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ABSTRACT

MODELING OF HEAT AND MASS TRANSFER IN MICROWAVE-
INFRARED HEATING OF ZUCCHINI

Yazicioglu, Nalan
Ph.D., Department of Food Engineering
Supervisor : Prof. Dr. Giilim Sumnu

Co-Supervisor: Prof. Dr. Serpil Sahin

April 2016, 96 pages

The main objective of this study is to develop a finite element model to predict the
variation of temperature and moisture content of zucchini during microwave-
infrared heating. There is no information in literature about heating of zucchini by
using this method. Heat and mass transfer in zucchini heated in microwave and
infrared combination oven were modelled by Finite Element method. Microwave
power was predicted by using the exact form of Lambert Law and calculating the
electric field distribution by Maxwell Equations. Measured temperature at
different positions of zucchini and moisture content data were used to verify the
models obtained for different microwave and infrared powers. Models based on
Lambert Law were determined for the combination of 10, 30 and 50% microwave
and 10, 40 and 70% infrared powers for 600 s. These models were in good
agreement with the experimental data with an average root mean square error
(RMSE) of 5.66 for temperature and 2.52 for moisture content. Microwave power
dependency of incident surface power and moisture diffusivity and microwave and

infrared power dependency of mass transfer coefficient, which were determined in
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modeling based on Lambert Law, were empirically modelled. Models based on
Maxwell Equations were determined for the combination of 10% microwave and
10, 40 and 70% infrared powers for 100 s. Models fitted well with an average
RMSE of 4.15 for temperature and 0.39 for moisture content. Generally, models
derived from the Maxwell Equations gave better results of temperature and

moisture content than models developed by Lambert Law.

Keywords: Modeling, microwave, infrared, Lambert Law, Maxwell Equations
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0z

KABAGIN MiKRODALGA-KIZILOTESI iLE ISITILMASINDA ISI VE
KUTLE TRANSFERININ MODELLEMESI

Yazicioglu, Nalan
Doktora, Gida Miihendisligi B6lUmi
Tez Yoneticisi  : Prof. Dr. Giiliim Sumnu
Ortak Tez Yoneticisi: Prof. Dr. Serpil Sahin

Nisan 2016, 96 sayfa

Bu c¢alismanin ana amaci, kabagin mikrodalga-kizilotesi ile 1sitilmasi sirasinda
kabagm 1s1 ve kiitle degisimini tahmin etmek icin sonlu eleman modelinin
olusturulmasidir. Bu metodu kullanarak kabagin isitilmasi hakkinda literatiirde
bilgi bulunmamaktadir. Mikrodalga-kiziltesi kombinasyonlu firinda 1sitilmis
kabagin 1sitilmasi sirasinda ve Kkutle transferi Sonlu Eleman metodu ile
modellenmistir. Mikrodalga giici Lambert Kanununun kesin formati kullanilarak
ve Maxwell Denklemleri ile elektrik alan hesaplanarak tahmin edilmistir. Kabagin
farkli noktalarinda olgiilen sicaklik ve nem igerigi verileri, farkli mikrodalga ve
kizil6tesi giligler igin elde edilen modellerin dogrulanmasinda kullanilmistir.
Lambert Kanunu kaynakli modeller 600 sn i¢in %210, 30 ve 50 mikrodalga ve %10,
40 ve 70 kizil6tesi giiclerinin kombinasyonu i¢in belirlenmistir. Modeller deneysel
verilere uygunluk gostermistir ki ortalama hatanin karesinin kokii sicaklik i¢in
5.66, nem miktari i¢in 2.52°dir. Lambert Kanunu kaynakli modellerde elde edilen,
yiizey giicii ve nem diflizyon katsayisinin mikrodalga giicline ve kiitle transferi

katsayisinin  mikrodalga ve kizilotesi giicine bagimliligi empirik olarak
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modellenmistir. Maxwell Denklemleri kaynakli modeller 100 sn ig¢in %10
mikrodalga ve %10, 40 ve 70 kizilotesi giiglerinin kombinasyonu icin
belirlenmistir. Modeller deneysel verilere uygunluk gdstermistir ki ortalama
hatanin karesinin kokii sicaklik igin 4.15, nem miktar1 i¢in 0.39’dur. Genel olarak,
Maxwell Denklemleri kaynaklt modeller Lambert Kanunu ile olusturulan

modellerden daha iyi 1s1 ve nem miktar1 sonuglar1 vermistir.

Anahtar Kelimeler: modelleme, mikrodalga, kizil6tesi, Lambert Kanunu, Maxwell

Denklemleri
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CHAPTER 1

INTRODUCTION

1.1 Microwave Heating

Microwaves are electromagnetic waves of energy having wavelength between radio
and infrared waves on the electromagnetic spectrum with frequencies between 300
MHz and 30 GHz (Giese, 1992). Microwaves are usually generated by “magnetron”
an electromagnetic device. Microwaves radiate outward from this source and can be
absorbed, transmitted, and reflected by the food (Giese, 1992). Ohlsson and
Bengtsson, (2002) stated that in food industry, frequencies of either 2450 MHz or
915 MHz are used which corresponds to 12 cm or 34 cm in wavelength, respectively.

The main property of the microwave heating is that heat is generated throughout the
food. However, in conventional heating, heat is transferred from the surface to the
inner parts of the food. In microwave heating, because of the low air temperature in
the microwave oven and the cooling effects of evaporation, the interior temperature
of food is hotter than the surface temperature (Decareau, 1992). Therefore,
microwave heating leads to fast heating and shorter processing times with respect to

conventional heating.

There are two microwave heating mechanisms which are ionic conduction and
dipolar rotation. Polar solvents give rise to dipolar rotation in the presence of electric
field and the rotation causes molecular friction. The energy resulted from the friction
penetrates into food and generates volumetric heating. Electric field moves the
charged molecules in a way that as one molecule moves in one direction, the
opposite charged molecule moves in the other direction. This vibration causes kinetic

energy and volumetric heating of food (Decareau, 1992; Sahin & Sumnu, 2006).
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Alton, 1998 stated that the dipolar rotation and ionic conduction were caused by
changes of the magnetic and electrical fields through the food.

Microwave heating was generally applied to dry food materials. The aim of drying of
foods is to dry foods without altering their physical and chemical quality. Because of
its higher rate of moisture removal and shorter cooking time, microwave heating
leads to less change in physical and chemical properties of food. Moisture in food
absorbs the penetrated microwaves directly. This creates an outward flux of quickly
removing vapor transfer and rapid evaporation of water (Feng et al., 2001).
Shrinkage has been a common problem in conventional heating methods. Shrinkage
in conventional heating can be solved by microwave drying since this rapid outward
flow prevents the texture to collapse or shrink. Because of these unique advantages,
in recent years, microwave heating has gained importance as an alternative method
to dry for a variety of food products such as snack foods, dairy products, fruits and

vegetables.

In literature, microwave heating was applied to a number of products such as for
plain yogurt (Kim and Bhowmik, 1995), skimmed milk, whole milk, casein powders,
butter, fresh pasta (Al-Duri and Mclintyre, 1992), cranberries (Yongsawatdigul and
Gunasekaran 1996), carrot slices (Lin et al., 1998), model fruit gels (Drouzas and
Saravacos, 1999), pea (Kadlec et al., 2001), macadamia nuts (Silva et al., 2006),
apple (Bilbao-Sainz et al., 2006), grapes (Tulasidas et al., 1996), potato slices
(Bouraout et al., 1994), apple and mushroom (Funebo and Ohlsson, 1998), American
ginseng roots (Ren and Chen, 1998), peach (Wang and Sheng, 2006), and blueberries
(Feng et al. 2000).

Microwave heating may cause excessive temperature rise along the corner or edges
of food products which results in burns and production of undesirable flavors. To
prevent these unwanted circumstances and to understand the heating and moisture
removal ability of microwave infrared combination oven better, heat and mass

transfer during microwave heating should be analyzed.



1.2 Infrared Heating

Infrared is invisible radiant energy present between the spectrums of ultraviolet and
microwave in the electromagnetic spectrum (Sepulveda and Barbosa-Canovas,
2003). Infrared radiation is situated in the sun’s electromagnetic spectrum that is
overwhelmingly responsible for the heating property of the sun (Ranjan and
Irudayaraj, 2002).

Infrared radiation mechanism includes a heat source (radiator or emitter) and a
reflector. Radiator can be heated electrically or by gas fire. Halogen lamp which
emits infrared radiation in different wavelengths is the most commonly used infrared
source since 1984. Halogen lamp provides near-infrared radiation energy, which has
lower penetration depth and higher frequency than the other infrared sources. The
most known advantage of infrared heating is the rapid surface heating since the
penetration of infrared radiation is poor. After the halogen lamp emits infrared
radiation, food absorbs the energy through conduction and convection (Sepulveda
and Barbosa-Canovas, 2003). The generated heat is transferred from the surface of
the food to the center of the food, thus mass is transported from the center to the
surface of the food. (Jaturonglumlert and Kiatsiriroat, 2010). For infrared heating

there is no need for a medium to transfer energy from source to food.

Each food absorbs the energy coming from halogen lamp in a different amount. The
emitted energy amount can be affected by some factors such as thickness of the food
(Land, 2012). High moist foods can penetrate the radiation energy whereas solid
foods absorb the energy in a thin layer at the surface. Penetration rate depends on the
moisture content of the food (Lampinen et al., 1991). Moreover, during the drying
process moisture content decreases which changes the radiation features of the food.
The wavelength is also a factor for radiation penetration. As wavelength increases,
infrared radiation is focused more on the surface, and at short wavelengths it can
penetrate through the food. Therefore, for thick layer foods, far infrared radiation is
effective while for thinner foods, near infrared radiation is effective (Nowak and
Levicki, 2004).



Moreover, Datta and Ni (2002) stated that the surface temperature increases as the
infrared radiation penetration depth decreases. The increase in surface temperature
increases surface moisture loss. Thus, infrared heating can be recommended as a

drying method.

In literature, infrared was applied on food products such as potatoes (Afzal and Abe,
1998), apples (Nowak and Levicki, 2004; Togrul 2005), sweet potatoes (Sawai et al.,
2004), onions (Mongpreneet et al., 2002; Sharma et al., 2005) and kiwifruit (Fenton
and Kennedy, 1998). Dostie et al. (1989), Masamura et al. (1988), Wang and Sheng
(2004) also used infrared energy on foods. Dostie et al. (1989), found that in the
presence of infrared drying time was to 2-2.5 times less as compared to convective
drying. Masamura et al. (1988), dried potato using infrared heater and found that
when the electric power supplied to the far infrared heater increased, the rate of
drying increased. Onion slices were heated by infrared radiation and the time of
drying was found to be 2.25 times less when power increased from 300 to 500 W
(Sharma et al., 2005). It was concluded that quality of carrots dried by infrared
radiation and freeze drying were similar (Namiki et al., 1996). When apple slices
were dried by infrared radiation and convective drying, it was found that the time of
drying was decreased to 50% in the presence of infrared drying (Nowak and Levicki
2004).

1.3 Microwave- Infrared Combination Heating

Microwave-infrared combination heating combines two heating mechanisms which
are microwave heating and infrared heating. In microwave heating, the food is heated
volumetrically and moisture moves from the inside of the food to the surface and
accumulates there. However, by infrared heating, food is heated from the surface. By
combination heating, moisture accumulation on the surface of the food which is the
main disadvantage of microwave heating, can be avoided by surface moisture
removal property of infrared.

Almeida (2005), stated that in combination heating, the main temperature rise was
approximately the sum of microwave and infrared heating since these mechanisms

were independent, additive and changing only the final temperature distribution. It
4



was concluded that combination heating was considerably faster, leading to higher

variation in temperatures.

In literature, Sumnu et al. (2005) dried carrot slices by using microwave and
microwave-infrared combination oven. These drying methods were compared in
terms of colour of the carrots, drying time and rehydration capacity. It was found that
microwave-infrared combination drying reduced the drying time 98% as compared
to conventional drying, and concluded that microwave-infrared combination drying

gave a higher-quality product.

Peach was dried by Wang and Sheng (2006) by using far-infrared heating combined
with microwave heating. Khir et al (2011), dried rough rice using microwave-
infrared combination system and suggested that microwave energy could be used for
the initial stage of moisture removal since at the beginning, food had high moisture

content.

Tireki et al. (2006a) used infrared-assisted microwave drying for production of bread
crumbs and determined drying conditions in infrared-microwave oven to produce the
highest quality bread crumbs. In the study, drying time was 96.8-98.6% less than the
conventional drying and bread crumbs dried in combination oven were found to be

comparable in terms of color and water binding capacity.

Aydogdu et al. (2015) dried eggplant by using microwave infrared combination oven
and conventional hot air tray dryer. It was concluded that drying time was decreased
significantly when microwave and infrared powers increased. Moreover, eggplants
dried in combination oven had more porous structure, lower shrinkage and higher
rehydration than hot-air-dried ones. Thus, they recommended microwave infrared

combination method for drying of eggplants.

1.4 Modeling of Heat and Mass Transfer in Microwave Processing

Mathematical modeling of a system can be used to optimize the system operators to
predict the hot and cold with dry and moist points, to examine the microbial and

nutritional change and to analyze heating techniques for food quality and safety.
5



Ohlsson and Bengtsson (1971) studied modeling of infinite slabs of salted ham and
beef heated by the microwave. Temperature profiles of the model were compared
with the experimental results and they were found to be comparable. By then,
microwave heating was modeled by several researchers. Swami (1982) modeled
cylindrical and rectangular shaped high moisture gel samples. Tong (1988) and Wei
et al. (1985) modeled heat and mass transfer of bread, biscuit, muffin and sandstone
using one dimensional finite difference. Lin et al. (1995) used TWODEPEP
commercial software finite element method which had several advantages over finite
difference to demonstrate temperature distribution in agar gels. Chen et al. (1990)
added heat generation term to finite element model to analyze temperature profile of
a cylinder-shaped potato slice. Ayappa et al. (1991) used Maxwell’s equations to
describe electromagnetic field distribution. Datta (1990) stated that it would be too

difficult to model a rotating food in microwave oven mathematically.

The effect of geometric shape and applied power were systematically studied for
model foods (Chamchong and Datta, 1999a; 1999b). Ni et al. (1999) showed that the
moisture loss resulted from evaporation and related evaporation to heating
uniformity. In this study, authors concluded that when the surface area increased for
a given volume, the uniformity of heating increased but the total moisture loss

reduced. Finite element based ANSYS software was primarily used in their study.

Pitchai et al. (2012) coupled electromagnetic and heat transfer model for microwave
heating in domestic ovens. They developed a comprehensive model to solve coupled
electromagnetic and heat transfer equations using finite-difference based commercial
software QuickWave v7.5. Validation of the model for 30 s for a cylindrical model

food (1% gellan gel) in a 700W microwave oven was developed.

Zhou et al. (1995), applied three-dimensional finite element model (FEM) to predict
temperature and moisture distributions in potato during microwave heating using
commercial software (TWODEPEP, ANSYYS) and predictions were comparable with

analytical solutions.



Datta (2007b) provided porous media approaches to study simultaneous heat and
mass transfer for microwave heating of foods. Model for small and large pores and
generalization of the Darcy’s law for flow through a porous medium to Navier—
Stokes were developed. Datta (2007a) published the input parameters to the models
and demonstrated the application of the models for small pores to convective
heating, frying, baking (with and without volume change) and microwave heating.

Microwave heating composes of a complex coupling of electromagnetics and heat
and mass transfer. Some assumptions were made for modeling microwave heating
such as one directional heating and using Lambert’s Law (Von Hippel, 1954; Wei et
al., 1985, Mudgett, 1986) instead of Maxwell’s equation (Ayappa et al., 1991).
Lambert Law gives the power by exponential decay of the energy from the surface to
the inner parts of the food (Zhou et al., 1995; Chen et al., 1993; Chamchong and
Datta, 1999a, 1999b; Khraisheh et al., 1997; Campanone and Zaritzky, 2005).
Ayappa et al. (1991) stated that the exponentially decaying energy assumption for
power estimation was only valid for semi-infinite slabs. Critical thickness of the slab
above which the Lambert approximation is valid was 2.7 times the penetration depth.
However, Lin et al. (1995) obtained the exact form of microwave power term both in
cylindrical and rectangular coordinates by the shell balance method. Zhou et al.
(1995) concluded that the Lambert’s law can be correctly used for cylindrical
domain by rewriting the power term by taking the decreasing control volume into

account. Power in this case was concentrated along the central axis.

It has been concluded that Lambert’s law gives comparable results with the
experimental methods numerically (Liu et al., 2005). However, it is not a good way
of representing exact microwave power distribution. According to Datta and
Anantheswaran (2001), Lambert’s Law does not show the exact electromagnetic
field. In literature, the Maxwell’s and Lambert’s Law were compared by several
studies to predict temperature of model food in microwave heating (Yang and
Gunasekaran, 2004, Liu et al., 2005). Yang and Gunasekaran (2004) stated that using
Maxwell’s equations was more accurate than Lambert’s Law to predict

electromagnetic distribution.



1.5 Modeling of Heat and Mass Transfer in Infrared Processing

There is limited literature about the mathematical modeling of heat and mass transfer
of infrared heating of foods. The clutter of optical characteristics of food,
combination of conduction and convection for transport properties and less radiative

energy sources make the research on modeling of heat and mass transfer necessary.

Ratti and Mujumdar (2007) expressed the distribution of infrared radiation which
may be absorbed and converted to energy, or reflected from the surface or

transmitted by the equation:
pra+t=1 (1.1)

where, p is the reflectivity, a is the absorptivity and t is the transmissivity. If a body
absorbs the entire radiation energy, it is called “black body” (o =1). For black bodies,
the emissive power distribution in transparent medium with index n can be expressed

with Planck’s law of radiation shown (Jun et al., 2011):

27hc,’
B, (T, 2) = N2 [ehcoln/‘tkT _1] (1.2)

Where E is emissive power (W/m?) , n is the refractive index of medium, k is known
as Boltzmann’s constant (1.3806x10-23 J/K), A is the wavelength (um), h is Planck’s
constant (6.626x107* J.s), T is the source temperature (K) and ¢, is the speed of light
(km/s).

Models representing the heat and mass transfer phenomenon of infrared drying are
generally empirical; namely exponential model, Page model, diffusion model of
spherical grain shape and approximation of the diffusion models were applied (Abe
and Afzal, 1997, Das et al., 2004, Togrul, 2005).

There are a few studies in which mathematical heat and mass transfer equations were

considered. Afzal and Abe (1998) explored how the heat transfer inside food systems
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under far infrared radiation changed with diffusion characteristics and thickness of
slab. It was found that the internal moisture moved through the surface of the food
by the radiation energy and its activation energy was inversely proportional to

thickness of slab.

Shilton et al. (2002), studied heat and mass transfer of beef patties during far infrared
heating numerically. The finite difference model of an infinite slab was calculated
during heating by a far-infrared radiation gas catalytic plaque heater whose radiation
temperature was 767 K. In this study, it was concluded that for different fat contents
in beef patties, the prediction of the model for the diffusion coefficient based on
temperature and moisture content, reached a good agreement with the experimental
data.

A three dimensional model to describe potatoes in Cartesian coordinates were used
to couple heat, moisture transfer, and pressure equations by using a control volume
formulation (Ranjan et al., 2002). Radiative source term was added to the model as
an exponentially decreasing energy during infrared heating. Authors indicated that
the 3-way coupled model results were better than the 2-way coupled ones in
predicting temperature and moisture contents. In the study, model data gave good

estimations for the experimental ones.

Sakai and Hanzawa (1994) found that infrared energy absorbed mostly by the
surface of the food since water on the surface of the food was predominant energy
absorber. Energy on the surface could then be transferred by heat conduction in the
food. Authors obtained heat transfer equation with boundary conditions based on this
assumption and solved them by using Galerkin’s finite element method and the
measured temperature distribution in samples was in good agreement with model

predictions.

1.6 Modeling of Heat and Mass Transfer in Microwave-Infrared Combination
Processing

The individual heat and mass transfer models of microwave and infrared have made

it easy to model combination heating. Since food is a matrix of different components
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such as carbohydrates, water, fat, etc, generally food like gels were used for
modeling purposes. Heat transfer within silicon wafers exposed to microwave co-
heating was modeled by Mehinger et al. (2000). Microwave radiation was emitted
from a cylindrical TE 02 mode gyrotron operated in pulse providing wave radiation

at 28 GHz in six steps.

The combination of microwave and convective drying of a hygroscopic porous
material, pine wood, were numerically investigated (Turner et al. 1998). Drying

equations derived for porous media were solved by using special code.

Salagnac et al. (2004) studied numerical modeling of the hygrothermal behaviour of
a rectangular-shaped porous material, cellular concrete, during hot air-microwave
and infrared drying. Temperature, moisture content and pressure profiles were
obtained by one dimensional physical model in which energy inputs emitted by the
electromagnetic radiation calculated by the Lambert law. Comparison of

experimental and calculated results showed that the model suits well.

Infrared and hot air assisted microwave heating was modeled by Datta and Ni
(2002). Microwave power flux was assumed to decay exponentially with penetration
depth. It was concluded that temperature of the surface was increased leading to

removal of surface moisture by the help of infrared energy.

Almeida (2005) modeled infrared and microwave-infrared combination heating of
potato in an oven quantitatively. A three dimensional model was obtained by using
Maxwell equations. Measurement of optical properties, infrared and combined

microwave-infrared heat transfer analysis were done.

1.7 Aim of Study

Microwave heating can be a good alternative to conventional heating. It reduces the
process time significantly. However, surface sogginess and uneven heating are some
problems observed in microwave heating. These problems can be prevented by
moisture removal ability of infrared in microwave infrared combination oven. By

microwave infrared combination heating, heating time is significantly reduced and
10



food having comparable quality with conventionally heated ones can be obtained.
There is no information in literature about heating of zucchini by using this method.

Modeling heat and mass transfer in foods is a challenging topic among food
scientists but generally model food systems are used in literature. Moreover,
modeling of heat and mass transfer of foods in microwave-infrared combination
oven has not been clearly stated and understood. Thus, the main objective of this
study is to develop a finite element model to predict the variation of temperature and
moisture in zucchini during microwave-infrared heating. Instead of using a model
system, a real food, zucchini was chosen for modeling. Electric field distribution in
the oven, temperature distribution and moisture content of zucchini were estimated
by describing microwave power term by Maxwell Equations. Lambert Law, a
simpler version to predict microwave heating, was used to give approximation of
temperature distribution and moisture content of zucchini. Empirical models for
parameters obtained in this study were developed for different microwave and
infrared powers. Effect of microwave and infrared power on temperature distribution
and moisture content of zucchini were analyzed in this study. Furthermore, the
variation of temperature and moisture content with respect to position in the zucchini
sample was analyzed. Predicted models were fitted to the experimental data.
Moreover, the differences in determination of microwave power by Maxwell

Equations and Lambert Law were examined.
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CHAPTER 2

MODEL DEVELOPMENT

The principles of modeling process are first defining mathematical formulation of the

physical system and then solving the system equations by a numerical method.

2.1 Mathematical Formulation of Microwave Heating

Because of non-linear coupled heat and mass transfer equations, the modeling of
microwave heating is challenging. Microwave heating leads to volumetric heating of
food which results in moisture being pumped out from the inner part of the food to
the surface. On the external surface of the food, the evaporation process takes place.
In the present work, some assumptions were made to describe combined microwave
fields with infrared in cylindrical non-homogeneous food for models based on
Lambert and Maxwell Equations.

For both modeling based on Lambert and Maxwell Equations,

e Dielectric properties were taken as constants, since it was assumed that they
would not change significantly with respect to temperature and moisture
content within the heating period.

e At the surface of the food, it was assumed that both heat and moisture were
lost through convection and evaporation. Radiation was not considered since
the temperature of the air inside the microwave-infrared combination oven
did not change significantly.

e Surface temperature of the halogen lamp was assumed to be 750K, 800K and
850K for 10%, 40% and 70% infrared powers, respectively.

13



e Surface emissivity of zucchini was assumed to be 0.9. Hellebrand et al.
(2001) measured emissivities of some vegetables and fruits and results were
between 0.9-0.97.

For modeling based on Maxwell Equations,

e Waveguide was assumed to be rectangular WR-340 waveguide which worked
from 2.20 to 3.30 GHz frequency with dimensions assumed as 86.36 mm and
43.18 mm.

e Resistive metal losses were assumed to be small, and it was accounted in the
impedance boundary condition.

e Oven was cut into two symmetric parts to make the calculations easy.

Mass and heat transfer equations were express as:

% _V.(DV() 2.1)
Cpp% —V(KVT)+Qy, 2.2)

Where, ¢ is the concentration of the species (mol/m®), D denotes the diffusion
coefficient (m?/s), C, is specific heat capacity (J/kg°C), T is temperature (°C), p is
density (kg/m®), k is thermal conductivity (W/m°C), Qgen s the volumetric heat
generation term (W/m®). Mass balance equation includes the diffusion transport,

taking the interaction between water and air into account.

Initially the material was assumed to be at uniform temperature and moisture

content, thus initial conditions for Equations (2.1) and (2.2) can be expressed as

follows:
@ time t=0, T =T,(X,Y,2) (2.3)
@ time t=0, ¢ =c,(X,Y,z) (2.4)
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At the line of symmetry (closed boundary), no heat or mass exchange takes place,
thus the heat and mass flux are set equal to zero.

n-(-DVc) =0 (2.5)
n-(-kvT)=0 (2.6)

At the surface, it was assumed that both heat and moisture was lost through

convection and evaporation but no radiation took place.

n-(Dvc) =k.(c,—c) (2.7)
n-(kvT)=h, (T, -T)+n-(D,AVc) (2.8)

The vaporization of water at the zucchini’s outer boundary generates a heat flux out.
This is represented by heat flux with the term DAV ¢ in the boundary conditions for
food surface boundary (Chen et al., 1999), where D, is the diffusion coefficient for
evaporative loss (m?/s), A is the molar latent heat of vaporization (J/mol), D is the
moisture diffusion coefficient in the food (m?/s), k. refers to the mass transfer
coefficient (m/s), and c, denotes the outside air (bulk) moisture concentration
(mol/m®), hr is the heat transfer coefficient (W/(m®K)), and Tiy is the air

temperature inside the oven (K).

2.1.1 Determination of Electric Field by Maxwell Equations

For the heat transfer equation, volumetric heat generation (Qgen) term should be
calculated. From the Poynting Theorem, heat absorbed by the food per unit time due

to the microwaves can be obtained as;

Qgen (X1 Y, Z,t) = 27ngog"

E| (2.9)

Where, f is the frequency, ¢ is the dielectric constant of free space (8.854 x 10 *

F/m), &" is the dielectric loss factor, and E is the electric field (V/m).
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In this study, electric field distribution inside the oven was determined.
Electromagnetic heating of microwave was described by James Clerk Maxwell in
1873 as a set of four basic equations. Derived equations were in form of differential
and integral, the former was used to govern variations of electric and magnetic fields

in space and time.

VxE=-jouH (2.10)
V-éE=q (2.12)
V.uH =0 (2.13)

Where, E is the electric field intensity (V/m), H corresponds to the magnetic field
intensity (A/m), J is the current flux (A/m?), p is the density of charge (kg/m®), o is
the angular frequency (rad/s), o is the electric conductivity (S/m), & is the

permittivity (F/m), and W is the permeability (H/m).

Equation (2.10) is known as Faraday’s Law. The law gives the relation between time
varying electric field E and magnetic field. According to the Law, the circulation of
electric field is determined by the rate of change of magnetic flux through the

surface.

Equation (2.11) is known as Ampere’s Law, which relates the magnetic field
strength H to the total current density J. Both displacement and conduction currents
are expressed by J. The circulation of magnetic field strength around a closed system
is equal to the net current passing through the surface. Current is surrounded by a
magnetic field.

Electric and magnetic fields are completely specified by Gauss’s Laws (Equation
2.12), which requires net electric flux equal to the charges contained within the
region meaning that net electric flux out of a region is related to the charge contained
within it. Equation (2.13) is Gauss‘s magnetic law, which requires that net magnetic

flux out of a region must be zero (Krishnamoorthy, 2011).
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When electromagnetics were delivered through a rectangular waveguide with TE;
wave propagation mode, the electric field was obtained by Equation (2.14)
(Malafronte et al., 2012);

Vxu(VxE)—k2(e _do E=0

:ur ( ) O( r 0)80) (214)
Where, E is electric field (V/m), W is sample relative permeability (1), eo is
permittivity of vacuum (F/m), e, is sample relative permittivity (1), ¢ is sample

electric conductivity (S/m) and o is angular frequency (rad/s).

In order to solve these equations, initial and boundary conditions were needed. The
walls of the oven cavity were assumed as perfect conductors which implied that the
tangential electric field component was zero in the equation.

nxE =0 (2.15)

Microwave oven was cut into two symmetric parts so that magnetic field component

at this line was zero.
nxH =0 (2.16)

Where, n represents the unit normal vector to the interface, H represents the

magnetic field intensity (A/m).

The rectangular waveguide was excited by a transverse electric (TE) wave. TE wave
has no electric field component in the direction of propagation. TEL0 mode is the
only propagation mode for the frequencies between 1.92 GHz and 3.84 GHz. Since
frequency of the microwave oven was 2.45 GHz, TE10 propagation mode was

selected.

The propagation constant § was determined from the relation:
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(2.17)

Where, c is speed of light, v. is the cut-off frequency (The waveguide does not
operate below the cut-off frequency) and can be calculated for each of the

propagation mode as:
c [,m n
(Vc)mn = E (g)2 + (B)Z (218)

For TEL10 mode propagation, m=1 and n=0, and a and b are the dimensions of

rectangular waveguide (Singh and Verma., 2009).
In X, y and z direction, initially, the electric field in the oven was zero.
@ t=0, Ex=E,=E,=0 (2.19)

The electromagnetic field was excited by the port in z direction with Equation (2.20)
(Curetetal., 2014)

Ein(z) = E, cos(%) (2:20)

2.1.2 Determination of Microwave Power by Lambert Law

In a dielectric material, absorbed microwave power can be calculated by Lambert’s
Law which is a more simplified approach than Maxwell Equations in which electric
field determination is required. Heat generation is calculated from the penetration

depth of the microwaves inside a food material.
P =Pe”™ (2.21)

Where x is the direction of microwave penetration from the surface (m), a is the
attenuation constant (m™) and Py is the incident power at the surface (W).
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x2e | 1+ (57 -1
&

= 2.22
a Pl (2.22)

where 4, is the wavelength in free space, 12.24 cm at 2.45 GHz

Moreover, Datta and Ni (1999), formulated microwave and infrared heating energy

flux as exponentially decaying. It leads to the source terms being formulated as:

dr

. F_ 0 (*I(S 1 ))
. r) = __Mero.d o o%micro (F 2.23
qmlcro( ) 5micr0 (r) ( )

; Fot o .5 r( ))
. r)= —a’e infra (7 2.24
qlnf ra( ) 5mf ra(r) ( )

Here r is the radial distance from the surface (m), Fmicroo and Finsrao are the
microwave and infrared fluxes at the surface (W/m?), respectively. Smicro, Sinfra are the

microwave and infrared penetration depths (m), respectively.

Ayappa et al. (1991) stated that the exponentially decaying energy assumption for
power estimation was only valid for semi-infinite slabs. Lamberts Law stated that
microwave penetration was one dimensional, the energy was normal to the surface
and dissipation of the energy was exponential. However, Lin et al. (1995) obtained
the exact form of microwave power source term in cylindrical and rectangular
coordinates by the shell balance method. Zhou et al. (1995) also used the exact form
of microwave power derived by Lin et al. (1995) and concluded that the Lambert’s
Law could be correctly used for cylindrical domain by rewriting the power term by

taking into account the decreasing control volume.

Lin et al. (1995) obtained the exact form of Lambert Law, accordingly;
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The incident surface power per unit area was assumed to be uniform and normal to

the surface as seen in Equation (2.25)

P =P, /(22R(L+R)) (2.25)

Where Po is surface power (W), R is the radius of the food (m), L is length (m). In
the radial direction the total power incident is:

P, = 27RLP, (2.26)

When PR, in equation (2.25) is replaced by P;and both sides are divided by 2zRL,

power per unit area dissipated from the radial direction to the surface of cylinder

becomes:
o _ P _ 27RLP. g2a(R-1) _ P..(Bjeza(Rr) (2.27)
" 27RL 2arL ‘\r

In the axial direction the total power incident at the end of a cylinder is
P, =P (2.28)
Therefore, the surface power per unit area dissipating in the axial direction is:

" 2D "a—2a(L/2-2) .
P = ﬂl;zz -= Pcsz =P e t1# (2.29)

By doing a shell balance on a cylinder, the power absorbed per unit volume by a

shell in the radial direction at a distance r is:

r

Ar 27arArAz

AP’ P'rar(27(r + Ar)Az) - P, (22rAz) (2.30)
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For the axial direction again by doing shell balance the power absorbed is:

AP, P'in(2arAr) —P, (27rAr)

Z

Az 2arArAz

(2.31)

By adding equations (2.30) and (2.31) the total power absorbed by the shell can be
calculated. The total power absorbed by an infinitesimal volume within a cylinder at
any r and z location can be expressed by taking limits, as Arand Az approach zero,
as:

0P, _ P, (TR , 0P,

—Zr _ (2.32)
ov oV ror 0z

c

Equations (2.33) and (2.34) are obtained upon differentiating equations (2.27) and
(2.29):

aPr" — B RR; e—2a(R—r) + zaRR; e—Za(R—r) (233)
2

or r r

* _ 20P, e (-7 (2.34)

0z

When Equations (2.33) and (2.34) are substituted into Equation (2.32), power
absorbed per unit volume in a cylinder can be obtained as:

- _OR  OP P OP P, 235)
ror 0z r or 0z

2aRP,
=——>=e¢

—2a(R-r) + Zapc"efhl(L/Z—Z)
r

Equation (2.35) gives the power function for microwaves from only one direction
into the food sample. When the incident microwaves from the opposite direction are

added, the absorbed power density equation for cylinders becomes:
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d(r,z) =20[R%P°[e

—2a(R—r)+e2a(R+r)]+ Zap"[e—Za(L/Z—z)+e2a(L/2+z)]n (2.36)
Equation (2.36) was used in this study to predict microwave power density by

Lambert Law.

2.2 Mathematical Formulation of Infrared Heating

The infrared heating energy of a food material can be calculated from the Stefan—
Boltzmann Law. According to the law, the total energy of a black body radiated per
unit surface area across all wavelengths per unit time is in directly proportional with

the fourth power of the black body's temperature T.
Q=¢ o (T-TY) (2.37)

Where, ¢ is the surface emissivity, o is the constant of proportionality called Stefan-
Boltzmann constant (=5.670373*10°® W/(m*K?)) and Ts is the halogen lamp surface
temperature (K) and T is the food temperature (K).

2.3 Numerical Solution

In order to understand and predict the future of the system, differential equations
under various conditions such as boundary or initial conditions should be solved. It
is generally difficult to obtain the exact solution of the differential equations. To
solve these equations numerical methods are usually used. Finite difference method
and finite element method are the two common methods. In order to select the best
suitable method to solve electromagnetic, heat and mass transfer equations, the

differences between these two methods should be analyzed.

1. Finite element method can be applied to complicated geometries or
boundaries, whereas finite difference method is suitable for rectangular
geometries.

2. Solving finite difference method is easier than finite element method.

3. The accuracy of finite element results is higher than the finite difference

method, since it gives better approximation between grid points.
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Because of these advantages, electric field (Equation 2.9), temperature (Equation
2.2) and concentration profiles (Equation 2.1), with their boundary conditions were
calculated simultaneously using Finite Element Method by the help of a finite

element software Comsol Multiphysics version 4.3 (Comsol Inc., Burlington, MA,

USA).
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CHAPTER 3

MATERIALS AND METHODS

In order to solve the mathematical models some input parameters are necessary.
Some of these parameters were obtained experimentally, some of them were
obtained from the literature and some of them were obtained in this study to fit the

experimental data with the model.

3.1 Sample Preparation and Microwave Infrared Combination Heating

Zucchini samples were cut into cylindrical shape with a height of 301 mm and a
diameter of 321 mm by using mold. Initial temperature of the sample was kept

constant at room temperature (20°C).

Microwave—infrared combination oven (Advantium Oven™, General Electric
Company, Louisville, KY, USA) shown in Figure 3.1 was used in the study. It
provides both microwave and infrared heating. The cavity size of advantium oven
was 21 cm in height, 48 cm in length, and 33 cm in width. There are three halogen
lamps each having a maximum power of 1500 W. Two of them were located at the
top of the oven and one was located under the rotary porcelain table. Temperature
and moisture content of zucchini during heating in microwave infrared oven were
recorded for different infrared and microwave powers. Microwave and halogen lamp
powers could be adjusted from the dials on the front cover of the oven from 10 to
100% which determines the on-off cycle time of the heat source. For the simplicity,
only two upper halogen lamps were activated with powers of 10, 40 and 70% and
plate was not rotated. Since microwave heating dominates the heating process, 10, 30
and 50% of microwave power levels were selected. Full factorial combination of the
powers were studied for modeling by Lambert Law and 10% microwave power and
25



10, 40 and 70% infrared power were studied for modeling by Maxwell Equations.
600 and 100 seconds of heating process were taken into account for models with

Lambert Law and Maxwell Equations, respectively.

‘ ‘ & -
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Figure 3.1 Schematic diagram of microwave—infrared combination oven.

In order to predict the actual microwave power in the oven, the maximum power of
microwave was determined by IMPI 2-liter test. Two 1 L beakers were used and
1000+5g of water was added in each beaker. The oven was operated at the highest
power. Initial water temperature was 20£2 °C. The beakers were placed at the center
of the oven side by side in the oven cavity. The oven was operated for 122 s. When
the oven was turned off, final water temperature was measured immediately. After

three replications, the power was calculated by using Equation (3.1);

ar
PW)=mC, =~ (3.1)

where m is the mass of water (kg), C,, is specific heat capacity (J/kg °C) and T is
temperature (°C) and t is time (s) (Buffler, 1993). Maximum microwave power was
determined as 618 W.

3.2 Measurement of Temperature

Temperatures were measured with fiber optic temperature probes (FOTL/ 2M, FISO,

Canada) at different points of the zucchini. Temperature probes were placed in the
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zucchini at three places: center (r=0.0), 10.5 mm left side of the center (r=10.5 mm)
and 6.1 mm right side of the center (r=6.1 mm) on the same cross section as shown
in Figure 3.2. In Figure 3.3 sensitive zone of the temperature probe was
demonstrated. Table 3.1 shows the position of the probes which were determined
considering the sensitive zone of the temperature probe. Probes positioned at the left
side and the center were placed such that the midpoint temperature of the sample on
the vertical axis could be measured. Probe at the right side was placed near the
surface to measure surface temperature. After each run, the position of the probes
were checked and the ones standing still were considered. Three replications were
recorded. Temperatures were recorded in every 0.6 s using a data logger (Agilent
34970A) during the heating process.

Figure 3.2 Position of temperature probes in the zuchhini
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Figure 3.3 Sensitive zone of the temperature probe

Table 3.1 Positions of temperature probes

r (mm) z (mm)
Left probe 10.5 11-18
Center probe 0 11-18
Right probe 6.1 25-30

3.3 Measurement of Moisture Content

For moisture content determination, whole zucchini samples were dried in an
electrical oven at 105 °C up to the establishment of constant weight (AOAC, 1984).
Calculation was done by using weight of the zucchini before it was placed into the
oven and weight of the dried zucchini immediately after it was removed from the
oven. Moisture content was calculated on wet basis and expressed as percentage (kg
water/kg zucchini). Two replications were done. Time of heating was selected as 0,
2,4,6,8and 10 min.

3.4 Measurement of Density

The volume of the zucchini (V) with a known mass (m) was calculated by the rape
seed displacement method (Sahin and Sumnu, 2006) to calculate the density of

zucchini.
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3.5 Thermal Conductivity

For the thermal conductivity of zucchini, the equation obtained by Ali et al. (2002)

was used:;

K(T,M)=-30.87x107%+35.3x10T +17.14x10°M

(3.2)
+58.09x10°T2 ~10.12x10°M?

where, k is thermal conductivity (W/m°C) and T is temperature (°C) and M is

moisture content (%wb).

3.6 Specific Heat Capacity

For the specific heat capacity of zucchini , the equation obtained by Ali et al. (2002)
was used;

Cp(T)=4240 —10xT +7x107°T? (3.3)

where, C, is specific heat capacity (J/kg°C) and T is temperature (°C).

3.7 Dielectric Properties

Barba et al. (2012) determined the dielectric constant and the dielectric loss factor of
zucchini at 2.45 GHz and 22°C as 63.98 and 15.02, respectively. The dielectric
properties were taken as constant. According to some studies (Funebo and Ohlsson,
1999; Sipahioglu and Barringer, 2003) the dielectric properties of cucumber, which
resembles zucchini, changed with temperature and moisture content slightly.
Almeida (2005) also assumed dielectric properties of potato during modeling of
microwave-infrared combination heating as constant since they did not change with

temperature, significantly.

For determination of microwave power by using Maxwell Equations dielectric

properties of zucchini were considered in complex form as 63.98 —15.02 j .

3.8 Heat Transfer Coefficient

Heat transfer coefficient for this study was selected as 30 W/m?K since Terres et al.
(2014) showed that the heat transfer coefficient of zucchini was between 30-40
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W/m?K during cooking. Moreover, according to Haldera and Datta (2012) and
Hallstrom (1979) the heat transfer coefficients measured in baking ovens were in the
range of 10-80 (W/m?K).

3.9 Modeling and Data Analysis

Study was divided into two parts in which microwave power was determined by
using Maxwell Equations and Lambert Law. For both studies finite element
modeling was applied and Comsol Multiphysics commercial software version 4.3
(Comsol Inc., Burlington, MA, USA) was used. Moreover, Root Mean Square Error
(RMSE) and Standart Deviations were calculated by Microsoft Excel software
package (Microsoft Corporation, USA) to carry out the statistical comparison of the
experimental data with the model. Empirical models for parameters were obtained by
using SigmaPlot 12.0 Programme (London, UK).

3.10 Modeling by Lambert Law

Since determination of microwave power by Lambert Law was based on the
penetration depth of the food, entire oven was not modeled. The focus was just on
the food.

Temperature and moisture content of zucchini were determined by using Lambert
Law for microwave power determination with 2D axisymmetric drawing of the
zucchini. When the solution was turned 360 degrees, cylindrical moisture and

temperature distribution was obtained.

For Lambert assumption, the heat transfer interface and transport of diluted species
interface were used. According to Comsol user guide, the heat transfer interface has
the equations, boundary conditions, and sources for modeling conductive and
convective heat transfer, and for solving the temperature. The dependent variable for
the heat transfer interface is temperature T. For mass transfer of zucchini heated in
microwave infrared combination oven, transport of diluted species interface was
selected since it has the equations, boundary conditions, and rate expression terms

for modeling mass transport of diluted species in solids and for solving for the
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species concentrations. According to Comsol user guide, the settings for this physics
interface can be chosen so as to simulate chemical species transport through
diffusion (Fick’s law) and convection. The dependent variable was the molar

concentration, c.

The time dependent solver and the direct PARDISO solver were employed. With the
direct solver the calculations took three minutes to reach to the final time of the
process. For Lambert assumption since only food was modeled it was simple enough
to solve 600 seconds of heating time. It took three minutes to solve for both T and ¢
with Intel Core™ 2.40GHz, 16 GB computer. The microwave heating on off cycle

was also considered according to the power level selected as 10, 30 and 50%.

3.10.1 Parameters Used for Modeling by Lambert Law

Parameters used to solve the equations are shown in Table 3.2.

Table 3.2 Parameters used for the simulation done by Lambert Law

Description Expression
Air temperature of the oven 293.15[K]
Initial temperature of zucchini 293.15[K]
Density of zucchini 922[kg/m?]
Initial moisture concentration of

zucchini 95.85 [%)]
Humidity of air (Chen et al., 1999) 2 [%]

Molar latent heat of vaporization 2.3x10° [J/kg]
Heat transfer coefficient 30[W/(m*K)]
Molecular weight of water 18[g/mol]
Radius of zucchini 16[mm]
Height of zucchini 30[mm]
Penetration depth 0.01[m]

On-off time for 10% microwave power
On-off time for 30% microwave power
On-off time for 50% microwave power

3son 37soff
14 s on 22 s off
16 s on 22 s off

Zucchini was modeled as a 2D axisymmetric rectangular whose radius was 16 mm

with length of 30 mm (Figure 3.4). When the rectangular segment was turned 360

degrees 3D cylinder was obtained.
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On off time for different microwave powers (10, 30 and 50%) were added to the

model as a piecewise analytic equation.

To fit the experimental data with the model, diffusion coefficient for evaporative loss
(D), moisture diffusion coefficient in the food (D), mass transfer coefficient (k)
and incident surface power (Py) were determined in this study for different

microwave (10, 30 and 50%) and infrared power (10, 40 and 70%) combinations.
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Figure 3.4 Sketch of 2D axisymmetric rectangular model of zucchini

3.10.2 Mesh Properties for Modeling by Lambert Law

As can be seen from Figure 3.5, only zucchini was meshed. Minimum element
quality, average element quality, the number of triangular elements, edge elements,
vertex elements, maximum and minimum element size, resolution of curvature and
maximum element growth rate were tabulated at Table 3.3 and 3.4. Mesh

convergence test was done to define optimum mesh size.
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Figure 3.5 Meshed 2D axisymmetric rectangular model of zucchini

Table 3.3 Mesh properties

Property Value
Minimum element quality 0.7679
Average element quality  0.9801
Triangular elements 494
Edge elements 58
Vertex elements 4

Table 3.4 Mesh size

Name

Value

Maximum element size
Minimum element size
Resolution of curvature
Maximum element growth rate
Predefined size

0.00159
910°
0.30000
1.30000
Fine
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3.10.3 Infrared Boundary Condition for Modeling by Lambert Law

The infrared heating of the surface of the food was considered in the model as
surface to ambient radiation boundary condition using the Equation (2.37). Surface
temperature of the halogen lamp was assumed to be 750K, 800K and 850K for 10%,
40% and 70% infrared powers, respectively. Surface emissivity of zucchini was

assumed to be 0.9.

3.10.4 Heat Flux Boundary Condition for Modeling by Lambert Law

Convective heat loss and evaporative heat losses were modeled using heat flux
boundary condition at the surface of the food in both radial and axial directions
separately, using the Equation (2.8).

3.10.5 Mass transfer model setup for Modeling by Maxwell Equations

Program’s transport of diluted species module was used in order to solve the mass
transfer equation which was shown in Equation (2.1). Initial condition (Equation
2.4), the symmetry boundary condition (Equation 2.5), convective mass transfer loss

(Equation 2.7) were added into the transport of diluted species module.

3.11 Modeling by Maxwell Equations

In order to determine the electric field distribution from the rectangular waveguide,
Maxwell Equations were solved for the entire oven. Oven was cut in to two and
symmetry condition was considered in order to simplify and decrease the time of the
solution. Oven was assumed to have a rectangular waveguide and drawn as a

rectangular box together and zucchini was placed at the center on the porcelain plate.

For electromagnetic heating, microwave heating interface of radio frequency module
was selected. According to Comsol user guide, the microwave heating interface
combines the features of an electromagnetic waves interface with those of the heat
transfer interface and shares most of its settings with electromagnetic waves,
frequency domain interface, the heat transfer interface and the joule heating

interface. Dependent variables of microwave heating interface are electric field (E),
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surface radiosity (J) and temperature (T). The electromagnetic losses from the

electromagnetic waves were used as a heat source.

For mass transfer of zucchini heated in microwave infrared combination oven,
transport of diluted species interface was selected since it has the equations,
boundary conditions, and rate expression terms for modeling mass transport of
diluted species in solids, solving for the species concentrations. According to Comsol
user guide, the settings for this physics interface can be chosen so as to simulate
chemical species transport through diffusion (Fick’s law), convection. The dependent

variable of transport of diluted species interface is the molar concentration, c.

In microwave heating and transport of diluted species interfaces appropriate initial

and boundary conditions and rate expression terms were added.

Maxwell’s equations for electromagnetics were solved using time dependent solver,
the biconjugate gradient stabilized method (BiCGStab) and a developed minimum
residual solver with geometric multi grid preconditioner (GMREYS) iterative solvers.
The transport of diluted species used PARDISO direct solver. Solving equations with
boundary conditions to determine electric field, temperature and moisture content
distributions took 15 hours to reach the final time of the process with Intel Core™
2.40GHz, 16 GB computer. Strict time stepping was selected to catch the on off
cycling conditions properly. For simplicity, in Maxwell modeling 100 seconds of
heating time was considered since it took 144 hours for 600 seconds solution. The
microwave and infrared heating on off cycle was considered according to the power
level selected as 10, 30 and 50%.

3.11.1 Parameters Used for Modeling by Maxwell Equations

Parameters used to solve the equations are shown in Table 3.5.
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Table 3.5 Parameters used for the simulation done by Maxwell Equations

Description Expression
Width of the oven 470[mm]
Depth of the oven 356[mm]
Height of the oven 215[mm)]
Width of the waveguide (86.36/2)[mm]
Depth of the waveguide 70[mm]
Height of the waveguide 43.13[mm]
Radius of the glass plate 150[mm]
Height of the glass plate 20[mm]

Base of the glass plate 15[mm]
Radius of the zucchini 16[mm]
Height of the zucchini 30[mm]

Initial temperature of the zucchini 20[°C]

Molar weight of water 18[g/mol]
Initial concentration of the zucchini 95.85 [%]
Density of the zucchini 922[kg/m?]
The molar latent heat of vaporization 2.3x10° [J/kg]
Heat transfer coefficient 30[W/(m*K)]
Air temperature in the oven 20[°C]
Humidity of air (Chen et al., 1999) 2 [%]

On-off time for 10% microwave power 7 s on 38 s off
Port input power when 10%

microwave power selected

(618x0.10=61.8) 61.8 [W]

The oven was drawn as a rectangular box together with rectangular waveguide and at

the center zucchini was placed on the porcelain plate as shown in Figure 3.6.

Both microwave and infrared heating system in the oven works with cycles on and
off. Since 100 seconds of heating was modeled both microwave and infrared cycling
was considered. On off time was added to the model as a piecewise analytic

equation.
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Figure 3.6 Sketch used for modeling of the entire oven together with rectangular

waveguide and zucchini

3.11.2 Explicit Selections for Modeling by Maxwell Equations

Cylindrical object at the center of the oven was named as zucchini (Figure 3.7).

Figure 3.7 Sketch used for modeling of the zucchini

Plate inside the oven was named as porcelain plate. The material inside the oven and
rectangular waveguide was chosen as air, and they are selected as no heat transfer
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medium. Right side of the rectangular waveguide was selected as port boundary.
Oven and rectangular waveguide’s walls was made up of stainless steel thus they are
named as metal boundaries.

3.11.3 Material Properties for Modeling by Maxwell Equations

Properties of air, porcelain and structural steel were taken from the library of the

program and represented in Table 3.6.

Table 3.6 Properties of air, silicon carbide (porcelain) and structural steel

Air Silicon carbide Structural steel
(porcelain)
Relative permeability 1 1 1
Relative permittivity 1 10 1
Electrical 0 10° 4.02 x10°

conductivity [S/m]

3.11.4 Mesh Properties for Modeling by Maxwell Equations

Entire oven was meshed and especially zucchini’s mesh was selected to be finer than
the rest of the system as can be seen from Figure 3.8. Minimum element quality,
average element quality, the number of tetrahedral elements, triangular elements,
edge elements and vertex elements together with mesh size such as: maximum and
minimum element size, resolution of curvature and maximum element growth rate
were tabulated at Table 3.7 and 3.8. Mesh convergence test was done to define

optimum mesh size.
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Table 3.7 Mesh properties

Property Value

Minimum element quality  0.1317
Average element quality 0.7022

Tetrahedral elements 4429
Triangular elements 1200
Edge elements 186
Vertex elements 28

Table 3.8 Mesh size

Name Value

Maximum element size 0.05130
Minimum element size 0.00924
Resolution of curvature 0.60000
Resolution of narrow regions 0.50000

Maximum element growth rate 1.50000

Figure 3.8 Sketch of meshed oven

39



3.11.5 Microwave Heating Model Setup for Modeling by Maxwell Equations

Microwaves were considered to dissipate through the oven from the right end of the
rectangular waveguide (Figure 3.9) with TE10 mode propagation. Initially, the
electric field in the oven in X,y,z direction was zero as shown in Equation (2.19).
Excitation of electric field in the z direction was entered the program by using

Equation (2.20). Propagation constant was calculated from Equation (2.17).

Figure 3.9 Sketch of port boundary

Comsol Multiphysics software gave rise to select the metal boundaries, walls of the
oven and the rectangular waveguide shown by Figure 3.10 as the impedance
boundary condition. According to software manual, impedance boundary condition
was used where the electric field was known to penetrate only a short distance
outside the boundary and the penetration was approximated in order to avoid
addition of another domain to the model. Thus, this boundary was used on exterior
boundaries representing the surface of a lossy domain even it was not included in the

model.
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Figure 3.10 Sketch of metal boundaries

Figure 3.11 shows the symmetry boundary which was assumed to be perfect

magnetic conductor.

0.0

n n

Figure 3.11 Sketch of symmetry boundary
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3.11.6 Infrared Boundary Condition for Modeling by Maxwell Equations

The infrared heating of the surface of the food was considered in the model as
surface to ambient radiation boundary condition using the Equation (2.37). Surface
temperature of the halogen lamp was assumed to be 750K, 800K and 850K for 10%,
40% and 70% infrared powers, respectively. Surface emissivity of zucchini was

assumed to be 0.9.
3.11.7 Heat Flux Boundary Condition for Modeling by Maxwell Equations
Convective heat loss and evaporative heat losses were modeled using heat flux

boundary condition at the surface of the food in both radial and axial directions
separately, using the Equation (2.8).

3.11.8 Mass Transfer Model Setup for Modeling by Maxwell Equations

Program’s transport of diluted species module was used in order to solve the mass
transfer equation which was shown in Equation (2.1). Initial condition (Equation
2.4), the symmetry boundary condition (Equation 2.5), convective mass transfer loss

(Equation 2.7) were added into the transport of diluted species module.
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CHAPTER 4

RESULTS AND DISCUSSION

In the first part of the study, temperature data at different positions (r=0.0, 6.1 and
10.5 mm) of the zucchini sample and moisture content of zucchini heated in
microwave infrared combination oven at different microwave power (10, 30 and
50%) and infrared powers (10, 40 and 70%) for 600 s were compared with the model
obtained based on Lambert Law. Temperature data of the model were obtained by
taking the line average of the temperature results along a line which extends from
z=11 to z=18 mm, z=11 to z=18 mm and z=25 to z=30 for the temperatures at

positions r=10.5, 0.0 and 6.1 mm, respectively.

In the second part of the study, empirical models for variation of moisture diffusion
coefficient (D), mass transfer coefficient (k) and incident surface power (Po) as a

function of microwave and infrared powers were developed.

In the third part of the study, models obtained based on Maxwell Equations were
validated with temperature data at different positions (r=0.0, 6.1 and 10.5 mm) of the
zucchini sample and moisture content of zucchini heated in microwave infrared
combination oven at microwave power (10%) and different infrared powers (10%,
40% and 70%) for 100 s.

In the fourth part of the study, the effects of microwave and infrared power on
temperature distribution and moisture content of zucchini were analyzed by showing
experimental and model results obtained based on Lambert Law. Furthermore, the
variation of temperature and moisture content with respect to position in the zucchini

specimen was analyzed.
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In the last part of the study, models obtained by Maxwell Equations and Lambert

Law were compared.

4.1 Experimental and Model Results Based on Lambert Law

Cylindyrical zucchini samples with a height of 30+1 mm and a diameter of 32+1 mm
were heated in microwave infrared combination oven by adjusting different
microwave (10%, 30%, 50%) and infrared (10%, 40%, 70%) powers for 600
seconds. Temperature data at different points of the zucchini (r=0.0, 6.1 and 10.5

mm) and moisture content data were used to validate mathematical models.

In order to solve heat (Equation 2.2) and mass (Equation 2.1) transfer equations by
finite element method, initial conditions (Equations 2.3 and 2.4), symmetry boundary
condition (Equations 2.5 and 2.6) and convective boundary condition (Equations 2.7
and 2.8) were used with parameters listed at Table 3.2. Power term at Equation (2.2)
was predicted by the exact form of Lambert Law derived by making shell balance
(Equation 2.36).

Different parameters (incident surface power, moisture diffusion coefficient in the
food, the diffusion coefficient for evaporative loss and mass transfer coefficient)
were determined in this study for different microwave and infrared power

combinations to fit model to the experimental data represented in Table 4.1.

Figure 4.1-4.9 show the temperature distribution at three different locations of the
zucchini (r=10.5, 0.0 and 6.1 mm) and moisture content with the model obtained by

Lambert Law for different microwave and infrared combination.

Heat and mass transfer model were coupled by the evaporative heat loss term at the
surface shown by DnAVc in Equation (2.8). It was added to the model to reflect that
the change in the concentration had an impact on the temperature decrease at the

surface.
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At first, diffusion coefficient in the food (D) and diffusion coefficient for evaporative
loss (Dn,) were assumed to be the same in this study. Tavakolipour et al. (2014),
found the effective moisture diffusion of zucchini in a fan dryer as 1.85 x 10 - 11.4
x 10°® m%s. These results were used as an initial assumption. However, no fit was
observed between measured data and the model. Thus, it was thought that D should
be lower than Dy, because of the porous structure of the food. Differences in the
diffusivities were also observed by Malafronte et. al. (2012) and Chen et. al. (1999).
Moreover, it can be seen from Table 4.1 that as microwave power increased, the
difference in the diffusivity values decreased. Internal heating of microwaves results
in generation of pressure gradient of vapor from the interior to the surface of the
product. As microwave power increases the interior pressure increases so that the
porosity of the food can no longer be a barrier to flow. Thus, under high microwave

power less differences in diffusivity values were observed.

Both microwave and infrared heating system in the oven works with cycles on and
off. Since microwave heating dominates the overall mechanism only on off cycle of
microwave heating was considered. On and off time changed with different
microwave powers. Figure 4.1-4.9 showed the stair like, pulsed temperature profile

which resulted from on off cycles.

As can be seen from Table 4.2 that temperature models were in good agreement with
the measured data with root mean square error (RMSE) ranging from 2.44 to 9.37
with an average of 5.66. RMSE for moisture content ranged from 0.16 to 5.68 with

an average of 2.52.

Chen et. al. (2014) modeled the heat and mass transport of mashed potato during
microwave heating at 6 locations of potato. Temperature data were in good
agreement with predicted results, with the root mean square error ranging from 1.6 to
11.7 °C. Pitchai (2015) developed a finite element model for microwave heat transfer
of frozen multi-component foods. Model was validated with experimental data. The
simulated temperature profile was found to be in good agreement with experimental
temperature profile with RMSE values ranging from 6.6 °C to 20.0 °C. Thus, RMSE

values of this study were in accepted range.
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Table 4.1 Parameter values obtained for models based on Lambert Law for different

microwave and infrared power operating conditions

MWP IRP Py (W) D(@m?%s) Dn(T)(m%s) ke (M/s)
(%) (%)

10 10 160000 107 (20 + 2T %% 110757 2)10° 2.2x107
10 40 160000 10 (20 + 2T % +107°T?)10°° 3x107
10 70 160000 10 (20 + 2T %% 110757 2)10°° 6x10~
30 10 300000 5x10°  (20+2T°%® +10°T?)10° 5x10°°
30 40 300000 5x10° (20 +2T%% +107°T2)10° 8x10°°
30 70 300000 7x10° = (20+2T°%® +107°T?)10°° 8x107°

50 10 300000 1x10™®  (20+200T°%"® +10°T?)x9x10° 8x10°
50 40 300000 15x10® (20+200T°*® +10°T*)=x9x10° 2x10™*
50 70 300000 1.5x10°® (20 +200T°" +10°°T?)x10°® 2x10™*

Table 4.2 Root mean square errors (RMSE) calculated by experimental data and
models obtained based on Lambert Law for temperature at different positions of

zucchini and moisture content.

MWP (%)  IRP (%) Temperature Moisture
r=10.5 r=0.0 r=6.1 Content
10 10 3.27 5.39 4.48 0.16
10 40 2.44 5.07 4.61 0.35
10 70 3.21 6.01 5.34 0.35
30 10 5.93 7.76 7.39 3.08
30 40 5.96 4.62 7.19 3.61
30 70 5.55 3.65 5.52 3.93
50 10 5.69 6.00 8.01 2.76
50 40 6.41 5.89 5.91 2.74
50 70 5.14 6.97 9.37 5.68
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100

Figure 4.1 Lambert model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 10% microwave and 10% upper infrared power.
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Figure 4.2 Lambert model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 10% microwave and 40% upper infrared power.
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Figure 4.3 Lambert model (line) and experimental (dotted line) results of
temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 10% microwave and 70% upper infrared power.
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Figure 4.4 Lambert model (line) and experimental (dotted line) results of
temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 30% microwave and 10% upper infrared power.
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Figure 4.5 Lambert model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 30% microwave and 40% upper infrared power.
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Figure 4.6 Lambert model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 30% microwave and 70% upper infrared power.
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Figure 4.7 Lambert model (line) and experimental (dotted line) results of
temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 50% microwave and 10% upper infrared power.
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Figure 4.8 Lambert model (line) and experimental (dotted line) results of
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temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 50% microwave and 40% upper infrared power.
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Figure 4.9 Lambert model (line) and experimental (dotted line) results of
temperature at (a) r=6.1 mm, (b) r=0.0 and (c) r=10.5 mm and (d) moisture content

of zucchini heated by 50% microwave and 70% upper infrared power.

4.2 Empirical Modeling of Parameters Obtained for Models Based on Lambert
Law

In this study, to fit the experimental data with the model obtained by Lambert Law,
incident surface power, moisture diffusion coefficient in the food and mass transfer
coefficient were changed with respect to microwave and infrared powers. To better
understand the Lambert models, it was necessary to study the effects of microwave

and infrared powers on these parameters. Empirical models were obtained as a
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function of microwave (%MWP) and infrared power (%IRP) by using SigmaPlot
12.0 Programme.

Since incident surface power and moisture diffusion coefficient were directly related
to microwave power, they were modelled as a function of microwave power with
high coefficient of determination (R?) values 1.00 and 0.93, respectively. However, it
was observed in this study that as both microwave and infrared power increased
mass transfer coefficient increased. Mass transfer coefficient was modelled as a
function of microwave (MWP) and infrared power (IRP) with satisfactory coefficient
of determination value, 0.99.

Table 4.3 Empirical models for parameters

Parameter Equation R2
Po (W) = 37500 +14000 * MWP —175 * (MWP)? 1.00
D (M’s)  =_2.989%10 +3.2239x 107 x (MWP) — 2.9441x 102 0.93

x (MWP)? +6.0503x10™ x (MWP)?

ke (M/s) —0.0003 x e(70.5(((MWP744.7217)/9.8363)2+((IRP755.0001)/29.5081)2)) 0.99

Where microwave and infrared powers’ unit was percent (%).

By the help of these empirical models, it would be possible to operate the oven for
different microwave and infrared power combinations and to use the models for

temperature and moisture derived from Lambert Law.

4.3 Experimental and Model Results Based on Maxwell Equations

Cylindrical zucchini samples with a height of 30+1 mm and a diameter of 32+1 mm
were heated in microwave infrared combination oven by adjusting microwave (10%)
and infrared (10%, 40%, 70%) powers for 100 s. Measured temperature at different
points of the zucchini (r=0.0, 6.1 and 10.5 mm) and interpolated moisture content

data of 600 s were used to validate mathematical models.
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In order to solve heat transfer (Equation 2.2), mass transfer (Equation 2.1), and
electromagnetic (2.14) equations by finite element method, initial conditions
(Equations 2.3, 2.4 and 2.19), symmetry boundary condition (Equations 2.5, 2.6,
2.15 and 2.16) and convective boundary condition (Equations 2.7 and 2.8) were used
with parameters listed at Table 3.5. Power term (Qgen) at Equation (2.2) was
estimated by using Equation (2.9) where electric field distribution was calculated by
Maxwell Equations (2.10, 2.11, 2.12 and 2.13).

In this study, in order to fit the model to experimental data, Dy (the diffusion
coefficient for evaporative loss), D (moisture diffusion coefficient) and k. (mass
transfer coefficient) were determined for different microwave infrared power

combinations and represented at Table 4.4.

Figure 4.10-4.12 show the experimental temperatures at three different locations of
the zucchini (r=10.5, 0.0 and 6.1 mm) and moisture content with the model obtained

by Maxwell Equations for different microwave and infrared combination.

Electromagnetics and heat transfer were coupled by the calculation of microwave
power term. Whereas heat and mass transfer model were coupled by the evaporative
heat loss term at the surface shown by DAVc in Equation (2.8). It was added to the
model to reflect that the change in the concentration had an impact on the

temperature decrease at the surface.

As was discussed in section 4.1, diffusion coefficient in the food (D) and diffusion
coefficient for evaporative loss (D) were first assumed to be the same. Since no fit
was observed, it was thought that D should be lower than D, because of the porous
structure of the food. Similar difference in the diffusivity values were observed by
Malafronte et. al. (2012) and Chen et. al. (1999).

Both microwave and infrared heating system in the oven works with cycles on and
off. Since 100 seconds of heating was modeled, both microwave and infrared cycling

was considered for more precise modeling. Thus, on off cyle time was assumed to
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be slightly different than models obtained by Lambert Law. Figure 4.10-4.12 showed

the stair like, pulsed temperature profile which resulted from on off cycles.

As can be seen from Table 4.5 that temperature models were in good agreement with

the measured data with root mean square error (RMSE) ranging from 1.97 to 5.77

with an average of 4.15. RMSE for moisture content ranged from 0.19 to 0.49 with

an average of 0.39.

Table 4.4 Parameter values obtained for models based on Maxwell Equations for

different microwave and infrared power operating conditions

MWP IRP D (m%/s) Du(T) (M°/s) k. (m/s)
(%) (%)

10 10 10 (20 + 2T +10°T%)10°° 2.2x107
10 40 10 (20 + 2T %% +10°T2)10°° 2.2x107
10 70 107 (20 + 2T %% +10°T2)10°° 2.2x107

Table 4.5 Root mean square errors (RMSE) calculated by experimental data and

models obtained based on Maxwell Equations for temperature at different positions

of zucchini and moisture content.

MWP (%) IRP (%) Temperature Moisture
r=10.5 r=0.0 r=6.1 Content

10 10 2.96 3.95 4.38 0.19

10 40 1.97 4.59 5.77 0.48

10 70 2.85 5.40 5.51 0.49
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Figure 4.10 Maxwell model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 10% microwave and 10% upper infrared power.
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Figure 4.11 Maxwell model (line) and experimental (dotted line) results of
temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content
of zucchini heated by 10% microwave and 40% upper infrared power.
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Figure 4.12 Maxwell model (line) and experimental (dotted line) results of

temperature at (a) r=10.5 mm, (b) r=0.0 and (c) r=6.1 mm and (d) moisture content

of zucchini heated by 10% microwave and 70% upper infrared power.
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Figure 4.13 Electric field (V/m) at z=0.08 cm and the surface temperature of the

zucchini of the zucchini at t=100 s

Electric field profile was obtained by using the Maxwell Equations with the initial
and boundary conditions. Electric field at z=0.08 cm and the surface temperature of
the zucchini were shown in Figure 4.13. It can be seen that the electric field inside
the oven has some ups and downs, which is practically reasonable since microwave

generates heat by the oscillatory movement of ions.

4.4 Effect of Microwave and Infrared Powers on Temperature Distribution and
Moisture content of Zucchini

The effects of microwave and infrared power on temperature distribution and
moisture content of zucchini were analyzed by showing experimental and model
results obtained based on Lambert Law. Furthermore, the variation of temperature
with respect to position (r=0.0, 6.1 and 10.5 mm) in the zucchini specimen was

analyzed.
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4.4.1 Effect of Microwave Power on Temperature and Moisture content of
Zucchini

Figure 4.14 showed that at constant infrared power (10%) when the microwave
power increased from 10% to 50%, temperature at the center of the zucchini
increased rapidly. In 15 s of heating period, center temperature increased up to 98 °C
for 50% microwave power while it was around to 38 °C for 10% microwave power.
This can be mainly due to the difference in heating cycle times. For 10% microwave
power, heating was on for 3 s and off for 37 s whereas for 50% microwave power it
was 16 s on and 22 s off. Thus, for nearly 40 s period of heating by 10% microwave
power, magnetron emitted energy for 3 s and by 50% microwave power it gave
energy for 16 seconds. More heat was generated inside the zucchini, leading to the
sudden increase in internal temperature. Similarly, Figure 4.15 showed that when
microwave power level increased from 10% to 50% at 70% infrared power,
temperature at r=0.0 (center) increased rapidly. The same trend was observed for
temperatures at other positions (r=10.5 and r=6.1 mm) when the microwave power
increased from 10% to 50%.

However, as it can be seen from Figure 4.16 when microwave power increased from
30% to 50% with 10% infrared power, temperature at r=0.0 (center) of the zucchini
increased slightly. For 50% microwave power, heating was on for 16 s and off for 22
s whereas for %30 microwave power it was 14 s on- 22 s off. 2 s of heating
difference did not change the temperature of the zucchini significantly. The same
trend was observed for temperatures at different locations (r=10.5 and r=6.1 mm)

when microwave power increased from 30% to 50%.

It was found in this study that as microwave power increased, the temperature of the
food increased significantly. Almeida (2005) also showed similar result. Almeida
(2006) revealed that there was 67% increase in the temperature of the surface of the
food as heat flux increased from level 1 to 5. From level 5 to 10, this increase was

not so significant since there was a 2 s of increase in heating time.

63



140
~120

[E—
]
o

W

Temperature(°C
oo
o

B
(]
|

(W]
o

200 400 600
Time (s)

o

Figure 4.14 Lambert model (line) and experimental (dotted line) results of
temperature at the center (r=0.0) of the zucchini heated by 10% infrared and 50%

microwave (black) and 10% infrared and 10% microwave power (gray)

120
O 100 -
e
S 80 AN
=
§ 60
= .
=
3
= 40 |
20 I [ [ I |
0 100 200 300 400
Time (s)

Figure 4.15 Lambert model (line) and experimental (dotted line) results of
temperature at the center (r=0.0) of the zucchini heated by 70% infrared and 50%
microwave (black) and 70% infrared and 10% microwave power (gray)
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Figure 4.16 Lambert model (line) and experimental (dotted line) results of
temperature at the center (r=0.0) of the zucchini heated by 10% infrared and 50%

microwave (black) and 10% infrared and 30% microwave power (gray)

It can be seen from Figure 4.17 that using 50% microwave and %10 infrared power,
moisture content decreased from 95.85% to 58.7%. However, with 10% microwave
and %10 infrared power, moisture content decreased slightly from 95.85% to 94.2%.
Thus, when microwave power increased from 10% to 50% with 10% infrared power,
moisture removal rate of zucchini was increased significantly. Similar result was
observed when microwave power increased from 10% to 50% with 70% infrared

power as can be seen in Figure 4.18.

It was concluded in this study that as microwave power increased, the moisture
content of the zucchini decreased. Internal heating of microwaves resulted in
generation of pressure gradient of vapor from the interior to the surface of the
product. As microwave power increased the interior pressure increased leading to
more moisture flow from the food. Shivhare et al. (1992) dried corn by microwave

and hot air and concluded that when the magnitude of microwave power increased
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the drying rate increased. In another study of Wang and Xi, (2005) it was found that
at high microwave power moisture transfer occurred rapidly from the center to the
surface as a result of the generation of more heat. Hu et al. (2006, 2007) found that

the drying time was reduced with an increase in microwave power level.
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Figure 4.17 Lambert model (line) and experimental (dotted line) results of moisture
content of the zucchini heated by 10% infrared and 50% microwave (gray) and 10%

infrared and 10% microwave power (black)
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Figure 4.18 Lambert model (line) and experimental (dotted line) results of moisture
content of the zucchini heated by 70% infrared and 50% microwave (gray) and 70%

infrared and 10% microwave power (black)

4.4.2 Effect of Infrared Power on Temperature and Moisture content of
Zucchini

It can be seen from Figure 4.19 that as infrared power increased, temperature of the
zucchini increased. The same trend was observed for temperatures at r=0.0 and r=6.1

mm when the infrared power increased from 10% to 70%.

Similarly, there was a slight increase in the temperature at r=10.5 mm of the zucchini
when infrared power increased from 10% to 70% at 30% microwave power (Figure
4.20). When infrared power increased from 10% to 40% at 50% microwave power,
there was no significant change in the temperature at r=0.0 (Figure 4.21). The same

trends were observed when temperatures were measured at diffent locations.

It was found in this study that as infrared power increased, the temperature of the
food increased. However, the increase in temperature with infrared power was not as

much as the case in increasing microwave power, since microwave heating
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dominated the combination heating process. Tireki et al. (2006b) also found that
microwave heating was the dominant mechanism affecting moisture loss in

microwave-infrared drying.
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Figure 4.19 Lambert model (line) and experimental (dotted line) results of
temperature at r=10.5 mm of the zucchini heated by 70% infrared power and 10%

microwave power (black) and 10% infrared power and 10% microwave power (gray)
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Figure 4.20 Lambert model (line) and experimental (dotted line) results of
temperature at r=10.5 mm of the zucchini heated by 70% infrared power and 30%

microwave power (black) and 10% infrared power and 30% microwave power (gray)
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Figure 4.21 Lambert model (line) and experimental (dotted line) results of
temperature at r=10.5 of the zucchini heated by 40% infrared power and 50%

microwave power (black) and 10% infrared power and 50% microwave power (gray)
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When infrared power increased from 10% to 70% at 10% microwave power, in 600 s
heating time, moisture content decreased to 94.25% and 92.5% respectively (Figure
4.22). Whereas when infrared power increased from 10% to 70% with 30%
microwave power, moisture content decreased to 78.83% and 65.76%, respectively
(Figure 4.23).

It was concluded in this study that as microwave power increased, the moisture
content of the zucchini decreased. Since, microwave power dominated the heating
process, moisture removal did not increase with infrared power as much as with
microwave power. Wang and Sheng, (2006) found that the dehydration rate
increased with infrared power level at the same moisture content. It was concluded
that the mass transfer rate was more rapid with the higher power settings since more
heat was generated within the food. Datta (2007b) and Sharma (2005) both stated

that as infrared power increased, the surface moisture removal increased.
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Figure 4.22 Lambert model (line) and experimental (dotted line) results of moisture
content of the zucchini heated by 70% infrared power and 10% microwave power

(gray) and 10% infrared power and 10% microwave power (black)
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Figure 4.23 Lambert model (line) and experimental (dotted line) results of moisture
content of the zucchini heated by 70% infrared power and 30% microwave power
(gray) and 10% infrared power and 30% microwave power (black)

4.4.3 Variation of Temperature with Respect to Position in Zucchini

Temperature measurement was done at different positions of the zucchini such as:
r=0.0, 6.1 and 10.5 mm. Probes positioned at r=10.5 mm and r=0.0 was placed such
that the midpoint temperature of the sample could be measured wheras probe at

r=6.1 mm could measure surface temperature.

Figure 4.24 shows the experimental data and model for the temperature at r=0.0 and
r=10.5 mm of the zucchini heated by 10% microwave and 10% infrared power. The
center temperature was higher than the temperature at r=10.5 mm of the zucchini
because of internal heating and focusing effect of microwaves. Chamchong and
Datta (1999b) stated that cylinders were the second best shape for microwave
heating, after spheres since heating could be concentrated in cylinder due to their
curvatures. These curvatures could focus the microwave heating and provide a much

higher electric field inside. Gunasekaran and Yang (2007) found that for 3.5 cm
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radius samples, there were more focusing power at the radial center. Lin et al. (1995)
predicted the temperature distribution in agar gels and found that in cylindrical
samples center temperature was higher than those at other locations within the
cylinder which was similar to the results found in this study. According to Yang and
Gunasekaran (2004) the location of power focusing depended on the sample size,
and was not necessarily at the center for a very large sample.

[E—
(]
<

oo
o
|

N
-
|

Temperature(°C)

B
-
|

[\
o

0 200 400 600
Time (s)

Figure 4.24 Lambert model (line) and experimental (dotted line) results of
temperature of the zucchini heated by 10% infrared and 10% microwave power at
r=0.0 (black) and r=10.5 mm (gray).

Figure 4.25 showed that at 10% microwave and 40% infrared power, temperature at
r=0.0 was slightly higher than the temperature at r=6.1 mm which was positioned so
as to measure surface temperature. Surface temperature was as high as center

temperature because of surface heating property of infrared heating.

It was concluded that temperature at r=0.0 (center) and r=6.1 mm (surface) of the
zucchini was higher than the temperature at r=10.5 mm. Microwave’s internal
heating increased the center temperature while infrared’s surface heating increased

the surface temperature. Campanone (2005) also stated that in cylinders, microwaves
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generated non uniform radial distribution. Thus, surface and center temperatures

reached the highest values.
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Figure 4.25 Lambert model (line) and experimental (dotted line) results of
temperature of the zucchini heated by 40% infrared power and 10% microwave

power at r=0.0 (black) and r=6.1 (gray)

4.4.4 Variation of Moisture Content with Respect to Position in Zucchini

It can be seen from Figure 4.26 that moisture content data obtained based on
Lambert Law changed with respect to r and z directions and moisture was lost
through surface, significantly. Furthermore, as microwave power increased from

10% to 50%, more moisture was pumped from the inside through the surface.
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Figure 4.26 Simulation moisture content data when (a) 70% infrared and 50%
microwave, (b) 70% infrared and 10% microwave power were selected for 600 s

heating time.

4.5 Comparison of Models Based on Maxwell Equations and Lambert Law

Figures 4.27-4.29 show the variation of temperature and moisture content of zucchini
during heating in microwave-infrared combination oven at different power levels.
Experimental data and models based on Maxwell Equations and Lambert Law for
different microwave and infrared powers for 100 s heating period were given.
Temperatures were given for different positions of the zucchini such as r=0.0, 6.1
and 10.5 mm.

Root Mean Square Errors (RMSE) of Lambert and Maxwell models obtained for
different operating conditions of the oven and positions of the temperature probe
within the zucchini were presented in Table 4.6. RMSE of Lambert and Maxwell

models obtained for moisture content were tabulated in Table 4.7.
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Figure 4.27 Maxwell Model (black line), Lambert Model (gray line)

and

experimental (dotted line) results of temperature at (a) r=10.5 mm, (b) r=0.0 and (c)

r=6.1 mm (surface) of the zucchini and (d) moisture content of zucchini heated by
10% microwave power and 10% upper infrared power for 100 s.
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Figure 4.28 Maxwell Model (black line), Lambert Model (gray line)

experimental (dotted line) results of temperature at (a) r=10.5 mm, (b) r=0.0 and (c)
r=6.1 mm (surface) probes of the zucchini and (d) moisture content of zucchini

heated by 10% microwave power and 40% upper infrared power for 100 s.
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Figure 4.29 Maxwell Model (black line), Lambert Model (gray line)

and

experimental (dotted line) results of temperature at (a) r=10.5 mm, (b) r=0.0 and (c)
r=6.1 mm (surface) probes of the zucchini and (d) moisture content of zucchini

heated by 10% microwave power and 70% upper infrared power for 100 s.
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Table 4.6 Root Mean Square Errors (RMSE) of Lambert and Maxwell models
obtained for different microwave (MWP) and infrared powers (IRP) and positions of

the temperature probe

MWP IRP Position of the Lambert Maxwell

%) (%) Temperature Model Model
Probe
10 10 r=10.5 mm 3.57 2.96
10 10 r=0.0 mm 3.91 3.94
10 10 r=6.1 mm 2.92 4.39
10 40 r=10.5 mm 2.80 1.97
10 40 r=0.0 mm 4.30 4.60
10 40 r=6.1 mm 6.21 5.77
10 70 r=10.5 mm 3.87 2.85
10 70 r=0.0 mm 6.47 5.40
10 70 r=6.1 mm 3.77 551

Table 4.7 Root Mean Square Errors (RMSE) of Lambert and Maxwell models
obtained for moisture content predictions for different microwave (MWP) and

infrared powers (IRP)

MWP (%) IRP (%)  Lambert Maxwell
Model Model

10 10 0.2000 0.1900
10 40 0.4200 0.4800
10 70 0.0005 0.4900

As it can be seen from Table 4.6, Maxwell models gave generally better results than
Lambert model for different operating conditions and positions of the temperature
probe except for 10% MWP-10%MWP at r=6.1 mm and 10% MWP-70%MWP at

r=6.1 mm.
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Yang et al. (2004) applied pulsed and continuous microwave energy to agar gel
cylinders. Measured temperature values were compared with model results based on
Lambert’s Law and Maxwell Equations. Models of Maxwell Equations gave wave
effect inside the sample however, Lambert’s law did not. It was concluded that
Maxwell’s equations provided statistically more accurate results than the Lambert’s
law, especially around the edge of sample.

It has been concluded that Lambert’s law gave comparable results with the
experimental data (Liu et al., 2005). However, it was not a good way of representing
exact microwave power distribution (Datta et al., 2001). In literature, the Maxwell’s
and Lambert’s law were compared by several studies to predict temperature
distribution of model food during microwave heating (Yang and Gunasekaran, 2004,
Liu et al., 2005). Yang and Gunasekaran, (2004) stated that using Maxwell’s
equations to predict electromagnetic distribution was more accurate than Lambert’s

law.

Ayappa et al. (1991) stated that the exponentially decaying energy assumption for
power estimation was only valid for semi-infinite slabs. Critical thickness of the slab
above which the Lambert approximation was valid was 2.7 times the penetration
depth. However, in this study it was proven that the numerical predictions based on
Lambert Law could give proper results like predictions obtained by Maxwell
Equations for small scale cylindrical foods since the exact form of microwave power
source term derived by Lin et al (1995) was used. Zhou et al. (1995) also found that
the Lambert’s Law could be correctly used for cylindrical domain by rewriting the
power term by taking the decreasing control volume into account. Power in this case

was concentrated along the central axis.
Similarly, it can be seen from Table 4.7 that for the zucchini heated in microwave

infrared combination oven for 100 s, predictions for moisture content based on

Lambert and Maxwell Equations were comparable.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

Modeling heat and mass transfer in food is a challenging topic. There is no
information in literature about modeling of zucchini during heating in microwave-
infrared combination oven. Thus, it was not possible to find data especially about

heat and mass transfer parameters for zucchini.

Models based on Lambert Law were in good agreement with the measured data.
RMSE values were ranging from 2.44 to 9.37 and from 0.16 to 5.68 for temperature

and moisture content, respectively.

Maxwell models gave better results than Lambert model for different operating
conditions and positions of temperature. RMSE ranged from 1.97 to 5.77 for

temperature while RMSE for moisture content ranged from 0.19 to 0.49.

Incident surface power (Po) and moisture diffusion coefficient (D) were found to be
directly related to microwave power. They were modelled as a function of
microwave power with high coefficient of determination values. Whereas, mass
transfer coefficient (k;) found to be changed by microwave and infrared powers and
was modelled as a function of microwave (%MWP) and infrared power (%IRP) with

high coefficient of determination value.

It was found in this study that as microwave and infrared powers increased, the
temperature increased and the moisture content of the food decreases significantly.
However, temperature did not increase with infrared power as much as with

microwave power since microwave heating dominated the combination heating
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process. Similarly, rate of moisture removal did not increase with infrared power as

much as with microwave power.

Microwave’s internal heating and focusing effect increased the center temperature

and infrared’s surface heating effect increased the surface temperature.

For future work, it is recommended to apply the models developed in this study on
other foods with different dielectric properties to examine the heating mechanism of
microwave-infrared oven further. It is also recommended to apply the models for
foods in different shapes to examine whether these models were applicable or not.
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