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ABSTRACT ARTICLE HISTORY
The dielectric properties (dielectric constant [€] and dielectric loss factor [€"]) Received 13 July 2015
for three frozen meals (basil fried chicken, green curry with chicken, and Accepted 11 March 2016
congee with minced pork) were measured at frequency 2.45 GHz from -18
to 80°C. Thermal properties (thermal conductivity [k] and specific heat capacity Di . o
) . . . ., - ielectric properties;
[c]) of each food item were characterized using their composition for improv- Microwave; Penetration
ing the modeling of microwave thawing process of frozen products. For all depth; Frozen food; Thermal
frozen meals, similar trends in the dielectric and thermal properties values properties
were observed as a function of temperature. In all samples of frozen foods, the
dielectric properties (€', €") rapidly increased with temperature for the range
from —10 to 0°C. Thereafter, dielectric properties linearly increased with tem-
perature for basil fried chicken and congee with minced pork but linearly
decreased with temperature for green curry with chicken from 0 to 80°C. The
dielectric properties data bases were used to calculate power reflected (P,),
power transmitted (P,), dielectric loss tangent (tand), and penetration
depth (dp). These parameters were related to the dielectric properties. The
thermal conductivity values of all samples decreased with increasing tempera-
ture in the frozen stage and little changed after thawing. While the specific
heat capacity values increased first and then do not change considerably. The
temperature-dependent material properties can give insight into how the food
product interacts with the incident electromagnetic radiation.

KEYWORDS

Introduction

Today, consumption behavior is changing. They are spending less time for preparing meals and are
looking for quick way to prepare meals that still taste good and provide adequate nutrition.") The
frozen food offers consumers immense convenience and comfort. The frozen food is a food that has
been prepared or cooked then packaged and rapidly freezing. It is normally kept at -18°C for
preservation. The frozen food market in Thailand is forecast to grow at an average of 10% from 2012
to 2016."%! In addition, a highly popular food for Thai people is cooked to order meals such as basil
fried chicken, fried rice, green curry, phat Thai with fresh shrimp, congee, etc.l® The frozen foods
need to be thawed before using them. The easy and convenient way to thaw these foods is put in
microwave oven.

Microwave heating is preferred for thawing processing over the conventional heating for the basic
reason that the process is fast and require minimum come-up time to the desired process tempera-
ture. Among its important advantages, microwaves penetrate and produce heat deep within food
materials (volumetric heating) that lead to fast accelerating rate, improved bacterial control and low
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costs. However, the non-uniform distribution of the electromagnetic field in the microwave cavity is
a limitation for microwave applications in practice. The engineering design of microwave heating
process needed to know the information about dielectric and thermal properties of selected foods.

Dielectric properties of food are important factors in microwave and radio frequency heating
because these properties measure the interaction of the food with electromagnetic field. Dielectric
properties are normally described by complex permittivity,

e (e" = ¢ —j¢’) wherej = V-1

From the above equation, ¢’ is real part which referred to dielectric constant, describes material’s
ability to store electric energy in an alternating field. €” is an imaginary part which referred to
dielectric loss factor, determines the property of the material to convert electric energy to thermal
energy.

Various factors influence the dielectric properties of food materials such as frequency, ionic
nature, moisture content, temperature, concentration, nature, and constituents of food materials.*!
The rate of change of dielectric constant and dielectric loss factor with temperature depends on the
free and bound water content of the food materials.'”’

Thermal properties, including thermal conductivity and specific heat capacity, are also important
input parameters for a heat transfer model. During heating and standing time, the thermal con-
ductivity will influence the diffusion of thermal energy from hot spots to cold spots.) While in
microwave heating process, the specific heat capacity of material influences the heating rate.
Especially, for frozen food, the latent heat associated with phase change will greatly influence the
thawing process.”!

Many previous studies determine the dielectric and thermal properties of food materials in radio
frequency and microwave frequency ranges such as fruits and vegetables,®'® chicken breast
muscle,/!] pork muscle,? salmon fillets,'*! macaroni and cheese dinner preparation, ground
whole-wheat flour, and apple juice,!"*'*) grape juice, and wine,!'! egg whites and whole eggs,''”’
whey protein gel,[lg] meat.['>?°) However, there is lack of information studies on dielectric and
thermal properties of composite food at 2.45 GHz over frozen temperature range to thawed state.
Knowledge of dielectric and thermal properties is important to the research of RF and microwave
heating in applications for thawing of frozen products.

The objectives of this study were: (1) to determine temperature-dependent dielectric properties
using a portable dielectric measurement (network analyzer) at frequency of 2.45 GHz, (2) to calculate
total power transmitted, power reflected, and penetration depth from dielectric properties measure-
ments, (3) to derive predictive equations that relates dielectric properties of three Thai foods to
temperature, and (4) to quantify thermal properties of three Thai frozen meals (basil fried chicken,
green curry with chicken, and congee with minced pork).

Materials and methods
Samples preparation

Basil fried chicken was made from the composition of 40% chicken sliced, 55.8% of seasoning (soup
stock powder, cooking oil, soy sauce, fish sauce, sugar), and 4.2% of vegetable (red chili, Holy basil,
kaffir lime leaves) by weight basis. Green curry with chicken was made from the composition of
18.01% chicken sliced, 70.08% of seasoning (green curry paste, coconut milk, chicken soup stock
powder, sugar, fish sauce), and 11.91% of vegetable (eggplants, red chili, Holy basil, kaffir lime
leaves) by weight basis. Congee with minced pork was made from the composition of 85.20% congee,
12.30% of minced pork, and 2.5% of vegetable (dried Chinese mushroom, ginger, spring onion) by
weight basis. All samples were packed into microwaveable plastic container and stored at -18°C in a
freezer until used for measurement of dielectric properties.
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Dielectric properties measurement

The portable dielectric measurement kit (Piischner GmbK+Co.KG, France) was used to measure
dielectric properties of frozen food. The portable dielectric measurement kit allows for measure-
ments of the complex permittivity over a wide range of solid, semi-solid, granular, and liquid
materials. The dielectric properties measurement system consisted of control functions, treatment
of the microwave signals, calculation, data processing, and results representation, as shown in Fig. 1.
The software controls the microwave reflectometer to measure the complex reflection coefficient of
the material under test (MUT). It then detects the cavity resonant frequency and quality factor and
converts the information into the complex permittivity of the MUT. Finally, the measurement results
are displayed in a variety of graphical formats, or saved to disk. The precision is not more than 2% of
the dielectric constant and 5% of the dielectric loss factor.

The instrument was warmed up for at least 30 min before the calibration and measurements were
made. Calibration of the probe was done using air and water at 25°C. The sample was placed in a
wide glass tube and the open coaxial probe was set into the tube. The sample holder was dipped into
a temperature controlled water bath. The surface and internal temperature of the samples was
monitor by using an infrared thermometer (Testo 845, German) and the thermocouple temperature
sensor (Fluke 51 II, USA), respectively. The sample was heated from -18 to 80°C and the dielectric
properties were measured while samples were at the desire temperature of -18, -10, 0, 10, 20, 30, 40,
50, 60, 70, and 80°C. The experiments were repeated three times. The results are reported at frozen
and unfrozen stages as a function of temperature and at 2.45 GHz. The typical error of the dielectric
properties measurements was about 5% following standard calibration procedures.

Analysis of thermal properties

In this study, the thermal properties (thermal conductivity and specific heat capacity) were calcu-
lated using mathematical models. The steps are following: (1) to send all samples to SGS (Thailand)
Limited Laboratory Services for measuring their nutritional values, (2) to calculate the thermal
properties of food components (including protein, fat, carbohydrate, fiber, and ash) by using the
Choi and Okos equations.’*!! They developed mathematical models for predicting the thermal
properties of food components as functions of temperature in the range of —-40 to 150°C. They
also developed models for predicting the thermal properties of water and ice, and (3) to determine
thermal properties of foods by using the parallel model given by Murakami and Okos.*?! The

Reflectometer /
Coaxial cable RS§232

o

Cavity

Figure 1. Portable dielectric measurement (network analyzer).
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density of the sample was estimated by knowing p, the density of the ith component and m; the mass
fraction of the ith component using the formula:
1
P 0
(mi/p;)

i=1

where 7 is the number of different components. The thermal conductivity for a food material with n
components was calculated from the weighted average of the thermal conductivity of the ith
component k;:

k= z": vik; (2)
P

where v; is the volume fraction of the ith component, which was calculated by:
v = nm'i (3)
Z‘i mi/p;
i=

The specific heat of food material with #n components can be estimated by the following equation:

n
= Z m;Cpi (4)
i=1

where c,; is the specific heat of the ith component in food matrix. In the case of frozen food, the
thermal properties of the ice and liquid water mix are calculated first. In this study, the ratio of ice
and water is 50:50 at a temperature of 0°C. The resulting thermal properties of ice or water mix are
then combined successively with the thermal properties of each remaining food constituent to
determine the thermal properties of the food product.

Results and discussion

In this study, the results are shown as a function of temperature over frozen temperature range to thawed
state and performed on three different materials. Therefore, all properties are discussed in two periods:
frozen state (-18 to 0°C) and thawed state (0 to 80°C). Measured values of dielectric constant and
dielectric loss factor as function of temperature are shown in Figs. 2 and 3. Calculated properties from
dielectric properties data bases, namely, power reflected, power transmitted, and dielectric loss tangent,
are shown in Table 1 and the penetration depth is displayed Fig. 4. Other important properties for analysis
microwave heating process as thermal properties (k, c¢) are displayed in Table 2. Finally, Table 3 shows
predictive equations for the dielectric properties of frozen meals as a function of temperature between 0
and 80°C at 2.45 GHz.

Dielectric properties (¢' and £")

Figs. 2 and 3 show the changing of dielectric constant (¢') and dielectric loss factor (¢”) of three Thai frozen
foods between -18°C and 80°C at 2.45 GHz, respectively. In the region of -10 to 0°C, ¢’ and ¢” both value
were significantly higher in this region than at measured temperatures of —18 to —10°C for all sample. From 0
to 80°C, dielectric properties (¢’ and €”) linearly increased for basil fried chicken and congee with minced
pork but linearly decreased for green curry with chicken. In addition, it was observed that &' of congee with
minced pork was a higher value than ¢’ of basil fried chicken but &” of congee with minced pork was lower
values than &” of basil fried chicken. In other words, congee with minced pork highly stored electrical energy
but low changed into heat. This is because effect of higher ice and water content of congee.
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Figure 2. Change of dielectric constant of frozen meals as a function of temperature at 2.45 GHz.
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Figure 3. Change of dielectric loss factor of frozen meals as a function of temperature at 2.45 GHz.

For basil fried chicken, ¢’ increased from 4.45 (at —18°C) to 30.33 (at 80°C) when there was the difference
between the two temperatures about 26. While €” increased from 1.76 (at —18°C) to 19.24 (at 80°C). It can be
concluded that the high salt content from seasoning, including soup stock powder, soy sauce, fish sauce
made &' and " increased due to ion polarization. Finally, a green curry with chicken, the dielectric properties
steadily increased with increasing temperature in frozen stage (¢’ = 4.88; ¢” = 1.43 at -18°C) but moderately
decreased in the unfrozen stage (¢ = 17.67; ¢" = 7.84 at 0°C and €' = 11.69; £" = 4.72 at 80°C). The reduction
in the observed dielectric properties of the green curry with chicken may have been caused by high fat or
lipid products, such as coconut milk or cooking oil.*>?*
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Table 1. The properties and parameter of frozen meals at 2.45 GHz.

Sample T (°Q) tan 6 Power reflected, P, [%] Power transmitted, P, [%]
Basil fried chicken -18 0.40 0.127 0.873
-10 0.38 0.148 0.852
0 0.34 0.389 0.611
10 0.39 0.378 0.622
20 0.48 0.421 0.579
30 0.52 0.424 0.576
40 0.62 0.449 0.551
50 0.59 0.460 0.540
60 0.67 0.446 0.554
70 0.64 0.465 0.535
80 0.63 0.480 0.520
Green curry with chicken -18 0.29 0.142 0.858
-10 0.35 0.148 0.852
0 0.44 0.379 0.621
10 0.48 0.367 0.633
20 0.44 0.366 0.634
30 0.41 0.332 0.668
40 0.39 0.333 0.667
50 0.53 0.317 0.683
60 0.47 0.311 0.689
70 0.45 0.321 0.679
80 0.40 0.300 0.700
Congee with minced pork -18 0.09 0.017 0.983
-10 0.09 0.025 0.975
0 0.13 0.435 0.565
10 0.21 0.469 0.531
20 0.20 0.483 0.517
30 0.21 0.477 0.523
40 0.24 0.475 0.525
50 0.25 0.478 0.522
60 0.26 0.471 0.529
70 0.26 0.474 0.526
80 0.26 0.475 0.525
40
at 2.45 GHz
35+ ——HE—— Basil fried chicken
AN —<—— Green curry
B Congee
307 |
= \
= 254 '.I
%,4 |
S |
£ |
B 107
5—
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Figure 4. Penetration depths of frozen meals as a function of temperature at 2.45 GHz.
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Table 2. Thermal properties of frozen meals at 2.45 GHz.

Thermal conductivity Specific heat Density

Sample T(°Q) [W/(m.°C)] [kJ/(kg.°Q)] tkg/m?]
Basil fried chicken -18 1.45 1.44 726.56
-10 141 1.48 72543

0 0.87 2.14 748.22

10 0.38 2.76 771.59

20 0.39 2.76 770.30

30 0.40 277 768.56

40 0.41 2.77 766.36

50 0.42 2.77 763.71

60 0.42 2.78 760.61

70 0.43 2.78 757.06

80 0.43 2.79 753.05

Green curry with chicken -18 1.61 1.51 746.18
-10 1.56 1.55 745.10

0 0.96 2.29 770.76

10 0.42 298 797.07

20 0.43 298 795.86

30 0.44 2.99 794.14

40 0.45 2.99 79191

50 0.45 2.99 789.18

60 0.46 3.00 785.95

70 0.47 3.00 782.20

80 0.47 3.01 777.95

Congee with minced pork -18 2.1 1.93 978.75
-10 2.05 1.97 977.47

0 1.26 2.94 1011.35

10 0.54 3.86 1046.08

20 0.56 3.86 1044.66

30 0.57 3.86 1042.58

40 0.58 3.87 1039.83

50 0.60 3.87 1036.42

60 0.61 3.88 1032.34

70 0.61 3.88 1027.60

Table 3. Predictive equations for the dielectric properties of frozen meals as a function of temperature between 0 and 80°C at 2.45 GHz.

Regression equation

Sample y=aT?+bT +c R?
Dielectric constant, €' a x 10%(°C2) b(°C™) ()

Basil fried chicken -4.6 1.948 15.84 0.905
Green curry with chicken 74 -1.466 19.25 0.930
Congee with minced pork -29.9 3.133 22.41 0.704
Dielectric loss factor, €"

Basil fried chicken -13.2 3.023 2.576 0.968
Green curry with chicken 2.6 -0.600 8.525 0.701
Congee with minced pork -12.1 1.626 2.196 0.897

Penetration depth (d,,)

d,, is an important parameter in characterizing temperature distribution in sample. It is related to the
amount of power absorption passes through the product. In the other hand, the penetration depth is
generally used to select approximate thickness of food inside packages to ensure a relatively uniform

dielectric heating process. The d,, values were calculated using the following equation;'*”

|
-

AO\/E /
€

(5)
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where d,, is the penetration depth (m); A is free space microwave wavelength (m) and equals to 0.122 m
at 2.45 GHz. Figure 4 shows microwave penetration depths for three frozen meals at 2.45 GHz. At frozen
temperature (-18°C), the penetration depth was fairly large (4.74 cm for basil fried chicken, 6.05 cm for
green curry with chicken, and 33.58 cm for congee with minced pork at 2.45 GHz), then it dramatically
decreased at thawed temperature (2.71 cm for basil fried chicken, 2.13 cm for green curry with chicken,
and 6.18 cm for congee with minced pork at 2.45 GHz and 0°C). The results of the penetration depth
calculated in this research agreed reasonably well with the previous published literatures. In general,
penetration depths were reduced by about one-half when the temperature was increased from -20 to
100°C at frequencies from 300 to 3000 MHz.*®!

The dramatically changing in penetration depth between the frozen and thawed states of sample directly
influenced the heating uniformity and caused thermal runaway. This is because of the low penetration depth
at higher temperature, edge heating may be severe. Thus, the thickness of food products should be
considered in food design. For example, the thickness of food materials in radio-frequency pasteurization
process should be not more two or three time the penetration depth.”””! For multi-compartment frozen
foods, it is design to vary the thickness of the food in each compartment depending on the dielectric
properties of the product in order to uniformity heating of foods in all compartments.

Percentage of microwave power (P,, P;)

Power reflected and power transmitted values for three frozen foods were shown in Table 1. The
equations used for calculation these powers given by Buffer>! are, respectively, defined as:

C(VE 1Y
Pr(v?+1> ©

P=1-P, 7)

Trends in the relationship between P, and composition were largely in line with those reported
for ¢’ because the strong relationship between these values and measured of ¢’.2°! Over the range of
-18 to 0°C, P, was higher than P,. While P, and P, values were no significant different at 0 to 80°C.
This can explain the higher power reflected found for the sample with higher &' values.

Thermal conductivity (k)

The temperature-dependent thermal conductivities of all samples are showed and listed in Table 2. The
k-values of all samples calculated at 80°C were higher than those at 10 to 70°C. However, values at -10°C
were significantly higher than values at 80°C. In other words, in the frozen temperature range, the thermal
conductivity decreased with increasing temperature due to the decreasing of ice fraction. After then, in the
thawed temperature range, the thermal conductivities did not change considerably. This trend was similarly
reported in many previous researches.””*' Basil fried chicken and green curry with chicken both have
slightly lower thermal conductivity values than those of congee with minced pork due to low ice and water
content.

The thermal conductivity difference between frozen and thawed materials will influence the temperature
distribution in food during microwave heating process. The heating rate is lower at frozen state because the
dielectric properties are low. Then, some part of frozen food is thawed, the heating rate increases due to
higher dielectric loss factor. The low thermal conductivity of the thawed layer will delay the heat transfer
between unfrozen and frozen materials. Therefore, these phenomena lead to hot spots in foods and results in
greater non-uniform heating.
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Specific heat capacity (c)

The specific heat capacities of all meals as a function of temperature from -18 to 80°C are shown
in Table 2. All samples displayed the same trend. From -18 to -10°C, the c-values increased
slightly from about 1.44 to 1.48 kjkg™' C™' for basil fried chicken, from 1.51 to 1.55 kJkg '°C™"
for green curry with chicken, and from 1.93 to 1.97 kJkg™' C™' for congee with minced pork.
From -10 to 10°C, the specific heat capacities of the three samples increased sharply and then (10
to 80°C) increased slightly. The c-values increased sharply represent the phase change from
frozen to thawed state. After thawed state (0 to 80°C), the specific heat capacities of the three
samples increased slowly until the temperature reached the second phase change of vaporization
at around 100°C. This delay in rising temperature also affects to the non-uniformity of micro-
wave thawing process.

The latent heat of fusion for basil fried chicken, green curry with chicken, and congee with
minced pork was calculated as 201.4, 224.8, 295.3 kJkg ™, respectively. These properties are critical
input parameters for a microwave heat transfer model, which can be used by food scientist in
developing new product that minimize non uniform heating during heating in a domestic micro-
wave oven.

Regression analysis

Polynomial equations were developed for dielectric properties (¢',e”) at 2.45 GHz over temperature
range 0 to 80°C by using regression calculations. Three frozen meals also achieved by using this
method. The results are listed in Table 3. The regression equations and all the predictors in the
equations had a significance of p < 0.001 and the adjusted coefficients of determination, R*values,
were used to indicate how well data fit a statistical model. From the table, significant polynomial
relationships were found for all combinations and can be used to predict the raw dielectric properties
data for frozen foods (including basil fried chicken, green curry with chicken, and congee with
minced pork) and incorporated into computer simulation model needed to study the coupled
dielectric heating and heat transfer process.

Conclusion

The temperature-dependent dielectric and thermal properties of the three frozen foods were studied
at frequency 2.45 GHz and temperature from -18 to 80°C. In the frozen temperature range,
dielectric, and thermal properties both rapidly changed with increasing temperature. And then, at
thawed temperature range, those properties slightly varied with temperature. For these samples, the
penetration depths at 2.45 GHz were about five times decreased for temperature between -18 and
80°C. The regression equations for predicting dielectric constant and dielectric loss factor at various
temperatures of the three frozen foods were developed. These prediction equations fit well with
experimental data. This work shows an important input parameters for a microwave heat transfer
model. However, further work and measured thermal properties will need to be studied to confirm
this.
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