR ion source, acceleration chamber. White material surrounding generator: neutron shielding.

SOLID STATE MICROWAVE SOURCE

Recently Adelphi has explored replacing magnetrons with solid state microwave
sources since these do not require a high voltage power supply, and potentially allow
reductions in size, weight, power and cost of a system. Figure 2a gives the performance of
the neutron generator when the ion source is driven by a solid state microwave source and
a magnetron. Figure 2b shows the frequency response. The ability to tune the frequency of
these microwave sources, and their resilience to back-reflections from the plasma, has led
to the performance improvements shown in Figure 2a.

Comparison: Optimized Neutron Output for 06 T The ECR Resonance
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Figure 2. Performance of a neutron generator (a) comparison of the neutron dose from a solid state
RF source and a magnetron (b) frequency response of the neutron generator

APPLICATIONS

Neutrons tend to pass through materials with a large atomic mass and are
moderated by materials with a low atomic mass. This results in an imaging technology with
completely different contrast characteristics than X-rays. Used in combination with x-rays,
scanning systems can offer greater ability to detect illicit materials. The images shown in

Figure 3 show that water and plastic exhibit high contrast, which is the opposite of x-ray
systems.
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Figure 3. Neutron radiography of a wine bottle (left) and a handbag (right)

Neutrons can additionally be used for precisely identifying the composition of
materials. When materials are irradiated with neutrons, they emit gamma rays. Some
gamma rays are emitted immediately (‘prompt’ gamma rays), and others are emitted after
a period of time dictated by the half-life of the isotope that has been produced (‘delayed’
gamma rays). Figure 4 shows the delayed gamma ray spectrum from a cupronickel coin
after irradiation for 2 seconds by al0'® n/s neutron generator. Cupronickel is a mix of
copper and nickel and has trace amounts of manganese, this results in a coin with a ‘silver’
appearance.
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Figure 4. Neutron Activation Analysis of a coin irradiated for 2 seconds at 10'°n/s

CONCLUSION

Developments in RF power amplifier technology is enabling the design of
improved neutron generators which may be used for a range of applications including
imaging and materials analysis.
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INTRODUCTION

Ever since Percy Spencer first melted a chocolate bar in his shirt pocket in 1945,
the main source for industrial microwave power has not changed. Our familiar friend, the
magnetron, has been the stalwart power source for our industry for well over half'a century.
It has served us well, enabling scientific discovery which has spawned inventions and
innovation which we benefit from daily. However, technology has advanced. We no longer
seek out a phone booth to make a call because the smartphones we carry today are far more
convenient and millions of times more powerful than all of NASA’s combined computing
power was in 1969. It is now time for the transistor, which has enabled today’s solid state
microwave power sources, to usher in the next generation, re-ignite the scientific
community’s imagination and spirit of invention with a new set of 21* century tools. Those
tools are the enabling features of today’s solid-state microwave sources. No longer will
we be required to design systems to accommodate the limitations and idiosyncrasies of
magnetrons. The new generation of solid state microwave sources will give us the ability
to overcome system design constraints, and to embark upon a new generation of discovery
and innovation in physics, chemistry, material sciences, food processing, and where ever
our curious nature leads us.

DISCUSSION

The benefits of Solid State Microwave Sources will be reviewed. Key points will
include precise control over frequency, phase, and power, and the benefits of new
capabilities such as frequency sweeping, band mapping, and pulse width modulation. Also
discussed will be the vastly improved reliability and safety, and the ability to configure
systems with output power capability matched to the exact needs of the application.
Additionally, the profound impact that a high level of software control and monitoring has
over all aspects of the microwave signal, system and process will be discussed.
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INTRODUCTION

MATS/MAPS technology has the potential to disrupt the food industry by
helping to solve some of its most challenging problems. These include food insecurity,
food waste, supply chain inefficiency and lack of convenient, packaged, healthy, fresh-
tasting food. Companies, such as Amazon, view this technology as an important enabler
to providing direct-to-consumer, healthy meals.

Microwave Assisted Thermal Sterilization (MATS) and Microwave Assisted
Pasteurization (MAPS) is a game-changing food processing technology developed by the
Microwave Research Consortium, led by Washington State University. Consortium
members included the Natick Research Labs, food companies and packaging companies.

MATS/MAPS is a thermal process using microwave energy to rapidly reach
sterilization or pasteurization temperatures in pre-packaged product. As a result, the
flavors, textures and colors lost in traditional thermal processes are maintained, allowing
for the production of high quality, clean label foods or beverages. The MAPS technology
can also be used for pasteurization to extend the shelf life of chilled products.

The current state of MATS/MAPS technology is perfectly timed to relieve the
market tension that exists today between consumers’ need for convenient, ready-to-eat
foods and their desire to eat foods that are healthy and fresh tasting.

HISTORY/BACKGROUND

The use of microwaves to sterilize or pasteurize pre-packaged food has been the
subject of research for the last 40 years. Much of this research focused on the 2450 MHz
wavelength typically utilized for home microwave ovens. The application of 2450 MHz
to sterilizing pre-packaged food resulted in some limitations. “Major challenges reported
in early research on microwave sterilization technologies included non-uniform and often
unpredictable EM fields in multi-mode microwave cavities, as well as a lack of high-
barrier microwave transparent packaging materials and reliable means to monitor product
temperature, in particular in moving packages (Decareau 1994). In addition, 2450 MHz
microwaves could only process foods of shallow thicknesses (Ohlsson1992), due to
limited penetration in foods ...
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“Recognizing the limitations of 2450 MHz microwaves, the Washington State
University team selected 915 MHz microwaves in system design. In 2001, a microwave
consortium was formed consisting of 7 food processing, packaging, and equipment
companies and the U.S. Army Natick Soldier Center. The goal was to develop a
microwave in-package sterilization technology for production of high quality shelf stable
read-to-eat meals for the U.S. Army and the retail market. The (results of this research
and development yielded): (1) a microwave cavity design scalable for industrial
implementation that provided predictable and stable heating patterns; (2) an effective
method to determine heating patterns and identify cold spots in food packages; (3)
methods to accurately measure temperature at cold spots of food in continuous
microwave heating systems for process development; (4) procedures to file for FDA and
USDA-FSIS acceptance.”

Several food safety validations have been successfully completed making MATS
the first and only in-package microwave sterilization technique accepted by the U.S.
FDA.

MATS/MAPS ADVANTAGES

The processing and distribution of today’s packaged foods is no longer meeting
consumer and market needs. Consumers are demanding higher quality, more nutritious
foods made with recognizable ingredients, but they don’t have the time or skills to
prepare them from scratch. Processed food manufacturers are witnessing declining sales
of their legacy brands and are having difficulty reformulating to deliver a cleaner
ingredient line. While traditional grocers are seeing declining sales in center-of-store and
growth in the perimeter, fresh, chilled foods are lower margin due to higher operating
costs. On a global basis, large populations are without access to nutritious foods while
one-third of food produced is wasted.

MATS/MAPS technology can solve some of these universal problems facing the
food industry by delivering a wide variety of cleaner label, great-tasting foods in
convenient packaging. MATS/MAPS is a thermal process which has been perfected in
sterilized foods. However, with MATS, foods are subjected to far less thermal history
than traditional retort, thereby retaining flavor, color, texture and nutrients. The system
can be utilized to sterilize and obtain an ambient shelf life of one year. It can also be used
for pasteurization and shelf-life extension of chilled foods.

COMMERCIAL IMPLEMENTATION

In 2014, 915 Labs LLC was founded to harness the power of MATS/MAPS and
scale the technology to large commercial applications. 915 Labs holds the exclusive
worldwide license for MATS/MAPS technology, enabling the company to commercialize
the technology globally in partnership with system manufacturers that produce machines.
Since its inception, the company has launched both pilot and commercial scale systems,
including the MATS-B and MATS-30, and has grown its portfolio to nearly 70 patents
worldwide

The MATS-B pilot-scale system can process up to 60, 8.50z packages per hour
and can be utilized for sterilization or pasteurization. It is ideal to conduct
process/product development, consumer testing and small regional test markets. The
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MATS-30 is a continuous process with a throughput of up to 30, 8.50z packages per
minute and can also be used for sterilization or pasteurization. Both units utilize a
universal carrier to convey packages through the system that is configurable for a variety
of packaging formats and sizes.

The MATS process has four phases:

1. Preheat — Packaged, sealed foods are conveyed through a vessel
with water spray and water immersion to raise the packages to a
homogeneous temperature (typically 65 to 85C).

2. Microwave — After passing through a pressure lock, packages
submerged in pressurized water are heated with microwaves to
sterilization set point temperature.

3. Hold — Packages are conveyed through a vessel submerged in
pressurized water to hold for several minutes to allow the coldest
spot to reach sterilization set point temperature.

4. Cool — Packages are conveyed through a cooling vessel
submerged in pressurized water to cool to atmospheric
temperature before passing through another pressure lock for
atmospheric cooling.

The MAPS process is similar; however, overpressure is not required because processing
temperatures are lower. Residence time in each vessel is also adjusted depending on the
process conditions required of the product.

915 Labs has also developed a Packaging Solutions program. The program offers
customers a variety of stock tray/lidding and pouch options developed specifically for
MATS processing. Packaging is delivered in partnership with certified packaging
suppliers subjected to rigorous requirements. Custom packaging can also be developed
for the MATS system.

In addition to MATS systems and packaging, 915 Labs, in conjunction with its
world-wide partners, offers a variety of services to guide customers from product
development to commercial production. These include product development and testing,
product optimization and production scale-up.
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INTRODUCTION

The Food and Agriculture Organization of the United Nations estimates that, each
year, one-third of all food produced for human consumption in the world (around 1.3
billion tons) is lost or wasted. In the developed world, a significant proportion of food
waste has been caused over the past 30 years by the move away from canned foods towards
fresh chilled foods with short shelf-life (< 7 days). The retention of the essential physical
properties of pasta, noodles, rice and other carbohydrates during thermal-processing is one
of the most significant problems for food manufacturers to overcome if they are to arrest
the relative decline in canned foods and thereby contribute to the war against food and food
packaging waste. The finished product quality of the carbohydrate component of prepared
foods, including visual appearance (color, brightness, surface texture), cooking behaviour
[1] and eating quality (mouth feel, chewiness, elasticity, firmness and slipperiness) [2] are
of critical importance to the ever more sophisticated end consumer. Food manufacturers
often assemble the carbohydrate, protein, vegetables and sauce in single compartment
containers. Whilst this is acceptable for short-life chilled products it is not so for extended
life products. If the carbohydrate is in contact with excess water during thermal processing
significant damage to the protein chains and starch molecules of the carbohydrates can
occur resulting in unacceptable organoleptic end quality for the consumer. It is possible to
avoid most of this damage by restricting the free water available to the carbohydrate during
thermal processing, and then re-introducing the missing water to the carbohydrate during
microwave cooking immediately prior to consumption by using purpose made packs and
different rates of dielectric heating caused by individual component position and lossiness.

EXPERIMENTAL APPARATUS AND PROCEDURE

A twin compartment container was developed within which the carbohydrates and
other solids (such as proteins and vegetables) are kept separated from the liquid component
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(typically sauces, marinades or dressings) during thermal processing and storage. This
container automatically combines the solid and liquid food materials during microwave
cooking such that the carbohydrates become fully hydrated just before serving, as would
be the case with freshly prepared carbohydrate with protein, vegetable garnish and sauce.

The microwaveable food package that was developed was a stand-up, gusseted
retort pouch divided vertically into a small compartment and a large compartment with two
interconnecting channels within the gusseted base at the bottom of the two compartments.
The channels were designed to automatically open when a differential pressure threshold
between the two compartments was reached, and then close again when the pressure
equalizes after the sauce transfers. The pressure is created by leaving the smaller sauce
compartment sealed so steam generated during microwave heating forces the sauce through
the bottom channels into the larger compartment which was vented before cooking,.

Sauce Carbohydate and Interconnecting 4 vent Fully mixed food
compartment garnish compartment channels components

(a) (b)
Figure 1. Still frames from video of the final twin compartment pouch during microwave cooking;
(a) at start of heating, (b) at start of sauce transfer (2 min 30 sec), and (c) at end of cooking (4 min)

Various types of channels were designed and tested, including thin welded seals,
seals with weak points, peelable seals and pressure-sensitive, shape-restricted open seals.

Test pouches were made from standard 4-ply retort laminate which was bonded by
the application of heat and pressure between shaped anvils. These pouches were then filled
with 250¢g of cooked pasta and vegetables in the large compartment and 170g of pasta sauce
in the small compartment before the tops of the two compartments were heat sealed.

Prior to microwave cooking the top of the large compartment of each trial pack
was cut open 1/2 inch to allow venting to atmosphere. A pressure monitoring tube was
bonded into the top seal of the small compartment and connected to an external pressure
gauge mounted on top of the microwave oven to monitor the differential pressure during
heating and sauce transfer. The small opening in the microwave was shielded and earthed.

Each pouch design was heated for up to 5 minutes on full power (800W) in the
microwave oven, and the times and differential pressures needed for the starch solution to
start and then finish transferring into the large compartment were compared. An infra-red
non-contact thermometer was used to measure temperatures within both compartments.

Initial tests were conducted on filled pouches that had not been retorted. The
designs that performed best were sterilised in a water immersion retort at 122°C (252°F)
to an Fo5 lethality before cooling and re-testing in the microwave oven as above.
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RESULTS

Significant difficulties were encountered in finding a reliable design because of the
flexible nature of the retort pouch laminate at the elevated temperatures (110°C / 230°F)
encountered during microwave heating. This flexibility resulted in constantly variable
three-dimensional pouch shapes during heating, pressurization and then sauce transfer.

The need for 100% reliability of sauce transfer placed high demands on the
functional packaging design. Channel opening by means of various frangible seals had to
be dropped because of their unreliable performance during testing.

Discussions with established retort pouch manufacturers precluded the use of
peelable seals due to the difficulties that would be encountered during pouch manufacture.

The unsealed channel design, forced closed by the contours of the filled
compartments, provided a sufficiently effective barrier to unwanted liquid transfer during
filling, sealing, retort processing and final handling to provide the expected product quality
benefits combined with quick and reliable sauce transfer during microwave cooking.

TRANSFER
COMPELTED

TRANSFER|
INITIATED!

SHORTEST TIMES
LONGEST TIMES

START

0 1 2 3 4 5 6 7
TIME TO TRANSFER (MINUTES)

Figure 2. The envelope of longest & shortest transfer times by valve designs & product type

DISCUSSION

The final design derived from this project has been patented in 21 countries and the
commercialization of the technology has now started. Testing has been undertaken with
several international food manufacturers and retailers, with results confirming the
anticipated benefits of the separation technology. Further research work using these twin
pouches is welcomed to more fully quantify the benefits for a wider range of food
components when kept away from excess water during thermal processing and storage.

CONCLUSION

Separation technology can be an effective tool for food manufacturers to increase product
shelf life for microwaveable products without causing unacceptable loss of organoleptic
quality. In this way food and food packaging waste can be very substantially reduced.
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INTRODUCTION

The microwave assisted pasteurization system (MAPS) developed at Washington
State University (WSU) for pre-packaged food products combines 915 MHz single-mode
cavity design with emerging water at high temperature to provide predictable heating
pattern without edge heating [1]. The unique system design also allows the use of metal
carriers with partial metal shielding to alter electric field distribution in food packages
when moving through microwave cavities [2]. In this presentation, we describe the
development of a computer simulation model based on QuickWave Software to provide
useful insight into how different metal shielding patterns change electric field distribution
in food packages in a pilot-scale MAPS, and present experimental results to validate the
simulation results.

() (b)

-,

Figure 1. Schematics of (a) microwave cavity design and (b) food tray carrier
(upper: with metallic shielding; lower: without metallic shielding).
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< location of food

Figure 2. Simulated electric field pattern in middle layer of food trays: (a) food tray
carrier without metal shielding, (b) food tray carrier with metal shielding (Tang Cage).

METHODOLOGY

QuickWave Software (ver 7.5C, Warsaw, Poland) was used to simulate the electric
field and microwave heating using food tray carriers in the pilot scale MAPS (Figure 1).
In the simulation, food samples were located in the center of the microwave cavity.
Dielectric and thermal properties of the food were measured and obtained [3]. To validate
the heating patterns in 10-o0z trays, the trays filled with a model food based on mashed
potato and M1 chemical marker were processed in the four cavity MAPS with 30 kW
power generators. The MAPS consists of four sections: preheating, microwave heating,
holding, and cooling. Packaged model food sequentially moved through the four sections
during processing. The heating patterns were determined using computer vision method

[3].

RESULTS

Electric field in the microwave heating cavity was predicted using a computer
simulation model. As showed in Figure 2, electric field distribution is affected by food tray
carrier and packaged food. With metal shielding on the top and bottom of the carrier, the
electric field is more concentrated in the middle of the food trays. Without metal shielding
on the carrier, the electric field distributed toward the food tray edges closed to central line
of the carrier in moving direction. Figure 3 shows the experimental and simulated heating
patterns in 10-0z trays. The red and blue regions in Figure 3 indicate the hot and cold areas,
respectively.
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;.5 hot zone

¢ :cold spot

hot spot

Moving direction of carrier

Figure 3. Heating patterns in 10-oz single-compartment trays processed in MAPS by (a)
experimented M1 model food and (b) computer simulation.

DISCUSSION

Based on the simulated results, the metallic shield changed the electric field
distribution which could affect the resulting heating pattern in the food trays. Experimental
heating patterns matched well with the electric distribution during computer simulation in
the cavity; this validated that the developed simulation model worked well for heating
pattern prediction. Simulation results show that metallic shields could affect cold and hot
spot locations and provide more uniform heating pattern. Thus, carrier design with metallic
shielding could improve heating uniformity in microwave processing systems.

CONCLUSION

The effect of metallic shielding on microwave heating was investigated using
computer simulation and experiments. A metallic shielding effectively changes cold and
hot zones in food trays. Thus, it can provide more uniform heating in prepackaged foods
in MAPS.
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INTRODUCTION

Ready-to-eat products are a growing market reality. In order to meet the specific
requirements of utilization and conservation and ensuring quality and storability, it has
become necessary to evaluate the development of dedicated packaging. In most cases,
commercially available microwave cooking packages are equipped with special micro-
valves that regulate the pressure inside the packaging and, consequently, affect the cooking
temperature. The aim of this work is to study the cooking of potatoes (cultivar Tondello)
in a domestic flatbed microwave oven equipped with a wave stirrer (@2450 MHz) using

self-venting polyethylene flowpacks (MWP).

METHODS AND MATERIALS

The cooking tests were carried at different power levels, 160, 350, 560, 700 and
800W, with a total weight of potatoes of about 300g for each power level tested.
The measurement of the cooking temperature of the product, inside the potatoes, was
obtained through a flexible fiber optic probe, totally immune to electromagnetic
interference and coupled to a Luxtron FOT Lab Kit.
Microwaved baked potatoes, traditional boiled potatoes, and microwave steamed samples
were compared through the analysis of the following parameters: temperature and pressure
profiles, moisture content, colour, texture, damaged starch and dielectric properties
(dielectric constant &, loss factor &” and tangent of loss angle, tan(5)). All these properties
were evaluated during cooking tests.

The microstructure of cooked samples was examined using a SEM-EDAX microscope.
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RESULTS AND DISCUSSION

The temperatures levels achieved during MW cooking were in the range between
102 and 120 °C. Up to 200 seconds of cooking time, the internal temperature was
approximately 20-30 °C higher than the surface temperature with peak reaching 120 °C.
After this time, the two temperatures became equal, with a value in the range 102-107 °C
remaining constant until the end of cooking.

During the cooking phase in the MWP, the moisture loss was observed to depend
on the power level and sample weight, as well as by the cooking time, reaching values of
about 35%, that was much greater than that obtained in boiling cooking and in potatoes
steamed in microwave (10%).

Cutting force measurement of potatoes can be used as a good indicator of optimum
cooking time. Values between 3 N and 4 N were measured.

At the end of microwave cooking, an amount of damaged starch was measured to
between 15 and 20%. At varying temperature (increasing from 25 to 120°C), dielectric
properties ¢ and &” showed a similar trend during microwave cooking ranging, respectively,
from 60 to 10 and from 16 to 3. Finally, values of fan(5) remained almost constant in all

range of temperature tested (about 0.27).
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INTRODUCTION

Conventional applications of microwave (MW) heating systems include food
processing, microwave assisted chemistry, high temperature treatment of materials, etc.
[1], [2]. Relatively new devices are MW heat exchangers (MHE), which are used in solar
energy collectors [3], power beaming applications [4], and MW thermal thrusters [5].
Working principle of the MHE is governed by coupling between electromagnetic, heat
transfer, and fluid flow phenomena, and thus require particularly extensive experimental
developments. This raises demand on multiphysics models that are capable of adequately
simulating all essential effects occurring in MHEs.

Heat generation in a ceramic material undergoing MW heating is dependent on the
electrical conductivity, which often increases exponentially with temperature [6]. Such
nonlinear coupling results may lead to thermal runaway. A mathematical model for a single
lossy layer [7] describes thermal runaway with the help of a power response curve (also
called S-curve because of its shape). It determines steady state temperature of the lossy
layer as a multivalued function of the incident power. Recently, a model of a triple layer
laminate mimicking a MHE [8] has shown that for particular values of the layer width and
complex permittivity, the S-curve acquires another (third) stable branch and becomes the
SS-curve. This work has demonstrated a possibility of operating within controllable
temperatures so that MW energy can be harnessed in form of heat energy. A 2D numerical
model capturing the appearance of the SS-curve has been described in [9]. It showed that
efficiency of a MHE increases when thermal runaway is achieved. Yet, the behavior of
temperature fields under different operating conditions remains insufficiently understood.

In this paper, we extend the approach of [8], [9] by introducing a hydrodynamically
fully developed Poiseuille flow in fluid carrying channels. We present the steady-state
temperature profiles in the three-layer laminate that correspond to different lengths of the
channels. Since steady-state temperature profiles depend on operating conditions,
geometry and material parameters, we show how temperature profile in a triple-layer
laminate varies with the length of the channel.
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Figure 1. Triple-layered geometry subjected to symmetric MW irradiation; media 1 and 5 are free
space, media 2 and 4 are lossless fluid, and medium 3 is lossy dielectric; L is the length of channels.

NUMERICAL MODEL

We consider a triple-layered geometry shown in Figure 1. We construct a
numerical model in COMSOL Multiphysics capable of solving a coupled system of
Helmbholtz’s, heat, and Navier-Stokes equations:

o ' 0-](7}) - _
V2E; +k(2)[,lrj (6 v~ La)—eo E] =0,

J

oT, 2

piGor (SL+ T8 ) = K9, + o (1)E
_I_

Pj
where E is electric field, ko is wave number of free space, u, and €, are relative
permeability and permittivity respectively, T is temperature, o(T) is temperature
dependent electrical conductivity, w is angular frequency, €, is permittivity of free space,
p is density, C, is specific heat capacity, i is velocity of fluid, K is thermal conductivity,
P is pressure, and v is kinematic viscosity. Subscript j represents region of the solution.

Top and bottom boundaries of region 3 are assumed to be thermally insulated.
Pressure and temperature at the inlet in regions 2 and 4 is 0.5 Pa at 300 K respectively, and
the outlet in regions 2 and 4 was thermally insulated and maintained at zero pressure. No
slip conditions are applied at external boundaries of channels 2 and 4. Boundaries between
regions 1 and 2, 4 and 5 are exposed to ambient temperature of 300 K with heat transfer
coefficient of 12.6 W/m?K undergoing Newton’s law of cooling. In order to neglect fringe
effect at the corners of the geometry, we set normal component of gradient of the electric
field to be zero at the top and bottom boundaries of region 2, 3, and 4.

The developed COMSOL model was validated by comparing its 1D results for the
case of no fluid flow with the output of the 1D mathematical model [8], [9]; corresponding
power response curves were found to be in a satisfactory agreement. Dimensions were
chosen accordingly to the criteria [8] so that the resonance occurs in the lossy layer, and
material properties are taken from [9]; frequency of the incident wave is 2.45 GHz.
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360 370 380 650
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330 330 340 450
320 320 320 400
310 310 350
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Timax=386 K Tinax= 400 K Tax= 410 K Tnax=783 K

Figure 2. Three-layered scenario (Figure 1) with material parameters from [9]: steady-state
temperature profiles for different lengths of the channel; incident power density 4,200 W/m?,

RESULTS AND DISCUSSION

The patterns in Figure 2 show that the maximum temperature 7max increases with
the length of the channel. As Thmax reaches a critical value, we observe a large increase in
temperature due to thermal runaway. This suggests that high thermal efficiency can be
obtained by appropriate length of the channel. As steady-state temperature profiles depend
on operating conditions, geometry and material parameters, the presented model can help
determine optimum design parameters of high-efficient triple-layered MHEs.
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INTRODUCTION

Field uniformity, and therefore heating uniformity in the work load, is one of the
grand challenges of microwave and radio frequency heating. The analytical basis for
calculation of the fields within a cavity is well known and can be referenced in standard
texts (e.g., [1]). For brevity, dielectric heating is of primary interest in cooking within a
consumer (or commercial) microwave oven, and as such we are interested in the magnitude
of the dissipated power due to an electric field impinging on the food being cooked (lossy
dielectric material). From Poynting’s theorem it is possible to state this directly as [2].

P, :éwgog"‘E‘z )

where  is the angular frequency in radians/seconds, &yis the permittivity of free space and
¢” is the imaginary component of permittivity, and |E| is the magnitude of the impinging
electric field.

The field distribution in a resonant cavity depends on the number of modes that
can be excited within the cavity. In practice though only one mode may be excited at a
single point in time, such that over the cooking cycle it is necessary to assign individual
time slots for the mode being excited. Several strategies have been employed to excite
multiple modes or disturb the dominant mode structure over the cooking period (using time
slices or multiplexing over time of modes of interest), including turntables, mode stirrers
and multiple waveguide feeds. Most of these strategies are frustrated by the lack of
frequency and phase control associated with magnetron sources. The advent of solid state
sources, based on power amplifiers, allows novel cavity fed systems to be explored. One
such feed system is a phased array of antenna elements. This paper deals with work on
loaded cavities when directly excited by phased array antennas rather than waveguide
driven magnetrons. The use of a multiple element phased array allows us to phase one
antenna against another and access a number of modes that a single element cannot.

METHODOLOGY

Our approach was to design a cooking cavity, with a phased antenna array feed to
maximize the number of accessible modes in the cavity (Fig. 1). It should be noted that
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while we may maximize the number of modes, not all can be excited by our phased array,
due to such practicalities as the placement and number of feed antennas. Optimizing a
cooking cavity dimensions for the maximum number of intrinsic modes [3] yielded a mode
count of 24 individual modes (TE and TM) for a cavity of depth = 43cm, width = 44 cm
and height = 26 cm. These included both TE/TMy,,, modes some of which were
degenerate modes. All equations of electric fields for both TE and TM modes were
calculated in MATLAB [1] (summed in Fig. 2). Typically, with a 2-element phased array
patch antenna on the side wall (in the typical magnetron position) we access 12-14 modes
(dependent on cooking load) in the 2.4-2.5GHz range for the cavity dimensions given
previously. These mnp integer indices correspond to the xyz plane periodicity of either sine
or cosine waves that defines the mode’s standing wave pattern.

RESULTS

Through the complex addition of all modes in an ideal cavity (eigen modes for a
given cavity size), we show the likely heating pattern for an empty cavity (Fig. 2). It can
also be shown that the use of optimization, in this case the use of simulated annealing with
a fitness function that attempts to make the average electric field sum of all intrinsic modes
of the cavity at defined points across the cooking space as flat as possible by minimizing

<10¢ Fig. 2: Showing a dip in the

10

center of the E field summation.
Results are the sum of 24
intrinsic modes as calculated in
MATLAB for an ideal cavity
independent of applicator.
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logy. Each element is
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o
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the E-field variation, produces a superior field distribution compared with a regular
microwave oven.

DISCUSSION

The simulated annealing result, using just a few evenly weighted E field points
across the cooking space as part of the minimized fitness function, gave a considerably
improved field distribution, as shown in Fig. 3. It is envisaged that not only by selecting
the correct modes but by giving some modes greater cook time than others can yield an
even better result.
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In a real cooking environment a method of measuring points of high dielectric
heating (due to high electric fields) in a load, albeit as a scalar heating pattern using a
thermal camera (Flir Lepton module — 120x160 pixels), will allow an adaptive phased array
system (with the advantage of size and cost for a solid state system) to cycle through phase
and frequency mapping so that modes are identified, that when summed, form the desired
final heating pattern, as shown in Fig. 4 (for an even heating pattern). This approach of
correlating the camera heating data with RF parameters (time, frequency, phase, power and
return loss data) allows us to produce a real-world result for each cooking item. It also
allows us to adjust the fitness function for irregularly sized food items (e.g. an object that
is not uniform in shape, such as a chicken drumstick, may require more power to the bulk
of its mass rather than its extremities to cook evenly without burning those areas of lower
mass).

CONCLUSION

This paper deals with the analytical basis of providing an even (or profiled) cooking
result. It has most application is solid state cooking devices due to the ease of phase and

Fig. 4: A real world heating profile of 9%
NaCl solution as extracted using a IR

! camera and manipulated using the same
08 methods as per the analytical method
06 discussed. The goal /fitness function was
the minimization of the average of

0.4

1 5temperature points. The resultant
02 j equation was found as be:
0
0 ¥ imc = (10*ima+imb)./11
200
< 150
100 100

normalized temperature magnitude (Celcius)

50

50
z (Pixels) 150 0 X (Pixels)

frequency agility to generate the RF parameters for the phased array applicator that lead to
heating in a known position in the food. In addition, the practical case of the food cooking
environment is approached by replacing ideal analytical mode patterns with heat pattern
feedback control, obtained on the fly from IR camera data. The system has the capability
of obtaining heat patterns from several camera positions to provide a more complete picture
of cooking uniformity.
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INTRODUCTION

For an industrial scale microwave oven, the major issue is the homogeneous heating of the
dielectric material [1-3]. It depends on the homogeneity of the absorbed power in the
dielectric load, which, in its turn, depends on the electric field pattern. And the latter one
results from the superposition of the excited eigenmodes of the microwave oven. Hence,
the controlled excitation of eigenmodes is a key for homogeneous heating. For example, a
mechanical mode stirrer influences the amplitudes of contributing modes, but such a
control is non-intelligent, so it does not ensure that a homogeneous field distribution is
achieved. For the oven, fed by several microwave sources, the control of the standing wave
pattern is more efficient if it is driven by the variation of amplitude [4] and/or phase and/or
frequency of every individual source. In addition to amplitude, phase and wavelength, the
superposition of the modes depends also on the mode polarization. To a greater extent it is
determined by the antenna radiative pattern. Moreover, the superposition of modes with
orthogonal field orientation is supposed to result in more advanced wave pattern control.
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longitudinal (standard) orientation of slots and radiative electric field pattern (right).
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Figure 2. X-component of electric field (rms value) for a single antenna excitation at 2.45 GHz
with slots oriented in transverse (left) and longitudinal (right) direction. Black arrows indicate the
predominate polarization in the near-field zone of antennae.
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Figure 3. Distributions of absorbed power in the load for 17 phase sets of microwave sources at
2.45 GHz (thin colored lines) and their averaged superposition with equal amplitudes - with thick
black line. Antennae configuration 12L (left) and 6T+6L (right).

In the present work we have considered the electrical large, multi-mode, hexagonal
microwave oven HEPHAISTOS VHM 100/100 [5] equipped with 12 slot antennas and fed
by 12 microwave sources (one source per antenna) of 0.8 kW each at ISM frequency band
from 2.4 to 2.5 GHz. We have modelled the random phase variations in every source and
have analyzed the resulted absorbed power distribution in the dielectric sample. We have
considered two antennas configurations: i) 12 antennas with longitudinal (referred as 12LL)
orientation of slots (Fig. 1) and ii) 6 antennas with transverse plus 6 antennas with
longitudinal (referred as 6 T+6L) orientation of slots (Fig. 2).
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RESULTS

The electromagnetic problem is solved numerically using the commercial 3D
simulation software CST Microwave Studio. The dielectric load has a form of rectangular
prism with six non-parallel planes and placed in the center of oven (Fig. 1). Its permittivity
is chosen as: €’=2.8 and tan 6=0.01 (typical for silicone resin and PVC plastic). Both types
of antennas, with slots of longitudinal and transverse orientations, are designed in that way
that all of them have a return loss of less than -15 dB within a frequency range from 2.4
GHz to 2.5 GHz. The radiation pattern is characterized by a strong E-field polarization
perpendicular to the orientation of the slots (see Fig. 1). Correspondingly, the resulting
wave pattern in the oven consists of modes, for which the E-field patterns are polarized in
the same plane. The clear effect of slot orientation is seen in Fig. 2. There, the x-component
of the electric field pattern for the excitation with different antenna configurations is
presented. The modes excited with the antenna with transverse slots (oriented
perpendicular to x direction) definitely have higher amplitude of x-component of electric
field, Ex, as compared with the antenna with longitudinal slots. It proves the different
excitation capability for antennas with different orientation of radiation slots.

The phase variations in twelve sources were simulated as random. This corresponds to non-
coupled, independent sources whose phase relations are not predictable or spontaneous.
Simulation results for 17 sets of random phases, both for 12L and 6T+6L configuration
are shown in Fig. 3. The absorbed power density distribution along the x-axis of the
dielectric load, for every phase set, is presented with thin colored lines and for their
superposition with thick black line. It is evident that the phase of the source influences
strongly the absorbed power pattern, each of which varies significantly (up to 100 %) as
the load is not quite lossy and the standing wave pattern is pronounced. At the same time
the absorbed power averaged over 17 phase sets definitely results in a much smoother
absorbed power profile in the load. The combination of antennas with both longitudinal
and transverse slots reduced the periodicity of the fluctuations along x-direction and, even
with the random phase, the improvement in the absorbed power uniformity is pronounced.

Thus, with active, intelligent control of phase, amplitude and frequency, a much
higherenhancement in the heating uniformity is to be expected.
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INTRODUCTION

The objective of this project is to convert 2.9 GHz power to 5.8 GHz power. It begins
with the investigation of the conversion of the available 2.45 GHz power to 4.9 GHz
power. The conversion to 5.8 GHz will then be followed by the conversion of 2.9 GHz
power. Research in frequency doubling using ferrite was very extensive in the past [1-7].
High power in the past was limited by the properties of ferrite to a few hundred Watts
and the conversion efficiency achieved was up to 40% [6]. This is about the same
efficiency as a Klystron and will not be adequate for industrial applications. The advance
in the development of ferrite and of simulation software has encouraged another look at
frequency doubling.

A high power magnetron at 2.9 GHz like 2.45 GHz may be manufactured up to 20 kW.
The frequency conversion of 2.9 GHz to 5.8 GHz may be a way to produce high power.
A magnetron at 5.8 GHz has only a maximum power of 800 W. Projects intending to use
high power 5.8 GHz can rely on frequency conversion for much higher power output.

METHODOLOGY

The research begins with simulation using ferrite to double the frequency of 2.45
GHz. The principle of conversion has been well discussed in the paper by Weiss [6]. This
is followed by experimental verification. Simulation software helps a lot in sorting out
the resonance frequency, the length of the WR340 and WR157 waveguides. It also helps
with the conversion of 2.45 GHz power to 4.9 GHz power and how to transfer the output
power from the WR340 waveguide to a WR157 waveguide. Simulation also provides
information on efficiency and maximum power output. It plays an important role in the
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present project. Simulation software as is available now was not yet developed in the
past.

RESULTS

4.9 GHz produced from 1.2 kW of 2.45 GHz power is as shown in the microwave
frequency counter and the frequency spectrum analyzer below.

A MICROWAVE FREQUENCY COUNTER
LETT « PACKARD

H 909 142 678

Q B SAMPLE RATE

Figure 1. The converted frequency is shown by a frequency counter and a spectrum analyzer.

DISCUSSION

High power 4.9 GHz in excess of 800 W is achievable. This conclusion is based on the
conversion of 1.2 kW of 2.45 GHz. The converted 4.9 GHz output power is high,
corresponding to a conversion efficiency of well over 40%. In fact, the combined
conversion efficiency is higher than 50%. This has given more encouragement for the 2.9
GHz high power magnetrons to produce 5.8 GHz at a power much greater than 800W.
This will be possible when all obstacles associated with the project are settled.
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CONCLUSION

Our work on using 2.45 GHz high power, has shown that it is possible to generate a high
power 4.9GHz. Further work is continued to produce practical high power generators at
5.8 GHz.
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INTRODUCTION

The soybean residue and rice bran were the media for Poria cocos solid-state
fermentation to improve their antioxidant activities. Radio frequency (RF) can rapidly
heat up water molecules or ions in food by rapid conversion of electric field; therefore,
RF heating can overcome heat transfer resistance to accelerate pasteurization and drying
processing of food product [1]. The drying time of 1.6 kg of in-shell walnuts reducing
moisture content from 20% to 8% required 100 and 240 min by RF drying and only hot
air drying, respectively [2]. After 90 s of RF treatment, the log reductions of Salmonella
and Escherichia coli were 4.29, 4.55 and 4.39, 5.32 log CFU/g, respectively, in creamy
and chunky peanut butter respectively, without affecting the quality [3]. Therefore, RF
may applied in the downstream processing of Poria cocos solid-state fermentation.

METHODOLOY

A 5 kW, 40.68 MHz pilot-scale RF with hot air drying system was used in this
study (Figure 1(a)). The size of the parallel electrode plates were 35 cm x 35 cm. A pack
of 500 g soybean residue and rice bran = 1:1, with 40% moisture content as Poria cocos
solid-state fermented medium at 25°C for 30 days cultivation. After fermentation, one
pack product was put on the bottom of RF electrode plate (Figure 1 (b)). The RF power
was obtained by adjusting the gap between the electrodes from 14 to 22 cm. The surface
temperature profiles and weight loss of 500 g Poria cocos solid-state fermented products
during RF drying with hot air were measured.

(b) B
Figure 1. (a) Batch RF hot air heating equipment. (b) Product pack in the RF system.
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RESULTS

RF output power was increased with decreasing electrode gap. (Figure 2) The
surface temperature required only 60 sec to reach about 100°C at gaps of 14, 15 and 16
cm. (Figure 3) The 500 g fermented product took only 30 sec at the electrode gap of 15
cm to pasteurize, and there was no Poria cocos growth (Figure 4). Then it took only 200
sec to dry the fermented product from 40% moisture content to low than 15%. (Figure 5)
However, the sterilization of fermented product in an autoclave required 60 min. The
drying time of fermented products were 100 min in a 45°C cold air drier. (Table 1) The
polysaccharide and triterpenoids contents in fermented products were no significantly
difference between RF and traditional processing, but RF heating could avoid browning
and achieve higher whiteness of product. (Table 2)
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Figure 2. The RF power output at Figure 3. The temperature profile of Poria
different electrode gaps for 500 g Poria cocos solid-state fermented product at

cocos solid-state fermented product. different electrode gap during RF heating.
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Figure 4. RF pasteurization at electrode gap of 15 cm for Poria cocos solid-state
fermented product after Poria cocos 7 days cultivation.
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Figure 5. The average temperature profile and drying curve of Poria cocos solid-state
fermented product during RF drying with gap of 15 cm.
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Table 1. The drying rate, drying time and energy consumption of 500 g Poria cocos
solid-state fermented product by RF drying and 45 °C cold air drying

Drying condition Drying rate Drying time Energy consumption
(g/min) (min) (kWh)
RF drying 45.837 3.33 (200 s) 0.34
Cold air drying 0.9089 180 7.38

Table 2. Effect of different pasteurization and drying methods on quality of Poria cocos
solid-state fermented products

Crude Crude
Treatment polysaccharide triterpenoids L* a* b*
(%) (%)

9.83+£0.24* 4.43+£0.02* 53.30+0.31% 9.64+0.03% 27.70+0.18* 44.86+0.21*

Whiteness
(%)

RF pasteurization
& RF drying
121°C Autoclave

. . 9.35+£0.30* 4.32+£0.01* 41.74+0.03°9.68+0.06 %22.65+0.15" 36.75+0.07°
& cold air drying

DISCUSSION

RF heating 4 min of Poria cocos solid-state fermented products could replace the
traditional sterilization 60 min in an autoclave and 100 min drying in a 45°C cold air drier.
RF could significantly decrease time and energy consumption of downstream process.
Moreover, RF heating could avoid browning reaction and obtain white Poria cocos white
mycelium appearance.

CONCLUSION

RF pasteurization and drying of 500 g Poria cocos solid-state fermented product
required only 4 min, and RF treatment had better quality than autoclave & cold air drying.
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INTRODUCTION

A small-size microwave applicator for liquid heating is described in the present
paper. Our group previously developed a coaxial applicator, which can be used within two
ISM bands of 915 MHz and 2.45 GHz [1], [2]. Drawbacks of the previous applicator are
slow heating rate (5-10 K/5 minutes) due to thermal dissipation from the applicator itself,
and non-uniformity of temperature in the applicator due to unstirred structure. To solve
these problems, the applicator volume is reduced from 360 ml to 20 ml, and the microwaves
are radiated from the sidewall of the applicator to secure the space for placing a magnetic
stirrer at the bottom. We verify viability of the improved small-size reactor through
electromagnetic simulations and microwave reflection measurements.

METHODOLOY

Figure 1 shows simulation models of the developed small-size microwave
applicator designed in the 3D electromagnetic simulator (ANSYS HFSS). The applicator
has a cylinder structure whose diameter and height are 25 mm and 70 mm, respectively. A
liquid sample is poured into the applicator. Microwave is input through the coaxial
connecter from the sidewall of the applicator. The inner conductor sticks out from the
coaxial line in the applicator and is covered with alumina. A metal supporter is placed on
the opposite sidewall side to support the inner conductor and alumina. At the bottom of the
applicator, there is a space to place a magnetic stirrer. The applicator, the inner and outer
conductors, and the supporter are made of stainless steel SUS 316L. The applicator volume
is about 20 ml.

Figure 2 shows a photograph of reflection coefficient measurements of the
applicator. A network analyzer (Agilent N5242A) was connected to the applicator to
measure the S-parameter |S;;|, reflection coefficient. As shown in Figure 2, the top of the
applicator is tightly shielded for leakage prevention of both microwaves and air pressure.
In addition, the temperature monitor port is attached on the sidewall orthogonally to the
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microwave input port. Also we conducted heating tests under 100 W microwaves at the
frequencies of 1.7 GHz, 2 GHz and 2.45 GHz.

$25
Liquid sample (Unit: mm) ; R
(20 ml)
Alumina
70
Input 20
Input port 40
port y Lt 25
a Coaxial cable M

(inner: $3, outer: $10)  Supporter ($5 x 3)

Figure 1. Overall view (left) and cross-section view (right) of the developed small-size applicator.

Network
analyzer ;

Applicator "W Temperature

monltor port

Figure 2. Reflection coefficient |[S11| measurements of the developed small-size applicator.

RESULTS

Figure 3 shows simulation and measurement results of the reflection coefficient
IS11| of the developed applicator. The poured liquid sample was 2 M NaOH solution or
ultrapure water at room temperature. The permittivity of the liquid sample was taken into
account in the simulations. From heating tests, both ultrapure water and NaOH solution
could be heated up to the boiling temperatures within 370 s at all the setting frequencies.

DISCUSSION

As shown in Figure 3, measurement results agree well with simulations. |Sii| was
smaller than -10 dB, i.e. the reflected power was less than 10%, from 1.45 GHz to 2.7 GHz
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in the ultrapure water case, from 1.6 GHz to 2.7 GHz in the NaOH solution case. Even
though |S;i| is larger than -10 dB, impedance tuning between the input port and the
applicator will mitigate the microwave reflection level. The heating rates of the applicator
were 63-69 K/5 minutes, more than 6 times faster than the previous applicator.

0 2 N
-5 R\ s —\
\ g N ———
o WA DT
] \ \
“\"/ W\l NN
— -15 ‘I - A \‘\ - \‘\ \\ d
2 W
— .20 \ XK
— (Y]
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L 25 \/
-30
—NaOH Meas. ---NaOH Sim.
35 | —Water Meas. ---Water Sim.
-40 [ [ [
0 0.5 1 1.5 2 2.5

Frequency [GHz]
Figure 3. Simulation (Sim.) and measurement (Meas.) results of reflection coefficient |Si1|. Liquid
sample is 2 M NaOH solution (NaOH) or ultrapure water (Water) at room temperature.

CONCLUSION

A small-size microwave applicator of 20 ml was designed and developed. It is
verified the microwave irradiation over a wide frequency range from 1.6 GHz to 2.7 GHz
is realized by using the developed applicator without impedance tuning.
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INTRODUCTION

One of the major challenged of mining industry is rock breakage, especially hard
rocks. Rock breakage in any sense starts from extraction from its host (rock mass) all the
way through the mineral processing circuit producing a few micron-sized particle powders.
Transforming large sizes of rock extracted from its host to very fine powder is an energy
intensive procedure.

Novel rock breakage techniques are becoming more viable and attractive to
industry. Microwave power, as a technology that turns into thermal energy within a
dielectric, is capable of inducing micro cracks through differential heating (therefore
expansion) [1, 2, 3]. The application of microwave assistance is a technology gaining
considerable attention in mineral processing and ore comminution applications. Recently,
the use of microwave has been evaluated as a possible avenue for terrestrial and extra-
terrestrial rock breakage (i.e. drilling) applications. Microwave-assisted full face tunneling
machine is also another potential rock cutting technique that has been recently introduced.
As part of an overall research on the use of microwave power in rock breakage, the
influence of microwave energy on the mechanical properties of some common hard rock
types has been investigated [4, 5, 6, 7, 8, 9, 10]. Experimental and simulation results
underlined the potential impact of the use of microwave energy in underground or surface
excavation as well as comminution applications. This will also contribute economically
within a continuous mining method of operation. It also outlines the potential impact of a
microwave power in comminution enhancing ore recovery.

The current research investigates the mechanism of stress development within
natural rock materials when exposed to microwave irradiation. The understanding of such
mechanism leads to the development of a mechanical rock breakage system combined with
microwave technology.

METHODOLOGY

One of the parameters that plays a very important role defining the amount of
energy absorption is the volume and shape of the load within the electromagnetic field. A
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variable power microwave apparatus able to irradiate up to 15 kW is used to treat various
dimensions and volumes of rocks. An open horn antenna concept has been chosen to
irradiate the surface of large blocks of rocks. For smaller sizes of rock particles, a multi-
mode cavity is used with a mode stirrer inside to spread the energy intensity throughout
the cavity. A few rock types are used, such as intrusive basalt, granite, norite and lime
stone, to understand the influence of the microwave irradiation on their physical and
mechanical properties. Analytical and numerical modelling studies are conducted
extensively to understand the heat generation and damages caused respectively.

RESULTS & DISCUSSION

Theoretically, the penetration depth of microwave inside a dielectric is defined by
the wavelength and electric intensity, which drops at 1/e of its surface intensity. The
geology of rock materials have a natural and complex characteristics that are necessary to
be taken into account. In mining applications, the destruction of the rock is key; therefore,
the damage caused by the volumetric thermal expansion phenomenon is the objective to
weaken the rock for further fragmentation.

The thermal characteristic of natural rocks indicates a low thermal conductivity in
general. Depending on the shape and dimension as well as the electrical characteristics of
rocks when exposed to microwave irradiation, the energy that transforms into heat may
cause the temperature rise whether from the inside-out or from the outside-in the dielectric.
The difference of temperature (AT = T2- T1) will cause stress generation due to volumetric
expansion; thus physical damage occurs.

In the case when the rock is a good absorbent and is larger than the wavelength of
the microwaves irradiating, the concentration of heat starts from the surface toward inside
the rock. Due to the nature of rock that is composed of more than two minerals, which has
their own characteristics individually, the overall temperature difference leading to
physical damage occurs at a different level than the theoretical penetration depth defined
by the electric intensity (Figure 1). Such phenomenon lead the surface of the rock to spall
as shear failure happens in the periphery of the affected area and tensile failure occurs in
the center due to the volumetric expansion ratio difference (Figure 2).

AT=To-Ty B

<« v >
$ De - Tas L S
YeofPm _ N/ ______ ______________ ______ *_____
Figure 1. Imaginary depth Figure 2. Mechanism of rock failure when exposed to
where AT would be at its microwave irradiation.

highest.
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Such phenomenon of stress variation on the surface of the rock also occurs within
a smaller size of rocks as well. The surface damages due to volumetric expansion can
benefit to precondition the surface of the host rock to be broken by a mechanical machine
at a higher efficiency and performance. Microwave irradiation may come in assistance with
the mechanical machine for excavation purposes as described in [4, 5, 6, 10]. The in-depth
volumetric expansion also may benefit the smaller size of rocks passing through the
comminution circuit for mineral processing purposes.

CONCLUSION

Natural rocks that are composed of a number of minerals behave differently within
an electromagnetic field as all materials. Some transmits, some reflects and some absorbs
partially the microwave energy and are called dielectrics. The loss factor of each rock is
strongly defined by its mineral composition as well as grain sizes. To break further down
of those rocks susceptible to microwaves there is great potential to improve the mechanical
machines with microwave-assistance technology.
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INTRODUCTION

Waste disposal contractors have treated solvents, organic chlorines and dyes which
cannot be separated in factories by combustion. However, the pollution processing
efficiency is low because of a lot of included water. Moreover, the combustion produces
toxic degradation by-products. Electrical and physical phenomena in submerged plasma
has been investigated [1]. The present investigation studied a novel in-liquid plasma
excited by microwave power to degrade organic waste water. This method advantageously
ignites a plasma even if the solution is not electrolytic. However, the microwave antenna
melted from the plasma heat. Improvement by decompression was tested. The antenna was
not melted and could continue to light up in-liquid plasma in this condition. The
decomposition efficiency of the device was evaluated by the degradation of 1,4-dioxane,
rhodamine B dye, hypochlorous acid, and herbicides (asulam or atrazine) as model waste
waters. As a further challenge, it combined the in-liquid plasma with photocatalyst
degradation process as a hybrid method.

METHODOLOGY

A photograph and schematic diagram of the in-liquid plasma device is presented in
Figures 1. The microwave generator was constructed using a Micro Denshi Co.,
Ltd. 2.45-GHz microwave generator (maximal power, 1500 W) coupled to an air-
cooled isolator, a power monitor, a three-stub tuner and a short-circuit plunger.
Microwaves continuously irradiated the liquid through a tungsten antenna (dia.: 10
mm; length: 200 mm). Metal cones were used in the waveguide to efficiently focus
the microwaves onto the tungsten antenna tip, through which the microwaves
irradiated the aqueous solution and generated the in-liquid plasma. The tungsten
antenna was isolated from the reactor and the waveguide using a ceramic spacer,
such that the microwave irradiated only the solution. The cylindrical-shaped reactor
consisted of an 80-mm dia. quartz vessel, fabricated such that the pressure could be
reduced from the top of the reactor using an aspirator. The irradiating microwaves
were adjusted by a three-stub tuner such that there were no reflected waves. The
emission spectrum of the in-liquid plasma was measured through an optical fiber
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using a UV-Vis spectrophotometer (Ocean Optics MayaPro2000). The measured
spectrum was analyzed using Ocean Optics PLASUS SpecLine software (Ver. 2.1).
The model waste water (50 mL; 1,4-dioxine, rhodamine B dye, hypochlorous acid,
asulam and atrazine) was placed in the quartz reactor.

T

Pressure reduction

Liquid
Three-stubtuner plasma_ |
N

Ceramics spacer
1

Antenna
MW

Metalcone

0=

Wave guide Shortcircuit
plunger

Figure 1. Schematic diagram of the in-liquid plasma device.

RESULTS AND DISCUSSION

One of the problems in generating plasma continuously in the liquid using
microwave radiation at high applied microwave power levels is the deterioration of the
tungsten antenna tip because of the heat produced by the plasma that can reach
temperatures well above the melting point of tungsten (3422 °C). In this regard, Figure 2i
shows photographs of three tungsten antennas. The tip of a new unused tungsten antenna
is displayed in Figure 2i-a, while Figures 2i-b and 2i-c display the antennas after use in
treating aqueous media contaminated with 1,4-dioxane employed as a test pollutant. After
the device performed water treatment of the pollutant, the antenna was not melted in Figure
2i-b and the top of one was melted in Figure 2i-c. Using the apparatus shown in Figure 1,
approximately 700 W of microwave power was required to generate plasma in pure water
under atmospheric pressure (101.3 kPa). However, after generating the in-liquid plasma
for 20 s the antenna was observed to have been severely deteriorated as shown in Figure
2i-¢. On the other hand, reducing the pressure to 22 kPa in the reactor with an aspirator
generated in-liquid plasma that necessitated only a microwave power output of 150 W,
which when increased to 200 W yielded thereafter stable in-liquid plasma. Most
importantly, under the latter conditions no deterioration of the antenna occurred even if the
in-liquid plasma was generated and used continuously for about 1 hr (Figure 2i-b). This
phenomenon seems to be due to the fact that the boiling point of the aqueous solution is
lowered together with the number of bubbles, in addition to the pressure reduction in the
fine bubbles as a result of the reduced pressure. Moreover, it is also possible that oxidation
was suppressed in the aqueous solutions because the amount of dissolved oxygen increased
due to the reduced pressure. When the microwave power was less than 150 W, no plasma
was generated in the liquid. Microwave leakage outside the reaction vessel under our
experimental conditions were investigated using a leak detector; none was detected.
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Further, the microwave energy not consumed by the plasma was absorbed by the aqueous
solution in the reaction vessel.
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Figure 2. (i) Photographs showing (a) a new antenna tip, (b) the antenna tip after a 1-hr
continuous generation of the in-liquid plasma inside the reactor under depressurized
conditions (pressure: 22 kPa), and (c) antenna tip after a 20-s continuous generation of the
in-liquid plasma under atmospheric pressure (101.3 kPa). (ii) Photograph of the generated
in-liquid plasma with 150 W microwave power in reduced pressure(pressure: 22 kPa). (iii)
Spectrum of the light emitted from the in-liquid plasma generated in pure ion-exchanged
water.

A reasonable mechanism for the generation of in-liquid plasma considers that the
water near the tip of the tungsten antenna has evaporated through microwave heating,
causing the plasma to be generated within the vapor bubble. It further considers the boiling
point of water to be lowered by depressurizing the inner part of the reactor, thereby
facilitating the water near the antenna to form bubbles and facilitating the generation of
plasma even under microwave irradiation at low power levels. Evidently, a decrease of the
microwave power reduces the stress at the tip of the antenna, so that it didn’t deteriorate.

The in-liquid plasma generated in ion-exchanged water at a microwave power of
200 W emitted a pale blue light (Figure 2ii). An analysis with a UV-visible
spectrophotometer (Figure 2iii) revealed relatively intense emission lines attributed to
formation of ‘OH radicals (316 nm), Hy hydrogen (656 nm) and to O* oxygen (778 nm);
peaks belonging to Ng nitrogen (289 nm), CO (298 nm) and Hg hydrogen (484 nm) were
also detected, albeit less intense. Note that the plasma was generated in the inner part of
the microbubbles formed near the antenna (Fumagalli et al., 2012; Kregar et al., 2009;
Nomura et al., 2008).

Water with disolved 1,4-dioxane was degraded using in-liquid plasma (LP) with
the equipment in Figure 1. The LP method was compared with other more conventional
waste water treatment methods such as UV photodegradation, NaClO chemical treatment,
UV/NaClO chemical/photodegradation and the UV/TiO, photocatalytic degradation
method (NaClO (0.5 mg- L"), TiO-particles (P-25; 10 mg) and solution volume: 50 mL).

The order of degradation was shown to be LP (34%) > UV/NaClO (12%) = NaClO (12%)

> UV/TiO; (10%) > UV (0%). Though the experimental conditions were not totally
identical, nonetheless the in-liquid plasma method was significantly more effective than
the conventional water treatment methods.

REFERENCES

[1] S. Horikoshi and N. Serpone, RSC Adyv., Vol.7, pp. 47196-47218, 2017.
[2] A. Tsuchida and S. Horikoshi, et. al., Rad. Phys. Chem., accepted 2018.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018

56



Development and Evolution of Novel
Hg-free Electrodeless Lamp using
Microwave-synthesized Quantum-dot
Luminescence

K. Hagiwara and S. Horikoshi

Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo, 102-8554, Japan

Keywords: Mercury-free lamp; Quantum-dot, Microwave chemical synthesis

INTRODUCTION

The Minamata Convention, an international treaty regulating the manufacture,
import and export of products using mercury , was concluded in 2013, and enacted in
2017, from which time the sale of mercury lamps became limited. In response to this, the
switching of the LED from the fluorescent lamp advanced; however, since the LED is a
point (dot) light source, it is known to be inconvenient for use in gymnasiums, machine
factories, and plant factories, etc. Also, since the LED is a point light source, it creates a
very intense light and there is a problem with hand shadows over work pieces. Therefore,
there are many demands that LEDs should produce similar light quality to a classical
surface light source. Since 2000, we have been developing microwave discharged
electrodeless lamps (MDELSs) using microwaves as energy sources [1]. This lamp has a
very long life like an LED. In this research, we examined substitution of mercury with
another gas, using our developed lamp as a platform. When determining the optimum
filling gas for various conditions, it was also necessary to develop a fluorescent agent
with higher luminous efficiency. For this purpose, we synthesized quantum dots to be
used by the microwave system as a possible fluorescent agent.

METHODOLOGY

The quartz valve of the ampule type was installed in the vacuum system, the
pressure inside the valve was reduced, and the sealing gas was introduced. This series of
operations was done with a prototype gas inclusion and lighting test equipment (Figure
1a). A single or mixed gas of nitrogen (N2), argon (Ar), helium (He), xenon (Xe), or
sulfur hexafluoride (SFs) was sealed in a synthetic quartz lamp bulb prototyped for gas
selection. The conditions of the filling gas were adjusted for pressure (10000 to 10~ Pa)
and mixing volume ratio (1:1, 1:3, 3:1). In the experiments, a radio frequency (RF)
generator was used as the energy source, not microwave. Note that a RF system can be
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achieved with a simple device configuration. With reference to the results of the electric
field simulation (Figure 1b), a lamp and a high frequency electrode were installed.
Encapsulated gas was excited to emit light by applying RF, and its emission spectrum
was measured with an Ocean Optics Maya 2000 pro spectrophotometer. Lamps used for
gas selection were determined with reference to the results of the electric field simulation,
and appropriate gas was selected with reference to the wavelength and intensity of the
emission spectrum from the enclosed gas.
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Figure 1. (a) photograph of prototype gas inclusion and lighting test equipment and (b) schematic
illustration of electric field computer simuration of lamp with RF electrodes.

RESULTS AND DISCUSSION

Each excitation gas was sealed under various conditions, and a light emission
experiment was performed under application of RF system. Various emission spectra
were observed under the kinds and/or conditions of parged gases when experiments were
conducted. Due to the measurement of the spectrum, the light in the ultraviolet region
occurred in a variety of ways, and the gas with the strongest intensity was SF¢-N, mixed
gas.
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Figure 2. Photogmph of electrodeless lamp with parged SFs-N: gas and emission UV/Vis
spectrum of this lamp

Compared with the existing mercury lamp, it was able to show the same intensity
of emission spectrum. However, unlike mercury luminescence (254 nm), luminescence
was observed at 300-400 nm. Therefore, a fluorescent agent, having a high luminescence
conversion ratio, meeting this requirement was required. We focused on quantum dots.
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Quantum dots (QDs) are wuseful for wvariaous applications because of their
photoluminescent characteristics, depending on their particle size, which could not be
observed in bulk. In general, CdE (E=S., Se. Te) QDs, included in II-VI Group
semiconductor nanoparticles, have been known to industry. However, the substitute QD
materials have been required, because the use of Cd materials have been strictly regulated
since 2016. We tried to synthesise efficient, low-toxic, environmentally-harmonized
heavy metals-Free, low cost CulnS; (core) and CulnS,/ZnS (core/shell) QDs using
microwave heating. We used multimode microwave chemical equipment (EYELA corp.
Wavemajic) through batch process and the solution was microwave-heated with multi-
mode. To compare conventional heating with microwave heating, the condition of
reaction, such as the shape of flask, reaction temperature, metal precursors, solvent etc.,
was oriented to the condition in conventional heating process. Comparison was carried
out with PL-spectra (excited wavelength: 450 nm), XRD, TEM, DLS, EDX. In both
conventional and microwave heating process, the size of QDs were dispersed in the range
of 3-7nm and crystal shape was observed. However, the core QYs in microwave heating
was 9.1 % and full width at half maximum (FWHM) was 128 nm, while those in
conventional heating was 6.2 % and FWHM was 151 nm, highlighting that synthesis in
microwave heating is better than conventional heating in terms of high QYs and low O,
molecular inclusion. The heating time was changed from 30 min to Smin due to
microwave rapid-heating and higher quality core QDs (QYs: 11.2%, FWHM: 122 nm)
could be synthesized in 1/6™ of the heating time. In respond to this result, core/shell QDs
were synthesized by microwave and conventional heating through a hot injection process.
The quality of core/shell QDs is higher than that of core QDs. The quality of microwave-
heated core/shell QDs is higher than that of conventionally-heated ones, even though
lower blue shift could be seen in microwave-synthesized core/shell QDs (Table 1).

Table 1. QYs and HWHMs of CulnS: (core) and CulnS/ZnS (core/shell) ODs characterized in
this research (MW: Microwave, CH: Conventional heating)

Heating condition Particle type FWHM / nm QYs/ %
MW core/shell 111 18.9
MW (rapid) core 122 11.2
MW core 128 9.1
CH core/shell 117 17.3
CH core 151 6.2

We ensured that it is possible to efficiently synthesize high-quality CulnS; (core) and
CulnS»/ZnS (core/shell) using further optimization and flow process. The synthesized
QDs were applied to the inner surface of the lamp and the emission was observed. Details
will be reported within the presentation.
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ABSTRACT

Solid-state radio frequency (RF) technology used for heating and power delivery applications has
taken hold in the last couple of years in a number of markets and has given rise to the notion of RF
Energy applications. The new technology is currently being designed into a number of different
applications like microwave ovens, RF plasma lighting, automotive plasma ignition, and medical cancer
treatments. Likewise for industrial use, where all kinds of heating, drying, curing, sintering or similar
processes are currently being developed with solid-state RF energy rather than the legacy magnetron as
the driving source.

With the launch of a commercial oven (IBEX One) and a high-end consumer system by Miele at
Internationale Funkausstellung Berlin in autumn 2017, the long awaited “firsts” have finally happened.
The consumer oriented solution is particularly significant, since it will break the chicken and egg problem
of going to market with an “expensive” new technology.

This presentation will discuss the consequences of these launches for solid-state RF energy
technology, the impacted markets and end users in more detail. Furthermore, the paper will highlight the
recent RF Energy Alliance progress in developing specifications and guidelines for the advancement and
adoption of solid-state RF generator subsystems for RF Energy applications.
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INTRODUCTION

Frequently there is a requirement to generate high power CW sources for industrial
processing and heating. This power level has traditionally been generated by magnetrons
however there are significant advantages in using solid-state devices in this application.
Since the power levels generated by a single transistor is currently a few hundred watts
combining is needed to replace the 10s of kW generated by magnetrons. In this paper we
will examine: Software and hardware techniques to mitigate amplitude and phase
imbalance in the individual amplifiers; Control and calibration schemes to combine
combined collections of amplifiers.

EQUIPMENT AND PROCEDURE

In this demonstration, two 60dBm 2.45GHz RF generators were combined to
generate 63dBm. Each of the 60dBm RF generators internally combines four
250W(54dBm) pallets to generate its 60dBm output.

First, consider the individual 60dBm generator: Figure 1a illustrates the combining
of the outputs of four pallets inside a compact 60dBm generator. Each 60dBm generator
contains an MCU to run control firmware. An 1Q modulator chip is used to generate the
2.45GHz frequency at low power. The phase of the synthesized waveform can be adjusted
with the quadrature input value which allows phase matching of the 60dBm module when
used in a larger, combined system. Circuitry was included between the synthesizer and the
driver amplifier to allow for phase and gain adjustment of each channel. During individual
module testing, phase and gain are adjusted to match the four channels. These phase and
gain values persist in non-volatile DAC’s. Once each module has phase and gain matched,
each module is calibrated to determine the in-phase DAC setting for requested output
powers between 40.0dBm and 61.0dBm in 0.5dBm steps. This is repeated over the
frequency range of the module, in this case 2.41GHz to 2.49GHz at 20MHz intervals.
These calibration tables are persisted in non-volatile memory and restored on power-up.
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Runtime user power requests are interpolated in power and frequency to program the
correct in-phase DAC value.

Second, the combined multi-kilowatt system: To build-up a multi-kilowatt system
several 60dBm modules were combined. Figure 1b illustrates the combining of multiple
60dBm systems to make up a 67dBm 2.45GHz RF generator system using a radial
combiner. Our setup combined two 60dBm modules. When combining multiple generators
to create a system generating more than 60dBm it is necessary to use several hardware lines
between generators, and designate one generator as ‘master’, to provide the reference
clock. The firmware could be modified so that the designated ‘master’ unit performed
changing power or frequency provided there was a communication port between the
modules such as RS232/485. In our setup we used a host computer application to
orchestrate changing power and frequency settings. The hardware handshake lines are
shown in Figure 2a. There is the reference clock line, and a SYNC line. As already
mentioned, the reference clock line is the reference clock from the synthesizer circuit of
the module designated as the ‘master’. This common clock creates a coherent system, 1Q
modulators in all modules are using the same clock. The SYNC line is an open-drain line
used by all modules to coordinate a setup change. During normal operation the ‘master’
unit pulls the SYNC line high and all modules continuously monitor the SYNC line. When
any module receives a command to change setup from the host computer, the module pulls
SYNC low. Each modules RF output is gated by the SYNC line. When SYNC goes low,
all RF outputs are turned OFF. Each module processes the setup command. When
processing has finished and a module is ready to turn RF ON again, the module releases
the SYNC line. When the last module to finish processing releases SYNC, SYNC goes
high. This gates RF ON for all systems.

e e g |
Figure 1. Internal four way microstrip combiner for 60dBm[1] (a) and radial combiner combining
60dBm systems for multi kilowatt output[1] (b).
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Figure 2a. Block diagram showing control signals between modules for a 67dBm system built
from six 60dBm RF generators.

RESULTS

We were able to calibrate and run a combined 63dBm system from a host computer
using these techniques. A calibration table was built in 0.5dBm steps from 40.0dBm to
63.0dBm.

DISCUSSION

Our results showed that operation of combined solid-state 2.45GHz pallets can be
done using the techniques illustrated to provide calibrated solid-state system outputs
greater than 60dBm. This technique can be used to further application development in areas
where magnetron replacement with more compact and flexible systems operating at much
safer DC voltages is desireable.

CONCLUSION

We were able to verify that our design of a 60dBm RF generator with apropriate interface
signals works well in combined solid-state systems yielding power outputs greater than
60dBm. This is a suitable way to use relatively low power solid-state 2.45GHz pallets to
build systems with calibrated multi-kW power outputs.

REFERENCES
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INTRODUCTION

Coffee brewing machines use soft (bags) or semi-rigid (capsule) disposable
containers to host loose or mildly pressed coffee powders, ready to use. The outstanding
taste achievable by this technology has its counterpart in the higher cost per brewed cup,
but more importantly, in the generation of large quantities of waste (for instance, spent
capsules). Aim of this work is to describe a new microwave-assisted process suitable for
the industrial production of filter- and capsule-less coffee doses, able to self-adapt do
different loading conditions. The basis of the process is the use of localized heating to
generate water vapor to bond granules [1], held under pressure, without any additive. If
conducted by conventional means (injection of vapor, conventional heating of pressed
powders), this process would result extremely time demanding and it would lead to the
partial extraction of some of the active principles from the powdered bean. Microwave
volumetric heating, limited on purpose to a few millimeters from the surface of pressed
coffee powder, allows to generate enough steam to form a free-standing disc-shaped pellet,
which can be used directly in brewing machines, coupling the advantages of capsule-coffee
with the quality and environmental friendliness of freshly ground coffee

Based on these premises, a new microwave applicator, operating at 2.45 GHz, has
been modeled, designed and tested on milled beans. Two different microwave sources have
been used for validation tests, namely a magnetron generator and a solid state generator,
and the advantages of the latter are addressed in this paper.

METHODOLOY

Dielectric properties of the load have been measured as a function of temperature
and moisture in the 0.5-3 GHz range using an Agilent 85070 Dielectric probe Kkit.
Measurements have been conducted under pressure, in order to generate over-saturated
vapor only at the required pressure level, which will be set in the final applicator.
Temperature dependent thermal properties have been used form literature [2] and used to
model the microwave heating behavior of pressed disc-shaped loads, at 2-45 GHz
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frequency. Figure 1 shows the initial model geometry, which has been completely
parameterized in order to perform optimization on the key factors governing the heat
generation pattern and efficiency, i.e. the microwave feed position, load position and
applicator dimensions (inner radii). Microwaves are fed in the applicator by a coupling
loop, through a coaxial port and the load is kept in position by a PTFE mold, whose end
can be moved to ease loading, pressurizing and unloading of the product. Load geometry
is constrained by compatibility with existing brewing machines, hence it has been set to a
disc-shaped geometry, 56 mm of diameter and 9-11 mm of height.

Fig. 1. Model geometry, with the disc shaped load (bottom) and coupling loop (top) highlighted.

Due to the process requirement (heating the outer shell of the load), optimization
was conducted maximizing the average temperature of the outer shell (2 mm thickness)
after 5 seconds of microwave heating at S00W and minimizing the variance of temperature
in such zone. The first objective indirectly addresses energy efficiency, quantified also by
the reflection coefficient, while the second one is used to estimate homogeneity of heating.
Optimization was conducted using the Response Surface Method, to achieve a response
surface able to predict the temperature distribution in the load as a function of the applicator
geometry and load position, and to evaluate the robustness of the process under study.

Based on the modeling result, an easier coupling loop has been designed, and the
introduction of a tuning metallic stub has proved essential to achieve a proper impedance
matching at 2.45 GHz, as a function of different loading conditions.

RESULTS

Qualitative 3D plot of the optimized solution is shown in Figure 2, demonstrating
how heat is selectively generated in the outer shell of the load (|[S11|= 0.12 in absence of
tuning stub, at 2.45 GHz).

Based on the numerical simulation results, a functioning prototype has been built
and tested using a magnetron source (maximum power = 1 kW). It was discovered that the
total amount of power delivered did not match with theoretical calculation and was in
excess of of 1/3 approximatively. The use of a spectrum analyzer shown that the magnetron
was running at a correct frequency and with an acceptable spectrum only when water was
present inside the product: going forward on heating, spectrum became unexpectedly larger
with several harmonics of important amplitude.
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Alternatively, microwave power was provided by an MKS-Alter SG524 solid state
generator, operating at 2.45GHz and capable of varying the frequency £50 MHz. achieving
a satisfactory impedance matching during heating (average reflected power < 5%) without
the need for any moving part (metallic stub). As the applicator is a resonant cavity, and
because the product changes its dielectric properties with the temperature, thus moving the
whole cavity resonance, the change in frequency allowed to adapt the impedance.

The system, in steady state conditions and using the solid state generator, is able
to produce a single coffee pellet in less than 5 seconds, including loading and unloading
operations, operating in parallel on 3 separate stations. Results, including operating
frequency and reflected power vs time, will be presented as well.

Figure 2: resistive heating plot showing localized heat generation (qualitative scale)

CONCLUSION

The coupled use of design of experiment in a simulation environment allowed to
rapidly design an efficient microwave applicator dedicated to the consolidation of
powdered coffee to produce disc-shaped doses for use in current brewing machines. Self-
generated steam pressure and rapid microwave heating, localized at the surface of the disc-
shaped load, allows to create a compact outer shell which provides good mechanical
properties, without altering the product flavor. The use of a solid state generator that allows
automatic frequency tuning resulted in a saving of one forth of the total energy used.
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INTRODUCTION

RF lighting technology is already known since mid of the 1990s. Until today most
of RF lighting technology bases on magnetrons and cover a field of applications that
requires high luminous intensities. Solid state plasma lights (SSPL) can extend the field of
applications where lower luminous output is required. Although this type of lamps can
operate with many different fillings suitable for specific requirements of industrial
applications, like greenhouse lighting or UV light applications.

To drive a SSPL at low power levels, e.g. from several watts to 250 W, a bi-stable
network is required [1]. The bi-stable network matches the two different main operation
states of the lamp — ignition and operation. Therefrom the network received its name. For
the ignition the fillings are in their initial state of matter, so the lamp can simply be
described as a bulb filled with an inert gas. The ignition requires a high field strength,
generated by the bi-stable network at a desired frequency. Once ignited, a plasma is formed
in the bulb and creates a completely different load. The frequency is changed to provide
best match for this load condition. Typically, these lamps are operated within the ISM band
at 2.45 GHz. The bandwidth of this band is sufficient to match the SSPL with one static
network for both conditions. The RF power is generated by a solid-state driver, that sets
precisely the frequency at best match during operation. The power levels can be adjusted
in PWM or CW mode for each state and diming likewise. The SSPL in this paper is built-
up with a differential network, that delivers a higher ignition voltage across the bulb and is
more robust against manufacturing tolerances. This is important to ensure the ignition of
the lamp, because of the limited available power by means of the maximum power required
in the specific application.

EXPERIMENTAL APPARATUS

Two electrodes guide the electrical field towards the light bulb. This system builds
up a differential pair and causes higher electrical field strength in between the electrodes
and hence in the light bulb itself compared with asymmetrical designs. The differential
signal is generated from an asymmetrical signal via a sleeve balun [1]. A high field strength
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is necessary for the safe ignition of the lamp. Once the plasma discharge has been ignited,
the impedance of the applicator changes. A specific matching circuit covers the matching
in both cases — for ignition and operation. It is built in the applicator before the symmetrical
network. The impedance at this point for both cases can be measured by using the Hot-S-
parameter method [1]. Once knowing the impedances of the lamp, the network is developed
to match both cases within the band of 2.4GHz to 2.5 GHz. To perform in both situations,
a frequency-agile generator is required and therefore this lamp topology can only be
supported by solid state RF.

Light bulb

Balun
Electrodes

Figure 1. Schematic drawing of the light bulb incl. the electrodes along the glass rod.

RESULTS

A simulation of the ignition process is performed to determine the voltage across
the light bulb, shown in Figure 2. This voltage must be higher than the critical breakdown
voltage calculated with Paschen’s law to ignite the lamp. After the ignition the lamp turns
into the operation mode creating a broadband spectrum, specific to its chemical
composition of the constituents inside the lamp. These chemical substances are pretended
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Figure 2. Simulated electrical field strength across the light bulb. A voltage of 500 V is simulated
for an RF power level of 25 W.
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by the application the lamp is used for. A UV light application has different requirements
to the spectral light distribution as a greenhouse lighting application, for example. This
causes although different impedances for different lamp types resulting in a specific
matching circuit for each lamp type.

The operating lamp in Figure 3 is built for applications requiring a high UV content
in the spectrum. The constitutes were chosen to generate spectral lines mostly in the UVA
and UVB range (approx. 300 nm to 400 nm) which were broadened by the high operating
pressure in the lamp. In addition to the line broadening this high operating pressure leads
also to a raise in the continuum radiation. This high pressure is caused by a high wall
temperature at the light bulb of up to 900°C. To achieve this high temperature a relatively
high among of RF power has to be coupled into a tiny lamp. This extremely conditions
lead to a high efficient plasma light source, that is principally adaptable to many kinds of
applications and their special requirements.

325 375 425 475
wavelength / nm

a) b)
Figure 3. Operating solid state plasma light a) for applications requiring a high UV content in the
spectrum and its rel. intensity vs. the wavelength b).

CONCLUSION

This design enables broadband lighting sources with a very high estimated lifetime
in a low to mid power range, e.g. several watts to some hundreds of watts. Varying the
chemical components in the lamp lead to different spectral distributions and makes this
kind of lamps suitable for various applications.

REFERENCES

[11 S. Holtrup, A. Sadeghfam, H. Heuermann and P. Awakowicz, Characterization and
Optimization Technique for Microwave-Driven High-Intensity Discharge Lamps Using Hot S-
Parameters, /EEE Transactions on Microwave Theory and Techniques, vol. 62, no. 10, pp.
2471-2480, Oct. 2014.

[2] C. Schopp et al., Capacitively Coupled High-Pressure Lamp Using Coaxial Line Networks,
IEEFE Transactions on Microwave Theory and Techniques, vol. 64, no. 10, pp. 3363-3368, Oct.
2016.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018

69



Solid-State RF Energy —
Advancements in Industrial
Applications and Market
Opportunities

Hannes Grubinger, Dave Lester, John Mastela, Manuel Romero, Klaus
Werner, Roger Williams

Ampleon, Huber + Suhner, MACOM, NXP Semiconductors, RF Energy Alliance,
Richardson Electronics Ltd.

Keywords: Solid-State, RF Energy, Industrial, RF Energy Alliance

Panel Title:
Solid-State RF Energy — Advancements in Industrial Applications and Market
Opportunities

Abstract:

An ever-increasing performance/price ratio coupled with unprecedented, precise
RF signal control expands the practical use cases for Solid-State RF Energy
(SSRFE) technology to include heating and power delivery scenarios. As a result,
SSRFE technology is being developed for industrial applications that were
previously considered impossible for RF tube based systems or dominated by
cost-effective magnetrons.

The panel will focus primarily on industrial applications and market opportunities
for SSRFE technology. Furthermore, the group will define a broad range of
potential SSRFE applications, the go-to-market strategies and the cross-industry
collaboration needed to quickly make inroads into the industrial market.

Participants:
e Hannes Grubinger, Huber + Suhner

e Dave Lester, NXP Semiconductors

e John Mastela, Richardson Electronics Ltd.
e Manuel Romero, MACOM

e Klaus Werner, RF Energy Alliance

e Roger Williams, Ampelon
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INTRODUCTION

The food industry is experiencing a new transition in consumer behavior going
from home-cooked meals or high-quality meal preparations to ready-to-eat meals and
dining out. An issue is that many of these ready-to-eat meals offer inferior degrees of
food quality due to lack of freshness, color, texture, flavor and even nutritional content.
The consumer, however, is demanding a much healthier and more flavorful alternative.

In order to satisfy the consumer’s demand for more convenience foods, it is
essential for the food industry to offer a more sophisticated ready-to-eat meal alternative
that provides the customer with greater nutritional value, taste, flavor, texture, color and
appearance. An extra benefit is also added by extending the shelf life of these products,
thus reducing a considerable amount of food waste and protecting the environment
through efficient use of existing agricultural crop areas.

The major advantage of microwave heating compared to conventional heating is
the almost homogeneous tempering of the entire volume of most edibles, being much
more efficient than heating from surface to core in matters of process time, power
consumption and avoidance of localized overheating. The groundbreaking Coaxially
induced Microwave Pasteurization And Sterilisation (CiMPAS) developed by MUEGGE
in co-operation with Meyer Burger (Germany) and Microwerk profits from this major
advantage of microwave heating.

METHODS AND APPLICATIONS

Microwave heating is gaining greater acceptance as an improved method for
pasteurization and sterilization in the food industry. Currently, common industrial
microwave heating systems rely on a microwave coupling into the processing chamber
using horn antennas. In contrast, CIMPAS uses slotted coaxial antennas for targeted
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deposition of microwave energy into the packaged, high-quality, ready-to-eat food
product. This highly tailored microwave launching system is much closer to the packaged
food products to be heated and requires less microwave energy. Moreover, microwave
injection via the microwave launching system of CIMPAS can be specifically adapted to
various kinds of food components to be processed at the same time, having different
dielectric constants and dielectric loss factors which determine their ability to store
electric energy and the particular conversion of microwave energy to thermal energy,
respectively [1]. Consequently, the exposure time is significantly reduced, thereby
helping to maintain the nutritional value of the food products in particular.

This paper will present the results of various microwave pasteurization examples
performed with CIMPAS on packaged ready-to-eat food products. The food items were
composed of different main and side dishes in trays of customized design. Homogeneous
tempering of the edibles was proved within an extremely narrow temperature zone
between 88°C and 91°C, a prerequisite for maintaining nutrient content. These
experiments not only focused on proving homogeneity of the microwave heating process,
but also demonstrated minimal changes to taste, flavor, texture and appearance of the
food products.

The analysis of present data obtained by industrial microwave pasteurization with
CiMPAS will assist the qualification of CiMPAS for microwave sterilization
applications.

CONCLUSION

CiMPAS, the groundbreaking processing system for inline pasteurization and
sterilization of food by microwaves has already proven to meet the food industry’s
expectations for both fast and homogenous heating of packaged, high-quality,
convenience food products by preserving nutrition, taste, flavor, texture, color and
appearance, independent of the size and shape of the packaging and of the composition of
each main and side dish.
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INTRODUCTION

The American Frozen Food Institute (AFFI) is the member-driven national trade
association that advances all segments of the frozen food and beverage industry. We
advocated public policy interests of the industry and serve as its voice before consumers,
media, and policy makers. A primary objective of the institute is to foster industry
development and growth through education and research programs and among these food
safety is a priority. The presentation seeks to share the state of frozen food industry
particularly from the lens of food safety issues, reveal ongoing efforts to mitigate public
health risks, and discuss potential technology development opportunities to address food
safety challenges.

BACKGROUND

Frozen foods are at an important intersection in the industry’s evolution,
especially from the perspective of enhancing food manufacturing practices and meeting
consumers’ changing needs. From a food safety perspective however, frozen foods have
in recent years been subject to frequent food recalls [1] and even attributed with a limited
number of illnesses and outbreaks [2]. These events highlight the public health risks
posed by the presence of Listeria monocytogenes and other pathogens in frozen foods and
have raised significant concern among food manufacturers, regulatory agencies, and
consumers alike. New and varied but potentially risk-prone consumer trends and
behaviors; susceptibility of specific consumer segments to pathogens; the manner, by
which consumers view and apply cooking instructions prior to consumption, have only
heightened the call for action. As an example, smoothies prepared with frozen vegetables
without first following food preparation/cooking instructions have the potential of
exposing consumers to microbial hazards. Indeed, more and more consumers self-identify
not following cooking instructions appropriately, mishandling frozen foods, or ignoring
food labels in their entirety.
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At the heart of this challenge is the trend towards more convenient foods and the
perception that all frozen foods are innately ready-to-eat (RTE) food products. Consumer
interventions specified through the cooking instructions on food packaging may be
deemed by consumers as only rendering food palatable, rather than safe, for
consumption. AFFI and frozen food manufacturers recognize that products in the not-
ready-to eat (NRTE) state with validated cooking instructions are critical to offering
consumers product choice, taste quality, nutrition, and convenience. Meeting marketplace
demand and need for NRTE products however, is confronted by ambiguous regulatory
policies [3] relative to presence of Listeria in frozen foods, lack of consistency in product
labeling and industry messaging, new consumer behaviors and trends, and lagging
technological advances to assist consumers.

Frozen foods and microwave cooking are inseparable in U.S. households and can
play a central role in ensuring safe consumption of frozen foods. AFFI believes there is
an opportunity for a concerted team effort from experts in food science, food packaging,
food engineering, and other disciplines such as material chemistry and artificial
intelligence, to develop more intuitive and targeted solutions to render microwaveable
foods safer and assist consumers determine when a food is safe for consumption. For
instance, application of time-temperature indicators integrated within the microwave or
the food itself may be able to confirm successful application of cooking instructions.
Such indicators may have additional advantages when integrated with food packaging, to
detect temperature abuse during transport through the frozen food supply chain from
production to storage, transport, and consumer handling.

DISCUSSION

This presentation will outline AFFI’s holistic strategy and current efforts to
combat food safety risks associated with frozen foods: scientific research, enhancing best
manufacturing practices, consumer research, and proposed messaging and education
initiatives. Key findings from recent consumer focus group and surveys relative to
behaviors underscore the immediacy of much needed technological transformations to
ensure safe consumption of frozen foods. This data and case stories to illustrate the
challengess posed will be presented.

CONCLUSION

AFFI’s goals include identifying, initiating, and enlisting industry-academia
collaboration bringing technical expertise from varied disciplines to define innovative food
safety-oriented solutions targeted towards microwave applications for frozen foods.
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INTRODUCTION

Consumer Microwave Ovens Market study examines the current sales of
microwave ovens sold in the US. Looks at where ovens are sold. What manufacturer,
models, wattage, size, features and price. This paper analyzes data as to what is currently
being sold on the web at online stores such as Amazon vs. what is sold at appliance and
department stores (both Regional and local), Electronic stores (such as Best Buy) Home
Improvement: Home Depot and Lowes and discount stores such as Wal Mart and Target.

It also looks at what ovens are currently on the manufacturer websites. The data
will be analyzed based on wattage, size, price, top manufacturers and features.

The information will be used by companies to determine what wattage microwave to use
when developing microwave preparation directions.

METHODOLOY

Microwave Ovens Sales data will be complied by looking at web sites for online
stores as well as visiting stores where microwave ovens are sold. Manufacturer websites
will also be reviewed. Data will be compiled and analyzed.
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INTRODUCTION

Microwave oven doors are usually made of metal meshes, which shield
microwaves and also permit observation of the cooking process through it. But the metal
meshes usually distort the image. Alternatively, a transparent conductive film (TCF) can
be used as an observation window and electromagnetic shield!". Indium tin oxide (ITO) is
the most used TCF, but it is cannot be used as an observation window of a microwave oven,
because of the large surface current and strong electric field on the surface of the window.

METHODOLOY

A transparent metallic micro-mesh film was prepared by the self-forming network
crack mask technique and lift-off method!". Films with low surface resistance (<0.2 Q /(J)
were fabricated, and had an optical transmission coefficient of about 55%. These films
were incorporated in a window for a Midea M3-L233B microwave oven, as a replacement
for the original grid window. To protect the TCF from scratching, a sandwich structure was
used.

The microwave leakage was measured using a Holiday HI-1501 microwave leak
energy tester. The electromagnetic shielding performance (S parameters) was measured
over a frequency range of 2.4 —2.5 GHz using two waveguide-to-coaxial adapters and a
vector analyzer (AV36580A).

In order to research the image quality of different microwave oven observation
windows, we used a Canon 450D camera to take pictures of milk behind different
microwave oven observation windows. Then we evaluated the image quality using an
objective evaluation method with MATLAB.

RESULTS

The measured S parameters were S11=-0.5dB (reflection coefficient) and S21=-
49.5dB (transmission coefficient). The leakage power flux was tested for 30 mins at nine
different positions on the microwave oven door with the normal metal grid window or the
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TCF window under an 800ml water-load. The leakage power flux was also measured under
no-load full-power operation for 30 mins, as shown in figure 1. Figure 1 shows that the
leakage for the normal window was less than 0.2 mW/cm? and for the new TCF window
0.4 mW/cm?, which still satisfies the IEC safety standard!?.

We evaluated the image quality with indices of peak signal to noise ratio (PSNR),
fuzzy coefficient (K) and quality factor (Q)!. Photographs of milk being heated in a
microwave oven with a normal metal grid window and a TCF window are shown in figure 2
and the measured image quality results in table 1.
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Figure 1. Leakage test of microwave oven doors under no-load full-power operation. The inset of (a)
shows the nine test positions on the microwave oven door. The leakage power flux under no-load
full power conditions for the normal grid window is given in (a) and for the TCF window in (b).

Figure 2. Photographs of milk being heated in a microwave oven with (a) the normal metal grid
and (b) the transparent conductive film observation windows.

Table 1. Image quality of the normal metal grid and TCF microwave observation windows
Normal metal grids | TCF

PSNR 19.5068 27.0227
K 1.9091 1.0248
Q 0.0651 0.1837
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DISCUSSION

A major problem for TCF windows is durability and survivability. For many TCF
applications, the optical transparence is very important, which usually should be 80% or
above. However at high optical transparence, the surface resistance is as high as ~10 Q /1.
But for microwave oven application, the optical transparence is not very important, but the
surface resistance should be decreased to < 0.2 Q/[]; otherwise the TCF window may be
damaged.

CONCLUSION

Metallic micro-mesh TCFs for microwave ovens had better image quality than
normal grid windows, with the same electromagnetic shielding. The TCFs can also be
applied to other high-power microwave energy fields which need high conductivity and
excellent optical image performance.
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INTRODUCTION

Microwave heating has attracted extensive attention of the public because of its
convenience and high efficiency. However, it usually leads to non-uniform temperatures.
Because it is of great importance for the quality of products and heating efficiency, many
methods have been suggested to improve microwave heating uniformity. These methods
include the use of microwaves in combination with some other heating source, the use of
microwave susceptors, and the employment of rotating turntables etc. One more
interesting method is the variable frequency method [1]. However, most of these methods
mentioned above do not provide sufficient theoretical explanations, especially with
regard to the influence of frequency, we usually regard it as an ordinary and very old
topic and have not paid enough attention to it. Obviously, it is not good for us to grasp
these methods from the roots, so as to put forward a better heating method.

In this paper, to study on the influence of tiny shifts in frequency on the heating
uniformity, systematical mathematic derivations as well as the theory of electromagnetic
wave propagation in a multimode cavity are used. Then, the mathematical basis of such
frequency effect is obtained and based on this, a new microwave heating method named
frequency-selected method is proposed. Since this method works with selected
frequencies, different frequency selecting schemes are compared, the characteristics of
which are further deduced and concluded. Finally, finite element method is used to
perform the proposed method and comparisons with the traditional variable frequency
method are also made.

The results show that heating uniformity depends highly on tiny shifts in
microwave frequency, and in order to use the frequency-selected method effectively, it is
best to select frequencies by the comprehensive comparison of the scattering parameters
(S1; parameters), the average of the electric field and the average temperature rise.
Besides, the results also demonstrate that although the frequency varies in both the
frequency-selected method and the traditional variable frequency method, mechanisms of
them are different.
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METHODOLOGY

In a microwave heating system, the total electric field inside the cavity can be
represented by a volum integral equation by the superposition principle. The theory of
Fredholm equation and heat transfer equation are used to analytically demonstrate the
dependence of heating uniformity on small shift of microwave frequency [2].

Then, a new microwave heating method named frequency-selected method is
proposed, which is used to verify the influence of microwave frequency on heating
uniformity. In this method the dielectric sample is not heated with fixed frequency but
with variable frequencies selected from a certain frequency bandwidth. The procedure for
frequency selecting is shown in Figure 1, in which Finite element method is used to
perform the process. The selected frequencies are then used for heating, and each of them
is picked out for heating at different periods of time. Moreover, the microwave frequency
is assumed to be updated to a new one at the end time of each one second.

Calculate electric
field £

Calculate magnetic
field #

Dissipated power P|

Calculate
temperature field
Next iteration distribution

Output S4, average temperature and
electric field

|

Determine the optimized frequency 1,

Update medium

permittivity

Frequency
=L

Figure 1. Flow chart for frequency selecting

RESULTS

As is shown in Figure 2 and Figure 3, the heating performance are assessed
from different aspects, including the temperature distribution on the top surface, the
coefficient of variation (COV) spread as a function of heating time, as well as the rise of
average temperature. In Figure 2 (a), there are two regions of concentrated high
temperature on the top surface of the potato slice. In Figure 2 (b), there remain two
concentrated hot areas slightly smaller than that of Figure 2 (a). Obviously, these two
large hot areas become much smaller, and the temperatures of many other parts have
different degree rises, resulting in a much more uniform temperature distribution as
detailed in Figure 2 (c). However, figure 2 (d) shows that the two concentrated hot areas
are as large as or even larger that of Figure 2 (a) when the ex-variable frequencies are
used. That is to say, without the selected frequencies, variable frequency neither
effectively improves the heating uniformity nor increases the average temperature. The
results in Figure 3 are consistent with figure 2, although they are displayed in two
different ways.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018

80



(a) (b) (c) (d) ’

Figure 2. Temperature contours on the top surface after 30s of microwave heating, with (a) fixed
frequency, (b) variable frequencies, (c) selected frequencies, and (d) ex-variable frequencies.
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Figure 3. Comparison of COV and temperature histories, with fixed frequency, variable
frequencies, selected frequencies, and ex-variable frequencies: (a) COV, (b) volumetric

temperature histories (A7).

DISCUSSION

Heating uniformity depends highly on tiny shifts in microwave frequency, and
heated with selected frequencies can improve heating uniformity effectively. Moreover,
although the frequency varies in both the frequency-selected method and the traditional
variable frequency method, mechanisms of them are different.

CONCLUSION

The influence of tiny shifts in frequency on the heating uniformity is detailedly
studied, the mathematic basis is obtained, and a more effective heating method is
expected to be proposed based on the results of this study.
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INTRODUCTION

The Air Force Research Laboratory (AFRL) is involved in ongoing efforts to characterize dielectric
properties of materials at high temperatures using millimeter wave radiation. A fundamental
understanding of the complex dielectric properties of materials, and the dependence of these
properties on frequency and temperature, is necessary to effectively utilize electromagnetic energy
to controllably heat materials for applications such as power beaming [1-3].

APPARATUS, METHODOLOGY, AND RESULTS

A “free space” dielectric measurement apparatus has been designed and developed to enable
characterization of complex dielectric permittivity at high temperature (25 °C to 600 °C) in air and
at frequencies in the W-band (75 GHz to 110 GHz) [1, 2]. A schematic of the measurement system
is provided in Figure 1 (a). S-parameter sample values from the vector network analyzer (VNA)
are converted to real (e,.) and imaginary (€,”) permittivity values as described by Hilario, et al. [2].
Complex permittivity data for an aluminum nitride-molybdenum composite sample (AIN:Mo =
95%:5% by weight) at 95 GHz is provided in Figure 1 (b).

DISCUSSION

Complex dielectric property measurements made using high-temperature free-space methods are
being used to guide development of high-temperature millimeter-wave-absorbing ceramic
composites, such as AIN:Mo, for use in a mm-wave powered heat exchanger (HX) intended for
future power beaming experiments. As part of the planned experiments, millimeter wave power
will be transmitted to a remote station where the beamed power will be collected and converted to
heat using a mm-wave absorbing ceramic HX. Generated heat will then be converted to electrical
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Figure 1. Schematic depiction of the high-temperature dielectric measurement apparatus (a) real
and imaginary permittivity data for an AIN:Mo (95%:5% by weight) ceramic sample (b).

Tube Furnace (25 to 1200°C)

AlN tiles

Kovar interface layer

Inconel gas tubes

Figure 2. Conceptual drawing of a mm-wave powered heat exchanger sub-section. Ceramic tiles,
Kovar baseplate, and the Inconel gas tubes are shown. Additional CTE grading layers between the
ceramic and the base plate are not explicitly depicted here.

power using thermo-mechanical means. A conceptual drawing of a mm-wave powered heat
exchanger sub-section is presented in Figure 2; AIN tiles, baseplate, and gas tubes are depicted there.
Additional coefficient of thermal expansion (CTE) grading layers between the tiles and the base
plate are not explicitly shown.
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Solid-State RF-Energy offers exciting opportunities to develop new ion
sources for ambient ionization mass spectrometry [1]. In the last two
decades, manufacturers of semiconductors specializing in high
frequency transistors have made excellent progress developing
affordable transistors in the frequency range of 2,45 GHz in LDMOS
and GaN designs. Different from traditional magnetron designs, the
GaN and LDMOS transistors offer unique and improved abilities.
NovionX GmbH introduces a unique power-controlled solid-state 2,45
GHz amplifier, designed to power a wide range of different ion sources
for mass spectrometry. Ion sources can be easily connected to the solid-
state RF Generator unit by means of a coaxial waveguide. Applications
range from small molecule plasma ambient ionization, plasma ablation
imaging to direct plasma pyrolysis of small molecules, photoionization
and element analysis of aerosols. All this can be achieved with a single
solid-state RF-Energy amplifier [2] and various interchangeable ion
sources connected to atmospheric pressure inlet of a mass
spectrometer. The new system provides fast detection and analysis for
a wide range of different applications, as well as unparalleled
flexibility.

REFERENCES

[1] Ambient Ionization Mass Spectrometry (New Developments in Mass Spectrometry), ISBN-13:
978-1849739269

[2] K. Werner, H. Heuermann and A. Sadeghfam, “The Potential of RF Energy for the Ignition of
Microplasmas”, High Frequency Electronics, November 2012, pp. 38243

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018



Development of Resonant Cavity System,
and its application to
Low Permittivity Solvents

Hiromichi Odajima, Tadashi Okamoto and Aki Tomita

Pacific Microwave Technologies, Seattle, WA
hodajima@pacificmicrowave.com

Keywords: Resonant Cavity, Solid state Oscillator, Solid state Amplifier, High Q,

INTRODUCTION

To realize to focus MW energy same as convex lens for light, many engineering
trials have been made, but so far they were not succeeded, even though resonant cavity is
commonly understood well. The reason stayed at the use of magnetron. Magnetron
cannot change frequency, so that only the idea to tuning up at resonance is limited to
adjust physical size of cavity. But such a tuning by —

physical size is slow and not accurate to meet the fast .17} Tow ]__FL

change of dielectric property of heating material.

The solution to such a problem is the |, Contraler
introduction of solid state oscillator and solid state

amplifier. By the use of solid state devices, it becomes
possible to change oscillating frequency fast enough to Casig|Resomator

tuning up at frequency at resonance (fr). ID:
In addition to the introduction of solid state

devices, it becomes possible to optimize design of

cavity and applicator by computer EMF (Electro

Magnetic Field) simulation without making trial units

and without doing many experiments. Fig. 1 Resonant

Cavity System

Pump

METHODOLOY

Resonant cavity system using solid state devices we developed is shown in Fig.1. The
MW generator is composed of VCO (Voltage Controlled Oscillator), VAT (Voltage
controlled Attenuator) and HPA (High Power Amplifier). The MW is irradiated into the
cavity via wave guide and iris after oscillating from the generator. Electric field (E-Field)
in the cavity is detected by an antenna installed in it.

AFT (Automated Frequency Tuning) system tunes up oscillating frequency at fr
automatically based on the data detected by the antenna. Resonant mode of TM110 or
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TMO10 is automatically kept generated

always. Fig. 2 shows the example of

computer EMF simulation that can show E-

field strength and also temperature

distribution of material to be heated up.
Heating up material by MW follows

basically the next theoretical formula. '
P=nfE® ¢ tan & y d
Traditional MW chemistry paid much _ Left: E-field Distribution

efforts to improve its efficiency by the use of Fieht: Eeld Enerey Concentration

solvents that can absorb MW efficiently. Because of that, solvents having higher

dielectric property are commonly used. Fig. 2 EMF Simulation

Solvents having low permittivity such as Toluene and Xylene were widely used
among chemical industry as those prices are relatively cheap, but
those solvents were considered not suitable for MW chemistry, as
MW absorption is low, and most of irradiated MW power is reflected
from cavity. But giving consideration to the formula above, if E-filed
is high enough, and appropriate impedance matching is introduced to
minimize reflection, it was considered possible to heat up low
permittivity solvents efficiently.

By applying computer EMF simulation, it reveals that Q is
higher than 200, and E-filed in center of cavity reaches higher than
40kV/m, it is possible to heat up Toluene higher than 200C based on
the conditions of MW power 250W, TM110 mode, and with
impedance matching mechanism. Based on the EMF simulation,
resonant cavity system was developed shown in Fig. 3. Fig. 3 Resonant Cavity

RESULTS

Using the system developed, applied experiments and confirmed that heating up
low permittivity solvents up to very high temperature is really possible. Details are shown
in Table 1.

Table 2 shows how high pressure is necessary to heating up various solvents
without vaporization. Solvents having higher permittivity such as MeOH, Ethanol,
Acetonitrile and IPA need pressure higher than SMPa for 250C. However lower
permittivity solvents such as Toluene and Xylene only needs 2.0MPa at max.

X
@

b

7 5 —L >(C60)

Fig. 4 Fullerene Derivative Conjugation

Based on those information, reactions using low permittivity solvent were tried.
The reactions tried were Claisen rearrangement and Fullerene derivative conjugation
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shown in Fig. 4. The reaction making Fullerene derivative ICMA is made of Fullerene
and Indene, using Xylene as solvent, with 2.5MPa pressure, heating up to 270C by MW
power of 250W, succeeded in producing ICMA with productivity of > x10 than
traditional external heating process.

Table 1 Conditions of Heating up Toluene Table 2 Vaporized Pressure of Solvents
1. System Solvents S Vaporized P @250°C(bar)
MW Oscilation i Solid state ource [MeOH
Cavity Size P 790 : Ethanol
Mode L TMII0 Vapo [\ etonitrle
Reactor i Helical Tube urtec IPA
Reactor Volume 10mL Acetone
Back Pressure Regulator t-Butyle Alcohl
Impedance Matching Water
.. ; DIS Hexane
2. Conditions P e bR
: CUS [pME
MW Power : 250W e
: SIO  Toluene
Frequency : 2.4-2.5GHz I P v —
Flow Rate | 15mL/min p2yens
Residence Time 40 sec )
s DMSO
Pressure 2.5MPa eson
3. Result ant Cavity and low permittivity solvent can
Temp. i >200°C realize high Q and high E-field in cavity, that

can make possible to make MW assisted
reactions at very high temperature under low pressure condition. By the use of low
permittivity solvent, direct activation of substrate chemicals may have possibility.

CONCLUSION

MW Resonant Cavity system and use of low permittivity solvents are going to
open new chemical process windows for both R&D and production by “ultra super
heating”.
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INTRODUCTION

In recent years, the need to understand the effects of various processing methods
on proteins has become paramount with an exponential rise in cases of food allergies and
other proteopathies. Computer simulations have been used to enhance the molecular scale
understanding of the structural conformations of these proteins that can directly influence
their functional properties. Though we use the microwave simulations to study the
proteins and their secondary structure [1,2], the studies can extend to studying
nanoparticles and nanotubes [3].

METHODOLOGY
~
eSelection of PDB protein structure
N1k *Selection of force field (AMBER, CHARM) )
. R
eGenerate Topology of the protein
eDefine box for simulation (cubic, rohmbic)
SIEIPA oSolvate in water and neutralize the protein )
o )
eEnergy minimization
SIESE] eEquilibration
¢ Molecular Dynamics simulation
Stage 4 y
~
eAnalysis using Radius of gyration, RMSD, Surface
Sie| areas, etc,, )
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RESULTS AND DISCUSSION

We are presenting the effect of microwave processing on food proteins, primarily
allergens and antinutrients present in milk, peanut and soy. Simulating microwaves can
help us study various structural properties including Radius of Gyration, Root mean
square deviations (RMSD), Root mean square Fluctuations (RMSF) and solvent
accessible surface area. Furthermore, simulation also aid in visualization of the structural
deviations which might not be possible during a conventional experimental setup.

When oscillating electric field was applied with thermal treatment higher peaks
observed at 363 K suggesting that these epitopes are becoming unstable and are deviating
further compared to control as temperature is increasing. There were peaks observed at
363 K in epitope range 127-150 suggesting that in this region, epitopes might be more
reactive compared to control. Furthermore, 348 K has higher peaks compared to 363 K
for few residue groups which might be due to these specific residues moving into the core
and becoming unavailable for reactions on the surface.
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Figure 1. Root mean square fluctuations of Allergen Epitope (Residue: 127-150; atoms: 1950 -
2400) in beta-lactoglobulin due to microwave treatment (2450 MHz).
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CONCLUSION

The microwave studies showed significant changes in protein structures. In the
case of peanut allergen Ara h 6, the treatment resulted in significant compression leading
to reduction in solvent accessible surface area. In the case of beta-lactoglobulin, which is
also an allergen in cow’s milk microwave treatment resulted in its enhancement.
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INTRODUCTION

A portable chemical analyzer that contains a temperature-controlled chamber
requires reduction of the warm-up time because the time reduction has a strong effect on
the battery capacity. A microwave temperature-controlled chamber can reduce the time.
Moreover, using a solid-state microwave generator, the analyzer can be designed to be
small and lightweight. However, microwave applicator sizes are limited to the microwave
wavelength (e.g. 12 ¢cm for a 2.45 GHz microwave system). Therefore, we have been
developing a small microwave reactor using a low-temperature co-fired ceramic (LTCC)
[1]. The wavelength is shortened by the factor of the square root of the dielectric
constants of the ceramics. The LTCC can be manufactured using complex 3D structures
such as an antenna pattern or chemical fluid channel. As described herein, a small single
mode applicator was constructed in the LTCC. Furthermore, the continuous flow
microwave heating was demonstrated. The ultimate goal of this research is that all
microwave components, including the microwave source and control circuit, be designed
in the LTCC package and installed in the portable chemical analyzer.

EXPERIMENTAL APPARATUS

Earlier, we studied the cylindrical TMgi;o mode cavity (90 mm dia., 100 mm
length) as the single mode applicator for the continuous synthesis of nanoparticles [2].
Instead of the previous cavity, the post-wall cavity manufactured from 40 sheets of LTCC
was used. The dielectric constant and loss factor of the LTCC were, respectively, &’ =7.8
and &”” = 0.002. The cavity diameter was reduced by a factor of V &’. Thereby, the LTCC
cavity diameter was approx. 30 mm. Also, 32 posts of post-walls, which were made
electrically conductive using silver paste, were formed along a circle (Fig. 1(a)). The top
layer and bottom layer of the LTCC sheets were coated by Au (Fig. 1(b)). The area
surrounding the top and bottom layers and the post-walls functioned as the cylindrical
TMoio cavity (Fig. 2(b)). To introduce the microwave energy and to monitor the TMoio
mode resonance formation, two ports of a loop antenna were formed near the post-wall in
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the LTCC (Fig. 1(c)). At the center axis of the cavity, a through-hole (3.2 mm dia.) was
fabricated for the flow tube installation.

Microwave characteristics of the LTCC cavity were measured using a vector
network analyzer (E5071C; Agilent Technologies Inc.). A computational simulation
(Comsol Multiphysics 5.0a; Comsol Inc.) was also used to confirm the TMy1o resonance
frequency.

A frequency-controlled solid-state microwave generator (100 W; Tokyo Keiki
Inc.) was used for fluid heating. The generator was operated to maintain the TMoio
resonance automatically by adjusting the generator frequency using a control board
(Ryowa Electronics Co. Ltd.). Water used as the fluid model flowed through the flow
tube (silicone tube id 1 mm) at the rate of 1 mL/h to 60 mL/h maintained by a syringe
pump (Nexus 3000; Chemyx Inc.). Temperature differences between the inlet and outlet
of the LTCC cavity were measured using 0.5 mm dia. thermocouples (T-35; Sakaguchi
EH VOC Corp.) installed in the tube.

MW in >

-~ Post-wall

(b) Side view

MW in
(a) 3D
(C)Tophé?:\:or (a)Previous cavity (b)LTCC cavity
Fig. 1 Design of the LTCC cavity. Fig. 2 Photograph of LTCC cavity.
RESULTS

The 25 g LTCC cavity was 4 cm x 4 cm x 0.5 cm (8 cm®). These values are
smaller than those described in earlier reports (dimensions, 10 cm % 10 cm X 2 cm;
volume, 200 cm’; weight, 1.3 kg). According to the network analyzer measurement, the
resonance frequency of the LTCC cavity was 2.408 GHz, which is consistent with TMoo
resonance frequency from the simulation analysis. Then the flow tube was installed
through the LTCC cavity. Water was filled into the tube. The resonance frequency was
shifted to 2.391 GHz. The -17 MHz shift represented that the LTCC cavity resonance was
affected by the fluid in the tube.

Fluid heating by the LTCC cavity was accomplished using the microwave
irradiation. Our microwave heating system detected the TMoio resonance frequency
automatically and irradiated the corresponding microwave frequency. When water of 3
mL/h flowed through the tube, the time profile of the temperature at the tube outlet
(distance between cavity bottom plate and thermocouple was 5 mm) resembled that
depicted in Fig. 3. The 18 W microwave irradiation raised the temperature + 4 °C. The
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relation between the flow rate and microwave power is shown in Fig. 4. Results
demonstrate that the small LTCC cavity performed to control the fluid temperature.
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Fig. 3 Temperature profile (3 mL/h). Fig. 4 Flow rate dependence.
CONCLUSION

To develop the small microwave fluid temperature controller, LTCC and solid-
state microwave device technology were combined. An LTCC cavity (4 cm x 4 cm x 0.5
cm) was demonstrated with water used as the model fluid. With a flow rate of 1 mL/h to
60 mL/h conditions, the water temperature was controllable using the developed system.

The LTCC technology can embed all components of a microwave system,
including the microwave source and the control system. For future studies, one-chip
microwave fluid temperature control equipment will be designed.
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INTRODUCTION

Microwave ignition of combustion synthesis (CS) reactions between metal powder
reactants, in a single mode applicator, has been studied by the present authors since 2006
[1]. Several systems were investigated, both by experiment and simulation [1][2].[3]
Process intensification is now considered the most promising development path for the
chemical process industry and modern chemical engineering in order to face recent
challenges of enhanced process safety, conservation of natural resources, reduction of
environmental impact and energy consumption. From this perspective, the CS technique,
using smaller equipment, energy consumption limited to the ignition step and complete
conversion of the reactants into products, should be considered a promising technique to
pursue such key process intensification objectives in advanced materials and inorganic
chemical compound manufacturing.[1][3][4][5]. CS ignited by conventional heating
techniques usually show an inversion of the heat flow before and after the exothermic
reaction. As soon as the powders reach the ignition temperature, the heat released during
the reaction tends to rapidly raise the temperature of the reactants undergoing the CS
reaction, and subsequently the heat flow is directed from the reaction zone towards the
surrounding environment. Thus, as soon as the reaction occurs, it is no longer possible to
continue to transfer heat from an external conventional heating source to the reaction zone.
On the contrary, microwaves heating in the ignition of CS reactions is expected to lead not
only to a more rapid temperature increase of the whole reaction zone, but also to a
continuous energy transfer to the reactants and products during and after the ignition, with
consequent heat generation.[6]

METHODOLOGIES

Simulation by Comsol Multiphics 3.5a and Concerto software was carried out to
investigate the rapidly occurring combustion reactions and to gain deeper insight on the
development of specific temperature profiles, which can be used to control product
microstructures. Disc-shaped specimens were fabricated from mixed metal powders,
weighted according to the stoichiometry of the compound (e.g. NiAl 50%at-50%at,
FeCoNiCuAl each element at 20%at.), mixed either manually in an agata jar or in a
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planetary ball mill, and molded applying between 100-200 MPa of uniaxial pressure. All
the experiments were conducted in reproducible setups, using rectangular (WR-340) single
mode cavities at 2.45GHz at powers from 0.3 to 6 kW).

Different systems were analyzed, including pure B-NiAl intermetallic phase synthesis
with external auxiliary absorbers, like SiC, and then using such intermetallic phases to join
titanium alloys.[1] The importance of having at least one ferromagnetic reactant was
further investigated, processing Fe+Al, Co+Al and Ni+Al in predominantly electric or
magnetic field regions of the applicator [7]. In parallel, exploiting the selectivity of heating,
microwave assisted CS was used to minimize the extension of heat affected zones when
joining dissimilar materials, i.e Inconel and Titanium, [3] or CVD-SiC. [8]

(@) (b) ©
Figure 1: Microstructures of -NiAl (a), NiAl activated in B (b), NiAl as joining between Inconel and Ti (c)

RESULTS

Recently, the research focused on multi-principal element systems, known also as High
Entropy Alloys. High entropy alloys (HEAs) are composed of five or more principal
constituent elements at similar atomic percentage. High Entropy Alloys were successfully
synthetized by microwave activated combustion synthesis, with significantly lower energy
consumption than the state of the art alternative synthetic routes (induction heating, arc
melting, mechanical alloying). Based on the achieved results, [9][10] new compositions of
HEAs have been developed, namely FeNiAlCuMn, SiC reinforced FeCoNiCrAl alloys and
Si-modified Mn25FexNi25Cu(50-x) alloy.[11][12]

T - ¥,’
v {
v

(@) (b)

Figure 2: An Example of SiC modifed HEA (a, b) and Micrograph (SEM) of the inner of the pellet
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DISCUSSION

The microwave assisted powder metallurgy route for HEAs retained the sample shape
formed by uniaxial pressing, thus opening the possibility for near net shape manufacturing
of HEA components, provided that proper post-heat treatment is performed. The sample
composition was homogeneous in all cases, without the typical dendritic segregation
produced by traditional technologies. However, post-treatment is needed to compensate for
some lack of homogeneity, like local depletion of some elements, which can be attributed
to the sluggish diffusion, typical of many high entropy alloys. Finally, CS has been applied
also to mineral ore reduction, using metallothermic reactions, leading to the synthesis of
iron-based alloys. CS performed favorably compared to carbothermal reduction, when a
low carbon content of the products is required.
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INTRODUCTION

Holey graphene, referred to as graphene with nanoholes in their basal planes,
recently attracted increasing research interests from both fundamental and practical
application point of view.[1] The existence of nanoholes in these bulk 3D materials not
only increases accessible surface area, but also provides desired “short-cuts” for efficient
mass transport across graphene basal planes and ultimate access to/ from inner surfaces,
which is very different from the intrinsic perfect graphene sheets. Most importantly,
generating nanoholes naturally transform a large number of in-plane atoms into edge
atoms. These atoms have different electronic states and chemical functionalities from their
basal planes, which render holey graphene materials unique properties and capabilities.
Recent years have witnessed wide range applications from molecular sensing to
electrochemical energy generation and storage, demonstrating the critical advantages of
holey graphene-based materials toward practical applications. However current approaches
for scalable production of holey graphene materials require graphene oxide (GO) or
reduced GO (rGO) as starting materials.[2] Thus generated holey graphene materials still
contain a large number of defects on their basal planes, which not only complicates
fundamental studies, but also influences certain practical applications due to the largely
decreased conductivity, thermal and chemical stability.

METHODOLOY

This work reports a novel, rapid, and eco-friendly mass production approach. In
this approach, dry microwave chemistry was exploited to fundamentally solve the
problems in traditional methods, so that controllable generation of nanoholes can be
achieved while leaving other parts of the graphene basal plane largely intact. Furthermore,
the hole edges can be controlled to be rich in zigzag geometry, which is the preferred edge
structure for catalytic and spintronic applications.
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RESULTS

The near pristine nature of their basal planes and the zigzag edges were clearly observed
via atomic resolution Transmission Electron Microscope (TEM) and further supported by
other techniques, including the studies of the localized n-edge states associated with zigzag
geometry via electron paramagnetic resonance (EPR) measurements.

$4800 5.0kV x30 SE(M)

Figure 1. (A) A schematic drawing showing the slightly oxidized GIC (SO-GIC). The dry powder
is of SO-GIC is used as the starting material for microwave irradiation. (B) Short microwave
irradiation in air induces concurrent exfoliation of the SO-GIC and hole generation. Scanning
Electron Microscope (SEM) images of the exfoliated SO-GIC (B, C). The red arrow pointed to a
large hole in (C). (D) High resolution TEM shows that nanoholes were also generated while leaving
the rest of the basal plane almost defect free. The yellow arrow pointed zigzag edges of the holes.

DISCUSSION

There are no scalable approaches reported to date for mass production of highly
conductive and chemically stable pristine holey graphene without involving metal-
containing compounds and at low cost for practical bulk applications. Furthermore, the
traditional methods are challenging in controlling the hole edges with dominated zigzag
geometry. From thermodynamic point of view, armchair should be the major ones. We
attribute the unexpected results presented in this work to the unique contactless Joule
heating mechanism provided by microwave heating applied in this approach compared to
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traditional convection heating approaches and also the structure of the slightly oxidized
graphite as the starting materials for the microwave chemistry.

CONCLUSION

In summary this work reports a simple and scalable approach to fabricate pristine holey
graphene nanoplatelets which are rich in zigzag edges. The approach exploits dry
microwave chemistry providing several non-competeable advantages over the previously
reported methods for large scale production and broad application.
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Abstract: Microwave selective and rapid heating techniques in conjunction with
greener reaction media are significantly reducing energy consumption and reaction
times in material synthesis and several organic transformations. Poly-phosphoric
acid(PPA) is a liquid mixture solution with high added value, which is widely used in
petrochemical and electronic materials manufacturing. Traditional single batch
reactor for preparing of PPA is time-consuming, high energy consumption and low
polymerized degree, the largest barrier of which is the scaling up from a laboratory
scale to a production scale.

In this paper, a highly temperature-controlled continuous flow tubular reactor
system was developed in the optimized waveguide type monomode microwave
cavity.

The structure of microwave monomode heating system is shown in Figure 1. The
microwave-assisted preparation of PPA is performed in monomode microwave
heating laboratory system composed of microwave generator with intelligent power
control unit, fiber-optic probe for temperature measurements. The tubular reactor is
placed in the middle of the waveguide, where the electric field is the strongest by
adjusting the position of tunable short circuit.

Electric field 279

N DA Al2
Directional couper distribution I‘—’ll

| Al4 I
L
Microwave
Generator +
L
- “Tunable short circuit
Circulator /
Load

The position of tubular reactor

Fig.1 The structure of microwave system
Because phosphoric acid is highly corrosive, special continuous-flow processing
system needs to be designed, as shown in Figure2. An upward anti-flash hood
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connected to the quartz reactor and cooling water applied both to the vapor
and the condensed phosphoric acid. An empty flask followed by a multi-neck
flask and a conical flask are placed after the upper condense pipe and the same
one below. The rubber tube connected the conical flask and the multi-neck
flask is used to keep the balance of the system pressure.

PumpVacuum

Dehydrated phosphoric acid

Fig.2 The set-up of continuous-flow processing system

An amount of 100g orthophosphoric acid (85%) as primary material is
automatically feed into the quartz reactor by peristaltic pump and heated by
microwave. Temperature was measured in this whole process of concentrating,
which can be maintained at the target temperature by adjusting the feeding rate
or reducing MW power to a required level calculated by PID controller.

For the sake of better concentrating efficiency, different microwave power
input(Fig.3(a),(b)), reduced pressure by vacuum air pump in the
system(Fig.3(c),), and inlet flow velocity of phosphoric acid was studied
(Fig.3(d),). From Fig.3(a) and (b), we can conclude that increasing microwave
input power can shorten the time and increase the concentration. A slightly
negative pressure environment is also conducive to the evaporation of water as
shown in Fig.3(c). Fig.3(d) shows the mean value of absorbed microwave
power to maintain the temperature at 250°C for variant flow velocity.
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The optimal dehydration process conditions were

series of contrast experiments.
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Fig.3 Experimental result

A microwave-assisted continuously condehydration of orthophosphoric
acid for preparation of PPA was investigated at the laboratory scale. It has
been shown that MW irradiation can be efficiently applied for PPA preparation
due to the high absorbing capacities of the starting material and the process
products. Under the conditions of optimized power and temperature control,
our results can be considered as a reference point for scale-up experiment
scale-up and have shown a successful performance of MW orthophosphoric
acid dehydration on an industrial-scale which will be beneficial in terms of
process times and energy efficiencies for its much higher process rates.
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INTRODUCTION

Microwave heating is determined by the field distribution in a dielectric material.
These field distributions depend on the frequency of the microwave fields, the geometry of
the applicator, the geometry of the heated material, and the dielectric properties of the
material [1]. In many cases, the objective of microwave heating is a uniform temperature
distribution; however, in some application, such as the treatment of asphalt, timber, soil or
weeds, shallow surface heating is desirable to reduce energy requirements.

Evanescent fields are non-propagating electromagnetic fields, which decay
exponentially with distance, even in the absence of any dielectric material which could
absorb the energy. Evanescent fields exist in wave guides, which are operating below cut-
off wavelengths [2]; however, there are several other methods of generating evanescent
fields. In particular, evanescent fields are associated with total internal reflection in
dielectric wave guides (optic fibre) [3] or slow wave structures [4, 5]. In this case a
dielectric material was used.

Assuming a wave is being transmitted along an electrically dense dielectric
material (like plastic, glass or ceramic) such that the field is incident onto an interface with
a less electrically dense material (like air). When the electromagnetic field is propagating
parallel or nearly parallel to the interface, total internal reflection in the electrically dense
material occurs; however, there is an evanescent field created in the less electrically dense
material, which can be described by:

, 2T T o 2 Mg .
—2->=-,/n,?sin?0;—n,? (x-—-—-sme-—wt)
Ee = Eoe AO 1 t 2 . J AO ny t

e

6]

Where E, is the field amplitude, A, is the wavelength in free space, w is the angular
frequency of the wave, Z is the unit vector perpendicular to the surface of the dielectric
material, and X is the unit vector along the surface of the dielectric material in the direction
of field propagation. In a non-magnetic material, the refractive index of material i isn; =

\/Ki, where k; = ? and 6; is the incident angle onto the internal surface of the dielectric
o

material, measured relative to the normal to the surface (i.e. for waves propagating parallel

to the surface, 8 = 90°).

Equation (1) describes an evanescent electromagnetic wave, propagating along the
surface of the electrically dense dielectric material, where the speed of the wave is slowed

by a factor of :—1 because of the dielectric behaviour of the material interface.
2

In the case of a dielectric block, which is housed in a metal applicator housing,
with only one surface of the dielectric material exposed, there will be a standing wave
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generated inside the dielectric block with an evanescent field on the exposed surface of the
dielectric that can be described by:

-2 2¢in20: —1m.2 . i . mmnz . nmwx _i
E, = E e 2kymi®sin®6i—n2* . gjpy (Ty) - sin (T) - sin (T) - gJwt

(2)

Where a, b, and c are the dimensions of the metal housing for the dielectric block

inside the applicator; and 1, m, and n are the mode numbers of the resonant field;  is the
angular frequency of the wave and t is time.

METHODOLOY

A dielectric evanescent field applicator (Figure 1), operating at 2.45 GHz and
based on a block of alumina, with dimensions of 355 mm by 140 mm by 13 mm, was
designed, fabricated and tested for soil heating. Hortico Potting Mix was used for the tests.
The soil had a moisture content of 32% (on a dry weight basis), a density of 586 kg m™ and
a significant percentage of organic particles of different sizes. The soil was placed into
polypropylene containers with dimensions of 120 x 250 x 300 mm.

The applicator was arranged with the exposed ceramic surface facing upward and
the soil containers were placed on top of the applicator, for easy experimental arrangement.
It was assumed that the very thin walls and floor of the polypropylene soil containers would
not adversely affect the heating pattern.

Temperatures in the soil were measured by thermocouples: at depths of 10, 30, 50,
80 and 100 mm below the applicator; at distances of 30, 60, 90, 120, 150, 180, 210 mm
from the beginning of the applicator; and at the distances of 37.5, 75, and 112.5 mm, in
both directions from the centre plane of the applicator, after applying 55.5 kJ of microwave
energy.

Figure 1: Evanescent field applicator, based on an alumina dielectric resonator, seated into the applicator
housing and fed from a standard WR340 wave guide (lefi) an overview of the applicator design and (right) a
photograph of the alumina block inside the applicator housing.

RESULTS AND DISCUSSION

The temperature distribution (Figure 2) was of the form shown in equation (3) (R?
= 0.88), suggesting that the applicator housing supports multi-modal resonance, when the
alumina block is place. This is due to the much shorter wavelength of the microwave fields
inside the dielectric block, compared with the wavelength in air.

The temperature along the applicator length is naturally attenuated at a rate e ~2%*

as the microwave energy is absorbed by the soil; however, the vertical decay in temperature
is governed by: e 2%, The parameter, d, in the temperature profile model is about 13.5
times faster than the natural attenuation due to the soil, defined by parameter a, because it
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is determined by the evanescent field decay rather than natural attenuation in a lossy
medium.

T=T,: [Al sin? (7Ta—y) + A, sin? (?)] . [A3 sin? (nc—x) + A, sin? (2%)] - gT2ax .

e~z 4 T,
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Distance Across the Width of the Applicator (r?\‘m) Depth into the Soil (mm)
Figure 2: (left) Horizontal temperature distribution 10 mm below the soil surface, and (right) Vertical
temperature distribution through one of the modal peaks at 90 mm _from the start of the applicator

This type of applicator seems to be much more effective where only shallow

surface heating is required. Multi-modal resonance in the applicator provides better heating
uniformity across the width of the applicator than could be achieved using other systems,
such as a horn antenna.
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INTRODUCTION

Arsenic (As) is the most devastating toxic heavy metal in the environment,
raising global concern for sustainable agriculture due to its ultimate toxicological effects,
persistence in nature and ability of bio-accumulate in the ecosystem [1]. Different
physical, chemical, and biological remediation technologies to avoid As pollution have
already been introduced, but none of these methods satisfies full-scale remediation
requirements. Microwave (MW), a form of electromagnetic radiation with wavelengths
ranging from 1m to Imm with frequencies between 300 MHz to 300GHz [2], is currently
been using for diversifying waste treatment to reduce heavy metals [3] and increase crop
growth and yield [4]. However, in As remediation, MW soil treatment is a new thought.
Therefore, a glasshouse pot experiment was conducted to explore the toxicity of As on
wheat plants as a function of concentration of As in the soil and MW soil treatment.

METHODOLOY

A two factorial, completely randomized block design glasshouse pot experiment
was conducted with four replicates of each treatment combination at the Dookie Campus
of the University of Melbourne, Australia. The soil, classified as clay loam, was collected
from the wheat paddock of the Dookie farm (-36° 37'S; 145° 70' E) at a depth of 0 —15
cm. Samples of 8.5 kg of soil were placed in unperforated plastic pots (27 cm diameter).
These were treated with five levels of As (0, 20, 40, 60 and 80 mg kg™ soil) as aqueous
solution prior to applying three level of MW energy (0, 127.06 and 254.12 kJ kg™' soil). A
6 kW MW chamber consists of 6 magnetron (1 kW each) with the frequency of 2.45 GHz
was used for 0, 3 and 6 minutes to achieve the soil temperature of 0, 60 and 90°C
respectively, which correspond with the MW energy levels used for soil treatment.

Twelve seeds of the Gregory wheat variety were sown in each pot on 6™ of June,
2017. Mono ammonium phosphate (MAP) fertilizer was applied (equivalent to 150 kg ha
") to each pot as a starter dose for wheat production. Different growth parameters were
measured during the growing period and the final dry biomass yield and grain yield were
measured at crop maturity.
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RESULTS

The results show that, the MW soil treatment had a significantly beneficial effect
on growth and yield parameters of wheat. For example, plant height, plant vigor, SPAD
value, tiller number, biomass yield and grain yield increased significantly in MW treated
pots compared with the control pots, even at the higher rate of As application (Figure 01).
However, MW 6 minutes treatment showed significant increase in growth and yield
compare with the control and MW 3 minutes treatment. Furthermore, some lower doses
of As (20 and 40 mg kg soil) presented a positive response to some growth and yield
parameters, although these decreased at higher As concentration (60 and 80 mg kg™ soil).
Additionally, early wheat growth was more susceptible to As toxicity, compared with the
mature stage. The high microwave treatment mitigated these early growth impacts.
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Figure 01: Effect of MW soil treatment on wheat plant growth and yield in As
contaminated soil (a) plant height at maximum tillering, (b) plant vigor at early seedling,
(c) SPAD value at maximum tillering, (d) tiller number at maximum tillering, (¢) biomass
yield at final harvest and (f) grain yield.
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DISCUSSION

It is well known that, high soil As has an adverse effect on plant growth and
development due to its phytotoxicity. In this study, the results showed that the MW soil
treatment had a significantly beneficial effect on growth and yield of wheat even at the
higher rate of As application. More availability of nutrient and organic carbon from dead
microorganisms results the higher amounts of substrate in the soil, which may enhance
microbial activity, ultimately increasing the soil fertility and final crop growth [5].

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018 107



Humification of soil organic matter, increases of soil organic carbon and macromolecular
organic substances with higher numbers of functional groups [6], and synthesis of
organometallic and coordination compounds result from the MW irradiation. These
possibly reduce the bioavailability and adsorption of As and ultimate result in better plant
growth. In addition, displacement of soil phosphate by arsenate increased the availability
of phosphate to the plant, which results in the increased plant growth at low concentration
of As. This decreased again at the higher As level. As is not an essential element for
plants, but small amounts of As can stimulate plant growth and increase plant biomass
[7]. Furthermore, at the early growth stage, As had more effect on the plant growth
whereas, at the mature stage As showed less effect because of better establishment of
plants at mature stage.

CONCLUSION

MW soil treatment (6 minutes) significantly increased the growth and yield of
wheat plants, even at the higher level of As compare with the control and MW 3 minutes
treatment. Low concentrations of As to some extent enhanced the plant growth, which
decreased significantly with increasing As concentration. As has more adverse effects at
earlier growth stages than at the mature stage of wheat crop growth. Finally, MW soil
treatment may have potential to reduce As toxicity to wheat plants. However, though this
was the first As and MW interaction experiment so far, further detailed laboratory and
glasshouse pot experiments need to explain the reasons for better plant growth in MW
treated soil along with As contamination.
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INTRODUCTION

Blanching is a key step in fruits and vegetables dehydration process to protect
color and texture by inactivating enzymes. Conventional blanching generally uses hot
water or steam as heating medium, which would result in adverse effects on color, texture
and nutritional value. Radio frequency (RF) heating had been proposed and studied as a
new blanching method recently for fruits and vegetables. RF heating was applied to
inactivate oxidative enzymes (PPO and LOX) in model system and apples, apples can be
adequately blanched because of thermal effect of RF treatment and quality of apples was
comparable to that blanched by conventionally hot water [1]. Besides, RF heating was
investigated for blanching of potato cuboids and the corresponding quality change was
also evaluated, the results indicated RF heating holds great potential for blanching of
vegetables [2, 3]. This study investigated RF heating as a dry-blanching method for
carrot cubes. RF blanching treatment protocol was developed and RF blanching effect
and associated quality change (texture, vitamin C, color, etc.) were also evaluated by
comparing with conventional blanching method (2 % NacCl, 95, 2.0 min).
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METHODOLOY

RF heating unit (12 kW, 27.12 MHz) was used in this study. The carrot cubes
(5.0x5.0x5.0 mm®) were prepared, placed in different type of containers and blanched by
RF heating for 3.0-7.0 min with electrode gap of 8.0-8.6 cm. Temperature profile during
RF heating was recorded by placing fiber optic sensors in five different positions and RF
heating uniformity was evaluated by using temperature uniformity index (TUI) [4],
peroxidase (POD) enzyme activity was measured based on guaiacol method, vitamin C
content was determined by spectrophotometric method, sample color and texture were
measured by chromascope and texture analyzer, respectively. Data were analyzed by
analysis of variance (ANOVA) and test at significant level of 0.05 using the statistical
SPSS software.

RESULTS

RF heating uniformity increased with RF electrode gap increasing, different types
of containers affected RF heating uniformity as well, and samples filled in round shape
container had better RF heating uniformity. Besides, the enzyme activity (POD) of
carrots with thickness of 6.8 cm was reduced by 90-95% after RF blanching for 2.0-7.0
min at different electrode gaps (8.0-8.6 cm). Hardness, chewiness and springiness of
carrot cubes decreased after RF blanching. The redness of the samples blanched by RF
was higher than those blanched by conventional method which is more preferred. The
loss rate of vitamin C of samples blanched by RF was significantly (p>0.05) lower than
that blanched by conventional method.

Table 1. The water activity, color (redness), hardness and vitamin C content of carrot cubes
blanched by RF and conventional hot water.

Water " Vitamin C
Treatments activity a* (redness) Hardness (me/100g)
Fresh samples 0.91£0.012  37.14+0.03? 68.56+0.012 12.89+0.092
ri?r?)v entional blanching (95°C, 2.0 4 ¢34 0,02 32.0120.05° 22.13£0.10°  6.91+0.314
RF blanching (8.0 cm, 3.0 min) 0.684+0.01°  36.88+0.05° 31.63+0.06¢ 8.51+0.31°
RF blanching (8.3 cm, 5.0 min) 0.714£0.02¢  36.11+0.084 40.11+0.29¢ 7.68+0.05¢
RF blanching (8 6 cm, 7.0 min) 0.80£0.01>  37.03+0.05° 45.87+0.26° 7.92+0.15b

The superscripts in the same column with different alphabet are significantly different (p<0.05)

DISCUSSION

The results indicated that RF dry-blanching obtained better blanching effect
because of lower blanching temperature and faster heating rate comparing to
conventional method. Owing to dielectric and volumetric heating characteristics of RF
treatment, carrots treated by RF dry-blanching had expected color with relatively high
redness retention and less shrinkage in texture. Besides, instead of using hot water as
heating medium, RF dry-blanching obtained better retention of water-soluble nutrient
such as vitamin C.
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Figure 1. Enzyme activity-time profile of carrot cubes obtained from RF heating between
different electrode gap.

CONCLUSION

This study demonstrated that RF dry-blanching method is an effective blanching
method for carrot cubes, and the quality of samples can be well maintained. Improvement
of RF heating uniformity during RF blanching should be further investigated in the future
study to reduce the adverse effects on product quality.
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INTRODUCTION

Conventional thermal processes have been available in food industry for more than
a century, some of their products are still of questionable quality. One of the major quality
detracting attributes is long heating time; thus, microwave have been considered as a
solution. Recently, a microwave assisted thermal sterilization (MATS) system, developed
at Washington State University (WSU), has been licensed to the Food Chain Safety
Company [1]. Some engineering considerations and the potential for application in the
meat industry, have been reviewed [2]. Microwave assisted systems would be a great
innovation in the food industry. A continuous Industrial Microwave Assisted Pressurized
Induction Heating (MAPIH) Thermal Processing System was developed by BOTTLE-TOP
in Taiwan [3]. The MAPIH is an individual package thermal process system that could be
used for high temperature cooking and sterilization. In this paper we present some primary
results of developing and evaluating shelf stability of brown rice in a microwavable tray.
Brown rice is considered to have more health benefits than white rice, but it is more
difficult to cook and less palatable. Microwavable products would provide better taste and
convenience to consumers. The experimental works were carried out in the MAPIH
simulator which is a single batch system designed for product development as well as small
scale in-store processing.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018 112



IMPI 52" MICROWAVE POWER SYMPOSIUM Long Beach, California, USA, June 2018

METHODOLOY

The MAPIH simulator consisted of a rotatable semi-hermetic induction heating
cavity and a microwave power source. A 1 kW induction heating coil plate was set inside
the heavily constructed cavity, which was closed by a polytetrafluoroethylene (PTFE)
cover. Above the cavity was a 1 kW 2.45GHz microwave source. The microwaves radiated
from a rectangular waveguide (TE10 mode) antenna into the cavity. An 8mm thick CPET
tray (O=133mm, H=21.5mm) was used in the experiments. The tray was heat sealed with
a 0.07mm thick laminated plastic film (PET/PE/LLDPE/PE). Brown rice was pre-soaked
for 15 hours and then filled and sealed in the tray. Comparative studies were conducted
with: steam retorted samples; MW/IH 2 min; MW/IH 1 min+IH 6 min; MW/IH 2 min+IH
2 min; and (MW/IH) 2 mi+(IH) 4 min, where MW: microwave heating, IH: induction
heating, MW/IH: combined. Temperature was measured during the process using FPI-HR-
2 with FOT-L-SD Temperature Sensors (FISO Technologies, Quebec, Canada). In some
experiment Kromagen Magenta K120-NH ink ( TMC Hallcrest, Flintshire, UK ) was used
as a temperature indicator. The thermally sensitive dye showed a distinct pink color at
around 120 C. Some samples were tested by TA-XT2 Texture Analyzer (Stable Micro
System, Surrey, England) to compare texture qualities objectively. Organoleptic test were
the main method used in quality evaluation. In the sensory evaluation, coded samples were
presented to the panelists and scored for color, texture, flavor, and overall acceptability on
a 9-point hedonic scale. Samples were stored in incubators (LTS-580CH, Yscco, Hsinchu,
Taiwan) at 18 C and 80% relative humidity for 10, 15, and 30 days for shelf stability tests.
After storage, samples were tested by sensory evaluation and standard bacteriological
analysis.
IR R

= — ¥ ; | ] _‘
Figure 1. The MAIPH simulator, and assembly of processing cavity.

RESULTS AND DISCUSSION

Brown rice was well cooked under pressure in the MAPIH simulator. Fig 2 shows
the temperature history during microwave heating; 115 C was the highest temperature
reached at this experiment. Fig. 3 shows the temperature distribution of brown rice in the
tray after different process operations. Heated under (MW/IH) 2 mi+(IH) 4 min gave a very
uniform temperature profile. The heating process also resulted in the most palatable
products right after processed and after various storage times. The bacteriological analysis
indicted negative results. The primary study has shown the MAPIH simulator and
pressurized process might be a good method for preparing shelf stable brown rice products.
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Figure 2. Temperature history of brown rice during microwave heating and energy efficiency
during the process.
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Figure 3. Temperature profile shown by thermal sensitive dye after various heating
procedures.

CONCLUSION

In the study we used the MAPIH simulator to prepare shelf stable and
microwavable brown rice successfully. The thermal process system might have the
potential to extend to other products
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INTRODUCTION

In a previous study, our laboratory discovered that irradiation by weak
microwaves of Arabidopsis thaliana (model plants) during the vegetative growth
stage accelerates the development of inflorescence stems and subsequent growth,
and induces heat stress tolerance. In this study, the useful effects of microwave
stimulation were observed using strawberry. We found that microwave irradiation
was able to enhance high-temperature tolerance during fruit production and pest
resistance in strawberry, and some more detailed mechanisms of this process were
investigated.

METHODOLOY

Strawberry plants (cultivar: Houkouwase), in the reproductive growth stage, were
irradiated with 2.45GHz, 30 W of microwave power, for 1 hour in a multimode
device. Then, plants were transplanted onto a planter containing commercial culture
soil and grown on the rooftop (outdoor). To diminish the influence of differences
in the conditions of sunshine and wind in different positions, each planter was
regularly relocated in the experiment. We investigated stem length, number of
leaves, fresh weight of fruits and number of flowers and fruits per plant after
microwave stimulation treatment.

To confirm the results obtained from the analyses of strawberries, experiments
were also carried out using Arabidopsis thaliana (cultivar: Columbia-0) which is
used as a model plant. For Arabidopsis thaliana, plants were grown on culture soil
(Jiffy 7, peat pellet) in an artificial growth chamber (Nihon Medical Instruments
Manufactory, LH-60FL 12-DT) (21 ° C., 16 hr photoperiod). Microwave
stimulation treatment was applied at 14 days after seeding. In the leaf preference
test using the larvae of the cabbage butterfly, the plants which were subjected to
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the microwave stimulation treatment and the untreated plants were placed apart
from each other by about 10 cm. The larvae were placed at the center thereof to
observe which plant the larvae choose. In addition, an egg preference test on
microwave stimulated plants and untreated plants was performed using adults of
Mongolia butterfly. Furthermore, from the viewpoint of molecular biology, genes
related to jasmonic acid synthesis (plant hormone involved in wound response and
pest resistance) were analyzed using Real-time PCR method.

RESULTS AND DISCUSSION

High temperature resistance: Microwave-treated strawberries tended to produce
fruits for a longer period compared with the untreated strawberries. This difference
between microwave treated- and untreated-plants may be due to the enhanced
tolerance to high-temperature by microwave stimulation treatment. Indeed, when
the temperature during the fruiting period was examined, the temperature was
above 25 ° C, which is higher than the optimum temperature for the growth of
strawberry, 20 to 23 © C. In general, strawberries will not fruit when the temperature
rises during the day. Therefore, tolerance to high-temperature is improved by
microwave stimulation treatment, resulting in longer period of fruit production.

Control Microwave

Figure 1. Pictures taken on the same day (right) Microwave, and (left) Control.

Pest resistance: Observation of strawberry leaves for a long period revealed that the plants
that were subjected to microwave stimulation tended to have less damage caused by insects
on leaves than the control plants. The number of leaves that suffered from insect feeding
damage in the microwave stimulated plants was reduced to about half of that in the
untreated plants.

We also investigated the number of leaves and the leaf area. No difference was found in
the number of leaves. But it was found that the leaf area of the microwave stimulated plants
was larger than that of the untreated control plants. A similar tendency was also observed
in cauliflower and rocket. Therefore, to confirm the positive effects of microwave
stimulation on defense against pests, Arabidopsis thaliana, grown in the laboratory, was
used to investigate the presence or absence of feeding damage by the larvae of the
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experimental cabbage butterfly. When placing the larva of the cabbage butterfly at the
center between the microwave stimulated leaves and untreated leaves, the larvae tended to
choose control leaves (Fig. 1). When the plants were subjected to microwave stimulation
treatment, it was confirmed that feeding damage on leaves was reduced.

Generally, it is known that plants exhibit various protective reactions against injury, such
as the production of jasmonic acid. Analysis of the genes related to the biosynthesis of
jasmonic acid confirmed an increased expression of ACX2, ACX4, AOS and its response
gene MGL. This suggests that jasmonic acid is involved in the attenuation of feeding
damage via microwave stimulation treatment. Other defense reactions including
production of secondary metabolites and reactive oxygen species, will be also considered
in future studies.

No Choice
\ \ \ \
Control || ‘ -11 ‘ 1] ‘8 ‘| MW 21
60%  -40%  -20% 0% 20%  40%  60%
\ \ \ *H* \
Control | | ‘ ‘ ‘ 1 ‘l MW 4

-80% -60% -40% -20% 0% 20% 40%

Figure 2. Results of preference test to Arabidopsis thaliana by larvae of cabbage butterfly.
*#% :Student binominal test at 0.001 <P <0.01

CONCLUSION

We figured out that microwave stimulation is the useful strategy to enhance
tolerance of plants to high temperature during fruit production and pest resistance.
It will be applicable to harvest the heat-sensitive fruits such as strawberry under the
high temperature. In addition, enhanced pest resistance via microwave irradiation
may be due to the activation of jamonic acid synthetic pathway and its downstream
signaling. Other mechanisms including production of secondary metabolites and
reactive oxygen species were shown to be also involved in pest resistance.
Therefore, the effects of microwave irradiation on these other mechanisms in plants
will be investigated in future studies.
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ABSTRACT

A large number reported outbreaks of Salmonella in spices has been reported in the United
States and around the world. Radiofrequency (RF) heating is a novel thermal processing
technology, which volumetrically heats the food products resulting in a shorter come-up
time. This feature can be used to develop a high-temperature short-time pasteurization
method to assure food safety with minimal deterioration in food quality. In this study,
cumin seeds were inoculated with Enterococcus faecium NRRL B-2354(E. faecium) and
evaluated as a potential surrogate for RF processing in cumin seeds. A small bag of 20 g
cumin seeds was inoculated with E. faecium and placed in the cold spot of 450 g cumin
seeds packed in a rectangular tray sealed by Press’n film with a venting nut at the center.
The whole tray with inoculated pack at the center was subjected to RF heating in a 6 kW
27.12 MHz RF system for 70, 80 and 90s, respectively. The cold spot was determined by
temperature profiles from six fiber optic sensors at different locations of sample during the
same RF heating process. The results showed that there were 1.86+0.24, 3.38+0 and
6.23£0.17 log reductions for 70, 80 and 90 s RF heating, respectively. Comparing with
previous results of RF inactivation of Salmonella spp., this study concluded that E. faecium
is a good surrogate for RF processing in cumin seeds. RF heating is a promising
pasteurization technology for spices.
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INTRODUCTION

Thawing processes are more and more significant in food industry along with the
wide application of freezing technique in food preservation. Microwave (MW) heating
generates heat throughout the whole volume of frozen food which has the potential to
reduce thawing time significantly and improve products’ quality remarkably [1]. However,
non-uniform temperature distribution (i.e. heating pattern) of food is still the major
problem during microwave heating processes. This non-uniform heating will be severe
when high microwave power is applied in an industrial scale system because the heat
generation in food is proportional to the square of the electric field intensity. For a thawing
process, microwave heating is more complicated than a common heating process due to
the big difference in dielectric properties of food between frozen and thawed states.
Therefore, a uniform electric field distribution is the key point in designing MW heating
systems especially for thawing processes on an industrial scale. A 915 MHz single-mode
(stable electric field distribution with varying frequency) microwave heating system was
developed in our laboratory to study heating uniformity of such a system and collect
engineering data of electric field distribution for industrial system design.

METHODOLOY

The 915 MHz single-mode microwave heating system consisted of waveguides, a top
horn applicator, a MW heating cavity (2200 x 495.3 x247.7 mm?®) a conveyor belt and two
915 MHz MW suppressors (Fig. 1). In this system, the operating frequency of the
magnetron that generated the MW energy was at 915 + 13 MHz. Several standard WR975
rectangular waveguide elements (the inner cross-sectional dimension was 247.7 x 123.8
mm?2) were used to transmit microwaves from the generator to the horn applicator.
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Figure 1. The 915 MHz single-mode microwave heating system

In this study, frozen surimi was used as a real food sample to verify the heating pattern
obtained from the computer simulation model. The dielectric properties of surimi were
measured using a dielectric properties measurement systemwhich consisted of a network
analyzer (E5071C, Agilent Technologies), a high-temperature probe, a programmable
circulator and a sample holder. The computer simulation model was developed based on
the MW heating system using QuickWave version 7.5 (QW3D, Warsaw, Poland).The
FDTD method was used to numerically solve the coupled electromagnetic and heat transfer
equations during MW heating.To validate the developed computer simulation model, the
temperature distribution at top, middle and bottom layers of the surimi slab were captured
by an infrared camera (FLIR, Wilsonville, Oregon, USA) just after the thawing process.A
fiber optic temperature measuring system (Ptsensor, Xi’an, Shanxi, China) was used to
measure the real-time temperature profile of the tested frozen surimi during MW heating

[2]-
RESULTS

Heating patterns of both simulation and validating results are summarized in Fig. 2
with the same color bar from 0.0 to 20.0 C.
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Figure 2. Temperature distribution of surimi slab (a) simulation, (b) validating test

In this study, the heating pattern affected by varying frequency was investigated using
the developed computer simulation model. The electric field distribution at the middle layer
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in z (thickness) direction within the single-mode microwave heating cavity at different

frequencies are shown in Fig. 3.
0.2 V/mm
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Figure 3. Electric field distribution with and without the loaded food in the heating cavity at
different frequencies

DISCUSSION

In triplicate validating tests, the heating patterns of the surimi at different layers were
highly consistent which indicated that the heating pattern in the single-mode MW heating
system was stable and repeatable. Heating patterns obtained from computer simulation
agreed well with the validating ones. Results from both simulation and validating tests
showed that the heating pattern was symmetrical in x axis, and hot spots remain located at
the two edges in x direction. However, the temperature at the right edge was a little higher
than the left one. That’s because the surimi was moving towards the left direction while
the highest electric field intensity arose at the center of the microwave heating cavity. When
the surimi was moving out of the heating cavity, the right side was heated more than the
left side by higher electric field intensity. For the eletric field distribution results in Fig 3,
the electric field distribution was similar to each otherwithin the empty cavity, which
indicated that it was insensitive to varying frequency.With loaded food, good repeatability
of the electric field distribution was also observed among different frequencies. Thus,
stable and repeatable heating pattern of loaded food would be obtained within this single-
mode microwave heating system. The single-mode microwave heating design will play an
important role in industrial scale microwave heating system.

CONCLUSION

The heating pattern obtained from simulation agreed well with that of the validating
tests, which indicated the accuracy of the simulation model.Within a single-mode
microwave heating cavity, either with or without loaded food, the electric field distribution
was stable and repeatable with varying frequencies. This validated computer simulation
model could be utilized in designing microwave heating cavity and food products during
industrial applications.
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INTRODUCTION

As composite material tends to be more and more present in transportation industries
(automotive and aeronautic), the optimization of their manufacturing process is crucial.
In order to reduce the long cycle time and high energy cost of the traditional processes,
microwave heating appears to be an appealing candidate as it relies on volumetric heating
[1]. Complex physics involved in the process is far from being controlled and that is why
a simulation tool has been developed in order to solve the electromagnetic and thermal
equations in a multi-layered composite part. While experimental studies have been
carried out, to develop the process [2], no 3D simulation tool is available today, so the
approach detailed in the paper is therefore new.

In order to get a deeper control over the process, a parametric analysis is carried out. The
sensitivity of the electric field and temperature distribution is studied with respect to the
material properties and the boundary conditions; results related to the latter are presented
in the paper. The sensitivity study helps the end-user to appreciate the crucial parameters
involved in the heating process and their impact on the homogeneous heating of the part.

METHODOLOY

A coupled code has been developed to simulate the microwave heating of a thin
composite material. The code is based on the in-plane-out-of-plane separated represent-
tation within the Proper Generalized Decomposition (PGD) framework [3-4]. The PGD
method has been developed to solve thermal, mechanical or rheological problems, but
never applied to electromagnetic heating. This technique allows for capturing complex
geometry of the material in the thickness as the material is made of plies whose
characteristic in-plane dimension is orders of magnitude higher than the one related to the
thickness. The separated representation is a solution to the need for a high-resolved mesh
in the thickness while avoiding any major impact on the computational cost.

The electromagnetic model consists of solving the weak equation below assuming that
the electric field is written as the sum using the PGD method.
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where E is the electric field, f is frequency, y is magnetic permeability, € is dielectric
permittivity, and o is conductivity. The temperature is solved using the same technique:

aT 1
,DCPE=V' (l'VT)-I-EO'lElZ

T(x, Y, Z, t) ~ Zﬁlxi(xi y)Zl(Z)Ql(t)
where T is the temperature, p is the density, C, the heat capacity and A the thermal
conductivity.

RESULTS

The parameter study is realized on a simple test case as depicted in Fig.1. The part is a
plate made of a homogeneous isotropic composite material placed in a mold made of
ceramic material, which is transparent to microwave. Operating frequency is set to 2.45
GHz. The mesh of the domain is composed in the in-plane direction (x, y) and is made of
3600 Q4 elements. In the vertical direction (z), the mesh is non-regular in order for it to
be refined in the composite area. The out-of-plane mesh is therefore composed of 200
linear node elements which size goes from 0.06 mm to 0.34 mm.

200

y L Vi 300
[4. X 200

300

z — Mold

L | | — Composite Part
X

Figure 1. Test case geometry composed of the composite and the mold. Dimensions are in mm.

When processing a composite part in a microwave cavity, the waves propagate in free
space, and the electric field gets a certain pattern on the surface of the tool. This study
follows the impact of the position of the mold in the cavity. For one specific disposition,
the boundary conditions have a certain pattern. If this disposition changes, one can
wonder how much it would impact the electric field distribution on the mold and
temperature field distribution in the composite part.

To study this scenario, an oven cavity is modelled using COMSOL Multiphysics
software. The electric field is simulated in the cavity and the boundary conditions are
transferred to the simulation tool developed. The study takes into account 3 cases: mold
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centered in the cavity, 3-cm offset in the x-direction and 3-cm offset in both the x- and y-
directions. Figure 2 depicts the temperature distribution for the three cases.
25I

Figure 2. Temperature distribution in °C in the middle cross-section in the xy-plane for centered
(left), 3-cm offset along the x-axis (middle), and 3-cm offset along the x- and y-axes (right).

0.15

A variation in the electric field distribution due to the misplacement of the composite part
impacts the temperature. In the centered case, the heating of the part can be considered
well homogenised and no hot spot can be seen. On the contrary, the two cases that follow
are impacted by the misplacement of the part in the oven cavity. Hot spots appear on the
edges of the composite part and local temperature reach up to 400°C after a heating of 20
min, that would damage the part.

CONCLUSION

A numerical approach to solve the microwave heating of a composite part has been
briefly exposed. Using this tool, a parametric study has been presented. It looked at a
process of microwave heating in a closed cavity and the placement of the part in the
cavity has been studied. This type a study can result on recommendations to end users
concerning the manipulation of the parts when dealing with microwave heating.

Further work is to extend the parametric analysis to other quantities of interest such as the
stacking for multilayered composite parts and study the impact of adding a conductive
layer between the mold and the part to homogenize the heating.
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INTRODUCTION

Pyrolysis is a thermochemical conversion process in which biomass is decomposed
at elevated temperatures in the absence of oxygen and can be used to produce energy-dense
liquid fuels and other chemicals from renewable biomass sources. Research efforts have
focused on increasing the liquid product yields and composition, while also increasing the
overall process efficiency [1]. Compared to conventionally heated pyrolysis reactors,
which incur losses to heating elements, the reactor itself, and the surroundings, dielectric
heating can increase process efficiency as heat is generated directly within the material,
provided good coupling of microwaves with the material. As woody biomasses are
generally poor absorbers of microwaves, a microwave absorber is typically added to the
feedstock to catalyze dielectric heating [2]. In this study, residual pyrolysis char is used as
the microwave absorber as it is readily available as a byproduct of pyrolysis and has been
shown to be a good microwave absorber [3]. This study aims to determine the effect of
char/biomass mixture and microwave power on pyrolysis reaction temperature, product
yields, and overall process efficiency.

METHODOLOY

This study investigates the effect of microwave absorber and microwave power on
pyrolysis temperature and biomass pyrolysis product conversion in a microwave reactor.
Two char/biomass mixtures (0 and 10% wt char) and four microwave power levels (600,
900, 1200, and 1500W) were studied. Samples consisting of 20g pine sawdust mixed with
char were loaded into a quartz U-tube and placed at the center of a waveguide applicator
supplied by a 2.45 GHz, 6 kW microwave source. Pyrolysis temperature was measured
through 1.5 cm diameter openings in the waveguide walls by an infrared camera. For each
experiment, liquid, gas, and residual char product yields were quantified and samples
collected for compositional analysis. Karl Fisher titrations were conducted on liquid
samples to quantify the water content. Heating values of liquid and char products were
measured by bomb calorimetry and the energy content of syngas was calculated based on
gas composition as determined by gas chromatography.
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Figure 1. Schematic diagram of the pyrolysis system.

RESULTS

Without the aid of microwave absorber, pine biomass failed to reach pyrolysis
temperatures, only reaching 200°C at 1500 W. Addition of char to pine sawdust, was found
to considerably increase microwave absorption in the feedstock as observed by the increase
in temperature and rate of pyrolysis. Final pyrolysis temperatures increased by about 400
°C with addition of 10% char compared to pyrolysis of pine without char. Final pyrolysis
temperature increased from 125 to 200 °C for 0% char mixtures when microwave power
was increased from 600 to 1500 W, respectively. For 10% char mixtures, pyrolysis
temperature increased from 415 to 665 °C in the same power range.

Pyrolysis product yields and overall energy balance were significantly affected by
char mixture and microwave power level. Pyrolysis char, liquid, and syngas yields were
also correlated to pyrolysis temperature. For pyrolysis feedstocks with 0% char, water-
free bio-oil yield increased with increasing microwave power to a maximum of 25% bio-
oil for pyrolysis at 1500 W microwave power. For feedstock mixtures with 10% char, bio-
oil yield increased to a maximum of 25% at 900 W, then decreased at greater power levels
due to increased secondary thermal cracking reactions yielding greater syngas. Residual
char yields decreased to a minimum of 13% for pyrolysis temperatures greater than 480 C,
above which char yield remained constant, indicating complete pyrolysis.
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Figure 2. Final pyrolysis temperature measured by infrared camera and water-free bio-oil yield as
a function of power level for each char mixture.
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DISCUSSION

Maximum bio-oil yields were produced from pyrolysis at 1500 W without addition
of char, and at 900 W for 10% char mixtures. Addition of biochar to the feedstock
decreased the microwave power needed to produce the greatest bio-oil yields. While both
feedstocks attained the same maximum bio-oil yield of 25%, the pine feedstock with 10%
char mixture required less microwave power input. The overall energy balance of the
system was low or negative for samples without char addition, while samples with 10%
char attained a maximum net energy conversion of 66 MJ/kg at 1200 W microwave power.

Interestingly, the temperatures at which each feedstock yielded the maximum bio-
oil yield were drastically different: 191 °C for the 0% char feedstock and 516 °C for the
10% char feedstock. This phenomenon could be due to differences in the rate of heating,
which is known to affect product yield distribution.

CONCLUSION

Biochar was found to be a good microwave absorber for microwave-assisted
pyrolysis of pine biomass and increased the process efficiency by reducing the power
required to attain maximum bio-oil yields.
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INTRODUCTION

Artificial marble is mainly comprised of scraps and powder of natural marble and
limestone, sand, and resin. In a conventional production process, extruded artificial
marble blocks harden in normal atmosphere, taking up to 10-15 days, which hinders
productivity improvement. In this paper, microwave, at the frequency of 915MHz, is used
to rapidly harden ultra-large artificial marble blocks with a typical dimension of
3.2x1.6x0.95m* in industrial production. After optimizing the distribution of power loss
density and thermal structures, a microwave hardening prototype, with maximum output
power of 160 kW, has been applied in trial production. The prototype already finished
hardening over 3000 artificial marble blocks, and performed stably, reliably and safely.
Microwave hardening process takes less than 1 hour, which is much shorter than natural
hardening of 10-15 days.

MECHANISM

30

A2 g 6867 & 'tand

The effect of microwave on a dielectric is associated with the microwave
frequency and dielectric constant. Artificial marble is one kind of non-conductor. When
microwave enters the artificial marble blocks, energy from the microwave is continuously
absorbed and converted to internal energy, as the field strength and power gradually
decay. The microwave half power penetration depth A1, describes the ability of the
microwave to penetrate into the marble [1].

Aois the wave length of the microwave on the surface of dielectric. &' is the real
part of the relative dielectric constant. ¢ is the loss angle of dielectric. The dielectric
constant and loss angle of dielectric were tested using transmission line method as per
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reference [2]. Constants, including thermodynamic constants such as density, specific
heat capacity and thermal conductivity, are tested under normal atmospheric pressure and

temperature.
Table 1. Physical constants of artificial marble
Constants Units  Value
Relative dielectric constant - 7.7~8.0
Tangent of dielectric loss angle at 915MHz - 0.03
Tangent of dielectric loss angle at 2450MHz - 0.05
Specific heat capacity ki/kg/K  1.02
Thermal conductivity W/K/m  1.20
Density kg/m* 2680

When the frequency is 915 MHz and 2450 MHz, the microwave half power
penetration depth A, is 0.43 meters and 0.16 meters. Using simulation software to
simulate at different frequencies, 915 MHz is more effective to penetrate the artificial
marble.
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Figure 1. Simulation results of the density of power loss:

The engineering prototype has total power up to 160kW. Microwave of 915MHz
is fed into the curing chamber by 15 ports. Optimization of the power loss density is
achieved by changing the dimensions of the chamber and the distribution of the 15 ports.
Voltage standing wave ratio (VSWR) of each port is in the range of 1.1 to 1.9. Fig. 1
gives the simulation results of the density of power loss at two frequencies. To improve
the temperature uniformity of marble blocks under dynamic thermal balance, a thermal
structure model was built and simulated.

RESULTS

Engineering prototype of artificial marble blocks hardening machine, shown in
Fig. 2, consists of one multimode resonant chamber, eight microwave generators using
industrial magnetron generating 915MHz microwave, and an optimized microwave
waveguide feeding system connecting the generators to the chamber. Each marble blocks
weighs about 10 to 12 tons. Two rail flatbeds move horizontally in and out. A hydraulic
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lifter moves up and down. Microwave hardening process takes less than one hour and is
much shorter than natural hardening of 10-15 days.

Figure 3. Image of artificial marble block
marble blocks hardening machine temperature distribution using infrared camera

Optimum hardening, control of the rate of heating and uniformity of the
temperature distribution by adaptively changing the power level of 15 microwave ports,
is based on experimental production data. The temperature difference of the marble
blocks will affect the product consistency, weaken mechanical strength, and increase the
internal stress. Marble blocks will even crack and break because of large temperature
difference. The temperature difference is less than 4.5 degrees Celsius in microwave
hardening progress. An infrared camera image of an artificial marble block after
hardening process is shown in Fig. 3.

CONCLUSION

According to the test reports from China National Quality Supervision and
Testing Center for Stone Products (Guangdong), the product qualities of microwave
hardened artificial marble satisfy the standard of artificial stone industry. The uniformity
is improved, glossiness is improved by 10%, and the linear coefficient of expansion
decreased by 30%.
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INTRODUCTION

Deep eutectic solvents (DES) are natural ionic solvents with special properties. Formed
by compounds that are solid at room temperature and form a non-aqueous liquid when
mixed due to depression in melting point. These non-aqueous liquids stay in liquid state
when cooled down to room temperature. Deep eutectic solvents are most commonly
synthesized by mixing quaternary ammonium salts and metal chloride or hydrogen bond
donor such as urea [1]. DES’s have shown to have similar chemical and physical
properties as that of ionic liquids. However, since DES are synthesized from cheaper
materials such as Choline Chloride, Urea, Oxalic, lactic, Malic, Formic acid etc. they are
much cheaper that traditional ionic solvents [2]. DES has evolved as a promising solvent
for biomass deconstruction. Biomass deconstruction is an important step for separation of
lignin and cellulose. Separated cellulose can be used for bioethanol production while
lignin can be used in synthesis of various materials and chemicals. DES’s are also found
to be non-toxic and a greener alternative to ionic liquids. Due to rapid and volumetric
heating microwave based chemistry has significant advantages over conventional heating
techniques. In this report we investigate the application of microwave heating to
synthesize DES as well as for biomass deconstruction using various deep eutectic
solvents.

METHODOLOY

In this study we investigated three different DES’s namely; oxalic acid: choline chloride
(1:1), lactic acid: choline chloride (2:1) and Formic acid: Choline chloride (2:1). The
DES’s were synthesized in a 2450MHz microwave batch Ethos E reactor (Milestones
Inc.)(figure 1). Briefly, known ratio of Choline chloride and acid were mixed in a
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microwave safe beaker. The powdered mixture was heated in the microwave until the
solids melted to form a clear liquid. The reactor used was a 2450 MHz Ethos EX
microwave extraction system with fiber optic temperature sensor and pressurized Teflon
beakers (Milestones Inc. Shelton, CT, USA). This process took less than a minute for all
DES’s. The DES was then cooled to room temperature. Pinewood sawdust (particle size <
250 microns) was milled and dried. 1.5 g of biomass was added to 30 g of DES and the
mixture was added to a pressurized Teflon beaker with a magnetic stirrer. The mixture was
heated at different temperatures (110, 120, 130, 150, 170 °C) and times (1, 5, 10, 15, 20
min). The solution was cooled to room temperature and filtered. The dissolved liquid was
precipitated to obtain lignin while the residue was further washed and dried. A modified
version of the standard analysis techniques issued by TAPPI (Technical Association of the
Paper and Pulp Industry) was performed on the dried biomass to calculate lignin content.
These tests can also be applied for large scale samples, however, to accommodate smaller
sample volumes in this study, a modified version was used.

(a) (b)
Figure 1. Schematic diagram of the microwave system (a) processed mixture of biomass and deep
eutectic solvent and (b) Ethos E microwave digester

RESULTS

Oxalic acid: choline chloride DES was found to dissolve more biomass compared to
formic acid and lactic acid. As the temperature increased, amount of biomass dissolved
also increased. However this trend reversed as the temperature reached 160°C. Higher
biomass dissolution was obtained as the processing time was increased. Optimum time
and temperature for biomass deconstruction using oxalic acid — choline chloride DES was
160°C and 15 min. Delignification increased as the deconstruction temperature increased.
Highest delignification was obtained at 160°C for oxalic acid: choline chloride DES
(Figure 2).
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Figure 2. Percent biomass dissolved and delignifcation of biomass at different temperatures for
biomass processing using oxalic acid: choline chloride DES.

DISCUSSION

Biomass deconstruction using conventional heating requires 8 — 12 hours of processing
time. Same degree of deconstruction was obtained using microwave processing within 20
min. of processing time. This could be mainly due to direct volumetric heating of
biomass- DES mixture. Advantage of using DES over ionic liquid includes selective
deconstruction. DES was observed to selectively dissolve lignin [1,3]. Hence TAPPI
analysis of residue showed high content of cellulose. While dissolved material when
precipitated contained mainly lignin. Increase in both time and temperature increased the
rate of dissolution.

CONCLUSION

We successfully demonstrated the use of microwave reactor for biomass
deconstruction using deep eutectic solvents. Microwave processing significantly reduced
the time required for biomass deconstruction from few hours to matter of minutes. Oxalic
acid DES was found to be most suitable for biomass deconstruction. The optimum time
and temperature conditions for this DES was 160 °C and 15 min.
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ABSTRACT

Due to increasing health awareness, healthy snack products have recently become
more attractive for many consumers. Foams made out of fruit purees can subsequently be
dried and consumed as snacks. Such dried foams can disintegrate very quickly upon contact
with the saliva in the mouth, leading to a spontaneous flavor release. This "Aroma-Flash"
is perceived as a positive sensory experience. Foams produced by microwave-assisted
freeze drying have a more porous and cellular structure, which makes them favorable
compared to the foams obtained by conventional drying of fruit puree. It is well known that
freeze-drying (FD) is one of the leading methods to obtain high quality products. However,
it requires long drying times, which result in high energy consumption and thus,
proportionally high production costs. To make such fruit snacks affordable for the
consumer, a gentle but simultaneously fast drying process has to be applied. Since a
volumetric heating of a product can be achieved via electromagnetic radiation, the addition
of microwave (MW) energy to a freeze-drying process can lead to a rapid and also an
energy-efficient drying without deteriorating the product.

The aim of this study was to investigate the effect of MW-assisted freeze drying
on the drying behavior of raspberry foams. Potato protein as plant origin protein is applied
as a foaming agent and the polysaccharides maltodextrin and pectin are used as stabilizers.
Raspberry foams were dried by MW-assisted freeze drying under various MW power input
levels at a constant chamber pressure. During the MW-assisted drying, the product
temperature was controlled via pulsed MW application. Freeze-drying experiments was
performed as a reference.

The drying behavior was evaluated based on the drying kinetics, temperature
distribution, absorbed microwave energy, and energy efficiency for the tested conditions.
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The results showed that MW -assisted freeze-drying showed a 3 to 4-fold decrease
in total drying time, and energy consumption was reduced by ~85% with highly satisfactory
foam characteristics, as compared to FD. In this regard, microwave-assisted freeze drying
could be a promising alternative to conventional freeze drying as it offers a more efficient
process with comparable product quality.
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Food industries use thermal treatments as a common strategy to inactivate
microorganisms and enzymes, and guarantee safe products, avoiding the utilisation
of preservatives and solving several shelf life problems. Commercial sterilisation
usually relies on pressurised hot water or steam, transferring the heat from the outer
surfaces of a foodstuff to its interior, often leading to long process times and to
surface’ dehydration phenomena and overheating. Recent researches into radio
frequency heating technology has discovered that food products can be sterilised
using time-temperature regimes, which are much milder than those required with
conventional techniques, resulting in a minimal modification of food sensory and
nutritive attributes. Moreover, radio frequency heating can be applied to foodstufts
that are already bottled or packed. In the present work, raw milk was sterilised,
through a combination of steam and radio frequencies (AT = +15°C), at various
temperatures (75-125°C). Alongside the chemical composition (lipids, proteins,
lactose, etc.), pH, acidity and total mesophilic count (TMC) were evaluated, in
order to study the impact of this technique on milk quality and safety, during a
storage period of 55 days at +4°C. According to the obtained results, pH and acidity
were strictly homogeneous among the samples subjected to the very different
temperatures; moreover, numerical values conform to those expected for good
quality milk, despite the prolonged storage period. Regarding the TMC, under the
threshold of 110°C, results are comparable with those obtained for fresh milk with
a shelf life of 6-8 days; on the other hand, above this temperature, TMC values were
always < 1 cfu/mL. Interestingly, TMC tends to decrease over time, suggesting a
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loss of vitality of the bacteria that survived the pasteurisation. In conclusion, radio
frequency heating appear as a suitable technique for the production of Extended
Shelf Life (ESL) milk, which can retain optimal physico-chemical and
microbiological proprieties for prolonged time, compared to the other products
present on the market.
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INTRODUCTION

Recent years have witnessed the many possibilities of microwave usage in the
biochemical field; in particular, the use of microwaves in peptide synthesis has been widely
used in the industry. And further, enhancement of enzyme reactions by microwave is also
expected. Enzymes are also used as catalysts in chemical reactions and biological reactions,
and if activated they could be developed into various applied techniques. Although many
reports investigating the effect of microwaves on food enzymes have appeared, to our
knowledge no experiments have been conducted that compare microwave heating (MW)
and conventional heating under strict temperature control. Moreover, while controlling
microwaves, investigations that examine the effect(s) of electric field versus magnetic field
unique heating of the microwaves are rather scant. Accordingly, to clarify these questions,
we used a semiconductor generator [1,2] that permitted a facile control of the generated
microwaves. In our study, we used a microwave device that provided strict control
according to microwave engineering with which the effect of microwaves on food enzymes
could be investigated. In particular, we examined the effect(s) of the microwaves’
electromagnetic energy on an in-vivo (beef proteins) process and on the in- vitro papain-
assisted hydrolysis of casein. Moreover, the enzymatic reaction using a Tannase enzyme
to degrade albumen (a model food) was also carried out.

METHODOLOY

Experiments using a microwave-heating device for the hydrolysis of casein by the
papain enzyme were conducted by connecting a prototype single-mode applicator to a 2.45
GHz semiconductor generator. The solution in the reactor was stirred using a micro-stirring
bar and then subjected to a 4-Watt microwave electric field heating (E-field), to a 4-Watt
magnetic field heating (H-field), and to conventional heating using a water bath.
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RESULTS & DISCUSSION

Papain: Hydrolysis of proteins in beef by the
papain enzyme rubbed onto the surface of beef
samples, taken as a model of an in-vivo process, was
examined (Figure 1) by conventional heating at 40
°C for 15 min in an electric furnace (Figure 1b); the
surface softened compared to the original sample
(Figure 1a). Under microwave heating at 40 °C for
15 min, however, the beef surface appeared to have
melted (Figure 1c¢) suggesting an increased activity
of the papain enzyme when exposed to microwaves.
By contrast, control experiments showed no changes
when subjecting the beef sample to microwave
heating or conventional heating without the papain
enzyme. This clearly demonstrates an accelerating
effect of the enzyme-assisted hydrolysis of the
beef’s proteins by the microwaves’ electromagnetic
wave energy.

Figure 2 reports UV spectral results of the
hydrolysis of casein by papain in aqueous media
subjected to microwave and conventional heating
(water bath; WB). The maximal absorption of
casein- decomposed amino acid recorded at 275 nm
showed no significant differences in the hydrolysis
rate of casein when heating at various times by
microwaves’ E-field and H-field heating or WB
heating. Evidently, in this case the microwaves had
no specific effect on papain in the hydrolysis of
casein.

Protease enzymes such as papain typically hydro-
lyze proteins, while at the same time they may
undergo self-digestion with the amount in solution
decreasing with reaction time. To demonstrate the
latter, an aqueous solution containing only the
papain enzyme was subjected to heating at 60 °C by
the three heat sources. UV spectral results at 245 nm
(Figure 3) confirmed that the extent of self-
digestion of the enzyme was significantly lower
under E-field and H-field heating than under WB
heating. Results also showed that the self-digestion
of papain was affected more by the microwaves’ H-
field than by E-field heating as evidenced by the
nearly negligible changes in UV absorption at 245
nm under E-field conditions. The self-digestibility

ratio of papain increased with time under H-field conditions, while it decreased under £-
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Figure 1. Observations of surface changes of
beef samples after applying papain to the
beef and maintaining it at 40 °C for 15 min:
(a) control experiment with no papain used
on the beef, (b) beef sample after heating in
an electric furnace with papain on the
surface, and (c) beef sample with papain
subjected to microwave heating.
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Figure 2. Time course of the papain-assisted
hydrolysis of casein at 60 °C on heating with
microwaves at the maximal position of the E-
field density, maximal position of the H-field
density and with WB heating.
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Figure 3. Self-digestibility ratio of papain
(ratio of UV absorption at 245 nm at 5, 15
and 30 min against 0 min) with E-field
heating, H-field heating and WB heating.
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field heating. Clearly, the microwaves had less effect on the extent of self-digestion of the
papain enzyme than WB heating, and particularly so under E-field heating conditions.

Further, decomposition products of casein and self-digested products of papain were
analyzed using MALDI-TOFMS mass spectrometry, SDS-PAGE electrophoresis, and a
protein sequencer.

PROPOSAL MECHANISM CONCLUDING REMARKS

Papain applied to beef clearly promoted the hydrolysis of meat proteins by microwave
heating relative to conventional heating. However, a similar distinction could not be seen
in the in-vitro process involving the papain-assisted hydrolysis of casein. On the other
hand, compared to conventional heating the microwaves had an inhibitory effect on the
self-digestion of papain. To understand such apparent contradictions on the influence of
microwaves over conventional heating on the enzyme-assisted hydrolysis of casein, our
previous research on the acid hydrolysis of cellulose to produce glucose in the presence of
AC-SOsH catalyst particles subjected to microwave heating and conventional heating
might prove helpful [4]. Results of this study showed that microwave heating promoted the
selective overheating of the AC-SOs;H catalyst; a rapid hydrolysis of cellulose by
microwave selective heating of the catalyst was expected. However, even though selective
heating of the catalyst occurred, we found no difference in reaction efficiency in the acid-
catalysed acid hydrolysis of cellulose, whether heated by microwave selective heating or
by conventional heating. We attributed this observation to the fact that the hydrolysis of
cellulose did not take place at or near the catalyst active site, but rather the reaction
occurred in the solution bulk causing the effect of the microwaves to be diminished. Thus,
we hypothesize that the hydrolysis of casein by the papain enzyme occurs in the solution
bulk rather than at the active site of the papain enzyme. That is, the rate-determining step
of the hydrolysis occurs in the solution bulk, wherein the microwaves affect the papain
enzyme (self-digestion) so that it reduces the extent to which it can participate in the
hydrolysis reaction. On the other hand, why did the microwaves promote the hydrolysis of
beef proteins? The papain enzyme was directly adsorbed on the beef, which leads us to
infer that the microwaves have a greater effect on the solid-solid reaction occurring on the
surface of the beef sample than in the case where the reaction occurs in a solution phase —
the process involving casein being an obvious case.
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INTRODUCTION

Radio frequency (RF) has been validated as an effective methodology in the frozen food
tempering industry [1]. With its distinct property of volumetric heating, RF could save
80-90% tempering time and prevent quality degradation, especially drip loss [2,3].
Although there are a few commercial RF tempering systems available, some technical
problems still need to be tackled before it will be fully accepted by the food industry. One
of the major problems is the uneven heating for frozen food with various components and
irregular shapes. Our previous results have explored the influence of sizes and shapes to
the tempering properties, and demonstrated that sharp outer and inner edges both
significantly influence tempering uniformity. However, the existing strategies for solving
the problem are mostly focused on varying the shape and size of the material and the
electrode plates, which is not applicable to irregular shape products[4]. New RF
tempering uniformity improvement method needs to be developed.

METHODOLOY

In this study, crushed ice, ethanol (95%) and glycerol (70%) were selected as the target
surrounding medium for food immersion. Fresh lean beef sample was minced and stuffed
into a 220*140*50 mm® cuboid container to make cuboid and step shape. Crushed ice
was obtained from an ice maker, Ethanol (95%) and glycerol (70%) solutions were also
prepared and all put into separate containers (285x190x60 mm?®) stored at -18 °C together
with all samples.

Before the experiments, frozen beef samples were removed from the container and
individually immersed into the surrounding medium. Experiments were conducted in a
27.12 MHz 12 kW pilot-scale RF heater (Labotron 12, Sairem, France) with an electrode
gap of 115 mm and input power of 3 kW. Experiments stopped when the center
temperature of the sample reached -4 °C, which took 4.5 min for RF and RF + crushed
ice, and 8 min for RF + ethanol and RF + glycerol tempering experiments. Tempering
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uniformity was evaluated by assessing the sample heating pattern captured using an
infrared camera right after RF tempering.

RESULTS

The dielectric properties of ethanol, glycerol at -20 °C and distilled water at 0 °C (not
available at -20 °C) in the frequency range of 1-2500 MHz were shown in Figure 1. The
dielectric properties of medium indicates their potential of being utilized as the
surrounding medium to improve the tempering uniformity. From the comparison, ice
could be a perfect medium because of its low loss factor and relatively low dielectric

constant.
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Figure 1. Dielectric properties of 70% glycerol (Blue dash), 95% ethanol (Red solid) at -20 °C and
distilled water (Green dot) at 0 °C under frequency 1-2500 MHz

The temperature distributions of tempered cuboid- and step-shape beef samples with and
without surrounding medium are shown in Figure 2. Serious burning, at the edges and
corners, was found on both samples when no surrounding medium was applied,
especially in step-shape sample. In the step-shape sample, the corner was heated to

46.8 °C when the thin section reached -4 °C. After immersing food samples into crushed
ice, the edge burn was reduced but the corner was still over heated and reached 16.6 °C.
Both ethanol and glycerol solution showed excellent improvement in tempering
uniformity by successfully reducing edge heating.
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Figure 2. Temperature distribution of frozen beef with two shapes

DISCUSSION

Ethanol and glycerol solution were both applicable in reducing edge heating during RF
tempering of frozen meat product. In future industrial application, glycerol might be a
better choice since it is without potential fire hazard. The solvent immersion strategy with
RF heating is practical and cost effective for the food industry.

CONCLUSION

Shapes influenced the heating behaviors significantly. There needs to be more attention
when designing a versatile industrial RF thawing line of frozen meat and fishery products
with various shapes. In this study, three surrounding medium were selected based on their
dielectric properties and suitability of being applied in the food industry. Crushed ice
could partially eliminate the edge heating due to its porous nature and melting point at

0 °C. Ethanol and glycerol solutions both proved to be effective and had the potential to
be extended to industrial application.
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INTRODUCTION

A pilot-scale process for continuous in-flow microwave processing of particulate
foods, designed and implemented at RISE Agrifood and Bioscience, was evaluated for heat
treatment of a particulate model food at high temperature conditions at 2450 MHz. The
evaluation shows advantages in terms of e.g. better maintained pieces, texture, and
mouthfeel.

Rapidness in heating of the product was evaluated after tubular microwave heating
for different time-temperature conditions. These correspond to the required
microbiological inactivation for a model product intended for storage at ambient
conditions. Rapidness as well as flexibility of the microwave HTST process were also
considered advantageous, vs. conventionally heated processing.

METHODOLOGY

The tubular microwave system combines two microwave modes (Wéppling
Raaholt, 2016) and is here evaluated as an alternative to high-temperature short-time
(HTST) processing for a particulate model product studied here. The effects on product
quality of the microwave heated soup, containing pieces of carrots, were investigated in
terms of quality parameters (texture, piece integrity and colour). Micro-structural analysis
contributed to get an understanding of the effects of heating at a microscopic scale.

RESULTS AND DISCUSSION

The process is considerably more rapid than a conventional HTST process.
Furthermore, it shows a large process flexibility. The described microwave HTST process
results in a flexible process by means of a large number of different combinations of target
temperature and time in the same equipment.
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Microstructural analysis shows that the traditionally heated carrot pieces (cooked
in lab scale) have larger ruptures in the cell wall structure than carrot pieces that are
microwave heat treatment. The reason behind this could be related to the fact that
microwave heating offers a more rapid coming-up time to the target temperature due to
volumetric heating. Since microwave heating occurs volumetrically throughout the carrot
piece, less time will thus be needed for heat transfer to level-out temperatures after
microwave HTST processing. For traditionally cooked carrots on the other hand, heat
transfer is the sole phenomenon behind the process of heating-up to target temperature.
This results in a larger thermal strain to traditionally heated carrot pieces. Thus, the
results show that microwave HTST processing offers more rapid heat treat of the model
particulate product.

CONCLUSIONS

Tubular in-flow microwave heating, in terms of microwave HTST processing of
high-concentrated large particulate products offers rapid and flexible processing as well
as advantages in terms of product quality. Among the advantages in product quality are:
better maintained piece integrity with regard to shape of the carrot pieces and potentially
improved perceived texture. Texture measurements also correspond well to perceived
mouthfeel, which showed a promising potential for the quality of the microwave treated
carrots.

It was also indicated that the relative size of the carrot pieces is slightly reduced
with increasing temperature without changing the shape significantly. This might
correspond to slight ‘shrinkage’ in size of the carrot pieces during heat processing.
However, the shape was maintained (95% confidence level). The results from the texture
analysis illustrate that it is possible to control the texture of the pieces of carrots by
selecting the heating conditions accordingly within the studied interval, to achieve carrot
pieces that range in texture from ‘al dente’ (traditionally cooked for 1-2 min) to very soft
pieces of carrot (traditionally cooked for 5 min).
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INTRODUCTION

The potential of high power solid-state (SoSt) sources has been investigated for
several years now. To date, there are limited experimental studies of multi-source
solid-state rapid cooking oven performance, based on combination of heating
means such as microwave (MW) and convective heating. Still, magnetron based
MW ovens lack in providing uniform heating and tailored power cooking/heating
cycles. This compromises the food structure and affects the quality of the product
perceived by the consumer. This paper presents experimental results obtained using
the IBEX ONE (ITW, Glenview, IL, USA), solid-state microwave/convection
oven. Analysis has been performed comparing simulations with measurements for
regularly-shaped loads with known physical properties. The range of heating
uniformity and efficiency available through frequency and phase modulation is also
characterized. Furthermore, a quality framework protocol has been used to compare
cooking/heating performance with respect to magnetron-based rapid cook ovens.

SOLID-STATE MICROWAVE GENERATION AND INTELLIGENT COOKING

Solid-state RF/MW generation relies on solid semiconductors as opposed to
electron tube technology. These devices typically operate at tens of volts as opposed
to magnetrons which operate at several kilovolts. The basic components of the
system are the RF/MW generator, the power amplifier, and the delivery
components. In the synthesizer circuit, a small signal at the required phase and
frequency is generated and stabilized before being passed to the amplifier. The RF
power transistors and architectures provide a full range of power control, phase
shifting, and frequency adjustment allowing microwaves to use complex
combinations. Currently, the IBEX ONE architecture allows access to several
parameters in real-time. This feedback can change during the cooking process and
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is necessary for a closed-loop system. In this context we define intelligence to mean
the ability to obtain relevant feedback from the system and respond in a way which
appropriately respects the desired outcome of the customer.

SIMULATION VS EXPERIMENT

“What-if” scenarios were explored by means of process simulations conducted by
means of COMSOL and MATLAB software. The effect of different
configurations, such as phase between generators, is something which can be
simulated and the results can be used to identify where hot/cold spots are expected
to occur and how manipulating the phase and frequency can be used to improve
uniformity. Comparison of thermal maps provided by simulation with the ones
experimentally determined were used to validate the model. Figure 1 shows two
examples of simulations vs. experimental results for given combinations of
frequency and phase.
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Figure 1 From left to right: Simulation of one phase configuration at 2410 MHz, thermal image of the
same, simulation of another phase configuration at 2450 MHz, and associated thermal image.

While the simulations and experimental data do not match exactly (as expected),
they do provide a fair indication of where constructive and destructive
interference is expected to occur. This informations allows for sophisticated
cooking algorithms to be developed and tested.

MATERIALS AND METHODS

Texture profile analysis (TPA), together with color analysis, was applied to samples
processed in different ovens in order to compare the SoSt system with traditional
MW systems to get information about the performance of these with respect to the
product. TPA is a compression test widely used to quantify several structural
parameters of a food product [1]. The apparatus used for this work was an Instron
Universal Testing Machine (5944, Instron).Color analysis, based on the CIElab
scale, has been performed by acquiring pictures of the sample after the process and
analyzing them using image processing toolbox of MATLAB.

RESULTS

The results are presented in the form of a comparison between structural
parameters. Figures 2-3 show results obtained from TPA analysis on chicken
breasts [2], and breakfast sandwiches cooked with different recipes, optimized in a
previous phase: the toughness [J] represents the energy that the sample absorbs
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before it breaks, and the BSI [N/mm] represents the highest value of the force

reached during the test, normalized to the thickness of the sample.
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Figure 2 TPA results for chicken breasts
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Figure 3 TPA results for breakfast sandwiches

DISCUSSION

The results show that there is no noticeable difference in the final texture, but we
can observe differences in the amount of water lost, for chicken breast, when
processed in the magnetron-based oven, which is perhaps too aggressive for this
kind of product, and a reduction of 60% of the cooking time with respect to the
traditional convective oven.

CONCLUSION

The ability to manipulate phase, frequency, and amplitude can result in improved
heating uniformity, as suggested by simulations and demonstrated with
experimental results. Structural properties of food products prepared with the IBEX
ONE oven are similar, and in some cases better, than those obtained by means of
magnetron-based ovens, or traditional convective cavities.

REFERENCES

[17 H. H. Friedman, J E. Whitney, and A.S. Szczesniak. The Texturometer - A New Instrument For
Objective Texture Measurement, Journal of Food Science, Volume 28, pp 390-396, 1963.

[2] L.J. Bratzler - Measuring the tenderness of meat by means of a mechanical shear, Master of
Science Thesis, Kansas State College, USA, 1932.

© INTERNATIONAL MICROWAVE POWER INSTITUTE, 2018 148



Virtual Tools for the Simulation of RF
Assisted Thawing of Food Products

Tesfaye F. Bedane and Francesco Marra
Department of Industrial Engineering, University of Salerno, Fisciano (SA), Italy
Keywords: heating uniformity, RF heating, thawing, virtualization

INTRODUCTION

The use of virtual tools based on mathematical modeling helps reduce the cost of
expensive prototypes and shortens the time-to-market of new systems. After being
massively applied to industrial sectors such as automotive, acrospace and IT, virtual tools
are being appreciated in food industry R&D, especially in the design of processes and
systems characterized by multiphysics interactions, such as in microwave (MW) and
radio-frequency (RF) assisted heating. Particularly, this work was devoted to show how
virtual tools could be used to optimize the temperature distribution during food thawing
assisted by RF heating. RF heating has been applied successfully to different food
processes such as, drying, disinfestation and post-baking [2], but in food thawing, it
carries with it a major challenge related to temperature uniformity and possibility to
develop hot spots above temperature limits imposed by National Food Agencies’
regulations [1]. In fact, improving the heating uniformity is essential to ensure the quality
and safety of the product according to the regulatory requirements. The overall goal of
this work was to develop and validate virtual tool for the simulation of RF assisted
thawing of foods, and then to show how such tool can be used to design
systems/processes with improved temperature uniformity.

MATERIALS AND METHODS

A multiphysics model that coupled the heat transfer equation with power generation term
and Gauss law derived from quasi-static approximation of Maxwell’s equations was used
to predict the temperature distribution in the food product [3]. All thermophysical and
dielectric properties used in the simulation were temperature dependent and apparent
specific heat method was used to approximate the specific heat change during phase
transition [1], [3]. Minced lean beef meat blocks of size 20x20x10 cm® (To=16.31 °C )
and 19x12.5%5.5 cm® (To=-20 °C ) were thawed in 50-ohm and free running oscillator
RF systems, respectively. Computer models considering both the 50-ohm (27.12 MHz,
max power 0.6 kW) as shown in Figure (1a) and the free running oscillator RF systems
(27.12 MHz, max power 6 kW) shown in Figure (1b), were developed to simulate the
thawing time and temperature distribution. For the 50-ohm RF system, the effect of
power cycling (continuous and non-continuous) at the same treatment time was
investigated. The effect of food product movement on the conveyor belt with/without
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movement of the top electrode considering the time/space boundary conditions on
thawing time and final temperature profile of the food product were investigated for the
case of FRO system. Moving mesh framework was used to simulate the movement of
food product on conveyor belt and top electrode.
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Figure 1. Schemes of RF heating systems: 50-ohm system (a) and free-running oscillator system
(b); all dimensions in cm.
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Figure 2. Comparison (Max T/min T) of experimental (a) and simulated temperature (°C)
distribution of lean beef meat thawed using free running oscillator RF system, 6 kW, 10 cm
electrode gap and 21 min (b) and sample thawed using upward moving top electrode and moving
conveyor belt (c).

RESULTS

In Figure 2, the comparison of experimental and simulated surface temperatures (max
T/min T) on top and middle of lean beef block thawed on a moving conveyor belt speed
of 2.93 m/h using a free running oscillator RF system at 6 kW and thawing time of 21
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min is shown. Figure 2¢ represents temperature profile on the top and middle surface
during thawing on improved configuration, i.e. moving food product on conveyor belt
and upward moving of top electrode (5 cm away during entire treatment time).

DISCUSSION

The model developed using 50-ohm RF heating system used to locate the points with
hotspots within the food product and demonstrated the possibility to mitigate non-
uniformity of temperature distribution using a power cycling method with an optimum
on/off times during the process. Non-continuous thawing using 500 W RF power for 25
min followed by 10 min stop time and later 10 min RF heating at the same power resulted
in improved uniformity of temperature distribution with respect to continuous one.

The computer model developed to simulate RF thawing using free-running oscillator
system was validated (Figure 2) and simulation results indicated that combination of
moving food product with upward moving of top electrode (Figure 2¢) during thawing
process reduced the overheating observed on the corners and surfaces of the food under
the same thawing time. Volume average end-point temperature of 0.61+1.97 °C was
achieved during moving food product on conveyor belt (2.93 m/h) in combination with
upward movement of top electrode (5 cm away during treatment time) whilst for the case
of only moving food product on conveyor belt, it was 2.03+6.87 °C. The power density
distribution in the food product changed as the food product moves in the cavity and as
the dielectric loss factor of the food product increase due to increase in temperature as
thawing progress [4]. Moving food product between electrodes in combination with
gradually upward moving top electrode resulted in better uniform thawing of the food
product and undesirable overheating on the corners of the food product were minimized.

CONCLUSION

The virtual tool developed has demonstrated a good trustability and further used to
investigate strategies to improve uniformity of temperature distribution. The model can
also be used to understand and improve the industrial continuous thawing systems to
achieve optimum thawing time with temperature distribution within the regulations set by
authorities and quality of the food product is maintained.
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INTRODUCTION

Microwave drying is a special application for microwave heating [1]. Because of
microwave direct heating of water and the lack of thermal conduction from the outside to
the inside, microwave drying has the advantages of high efficiency compared with
traditional heat drying and has a number of potential applications. Currently, microwave
drying is used in pharmaceutical and food processing [2, 3]. To expand the application
fields of microwave drying, we have attempted to use microwaves for drying clothes.

In this study, the effects of the microwave drying of several types of fabrics under
various powers and processing times are investigated. The results are useful for expanding
the application of microwave drying, developing the related microwave drying products,
and solving the problem of the low efficiency of traditional drying.

METHODOLOY

To investigate the effects of the microwave drying of fabrics and explore the
relationship between microwave characteristics and the drying effect, several types of
fabrics have been dried using microwaves, and the variations in the fabric characteristics
have been investigated.

ceramic scaffold e

Figure 1. Configuration of microwave drying experiment.

Figure 1 shows the experimental configuration for the microwave drying of fabrics.
A 2.45-GHz microwave oven was used as the drying cavity. In the experiments, the fabric
samples were folded and placed on a drying rack located in the center of the microwave
oven. To avoid the microwave breakdown phenomenon, the drying rack was made of
ceramic, not metal. Each of these fabric samples was cut into a square. Before drying, the
samples were wet with water and then dried using a microwave oven. During the drying
process, the fabric samples were weighed every 30 s to investigate the microwave drying
process. The environmental temperature during the experiments was around 10°C. In the
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experiments, two initial conditions were considered in the experiments. The first condition
was that the fabric samples had similar sizes and wet-to-dry weight ratios (wet-to-dry
weight ratio = (water weight + fabric weight)/fabric weight). The second condition was
that the fabric samples had similar fabric and water weights.

Moreover, the tensile strength variation of the fabrics after microwave drying was
a key element for making microwave drying practical. In this study, we used fabrics with
similar initial sample size and wet-to-dry weight ratio; further, the samples dried by using
three different methods were compared. The first method was natural air-drying. The
second method was normal microwave drying. The third method was excessive microwave
drying in which the fabric samples were dried using microwaves, which consumed five
times as much time as normal microwave drying. All of the treated fabrics were cut into 5
cm x 20 cm pieces, and the threshold tensile strength was measured with a digital tension
meter.

RESULTS

The experimental results of microwave drying effects are presented in Figs. 2-3,
and the experimental results of tensile strength variation are displayed in Figs 4.
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Figure 2. Water weight variation of experimental fabrics during microwave treatment: (a) 700-W
microwave power; (b) 300-W microwave power.
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Figure 3. Wet-to-dry weight ratio variation of experimental fabrics during microwave treatment:
(a) 700-W microwave power; (b) 300-W microwave power.

The results showed that the drying speed of the 700-W-power microwaves was
faster than that of the 300-W-power microwaves. Under the same initial condition, drying
by the 700-W microwaves consumed less time than drying by the 300-W microwaves. The
results showed that different fabrics exhibited different trends for the similar initial
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condition and the same microwave drying process. The effect of microwave drying
depended on the material of the samples.
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Figure 4. Tensile strength of (1) cotton, (2) denim, (3) natural corduroy, (4) artificial corduroy, (5)
tweed, (6) flannel, and (7) veil with microwave treatment: (a) 700-W microwave power; (b) 300-
W microwave power.

Figure 4 shows that the tensile strengths of all of the tested fabrics that were dried
using natural air-drying and microwave drying in the cases of both 700-W power and 300-
W power were similar. The tensile strengths of all of the tested fabrics dried using excessive
microwaves were weaker than those of the fabrics dried using microwaves in the cases of
both 700-W power and 300-W power. The tensile strengths of fabrics dried using excessive
microwaves in the case of 700-W power were weaker than those of the fabrics dried using
excessive microwaves in the case of 300-W power. The results showed that normal
microwave drying affected the tensile strengths of the fabrics slightly and that excessive
microwave drying reduced the tensile strengths of the fabrics obviously. At large power
values, the tensile strengths of the fabrics dried using excessive microwaves were weak.

DISCUSSION AND CONCLUSION

The microwave drying experiment demonstrated that microwaves could be used to
dry fabrics. The results revealed that different fabrics took different amounts of time to dry
under similar initial conditions during the same microwave drying process. The results also
indicated that normal microwave drying was similar to natural air-drying and would not
destroy the fabrics. However, excessive microwave drying would destroy the fabrics. The
higher the microwave power was the more serious was the fabric damage.
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INTRODUCTION

The water content dry bakery products such as rusk, crackers, biscuits and similar products is in
the range of 3 to 5% (dry mater basis). At the end of processing, will be toasting for rusk, or a
combined baking-drying process in the case of biscuits and crackers; however, a water gradient is
still present within these products. It has been seen that the appearance of cracks (checking) that
may result in breakage of the product, is linked to tiny moisture gradients within the product (often
lower than 1%). Thus, any thermal or other process that will provide mobility to water, in order to
minimize the said moisture gradient, will contribute to the control of checking and breakage of dry
cereal products. This presentation discusses the state of the art of this problem, including
modelling of the stress that develops during equilibration after processing (storage). MW and RF
appear from the literature as relevant means to control checking, cracks and breakage.

DRY BAKERY PRODUCTS AND GLASS TRANSITION

Dry bakery products like biscuits, rusks, crackers... are baked on continuous baking lines in the
industry. The quality and crispness of these products is closely linked to the low water content
after processing. The target for all these products is usually in the range of 3 to 4.5/5% maximum
with an optimal around 3.5/4%. At this level of water content, water is adsorbed water with a
strong bond to the matrix. The isosteric heat of desorption, the energy needed to desorb water
bound to a dry matrix, is several folds higher than the heat of vaporisation of water (around 2450
kJ/kg at atm. pressure) as shown in Figure 1 below. The glass transition temperature corresponds
to a temperature below which the biopolymers of the products (here starch and proteins
biopolymers) that are in a quasi-melted state during processing, with temperatures ranging
between 120 and 150°C, will undergo a very high increase in viscosity during the temperature
drop following processing. Figure 2 below, provides values of glass transition for starch and
gluten proteins, the major constituents of dry baked products. Starch, which has a higher molar
mass than proteins, appears to be the major contributor to the glass transition and to the associated
mechanical properties of dry baked products. Starch is also the major ingredient by mass and, is
therefore, a major player in the crispness of dry baked products. From this Figure, it is clear that
increasing the temperature increases the mass diffusivity.
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Figure 1: Isosteric heat of desorption “Qst” in Figure 2: Mass diffusivity of water in
function of water content “X” for potato. gelatinized wheat starch in function of water
(Zuniga, 2005) content and temperature (Roos, 2015)

WATER EQUILIBRATION IN DRY BAKERY PRODUCTS DURING STORAGE

The tiny moisture gradient between the center and the outer zones of the baked product induces
moisture diffusion (thickness ranging from ca. 3 mm (crackers) to ca. 1 cm (rusk)). The mass
diffusivity of water is severely depressed when the matrix is in glassy state as illustrated in the
Figure 2Figure 2. The evaluation of the characteristic time of diffusion tp can be determined by
equation (1) below from reference [2], with L = distance over which diffusion is considered (m),
and D mass diffusivity (m2/s).

2
t, = 4L in secondes

n°D 1)
Computations using this equation has been done with L=1 mm indicating that increasing the
temperature of the product above the glass transition will result in a very significant decrease of
the time needed for water diffusion from 7 days to 0.1 days with D =103 to 101 m%/s.

MICROWAVES TO CONTROL CHECKING AND BREAKAGE.

Ahmad et al. (2001) proposed the use of MW (2450 MHz) to control checking of biscuits and dry
cereal products. Around 1.7 J/g was applied to biscuits (30x 40 x 4 mm). As main results, the
breaking strength and the moisture profile of conventional and MW processed biscuits are shown
in the figures below. These authors found that based on a large sampling, checking was reduced
from an average of 61% to 5% among MW processed biscuits with minimal processing time of 15
seconds.

CFD MODELING OF STRESS DURING RUSK STORAGE

CFD modelling of moisture equilibration in rusk during storage has been performed with
COMSOL software. This hydro-mechanical model has been designed to determine the stress and
strains during storage, to predict checking. Results show that the highest strain occurs around
bubbles in the crumb. Therefore, the distribution of the cells in the crumb is likely to interfere with
the checking phenomena. Further investigations are envisaged to study the optimal processing
conditions, using MW or RF, to allow strain relaxation during storage of dry baked products as
function of their geometry, cellular distribution and moisture distribution. A dilatometry bench has
been designed to determine coefficient of water expansion and thermal expansion. The Poisson
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coefficient is also an important parameter that will be determined with microscopic images of
product exposed to strain.
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CONCLUSION

MW and also RF processing, applied to dry cereal products, can be an efficient means to
equilibrate water after baking of dry products, in order to control checking and breakage
during storage. Energy related to a temperature rise above the glass transition is needed;
also isosteric heat of desorption can be considered to optimize energy demand for
process.
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INTRODUCTION

The increasing world population needs much more food than ever before. One way of
responding to the growing demand for food, is to reduce loss of agricultural products. An
important contributor to food waste is spoilage and crop disease due to fungal infestation.
Ascochyta blight is a seed borne disease which can be partially controlled by thermal
treatments [1, 2]. It is hypothesized that the difficulty of controlling Ascochyta spp. in
legumes could be because of the special position of these fungi in the seed. In most seeds
with this infection, fungi are located beneath the seed coat and 40% of seeds also have
infected embryos [3]. By considering this assumption, microwave heating may be a good
choice to be part of an integrated pest management procedure as it can heat volumetrically,
quickly penetrating the seed coat and heating through to the embryo of the seed.

METHODOLOY

A domestic microwave oven, SANYO with working volume of 33 x 23 X 33.5 cm?3 and
10 power levels (10%, 20%...,100%), was used for the experiment. A calibrated water load
test [4] revealed that the microwave oven produced an average power of 486 W at full
power. For each treatment, around 50 g of red lentils, adjusted to moisture contents of 9.4,
13.3,16.5, 22.3% (wb), were put in a glass petri dish with inner and outer diameters of 13.8
and 14.2 mm. The plate was placed in the centre of the turntable before selecting the power
level and exposure time. To assess the temperature distribution as well as the mixing
temperature of the samples, thermal photos were taken, using a FLIR C2 thermal camera,
immediately after treatment. To evaluate the effect of cooling temperature on the
germination, one batch of seeds was cooled at 24 Cand the other at 10 . Following
cooling to room temperature, the plates were weighed to measure moisture loss. Power
levels and exposure times were 30%, 40%, 50% and 30 secs and 60 secs. All treatments
were done three times. To evaluate the heat uniformity, thermal photos were processed
with ThermaCAM Researcher Pro 2.10. Temperature uniformity index was calculated by
dividing the standard deviation by the difference of mean and initial temperature.
Germination test was done on 20 seeds per treatment in 9 -cm plates on Watman paper no.
1, by placing 10 seeds per plate. After 2 and 5 days at 23 9, germinated seeds were
counted. Seeds were considered as germinated on day 2 when their roots appeared. On day
5, just the normal germinated seeds were considered in calculations.
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To see the effect of microwave processing on Ascochyta lentis, 50g of seeds with moisture
content of 22% were inoculated with a fungal spore solution at a concentration of
10° cfu/ml, and leaving them at room temperature overnight to let the spores germinate.
After this time, seeds were treated in microwave oven. After each treatment seeds were
subcultured on PDA. Statistical analysis was done by analysis of variance at 95%
confidence level and mean analysis was done by Tukey’s test and a general linear model
was used to compare groups of data. Data are the mean of three or four replicates.

RESULTS AND DISCUSSION

Moisture content, power and exposure time significantly (x< 0.05) affected the heat
uniformity and surface temperature. According to Figure 1, temperature uniformity index
(TUI) generally decreased by increasing power levels and exposure time. A low TUI is an
indicator of good temperature uniformity. TUI at high power (50% power level) did not
change significantly with moisture content (MC), while at 30% and 40%, the TUI
decreased after 13.3% MC and was the lowest at 22.36%. Improvement in heat uniformity
at higher moisture contents could be due to more evaporation from the surface of the seeds,
which is also the reason for constant average and maximum temperature after 13.3% MC.
Figure 2 shows the effect of power level and exposure time at different moisture contents
on red lentils’ germination. At 50% power level and an exposure time of 60 secs, lentil
seeds’ germination was significantly lower at 22.36% MC than 13.3%, despite almost the
same final temperature and uniformity. This might stem from the faster heating at higher
moisture contents and different time- temperature history of the seeds. According to Error!
Reference source not found., cooling temperature did not have a significant effect on the
germination and viability of lentils. This could be due to the small size of red lentil, which
make the cooling process fast. It can also be concluded that fall in germination is due to the
microwave power absorption and is not just a thermal effect. Table 2 shows the effect of
microwave processing on the control of Ascochyta lentis, artificially inoculated on the
seeds. At 30% power level after 60 secs, 87.5% of lentil seeds were free of fungi, in
comparison with 0% of the control samples. At this process parameters, lentils’ maximum
and average temperature were 74 and 52 Crespectively with surface TUI of 0.31.

Table 1 effect of cooling temperature on the germination of the seeds (data are mean+SE and
n=3)-for each group, means with no shared letter are significantly different

Moisture ~ power time Germination 2d % Germination 5d %
content % level (seconds)  10°C 24°C 10°C 24°C
%
16.5 30% 60 83.3+3.3° 73.316.7% 80+5¢ 80+10#
40% 60 56+7.4% 55+0® 63.9+10.7¢  56.7+4.4¢%"
50% 60 31.7410.1%  23.3+1.7° 23.3+6.7" 23.3+1.70
20 30% 60 7116.6% 85+5¢ 76.1£5.6' 8545
40% 60 30+10f 46.748.3°0 | 38.31+7.31 51.748.3%
50% 60 22.3+2.7° 12.5+2.5° 16.7+6¢ 12.5+2.5%
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Figure 2 germination of different moisture contents of lentils treated at different powers and
exposure time, cooled at 24°C (data are mean+SD and n=3); PL=power level; s=seconds

Table 2 microwave treatment of inoculated seeds with Ascochyta lentis (ongoing experiment), data
are meanxSD with n=4

power time final disease control%
level %  (seconds)

control 0 0+0

30% 60 87.5+43

40% 30 275183

50% 60 100+ 0

CONCLUSION

Microwave processing could be considered as a potential non-chemical method to control
seed borne Ascochyta lentis. However, for a more realistic estimation of disease control, it
is recommended to treat naturally infected seeds in the future as well as evaluate the fungi
control in dry seeds.
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INTRODUCTION

For industrial application, the multi-source excitation has been wildly used to
generate enough output power, but because the position of the feed port may be relatively
close, the coupling phenomenon may occur between magnetrons that will affect the output
power, efficiency, and reliability of magnetron. Using the coupled simulation for high
frequency electromagnetic and temperature fields, the efficiency optimization and
homogeneity improvement of a four-tube microwave oven have been designed. HFSS is
widely used in high frequency electromagnetic simulation [1]-[2], and we also employ
HFSS to conduct electromagnetic simulation of microwave oven models. The simulation
results are accurate enough to design a microwave oven. The feasibility of HFSS+ANSY'S
simulation has been verified in Sabbagh's report [3].

METHODOLOY

Based on the ANSYS Workbench platform HFSS+Transient Thermal module, the
coupled simulation of high frequency electromagnetic and thermal temperature fields was
realized, and the temperature value of an object after microwave heating was obtained.
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Figure 1. Model of the microwave oven Figure 2. Simulation process
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To understand the influence of the relative position of magnetron on the heating
efficiency and uniformity, we placed 15 X 100 ml water in plastic cups with diameter 60

mm in a 428 X 333 X 241 mm cavity and adjusted the relative position of four magnetrons;
the microwave power can reach 4,000 W.
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RESULTS

The simulation results show that the positions of the magnetron feeds have a great
influence on the heating. When the positions of four magnetron feeds are optimized, the
average temperature is increased and the uniformity of heating is improved, and the overall
efficiency of the microwave oven is also increased.

Figure 5 shows the simulated results and the experimental data; it appears that the
error of most points is within 5°C, and the error of only three points is higher than 5°C, but
it less than 10°C, which proves that the simulation could be used in design of the microwave
oven.

DISCUSSION

Using the ANSYS Workbench platform HFSS+Transient Thermal module, the
electric field distribution and the temperature distribution in microwave oven can be
simulated. It can be more intuitive compared with the experimental results. However, this
method still has shortcomings. The temperature parameters obtained by Transient Thermal
module do not feed back to HFSS, so there is a certain deviation.

COMSOL is also a powerful multiphysics simulation software and widely used in
electromagnetic thermal coupling simulation [4]. ANSYS is easier to operate, and it can
directly import data into the HFSS simulation model. So we chose the HFSS+ANSYS
combination to conduct electromagnetic-thermal coupled simulation, and verified the
correctness of its simulation results. In the future, we will also use COMSOL to simulate
the electromagnetic-thermal coupling in order to study the influence of the two different
methods on the simulation results.

CONCLUSION

The direct comparison between simulation results and experimental results is
achieved. It can be used in the development and design of a microwave oven, which is
beneficial to shorten the R&D cycle and reduce its cost.
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INTRODUCTION

In industrial microwave heating or drying systems, airtight sealing windows are
needed to prevent moisture, humidity, contaminants, even oxygen and any outside
atmosphere from entering the heating chamber, while allowing the microwaves pass
through. This paper introduces a new kind of WR975 waveguide hermetic window,
satisfying low vacuum requirement, with advantages of a simple structure, low cost and
no need of welding. Two kinds of materials, ceramic and teflon are considered to be used
as the isolating medium. The vector network analyzer test results of the hermetic window
are given at the end of the paper, and the results are that the VSWR is less than 1.2 and
the insert loss is less than 0.2 dB, at the central frequency of 915 MHz within 100 MHz
bandwidth.

SIMULATION

Voltage Standing Wave Ratio (VSWR)
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(a) 3D simulation model
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Figure 1. (a) 3D simulation model, (b) and (c) Al2Os ceramic optimization results of S-Parameters

Fig. 1 (a) shows a 3-dimensional model of the hermetic window. A round
dielectric sheet is inserted into the middle of the round waveguide, which is paralleling
with the waveguide flanges. Fig. 1 (b) and (c) show the optimization results, the VSWR
and the scattering parameter S21, when the material of dielectric sheet was chosen to be
Al>,O3 ceramic. The diameter and thickness of the Al,O3; ceramic are 300 mm and 7.9 mm
respectively after optimization. It is essential that there is no resonant mode within the
operating bandwidth.

STRUCTURE
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1. left half body, 2. right half body, 3. ceramic, 4. gasket, 5. vacuum sealing o-ring, 6. connecting
bolts, 7. waterproof screen
Figure 2. Section view of hermetic window

Fig. 2 shows the section view of the hermetic window. The structure is simple
and easy to assemble. The left and right half parts are composed of a flange, a segment of
WR975 waveguide and a tapering waveguide which turns into a non-standard circular
waveguide. The two parts are easily connected by bolts. A copper gasket is inserted
between the two parts for good electrical contact, preventing leakage of microwave. A
sealing o-ring hermetically seals the ceramic with the right half waveguide. It must be
noted that it is vacuum sealed on one side with the o-ring and not on the other side. A
water proof screen protects the ceramic from moisture and dust. Contaminants or water
drops condensed from moisture will be heated by microwave and cause secondary
electron emission on the surface of ceramic, causing thermal stress breaking the ceramic.

RESULT

Fig. 3 (a) is the photo of the hermetic window design. Fig. 3 (b) and (c) gives the
scattering parameters of the designed hermetic window tested using Agilent 8§720D
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vector network analyizer. S11 or VSWR is worse than the simulation results, but the
VSWR is less than 1.2 from 865 MHz to 965 MHz. The bandwidth is more than 100
MHez. Insert loss is less than 0.2 dB within the operating bandwidth.

(a) WR975 hermetic window
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Figure 3. The hermetic window designed and S-Parameters

CONCLUSION

The hermetic window designed was used in experiments for more than 100 hours.
It works steadily and robustly under the experiment condition that the average transfer
power of the microwave is 20 kW and VSWR of the load is more than 3.
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INTRODUCTION

In the development and deployment of high power microwave systems, water
loads are widely used for absorbing the microwave energy into a high loss fluid medium.
In recent years, several kinds of window-type microwave water loads from S-band to Ka-
band have been developed by Institute of Electronics, Chinese Academy of Sciences
(IECAS). Nowadays a new kind of L-band window-type water load for continuous wave
magnetron with microwave power tolerance of 100 kW is developed. Al,O3 95% ceramic
is used as the microwave window between the waveguide and water chamber. Test
results show that the VSWR of the water load developed is less than 1.2 at the central
frequency of 915 MHz and within the bandwidth of 50 MHz.

IMPLEMENTATION
Table 1. parameters of the L-band water load
Parameter Unit value
Central Frequency MHz 915
Bandwidth MHz 50MHz
VSWR - <1.2
Operation mode - Continuous Wave
Power kW 100
Water flow L/min 100

The parameters of the water load developed is shown in table 1. The water load
developed is window-type. This kind of water loads has the advantages of small in size,
light in weight, simple in structure and wide in bandwidth. The water load is mainly
composed of three main parts, waveguide, water chamber and the dielectric sheet
between them. The phote of the water load is shown in Fig. 1.

The waveguides used at L-band are WR975 with CPRF flanges. The waveguides
are made of aluminum for light weight. The water chamber is cylindrical, and the
material is stainless steel for higher mechanical strength. Comparing with square or
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rectangular water chamber, cylindrical is sturdier in structure and easier to deal with the
sealing issues, because of the round matching edges.

Figure 1. 100 kW window-type water load

In the reference article 1!, three types of materials, ceramic, mica, Teflon are
considered to be used as microwave window of water load. The permittivity of these
three materials is 8.9, 7.0 and 2.2 respectively. According to simulation result, the VSWR
when ceramic is used can be optimized as small as 1.08 at the central frequency of 915
MHz and with the bandwidth of 50 MHz, because the permittivity of water used as
cooling medium is about 88 at normal temperature. The ceramic has sufficient
mechanical strength to bear the pressure of cooling medium. The ceramic is an ideal
material and chosen to be used as the microwave window.

There are three seals in the water load. The ceramic is not paralleling with the
wider inner surface of the waveguide. The angle between them is approximately 22.5
degrees. Microwave reflected from the ceramic will be reflected back again on the inner
surface of the waveguide. The energy of the microwave attenuates after reflections, and
finally absorbed by water. As a result there is a standing wave field between ceramic
window and waveguide inner surface. An annealed copper gasket is used to improved
contact between the waveguide and the ceramic, preventing the leakage of microwaves. If
the annealed copper gasket is deleted, the microwaves will transfer along the gap between
the ceramic and the metal matching surface, and discharge sparks will occur on the
groove between the chamber cover and the half part with the waveguide.

A Viton o-ring hermetically seals water between the chamber cover and the
ceramic. A Teflon o-ring is used to hermetically seal the waveguide and the water
chamber cover, so the waveguide can be pressurized.

RESULTS

In order to dissipate microwave power, the flow of water needs to reach 100
L/min. Through water pressure test, the ceramic used can bear the water pressure of 6
kg/cm?.

Fig. 2. show the testing method and the results of the water load designed. The
VSWR is less than 1.1 within the bandwidth of 20 MHz and less than 1.2 within 50 MHz.
The relative bandwidth is more than 5%.
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(a) water load under testing
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Figure 2. The water load under test and results

CONCLUSION

The water load designed has larger power tolerance than dry loads, has
smaller volume than absorbing type water loads, and has basically the same
volume of the fixed frequency water loads. Meanwhile it has wider bandwidth. It
provides a convenient and reliable way in design of high average power
microwave vacuum electronic devices including magnetrons and klystrons and
debugging of micrwave system in L-band.
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