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For process development using an industrial Microwave Assisted Thermal Pasteurization System (MAPS), it is
desirable to have effective tools that allow accurate prediction of heating rates in pre-packaged foods. This
research aimed to develop engineering charts that illustrate the relationships among the dielectric properties of
foods, preheating temperature, product thickness, and heating rate in the microwave heating section of MAPS.
We selected three different foods, namely mashed potatoes, peas, and rice, in this study. Three complementary G-
T (Gezahegn-Tang) charts were developed using MATLAB software by applying Maxwell’s and heat transfer
equations with measured physical properties of the selected foods. Experiments were conducted with mashed
potato samples using a pilot-scale MAPS unit to validate the charts. The temperature profiles measured at the
cold spots of the food samples in the microwave heating section of MAPS were positively correlated with pre-
dicted temperatures from the chart (R? > 0.96); more than 95% of the standardized residuals were in the range of
—2 to 2 °C. The charts are able to estimate microwave heating rate at the cold spots in food packages based on
food dielectric properties and package thickness. They can also be used to help select an optimal preheating
temperature for the maximum heating rate. This research demonstrated the possibility of using validated G-T
charts to assist food companies in developing pasteurization schedules based on MAPS for the commercial
production of different packaged ready-to-eat (RTE) meals.

1. Introduction

Over the past 50 years, the food industry and related research
communities have invested enormous resources and efforts in exploring
microwave heating as an alternative to conventional surface heating
methods in traditional thermal processing operations for pre-packaged
foods (Chandrasekaran et al., 2013; Tang, 2015). In the USA, a 915
MHz single-mode Microwave Assisted Thermal Pasteurization System
(MAPS) has been developed at Washington State University for
pasteurization of chilled RTE meals (Tang et al., 2018). Several recent
studies have demonstrated the expected high quality and long shelf life
of RTE meals produced by MAPS in comparison with traditional thermal
processing and novel high pressure pasteurization (Inanoglu et al., 2021;
Montero et al., 2020; Qu et al., 2021).

The MAPS consists of four main sections, for preheating, heating,
holding and cooling, respectively (Fig. 1). In operation, pre-packaged
foods are immersed in circulating water and transported via a
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conveyor through the four sections. In the preheating section, the food
reaches an initial equilibrium temperature before being moved through
the heating section where the food is heated to a pasteurization tem-
perature (70-90 °C) at the cold spot in food packages. The selection of
the specific pasteurization temperature depends on the desired shelf-life
in refrigeration (Peng et al., 2017). The circulating water at a pre-set
temperature in the microwave heating section helps reduce edge heat-
ing of the packaged foods and improve heating uniformity (Tang, 2015).
Following microwave heating, the food is held for a certain period in the
holding section to reach the target lethality and then moved to a cooling
section to reach a room temperature of 23 °C (Fig. 1) (Tang et al., 2018).

Several factors influence the heating rates in foods during processing
in MAPS. Those factors include dielectric properties, specific heat, salt
content, thickness of foods, as well as preheating temperature and
applied microwave power. It is, therefore, difficult to accurately predict
the microwave heating rate in a food package. For validation of new
thermal processes for pathogen control, including microwave heating,
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the United States Food and Drug Administration (FDA) requires a study
of the heat penetration with temperature measurement at the deter-
mined cold spot under the worst-case heating conditions (FDA, 2016;
IFTPS, 2014). The ability to quantify the influence of the above factors
on heating rates at the cold spot in food packages would benefit food
companies in developing safe process schedules for MAPS systems (Jain
et al., 2019).

The relative dielectric permittivity (&}) of food is a critical factor that
influences microwave heating. This property is defined as a complex
number in the following equation (Nelson, 1973; Ryynanen, 1995):

€ =¢\.—je, €y}

where j = V=1, €', is the relative dielectric constant (the ability of food
to store electric energy), and ¢/ is the relative dielectric loss factor (the
ability of food to convert microwave energy to thermal energy). The
subscript “r" indicates the dielectric properties are relative to free space.
The relative dielectric constant and loss factor are often referred to
dielectric constant (¢') and loss factor (¢”), respectively, without the
subscript “r.” The dielectric properties are affected by food composition,
mainly moisture and salt contents, temperature, and frequency. Water
contributes to the dipole effect, and dissolved salts contribute to the
ionic conduction effect of the loss factor (icier and Baysal, 2004;
Ryynanen, 1995; Tang, 2015).

The food thickness is another key factor that influences microwave
penetration to the food package central layer in MAPS. As discussed by
Jain et al. (2019), when 1 x 10° V/m incident electric field was applied
with 0° phase difference between the microwave waves to the top and
bottom sides of a 15 mm thick sample (¢’ = 40 and &" = 30), the power
dissipation of 1.7 x 10® W/m? was attained at the center layer of the
sample in a 915 MHz single-mode cavity. While keeping all other con-
ditions the same, increasing the thickness to 30 mm reduced the power
dissipation by 44% to 0.95 x 10® W/m>.

In our earlier studies, three-dimensional computer simulations that
coupled Maxwell’s with heat transfer equations were used to predict
temperature increases in moving food packages in Microwave Assisted
Thermal Sterilization (MATS) processes (Chen et al., 2008; Jain et al.,
2018; Resurreccion et al., 2013). MATS system uses the same microwave
heating cavity design as MAPS (Tang, 2015; Tang et al., 2018). These
studies required high-performance computing power, yet the simulation
results did not provide clear quantitative relationships among different
factors that directly influence heating rates at the cold spot in the
packaged foods in microwave systems. To address this drawback, Jain
et al. (2019) developed a simple analytic equation to predict the electric
field distribution along the depth of a rectangular food in MATS pro-
cessing. After determining the electric field, the prospective power
dissipation and heating rate at the center layer can be calculated. The
equations for those calculations are included in Section 3.1.

The complex relationships among the food physical properties and
processing conditions make it difficult for food companies to directly use
the analytical equation to predict product temperature under different
processing conditions. Hence, Hong et al. (2021) developed an
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engineering chart based on this equation to estimate the microwave
heating rate in packaged foods in MAPS. The considered variables
include food thickness, food dielectric loss factor, and thermal proper-
ties. But the ranges of the dielectric property values of the foods
considered in the chart development were very narrow. In addition, the
chart is limited to only one constant dielectric constant value, namely ¢’
= 70. The influence of temperature on dielectric property change was
not considered.

Therefore, this research aimed to: i) develop a more comprehensive
set of analytical charts that quantify the relationships among the food
dielectric properties, packaged food thickness, and microwave power
dissipation for predicting the center layer heating rate of a packaged
food processed in the MAPS, ii) validate the chart with a pilot-scale
MAPS using mashed potato samples with different dielectric proper-
ties and packaging thicknesses, and iii) illustrate the use of the charts for
prediction of the microwave heating rate in MAPS and selection of the
optimal preheating temperature for the maximum heating rate.

2. Materials and methods
2.1. Mathematical models

A single-mode microwave heating cavity of MAPS (Fig. 1) is illus-
trated in Fig. 2. The simplified mathematical models for heating rate
prediction for food in the microwave cavity were developed under the
following assumptions.

i. 915 MHz electromagnetic plane waves in TE;¢ mode entered the
horn applicators from both the top and bottom sides with a
0° phase difference (i.e., the two entering waves are synchronized
with no phase difference). The waves traveled perpendicularly
through the circulating water to the food.

ii. The food samples were solid, homogeneous, isotropic, and
packed in a rectangular-shaped container; the polymer package
material had a negligible dielectric loss factor.

iii. The microwave power was considered the only heat source, and
the convective and conductive heating from the circulating water
at the pasteurization temperature to the center layer of the
packaged food was considered negligible for short microwave
heating time (typically in 2-4 min).

Using the above conditions and assumptions, Jain et al. (2019)
developed the following equation to calculate electric field intensity (E)
in V/m inside the food as a function of distance Z along the thickness of
the package:

g ko (€% + &2 )
14 Ryype 1t

where, subscript w and f represent the circulating water and food

sample, respectively; Eg, T, R, y, L and Z represent the average incident

electric field intensity at food surfaces (the interfaces between water and

food), the microwave transmission coefficient, reflection coefficient,
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Fig. 1. Schematic design of Microwave Assisted Thermal Pasteurization System (MAPS).
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Fig. 2. A single-mode microwave heating cavity with a food sample, L = thickness.

and propagation constant, the thickness of food, and the distance from
the water and food interface, respectively. The average incident electric
field (Ep) in the MAPS was determined with preliminary experiments
through reverse calculation (using Egs. (13) and (2)) from the measured
temperature and heating rate profile in mashed potato samples. For food
samples less than 30 mm thick, the average Ey = 0.5 x 10® V/m; for
30-40 mm thick, Eg = 0.4 x 10 V/m. Previous research by Hong et al.
(2021) also reported a similar Ep (0.527 x 10 V/m) for a 22 mm thick
food sample.
The propagation constant (y) is expressed as:

y=a+jp 3)

where the real part, « (Np/m), is the attenuation constant; the imaginary
part, B (rad/m), is the phase constant. Both constants can be calculated
from:

=@ )
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where f and ¢ are the frequency and speed of light (3 x 10% m/s),
respectively (Balanis, 2012). In a lossy medium, the transmission (T,
and reflection (Ry,s) coefficients are quantified as:

Ty= (6)
" M, +1p
Ny —1,,
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where 7, and 7,, represent the complex intrinsic impedance of the food
sample and circulating water, respectively. The intrinsic impedances are
expressed as:

r]ﬂ
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where 7, is the intrinsic impedance of free space (377Q), e} is the electric
permittivity of food, and €], is the electric permittivity of the circulating
water (Balanis, 2012).

Egs. (10) and (11) define the microwave power dissipation, P (W/

m?) and heating rate, dT/dt (°C/sec) within the food, respectively, all of
which vary with distance (Z) (Balanis, 2012; Jain et al., 2019):

P(z) =2nafeoe’|E® (10)
dT  P(Z)
e an

where ¢ is the dielectric permittivity of vacuum (8.85 x 10712 F/m),
pCp (J/°C.m>) is the volumetric specific heat of the food.

2.2. Experimental validation

2.2.1. Sample preparations and property measurements

Dielectric and thermal properties of mashed potatoes, peas and rice
were used to develop the analytical charts. The three samples were
chosen to represent three different food categories, namely, vegetables
(mashed potatoes), legumes (peas), and cereals (rice). The food samples
were prepared with various salt contents (Food grade, Morton, Chicago,
IL, USA) to alter the dielectric properties. Mashed potato samples were
prepared by first mixing 0.75% (wt/wt) low acyl gellan gum (Modernist
Pantry LLC., Eliot, ME, USA) in warm distilled water. When the tem-
perature reached 90 °C, 3% (wt/wt) potato flakes (Oregon Potato
Company, Pasco, WA, USA) and 0.15% (wt/wt) calcium chloride
(Macron Fine Chemicals, Randor, PA, USA) were added gradually while
mixing. Divalent cations from dissolved calcium chloride would facili-
tate the gelation of the food samples upon cooling (Tang et al., 1994,
1997). The solution was then cooled to 70-80 °C, then salt (Morton salt
Inc., Chicago, IL, USA) and 0.4% (wt/wt) titanium dioxide (Lorann oils
Inc., Lansing, MI, USA) were added. The titanium dioxide was used to
create an opaque white color to dictate the heating pattern easily. As the
temperature went down to 55-65 °C, 2% (wt/wt) fructose and 1%
(wt/wt) lysine were added as a precursor of the M-1 chemical marker;
then the sample was poured into rectangular trays (Silgan, Union, MO,
USA). The added salt contents were 0, 0.1, 0.6, 1, 1.5, and 2% (wt/wt).
The above formulae and sample preparation procedure were developed
by Bornhorst et al. (2017) to study heating uniformity in MAPS based on
color changes due to Maillard reactions. For pea preparation, dried
white peas (Swad, Skokie, IL, USA) were soaked overnight at room
temperature and were boiled in distilled water with a pea-to-water ratio
of 1:1.5 (wt/wt) at 95 °C for 60 min. Then salt was added, and the peas
were ground before being filled into the trays. The added salt contents
were 0, 0.1, 0.2, 0.5, 1 and 2% (wt/wt). For rice, medium-size grains
(Nishiki, Los Angeles, CA, USA) were cooked in distilled water with a
rice-to-water ratio of 1:1.2 (wt/wt) at 95 °C for 40 min with different
added salt contents of 0, 0.2, 0.5, 1, 1.5 and 2% (wt/wt). The above
procedures were developed by Jain et al. (2019).
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The dielectric properties (¢” & €") of mashed potatoes, peas, and rice
samples were measured at 915 MHz from 20 to 120 °C using an HP
8752C Network Analyzer and an 85070 B open-end coaxial dielectric
probe (Agilent Technologies, Santa Clara, CA, USA) following the pro-
cedures described in Gezahegn et al. (2021). The sample was heated in a
tightly sealed custom-built sample cell to perform measurements at
higher temperatures. A detailed description of the test cell is provided in
Gezahegn et al. (2021). The dielectric properties of the circulating water
(reverse osmosis purified) used in MAPS were also measured at 91 °C.
The loss factor (¢") of the circulating water was 3, and the dielectric
constant (¢’) was 60. The measurements were made in triplicates. A
differential scanning calorimeter (DSC, Q1000, TA Instruments, New
Castle, DE, USA) was used to measure the specific heat of the mashed
potatoes as described by Sablani et al. (2009). The 15-20 mg sample was
sealed in an aluminum pan and equilibrated at 20 °C for 5 min. The
sample was then scanned to 125 °C at the rate of 5 °C/min before being
equilibrated back to 20 °C for 10 min. The experiments were performed
in triplicate. The specific heats of pea and rice were obtained from Jain
et al. (2019).

2.2.2. Processing using MAPS

Mashed potato samples were processed with the MAPS to validate
the charts. Samples of 280 g and 22 mm thick (area: 140 x 95 mm) were
filled into 310.5 mL (10.5 oz) single-serve retort trays; samples of 340 g
and 28 mm thick (area: 140 x 95 mm) were filled into 443.6 mL (15 oz)
retort trays, and samples of 1850 g and 30 mm thick (area: 290 x 230
mm) were poured into 2100 mL (71 oz) institutional retort trays. All of
the samples had 0 or 0.6% salt content. The trays were vacuum sealed
(6.5 kPa) with a Multivac T-200 sealer (Multivac Inc., Kansas City, MO,
USA). For temperature measurement, a mobile metallic sensor (Ellab
Inc., Hillerod, Denmark) was embedded in the food sample with its tip
located at the cold spot, as described by Luan et al. (2015, 2013). The
cold spot locations were identified with preliminary MAPS runs and
experimental heating pattern tests (Hong et al., 2021).

The generator power setup was 5 kW each for the first two cavities
and 8.7 kW for the third and fourth cavities combined (Fig. 1). Due to
power reflection, a total net power of 10 & 0.2 kW (an average 2.5 kW
for each cavity) was applied in the microwave heating section. It should
be noted that some of the net power was also be absorbed by the
circulating water before reaching the packaged food. In pasteurization,
the samples in a food package carrier were loaded into the preheating
section and heated to 51 °C in warm circulating water. The samples were
then moved through the microwave heating section. The reverse
osmosis purified circulating water was set at 91 °C, and the residence
time for the samples to travel through the four interconnected horn
applicators in the microwave heating cavity was 3.3 min (89 cm/min)
for 22 and 28 mm products and 4 min (71 cm/min) for 30 mm products.
The samples were then held for 2 min in the holding section, where the
circulating water temperature was also set at 91 °C. Finally, the samples
were moved into the cooling section to reach 23 °C. The experimental
runs for the packaged samples were conducted in duplicates.

2.3. Statistical analysis

In the chart development and statistical analyses, MATLAB with
Statistics Toolbox software version 2020b (Natick, MA, USA) was uti-
lized. The adequacy of the correlation between the predicted and the
experimental temperature values were determined by evaluating the
lack of fit, the coefficient of determination (R?) and the Root Mean
Square Deviation (RMSD) of the linear regression. As Pineiro et al.
(2008) suggested, the experimental values (y-axis) were plotted against
the predicted values (x-axis) for the regressions. The statistical signifi-
cance of the models and standardized residuals were evaluated at the 5%
probability level (P < 0.05).
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3. Results and discussion
3.1. Chart development

3.1.1. Relationship between temperature and the dielectric properties of
food samples

Firstly, the relationship between temperature and the dielectric loss
factor was established at different salt contents (Table 1). These re-
lations are illustrated in Fig. 3 for mashed potato samples. Fig. 3 shows
the rise of the loss factor in mashed potatoes with increased dissolved
salt and temperature. This is due to the increased ionic conductivity of
the dissolved ions from the added salt and the temperature enhanced
mobility of the charged ions (icier and Baysal, 2004; Ryyninen, 1995;
Tang, 2015). A similar observation is also obtained for pea and rice
products (Figs. 7 and 8), except for the rice samples with 0% salt con-
tent, which are transparent for microwaves (Jain et al., 2019).

Table 2 shows the relationships between temperature and the
dielectric constant of three food samples with different salt contents. The
relationships shown in Tables 1 and 2 allow the prediction of the
dielectric properties for the three products at different temperatures and
salt contents. These relationships were used in developing the first half
of a comprehensive chart that relates heating rates to product properties
and sample thickness.

3.1.2. The relationships among heating rate, dielectric properties, package
thickness

Fig. 4 shows the flowchart used in MATLAB software to predict the
heating rate of products as it is influenced by product temperature and
dielectric properties. Eqs. (2) and (10) were used to determine the
central layer electric field intensity (E) and power dissipation (P),
respectively, for different salt contents and package thicknesses (16, 18,
20, 22, 25, 28, 30, 35 and 40 mm). Once the power dissipation at the
central layer of the food tray was determined, the heating rate was
calculated using Eq. (11). The volumetric specific heat was 3.6, 4.7 and
3 MJ/(°C.m%) for mashed potato, pea and rice products, respectively.
The sample density was 1 x 10%, 1.3 x 10° and 0.96 x 10° kg/m?,
respectively.

Using Eq. (12) (derived from Egs. (10) and (11)), the loss factors (y-
axis) of the mashed potatoes were plotted against the calculated heating

Table 1
Relationships between temperature and the dielectric loss factor at different salt
contents.

Salt content (added salt) Correlations R?
Mashed Potatoes

0.0% e"=1x 1073 x T2~ 0.0264 x T + 14.22 0.99
0.1% e"=23x 103 x T2-0.0984 x T + 19.51 0.99
0.6% €' =3.4 x 1072 x T2~ 0.0019 x T + 29.74 0.99
1.0% €' =37 x 1072 x T2 4+ 0.1675 x T + 36.64 0.99
1.5% e" =7 x 1073 x T? + 0.0361 x T + 52.05 0.99
2.0% £ =58 x 107% x T2 4+ 0.3851 x T + 54.18 0.99
Peas

0.0% g = -2 x107* x T? 4+ 0.1529 x T + 5.72 0.99
0.1% €"=2x107% x T + 0.1360 x T + 9.28 0.99
0.2% €"=2x107% x T? + 0.1904 x T + 10.63 0.99
0.5% €' =7 x107% x T? + 0.2386 x T + 16.13 0.99
1.0% €' =1.2x 1073 x T2 4 0.3361 x T + 27.42 0.99
2.0% g"=—1x107° x T> + 0.9162 x T + 32.81 0.97
Rice

0.0% g"=2x107% x T2-0.0307 x T + 7.54 0.98
0.2% €' =4x10"*x 12-0.0181 x T + 7.81 0.99
0.5% g = -3 x 107 x T? + 0.0623 x T + 9.43 0.99
1.0% €' =4x107° x T> + 0.1571 x T + 11.85 0.99
1.5% g = —7 x 107% x T? + 0.3444 x T + 14.58 0.99
2.0% g = —6x 107> x T? + 0.6508 x T + 16.23 0.99

T = temperature (°C), (n = 3).



Y. Gezahegn et al.

150 T 1

Journal of Food Engineering 349 (2023) 111434

Dielectric loss factor (&

0% Salt —0.1% Salt —0.6% Salt — 1% Salt —1.5% Salt

2% Salt i

0 10 20 30 40

50 60 70 80 90

Temperature (°C)

Fig. 3. Relationships between temperature and the dielectric loss factor at different salt contents of mashed potatoes.

Table 2
Relationships between temperature and the dielectric constant at different salt
contents.

Salt content (added salt) Correlations R?
Mashed Potatoes

0.0% g =-7x107* x T>-0.1148 x T + 81.00 0.99
0.1% g =—4x10"%x T2-0.1589 x T + 82.19 0.99
0.6% g =-9x107* x T2-0.0698 x T + 77.96 0.99
1.0% € =-4x10"%x T2-0.1163 x T + 78.51 0.99
1.5% g =-1.1x10"3 x T2-0.0332 x T + 78.22 0.99
2.0% g =—4x10"* x T2~ 0.0753 x T + 75.57 0.99
Peas

0.0% g =-1x10"*x T2~ 0.0714 x T + 59.43 0.99
0.1% £ =4x10"*x T2-0.1325 x T + 59.13 0.99
0.2% g =8x107% x T2~ 0.2289 x T + 65.92 0.99
0.5% g =1x107% x T2-0.0979 x T + 62.66 0.99
1.0% g =0x107* x T2-0.0657 x T + 61.00 0.99
2.0% e =3x10"*x T2-0.1068 x T + 61.70 0.99
Rice

0.0% € =4x107% x T2-0.1635 x T + 65.45 0.99
0.2% € =6x10"*x T2-0.2193 x T + 65.78 0.99
0.5% g =6 x107% x T2 - 0.2250 x T + 69.65 0.99
1.0% g =8x107% x T2-0.2471 x T + 67.37 0.99
1.5% g€ =-4x10"*x T?-0.0632 x T + 62.19 0.99
2.0% g =—1x10"* x T2-0.0907 x T + 67.04 0.99

T = temperature (°C), (n = 3).

rates (x-axis) for different salt contents and thicknesses to create the
second half of the chart, as shown in Fig. 5. In this figure, the black
dashed lines are drawn with fixed dielectric constant values that range
from 60 to 80 with an interval of 5 (60:5:80). These fixed lines can be
used as a reference to track the change in the dielectric constant values
as the temperature increases. For peas and rice, the dashed lines are from
45 to 65 (45:5:65).

T
L (‘L) 12)
2nfe,|EF \di

3.1.3. Formation of the final charts

Finally, the graphs in Figs. 3 and 5 were superimposed using MAT-
LAB software to form the chart shown in Fig. 6 for mashed potatoes. Eq.
(13) shows how the equations from Table 1 and Eq. (12) are related to

Initial temperature (T;) <
i=0,1,2,...,n

g = alTiz + blTi + C1
g" = a,T> + b, T + C,

Dielectric properties
(e' &e")

u P =2nfeye"|E

Power dissipation at the
center layer (P)

2

dT/dt = P/(pCp)
AV
Heating rate (dT /dt)

Taspy = T; + (dT/dt) x At

Temperature (T;, ;) after
time “At” heating

Fig. 4. Loop iteration for the heating rate prediction.

establish a connection between the product heating temperature (T) and
heating rate (dT/dt). A similar approach was applied to create Figs. 7
and 8 for pea and rice products, respectively. The newly developed
analytical charts are named as Gezahegn-Tang (G-T) charts. The G-T
charts shed light on the complex relationships among dielectric con-
stant, loss factor, food temperature, salt content, thickness, and heating
rate in the central layer of the food processed in the MAPS. In reading the
charts, the loss factor vs. temperature lines from the first half graph (the
black horizontal axis on top of the chart) and the loss factor vs. heating
rate curves from the second half graph (the blue horizontal axis on the
bottom of the chart) must go together according to the respective colors
that indicate salt contents. The short heating rate curves near the left
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Fig. 6. G-T chart for the mashed potato samples in the MAPS.

bottom corner of Fig. 8 indicate that the rice samples with 0% salt

content have very low heating rates at the center. Similar observations, aT* +bT +c=¢' = _rCr 5 (‘;_T> (13)
lower heating rate and loss factor, were also reported by Jain et al. First half of the G_T chart 2nfe|E| !
(2019) and Auksornsri et al. (2018). Second half of the G—T chart
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3.2. Chart validation

3.2.1. Product temperature

Mashed potato samples with different salt contents (0 & 0.6%) and
thicknesses (22, 28 and 30 mm) were processed with the MAPS to
validate the accuracy of the chart predictions. The chart prediction was
based on the loop iteration presented in Fig. 4. For calculating the
predicted values, T; was set to match the experimental preheating
temperature (51 °C) of the product, and the iterative calculations were
made with a 2-s interval same as the sensor recording time interval used
for the experiment. The predicted cold-spot temperatures are compared
in Fig. 9 with the corresponding experimental values measured by mo-
bile temperature sensors placed in the central layer of the samples. In
each experimental test, 99 data observations were recorded within 3.3
min of microwave heating. The predicted temperature rises are in gen-
eral agreement with the experimental temperatures presented in Fig. 9
within the 95% confidence interval, with R% from 0.96 to 0.99.
Furthermore, more than 95% of the standardized residuals are between
the —2 and 2 °C range. Thus, the G-T chart can accurately predict
temperatures at the central layer of the food samples with various salt
contents and thicknesses.

The wavy pattern in the experimental temperatures in Fig. 9 reflects
food package movement between the horn applicators through the mi-
crowave heating cavities. The maximum microwave heating (electric
field intensity) occurs at the center of the horn applicators (perpendic-
ular to the microwave source), whereas the minimum microwave
heating occur at the entrance and exit of the horn applicators (Luan
et al., 2016). It is, therefore, expected that food packages received
maximum power when traveling between each pair of the horn appli-
cators of the four microwave heating sections illustrated in Fig. 1, while
our prediction assumed a uniform microwave energy (average electric
field intensity) exposure over the 3.3 min heating time.

3.2.2. Average heating rate

The average heating rates of the predicted and experimental values
of the mashed potatoes with different thicknesses and salt contents were
compared. The average heating rates were determined by dividing the
differences between the final and the preheating temperatures by the
heating time (3.3 min). As depicted in Fig. 10, in both predicted and
experimental observations, samples with less thickness (22 mm) were
heated faster than the thicker samples (28 and 30 mm). In addition, the
increase of the salt content from 0 to 0.6% increased the heating rate.
The results in Fig. 10 show an agreement between the predicted and
experimental heating rate values.

3.3. The G-T chart applications

3.3.1. Determining dielectric properties

The dielectric loss factors (¢") can be seen in the first half of the G-T
chart (Figs. 6, 7 or 8) that relates the temperature with the loss factor. To
read the loss factors of a food sample with a known temperature and salt
content, users first locate the temperature on the top axis, then move
vertically downward until the intersection with the curve for the cor-
responding salt content, and then read the value of the dielectric loss
factor from the left axis. Two examples are presented in Fig. 11 by ar-
rows. Arrows “a-1” and “a-2” show that a mashed potato sample at 70 °C
and with 1.5% salt content has a loss factor of 89. Similarly, arrows “b-1”
and “b-2” show at 90 °C and with 2% salt content, the loss factor is 136.

The dielectric constant (¢’) of a food sample with a known temper-
ature and salt content can also be read in the G-T chart shown in Fig. 11.
In reading, users start from the temperature of the food sample (70 or
90 °C), move downward until the intersection with the specific salt
content (1.5 or 2%) loss factor vs. temperature line, then move hori-
zontally until the intersection with the corresponding loss factor vs.
heating rate curve (green or red color) that relates to the corresponding
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salt content. The dielectric constant value can be obtained by referring
to the black dashed lines. As depicted in Fig. 11, by following arrows “a-
1” and “a-2”, the dielectric constant of the mashed potato sample at
70 °C and with 1.5% salt content can be read 70 from the third dashed
line. Similarly, for the sample at 90 °C and with 2% salt content, users
can refer to arrows “b-1” and “b-2" to read the dielectric constant value
of 65 from the second dashed line. Since the dielectric constants and loss
factors are not a function of thickness in a homogeneous food, users can
refer to their values regardless of the sample thickness in the chart.

3.3.2. Determining heating rate

The G-T chart predicts the heating rate at a certain temperature,
given the salt content and thickness of the food. From the first half of the
charts in Figs. 6, 7 or 8, users can relate a specific temperature of a food
sample with its loss factor, as described in Section 3.3.1. Then, by
referring to the loss factor, users can obtain the corresponding heating
rate from the second half of the charts. In reading the chart in Fig. 12,
one would start from the temperature of the food sample and move
downward (arrow a-1 or b-1) until the intersection with the loss factor
vs. temperature curve for the specific salt content. Afterward, moving
horizontally (arrow a-2 or b-2) until the intersection with the corre-
sponding loss factor vs. heating rate curve of the specific thickness and
salt content and then moving downward (arrow a-3 or b-3) leads to the
value of the heating rate from the blue bottom horizontal axis. There-
fore, a mashed potato sample at 30 °C temperature with 2% salt content
and 22 mm thick would have a heating rate of 10.17 °C/min. Similarly,
for a sample at 60 °C with 0.6% salt content and 30 mm thick, the
heating rate would be 4.87 °C/min.

3.3.3. Determining the optimal preheating temperature

The optimal preheating temperature for the maximum microwave
heating rate can be determined for a given food thickness and salt
content. During heating from preheating temperature to the desired
pasteurization temperature (70-90 °C), the corresponding heating rate
curve shall include the maximum (peak) heating rate. Thus, the
maximum microwave energy will be utilized during the process. Starting
the heating lower from the vertex (maximum) of the heating rate curve
is recommended for preheating temperature determination. If we select
the maximum as a starting point, the heating will begin from the
maximum heating rate and drop to the lower heating rates as the heating
progresses.

The two examples in Fig. 13 show that the optimal preheating tem-
perature can be obtained by identifying the maximum heating rate for a
specific food thickness and salt content. From the identified point (lower
from the Max) on the heating rate curve, moving horizontally (arrow a-1
or b-1) until the intersection with the loss factor vs. temperature line of
the identical salt content, then moving vertically upward (arrow a-2 or
b-2) leads to the optimal temperature from the top axis. The optimal
preheating temperature is recommended for attaining the product’s
maximum microwave heating rate. In the example with arrows b-1 and
b-2, a mashed potato sample with 0.6% salt content and 20 mm thick-
ness has an optimal preheating temperature of 45 °C.

To ensure that the selected optimal preheating temperature accom-
modates the maximum heating rate during the heating, we can use Eq.
(14) to determine the final heating temperature (T(gina):

T(rinaty = Tiopr) + (dT/ dtiopiy X t) a4

where T(gpy is the optimal preheating temperature, dT/dtopy is the
heating rate at the selected optimal preheating temperature (lower from
the vertex), and t is the heating time.

For the example (b-1 and b-2) with 3.3 min heating time, T(ginq) Will
be 90 °C (Eq. (14)):

Tirinaty = 45 °C + (13.65 °C/min x 3.3 min)

The product temperature at the maximum heating rate (vertex) is
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Fig. 11. Dielectric property determination of the mashed potato samples.

63 °C, which can be found with the same approach as arrows b-1 and b-2
by starting b-1 at the maximum heating rate. Since the final heating
temperature (90 °C) is above the temperature (63 °C) of the product at
its maximum heating rate, we can conclude that starting the heating
process at the selected optimal preheating temperature (45 °C) can
accommodate the maximum heating rate during the heating process.
In the example with arrows a-1 and a-2, the heating rate curve is a
relatively straight line with a positive slope. Since the microwave
heating rate increases linearly, we can select the optimal heating tem-
perature at a point that will not damage the product quality. In the
example for mashed potatoes with 0.1% salt content and 25 mm
thickness, if we select 50 °C as an optimal preheating temperature, the

10

final product temperature after 3.3 min heating will be 80 °C (Eq. (14)):
Tirinay = 50 °C + (9.15°C / min x 3.3 min)

This approach allows the effective utilization of microwave energy at
the product’s optimal temperature. For products with lower optimal
preheating temperatures and that do not reach the final pasteurization
temperature after microwave heating, the pasteurization can be
completed with circulating hot water in the holding section. Alterna-
tively, a longer microwave heating time can be used in the heating
section. In general, increasing the salt content (loss factor) results in a
reduction of the optimal preheating temperature.

Although the G-T charts were designed for homogenous and single
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compartment foods, they can be applied for multi-compartment trays in
three different manners. The first application is to estimate the heating
rate of the least heated compartment. This is done by finding the average
heating rate of the individual food components, and then the ingredient
with the lowest average heating rate can be used as a worst-case sce-
nario. The average heating rate can be determined by taking the mean
value within the heating rate range (between the heating rates obtained
at the initial/preheating temperature to the final temperature). For
instance, in pasteurizing a 22 mm thick (10 oz) multi-compartment food
containing mashed potatoes (1% salt), peas (0.5% salt) and rice (0.5%
salt) samples, from preheating temperature of 50-90 °C, a manufacturer
can identify that pea have the lowest average heating rate
(9.30-9.50 °C/min) (Fig. 7) relative to mashed potatoes (8.87-11.67 °C/
min) (Fig. 6) and rice (9.13-10 °C/min) (Fig. 8) samples. In this case, the
pea can be considered as the worst-case scenario in process schedule
development. The second application is to adjust compartment thickness
to obtain relatively uniform heating in multi-compartment trays. For
example, having 22 mm mashed potato, 20 mm pea and 28 mm rice with
1% salt content in each compartment gives a relatively close average
heating rate that ranges from 8.87 to 11.67, 9.02-10.38 and
10.51-11.22 °C/min, respectively. The third application is to adjust the
salt content in different compartments to obtain relatively uniform
heating. For example, by changing the salt content (while keeping the
22 mm thickness) to 0% in mashed potatoes and 0.5% in peas and rice
samples, it is possible to obtain heating rates of 8.77-10.41, 9.30-9.50
and 9.13-10 °C/min, respectively, which are relatively close.

If the input power from the generators has changed, the Ey shall be
determined to get an accurate estimation of the heating rate. According
to Eq. (10), a change in the Ey value will alter the heating rate by the
power of two. To use the G-T chart for different systems other than the
MAPS used in this study, the first half of the chart (loss factor vs. tem-
perature lines) can be used as it is, yet for the second half of the chart
(loss factor vs. heating rate curves), the Ep needs to be determined by
simulation software or from experimental results. Egs. (13) and (2) can
be used to experimentally determine the average E and Ej, respectively,
by measuring the heating temperature (T), heating rate (dT/dt),
dielectric properties and volumetric specific heat of the food.

4. Conclusions

Three distinct charts for mashed potato, pea and rice samples were
developed to show the relationships among the dielectric properties,
preheating temperature, thickness, and heating rate at the cold spots of
food samples in microwave heating with the MAPS. From the G-T charts,
users can acquire four main types of information: loss factor, dielectric
constant, optimal preheating temperature and heating rate for the
selected products processed in the MAPS. The chart for mashed potato
samples was validated by experimental microwave heating tests with
the 915 MHz single-mode MAPS system at Washington State University.
The predicted and experimental temperature profiles at the cold spots of
the mashed potato samples agreed well with higher R? (0.99-0.96). Few
thicker samples (>30 mm) showed lower R? (0.96); however, more than
95% of the standardized residuals were between the —2 and +2 range in
all samples. Further research is needed to validate the charts for rice and
peas. Additionally, similar G-T charts can be developed for various food
products. The findings from this research can be integrated with the
pilot-scale or commercial MAPS process control systems to assist the
process schedule development. Web-based or Non-web-based automa-
tion and control software can be developed to integrate the concept of
the G-T charts. Using the G-T charts can significantly save time and
resources in food product and MAPS process developments in the food
industry.
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