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A B S T R A C T   

The purpose of this study was to develop a convenient method to assist the food industry in developing process 
schedules for production of ready-to-eat meals using microwave assisted pasteurization system (MAPS). An 
analytical model was applied to estimate the temperature increase in the cold zone in packaged foods during 
heating in a 915 MHz single-mode microwave system. This model was validated in a pilot-scale four-cavity MAPS 
using mashed potato-gellan gum model food with different thicknesses (22 to 36 mm) and salt contents (0.0 to 
1.0%). Mobile sensors were placed in the packages to measure temperature at the pre-determined cold spots. For 
2.48 min of microwave heating with 5, 5, and 8.7 kW 915 MHz microwave powers, the highest temperature 
increase at the cold spot during microwave heating was 33.2 ◦C in the 22 mm thick model food with 0.6% salt 
content, whereas the lowest temperature increase was 10.3 ◦C in the 36 mm thick model food with 1.0% salt 
content. There was a deviation of 1.9 ± 1.2 ◦C between experimental and predicted data with an R2 of 0.89. A 
simplified chart was developed based on the validated analytical results to allow rapid prediction of temperature 
increases in MAPS as influenced by food dielectric properties and package thickness. Examples were used to 
illustrate how the chart could assist in process scheduling. The chart can help assess the heating rates of various 
pre-packaged food products in a specific industrial MAPS or guide product development for desired heating 
uniformity.   

1. Introduction 

Interest in emerging technologies, including non-thermal and ther
mal processing for ready-to-eat meals, is drastically increasing with 
increased consumer concerns about food safety issues and demands for 
high-quality products (Dolores Alvarez, Herranz, Campos, & Canet, 
2017; Moreno-Vilet, Hernández-Hernández, & Villanueva-Rodríguez, 
2018). Microwave heating, one of the emerging technologies, has been 
extensively studied over the past several decades. Properly designed 
microwave systems are able to produce safe and high-quality pre- 
packaged ready-to-eat meals (Huang & Sites, 2010; Tang, 2015; Tang, 
Hong, Inanoglu, & Liu, 2018). As a volumetric heating method, micro
wave heating provides shorter processing time and more uniform 
heating as compared to conventional heating methods such as retort or 
hot-water processing (Chandrasekaran, Ramanathan, & Basak, 2013; 
Tang et al., 2018). 

In the USA, 915 and 2450 MHz microwave frequencies are allocated 

by the Federal Communications Commission (FCC) for industrial, sci
entific, and medical (ISM) applications. 2450 MHz microwaves are used 
in domestic ovens and also in industrial heating (Orsat, Raghavan, & 
Krishnaswamy, 2017; Tang et al., 2018). The heating chambers of 2450 
MHz microwave systems are often designed as multi-mode cavities, 
leading to complex and unpredictable electromagnetic fields (Tang, 
2015). Furthermore, variations in the location, the shapes and proper
ties of products can change the heating patterns and the cold spots in a 
2450 MHz multi-mode cavity (Chandrasekaran et al., 2013; Luan, Wang, 
Tang, & Jain, 2017; Soto-Reyes, Temis-Pérez, López-Malo, Rojas- 
Laguna, & Sosa-Morales, 2015). Stability of cold spot locations in pre- 
packaged food is imperative for industrial-scale pasteurization and 
sterilization systems in order to ensure microbial safety of processed 
food. For heat-based processing including microwave heating, the 
United States Food and Drug Administration (FDA) requires the heating 
penetration tests with temperature measurement at the determined cold 
spot when validating industrial processes (FDA, 2016). 
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Through decades of collaborative research with food and equipment 
companies, a new system design that combines microwave heating in 
915 MHz single-mode microwave cavities with high temperature 
circulating water has been developed to provide predictable heating 
patterns in pre-packaged foods. The unique features of this design are 
discussed in detail in Tang (2015). The first microwave assisted thermal 
sterilization (MATS) system with a capacity of 30 meals per min was 
installed by Tata SmartFoodz (Chennai, India) in 2019 for commercial 
production of shelf-stable meals. In 2020, additional MATS systems with 
larger capacities have been installed at Tata Smartfoodz, more are 
planned for other companies in different countries. The same concept for 
915 MHz single-mode cavity design was recently used in the develop
ment of microwave assisted pasteurization systems (MAPS) for control 
of bacterial and viral pathogens in chilled or frozen ready-to-eat meals 
(Tang et al., 2018). MAPS are intended mostly for small and medium- 
sized food companies that may not have adequate engineering and 
R&D capacities. There is a need for effective, simple, and convenient 
tools to assist plant engineers to develop MAPS process schedules for 
various types of products and package geometries. 

Fig. 1 shows the schematic design of the pilot-scale MAPS installed at 
Washington State University (Pullman, WA, USA). The system consists 
of four sections: pre-heating, microwave heating, holding, and cooling. 
In operation, food packages in metal frame carriers are first heated in the 
pre-heating section to reach a uniform temperature before being trans
ported to the microwave heating section. In the microwave heating 
section, the food temperature rapidly increases to a target pasteurization 
temperature (Tang, 2015). The packages are then transported through 
the holding section to obtain a certain lethality at the cold spot, and 
finally, moved into the cooling section. The microwave heating section 
consists of four 915 MHz single-mode cavities filled with hot circulating 
water of low electric conductivity. Here, the food packages immersed in 
the water are heated by a combination of volumetric microwave heating 
and surface water heating. This combination offers predictable heating 
patterns without edge heating that is commonly observed in domestic 
microwave ovens. 915 MHz microwaves have a longer wavelength 
(0.33 m in the air) which provides more uniform heating inside food 
packages when compared with 2450 MHz microwaves (with a wave
length of 0.12 m in the air). Thus, the 915 MHz single-mode cavity 
design is more suitable to heat packaged meals with various shapes and 
thicknesses than the 2450 MHz multi-mode cavity design for industrial 
applications (Tang, 2015). Previous tests on green bean and garlic based 
model foods in MAPS showed shorter process times and better food 
qualities than conventional heating at the same lethality (Bornhorst, 
Tang, Sablani, Barbosa-Canovas, & Liu, 2017). Pasta processed with the 
MAPS showed a similar sensory test result when compared to home- 
cooked pasta (Joyner, Jones, & Rasco, 2016). 

The shelf-life of the pasteurized products is determined by the pro
cess conditions for MAPS. For example, food processed to 70 ◦C and held 

for 2 min are expected to have a 10-day shelf-life when stored at less 
than 5 ◦C, while food processed to 90 ◦C and held for 10 min have a 
shelf-life of 6 weeks at the same storage temperature (Peng et al., 2017). 
In MAPS process development, the heating rate is governed by several 
factors including thermal properties, dielectric properties, and thick
nesses of the food. The ability to predict how fast and uniformly food can 
be heated in MAPS should help in the selection of appropriate param
eters such as microwave power, conveyor speed, vessel temperature, 
processing time. 

Over the last decades, computer simulation has been used to simulate 
electric fields in 915 MHz single-mode cavities of MATS system or MAPS 
(Chen, Tang, & Liu, 2006, 2008; Jain, Tang, Liu, Tang, & Pedrow, 2018; 
Luan, Tang, Pedrow, Liu, & Tang, 2013; Luan, Tang, Pedrow, Liu, & 
Tang, 2015; Luan, Tang, Pedrow, Liu, & Tang, 2016; Resurreccion et al., 
2013; Resurreccion et al., 2015). In those simulation studies, the finite- 
difference time-domain (FDTD) method was used to determine three- 
dimensional (3-D) heating patterns in food packages moving through 
microwave cavities (Jain et al., 2018; Luan et al., 2016; Resurreccion 
et al., 2013). The simulation results were validated by experiments using 
a computer vision method (Pandit, Tang, Liu, & Mikhaylenko, 2007). 
While the simulation provided very useful insight into key issues related 
to the stability of heating patterns and cold spot, and about the suit
ability of using mobile sensors for accurate temperature measurement at 
the cold spots, the simulation work requires high-performance com
puters and long calculation time for the industrial-scale continuous 
processes (Jain et al., 2019; Resurreccion et al., 2013). Furthermore, 
specialized knowledge is necessary to develop the numerical models and 
to interpret the results, because of the complex physical processes 
involving food carrier movement, microwave propagation, and heat 
transfer phenomena. Food companies, in particular small- and medium- 
sized companies, generally lack such knowledge and related expertise. 

Alternatively, analytical approaches can be applied to develop a 
general understanding of microwave heating of various food products 
(Ayappa, Davis, Crapiste, Davis, & Gordon, 1991; Hossan, Byun, & 
Dutta, 2010; Jain et al., 2019; Van Remmen, Ponne, Nijhuis, Bartels, & 
Kerkhof, 1996; Yang & Gunasekaran, 2001). Jain et al. (2019) devel
oped an analytical model from Maxwell’s equations to help the process 
schedule development for MATS processing. The derived model was 
validated using pea, rice, and mashed potato-based foods that presented 
relatively large ranges of physical properties for food products (e.g., 
volumetric specific heat, dielectric constant, and loss factor). The 
analytical model is useful in assessing the influence of food properties 
and package thickness on the heating rates at the cold spots in food 
packages during heating in 915 MHz single-mode cavities. 

Heating rate is an essential parameter in the development of sched
ules for MAPS processing of packaged food products. It is closely 
correlated with microwave field intensity in food, as well as the 
dielectric properties and thickness of the food product. The interaction 

Fig. 1. Schematic design of Microwave Assisted Pasteurization System (MAPS).  
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between food and electromagnetic waves is mainly governed by 
dielectric properties of the food, which affects the dissipation of mi
crowave energy (Chandrasekaran et al., 2013). The thickness of food 
affects the power intensity of the microwaves that penetrate to the 
middle layer of the food. The heating rate in the microwave heating 
strongly affects the final product temperature and energy efficiency of a 
system. Developing a tool for heating rate prediction could guide man
ufacturers to estimate required processing time. This tool can also be 
used to select food components for relatively uniform heating, reduce 
process development time, and produce higher quality products. 

The objectives of this research were to: 1) develop a simplified 
method based on an analytical model to estimate heating rates for MAPS 
processes; 2) to validate the analytical method with pilot-scale testing; 
and 3) to develop an effective tool that would assist food companies in 
process and producte development. Specifically, the analytical model 
developed by Jain et al. (2019) was applied to the MAPS to calculate the 
heating rates and temperature increments of food products in micro
wave heating. The analytical results were validated by comparing with 
the experimental results of heating patterns and temperature increases 
during the microwave heating in the pilot-scale MAPS. The validated 
analytical model was then used to develop a chart to allow for the 
estimation of temperature increases in MAPS as influenced by food 
dielectric properties and package thickness. Examples are included to 
illustrate how this chart could assist in the development of process 
schedules and food products. 

2. Materials and methods 

2.1. Mathematical models 

2.1.1. Assumptions 
In the MAPS, microwave heating is applied to the packaged foods 

while they pass through the microwave heating section (Fig. 1). The 

following assumptions were used to simplify the calculation of the 
temperature increase at the cold spot in pre-packaged food in the mi
crowave heating section of the pilot-scale MAPS (Fig. 2). 

i. The microwave heating section in the MAPS consists of four mi
crowave applicators (Fig. 1). In each applicator, an equal amount 
of microwaves propagate in TE10 mode is applied through the 
top and bottom waveguides (Tang, 2015). The two streams of 
waves entered the cavity with a 0◦ phase difference and create 
standing waves within food packages located at the center of the 
cavity (Luan et al., 2016). The electromagnetic waves travel in 
the z-direction and have electric fields in the y-direction through 
the 915 MHz single-mode cavity (Fig. 2). We assumed that elec
tromagnetic waves were incident normally on a rectangular food 
immersed in water from the top and bottom.  

ii. Food products were solid and isotropic linear materials. Food 
materials generally behave non-magnetically, and the relative 
permeability (μr) was set to 1. 

iii. The incident electric field intensity (E0) is an important opera
tional parameter used to calculate the temperature increase 
during microwave heating. The magnitude of E0 was set 1 kV/m, 
which was obtained from a computer simulation model in pre
vious studies (Jain et al., 2019; Luan et al., 2016). The chosen 
value was sufficient to model an energy distribution in food with 
various dielectric properties and thicknesses. However, a more 
precise E0 with respect to a certain location (i.e., effective E0 at a 
location, E0eff) in food is required to estimate the actual heating 
rate in industrial systems. Based on the previous research on 
MATS systems, the cold spots are generally located in the center 
layer of foods because of concurrent surface heating by high- 
temperature circulation water in the microwave cavities (Luan 
et al., 2015; Resurreccion et al., 2015). Thus, the temperature 
increase was calculated at the selected cold point of the center 

Fig. 2. Concept of analytical model for MAPS: microwave propagation in phase on top and bottom sides of rectangular food (modified from Jain et al. (2019)).  
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layer of the model food. The E0eff of 0.527 kV/m at the center 
layer of model foods was reversely calculated from measured 
temperature increase in the microwave section in preliminary 
MAPS runs using 22-mm-thick model food with 0.6% salt 
content.  

iv. The influence of heat transfer from the circulation water on the 
temperature increase at the cold spots was negligible because the 
volumetric heat by microwaves was much faster than thermal 
diffusion from the circulation water to the center of foods within 
the short microwave heating times (Jain et al., 2019). Therefore, 
only microwave heating was used to estimate the temperature 
increase in the microwave heating zone of the MAPS. The total 
length of the four horn applicators in the microwave heating 
section (Fig. 1) was used to calculate the microwave heating time 
in the MAPS based on the moving speed of the food packages. 

2.1.2. Development of mathematical model 
Based on the above assumptions, a 1-D simplified model derived 

from Maxwell’s equations was applied to calculate the electric field in
tensity at the cold spot in the cross-section within a food product (Jain 
et al., 2019): 

E =
Tw/fE0

1 + Rw/f e− γf L

(
e− γf z + e− γf (L− z) ) (1)  

where E is the electric field intensity (V/m) at the cold spot inside the 
food with a distance z (m) from the interface (L/2 is the center location 
of food), L is food thickness (m), Tw/f is the transmission coefficient, Rw/f 
is the reflection coefficient at normal incidence on the interface between 
water and food, and γf is the propagation constant in food. The two 
coefficients can be written as (Sadiku, 2014): 

Tw/f =
2ηf

ηw + ηf
(2)  

Rw/f =
ηf − ηw

ηw + ηf
(3)  

where ηw and ηf are the complex intrinsic impedances 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ0/ε0
(
ε′

r − jε′ ′
r
)√

calculated using dielectric properties of water and food, respectively, 
μ0 is permeability in free space, ε0 is permittivity in free space, εr

′ is the 
relative dielectric constant and εr

′′ is the relative loss factor. The sub
scripts w and f denote water and food, respectively. The propagation 
constant (γf) is expressed as: 

γf = α+ jβ (4)  

where α is the attenuation constant and β is the phase constant. The are 
expressed as: 

α =
2πf

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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β =
2πf

c
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√
√ (6)  

where f is the frequency (Hz). 

2.1.3. Temperature increase calculation 
The derived equation (Eq. 1) for calculating the electric field inside 

the food was utilized to estimate the temperature and electric field. 
Obtained electric field intensity values were converted to the dissipated 
microwave power per unit volume (P(z), W/m3): 

P(z) = 2πf ε0ε′ ′
r |E|

2 (7) 

A general form of heating transfer equation is given by: 

∇∙k∇T +P(z) = ρCp
∂T
∂t

(8)  

where T is the temperature (◦C), k is the thermal conductivity of the 
medium (W/m⋅◦C), and ρCp is the volumetric specific heat (MJ/m3⋅◦C). 
As mentioned in section 2.1.1, only the dissipated microwave power was 
considered for heating. The temperature increase (ΔT, ◦C) during mi
crowave heating is calculated by Jain et al. (2019): 

ΔT =
P(z)t
ρCp

(9)  

where t is time for microwave heating (s). 

2.2. Experimental validation 

2.2.1. Sample preparation 
Mashed potato-gellan gum model food (with 0, 0.5, and 1.0% salt 

level) was used in the validation tests. Its formula was modified from 
Bornhorst, Tang, Sablani, and Barbosa-Cánovas (2017). The model food 
was made from 3% mashed potato flakes (Oregon Potato Co., Pasco, WA, 
USA), 0.75% low acyl gellan gum (Modernist Pantry LLC., Eliot, ME, 
USA), 1% L-lysine (Acros Organics, Geel, Belgium), 2% D-fructose (Fisher 
Science Education, Nazareth, PA, USA), 0.15% calcium chloride 
(Macron Fine Chemicals, Randor, PA, USA), 0.4% titanium dioxide 
(Lorann oils Inc., Lansing, MI, USA), 92.7–91.7% distilled and de- 
ionized (DDI) water, and 0–1% table salt (Morton salt Inc., Chicago, 
IL, USA). Calcium chloride was used to strengthen the gel structure of 
the model food, and titanium dioxide was used as a white color agent, 
table salt was used to control the dielectric properties, and L-Lysine and 
D-fructose were used as a precursor of the M-1 chemical marker for 
determining heating patterns. 

For sample preparation, the low acyl gellan powder was first mixed 
with DDI water. The mixture was heated in a beaker to 90 ◦C on a hot 
plate while stirring, and mashed potato flakes and calcium chloride were 
gradually added to the mixture. Then the mixture was cooled to 
75–80 ◦C, salt and titanium dioxide were added. D-fructose and L-lysine 
were added after the mixture’s temperature reached 65–75 ◦C. This 
well-mixed solution was finally poured into either 27 mm-thick 
(dimension: 95 × 140 × 27 mm, sample weight: 280, 310, and 340 g) 
and 36 mm-thick trays (dimension: 95 × 140 × 36 mm, sample weight: 
430 g) at 65–75 ◦C. After cooling at room temperature (21 ◦C), the 
model food was sealed in trays and stored in a refrigerator (for less than 
12 h) until testing. 

2.2.2. Dielectric and thermal properties measurements 
Dielectric properties of the model foods were measured using a 

network analyzer (HP 8752C, Hewlett-Packard, Palo Alto, CA, USA) 
with an open-end coaxial dielectric probe (85070B, Agilent Technolo
gies, Santa Clara, CA, USA) at 25–100 ◦C (Wang, Wig, Tang, & Hallberg, 
2003). The dielectric properties are shown in Fig. 3. Thermal properties 
of the model foods (ρCp and k) were measured at 60–100 ◦C using KD2 
Pro Thermal Properties Measurement Instrument (KD2 pro, Meter 
Group, Pullman, WA, USA). The average ρCp of 3.706 MJ/(m3⋅◦C) was 
used to calculate ΔT. The average k was 0.60 at 60–100 ◦C. All mea
surements were replicated three times. 

2.2.3. MAPS processing 
The process conditions are described in Table 1. Process time and 

temperature of each section were set based on preliminary tests. Pre
pared model foods in sealed polymeric trays were processed while 
moving through the four cavities of the MAPS equipped with two 5 kW 
and one 8.7 kW microwave generators. The microwave power from the 
8.7 kW generator was split equally to feed two cavities. Mobile tem
perature sensors (PicoVACQ, TMI-Orion, Castelnau-le-Lez, France) were 
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placed inside food packages to measure the temperature at the pre- 
determined cold spot location, according to Luan et al. (2015). The 
resolution of the temperature sensor was ±0.1 ◦C. Model foods of three 
different salt levels (0, 0.6, and 1%) and four different thicknesses (22, 
24, 27.5, and 36 mm) were processed. Eight trays of the model food 
placed on a food package carrier were processed in each test run. The 
vertical position of the model food trays in the metal carrier was 
adjusted so that the middle layer of the model food was aligned with the 
central plane of the microwave cavities. After the MAPS processing, the 
images of different cross-sectional cuts of the model foods were acquired 
by CCD digital camera (D90, Nikon Inc., Tokyo, Japan) with lens (AFS 
Nikkor DX 18-70 mm F3.5–4.5, Nikon Inc., Tokyo, Japan). The heating 
patterns in the cross-sections (x-z plane) inside the samples were 

determined from images using the computer vision software described 
by Pandit et al. (2007). Tests were carried out twice at each condition for 
replication of experiments. 

2.3. Penetration depth and J-T number 

The microwave penetration depth (Dp) is the distance between the 
product surface and the location (inside the product) where the micro
wave power reduces to 36.8%. It was calculated by (Datta, 2001): 

Dp =
c

2πf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2εr
′

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
ε′ ′r
ε′r

)2

+ 1

√

− 1

]√
√
√
√

(10)  

where c is the speed of light in free space (2.99 × 108 m/s). 
A dimensionless J-T (Jain-Tang) number derived by Jain et al. 

(2019) was used to interpret the maximum heating rates relating to 
dielectric properties and thickness: 

J − T number =
2πε′ ′

r L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε′

r
2
+ ε′ ′

r
2

√√

λair

(11)  

where λair is the wavelength of 915 MHz microwaves in the air. 

2.4. Statistical analysis 

Regression analysis with 95% and 98% confidence intervals was 
conducted by Excel (version 16.0, Microsoft, Redmond, WA, USA) to 
validate the analytical model with experimental results. All calculations 
were performed using Matlab (2017b, MathWorks, Natick, MA, USA) 
and Excel. 

3. Results and discussion 

3.1. Comparison of experimental and calculated temperature increase 

Based on the measured dielectric properties (shown in Fig. 3) and the 
volumetric specific heat (ρCp), the temperature increases (ΔT) at the cold 
spot in the central layer of the mashed potato-gellan gum model foods 
with different thicknesses (22, 25, 27.5, and 36 mm) and salt concen
trations (0.0, 0.6, and 1.0%) during the microwave heating in MAPS 
were estimated using the analytical model developed in section 2.1. The 
dielectric properties of the model foods and ΔT from both calculations 
and experiments are listed in Table 2. The calculated and experimental 
ΔT data for the model food samples are close to each other (average 
difference: 1.9 ± 1.2 ◦C). The ΔT decreased as the thickness of model 
foods increased at all salt concentrations. 

According to the calculated data, the larger ΔT at the central layer of 
the 0.6%-salt model foods indicated faster heating rates as compared to 
that in the 0.0%- and 1.0%-salt model foods of the same thickness, with 
the exception of the 36-mm thick samples. For the 36-mm thick samples, 
the 0%-salt sample had the largest ΔT. The calculated ΔT data were 
slightly smaller than the measured ones for most of the model food 
samples. This might have been caused by the fact that the calculation did 
not consider the heat transfer from hot water to food and heat conduc
tion inside the food. The inconsistency in the few data points might be 
due to the deviations in the measured thickness of individual model food 
samples. A 0.5 mm difference in thickness could make a difference of 
0.34 to 0.94 ◦C with 2.48 min of microwave heating. The average dif
ference between the experimental and calculated ΔT data was 1.9 ±
1.2 ◦C. This is acceptable, as the main purpose of the calculations was to 
evaluate the influence of sample properties and thickness on relative 
heating rates in the microwave heating section of a MAPS. 

The estimated temperature increases correlated well with experi
mental temperature increases during microwave heating in MAPS 

Fig. 3. Dielectric properties of mashed potato-gellan gum gel model foods with 
0, 0.6, and 1.0% salt at 915 MHz. (n = 3). 

Table 1 
Process conditions of MAPS for experimental validation.  

Process condition Set value 

Generator power [kW] 5/5/8.7 
Tray speed [cm/min] 88.9 
Pre-heating temperature [◦C] 51 
Water temperature in MW and holding sections [◦C] 91 
Cooling temperature [◦C] 23 
Pre-heating time [min] 45 
Holding time [min] 2  
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(Fig. 4). Although there were several data points out of the 95% confi
dence interval, the predicted data mostly differed by less than 2 ◦C from 
experimental data, which is within the 98% confidence interval. The R2 

of 0.89 showed a goodness-of-fit of the linear regression in the experi
mental data. It suggests that the temperature increase during microwave 
heating could be calculated using the analytical model with the obtained 
E0eff for the pre-determined cold spot in the package. The reasonably 
good agreement between the experimental and calculated results also 
confirms that the analytical model could be an effective tool for esti
mating temperature increases during microwave heating in MAPS. 

3.2. Influences of thickness and salt level of model food on dissipated 
energy 

The dissipated energy along the microwave propagation direction (z- 
direction) was calculated using the analytical model (Eq. 1) to under
stand the effect of the thickness (22, 25, 27.5, and 36 mm) and salt 
concentration (0.0, 0.6, and 1.0%) on the vertical heating pattern within 
the model foods. As shown in Fig. 5, the in-phase microwaves from the 
top and bottom waveguides created well-defined nodes and anti-nodes 
along with the depth (z-direction) in a food package. The dissipated 

microwave energy in the central layer of the model food decreased, 
while that at the surface increased, with the increase in the thickness of 
the model food. For model foods with 0.6% salt content (Fig. 5b), the 
dissipated energies in the central layer were 776.5, 674.0, 568.3, and 
357.4 kW/m3 for L = 22, 25, 27.5, and 36 mm, respectively. The 
dissipated energy in the near-surface region increased from 316.4 kW/ 
m3 for L = 22 mm to 644.4 kW/m3 for L = 36 mm. A single peak around 
the center of the model foods was observed for L = 22 mm, whereas 
multiple peaks in the center and surface were observed for L = 27.5 and 
36 mm. Model foods with 0.0 and 1.0% salt content followed the 
observed trend for model foods with 0.6% salt content. These results also 
followed the trend in previous research (Jain et al., 2019). 

Fig. 5 also clearly illustrates the effect of salt level on microwave 
power dissipation inside the model food of different thicknesses. For the 
samples with thicknesses of 22, 25, and 27.5 mm, the model food with 
0.6% salt content had a higher energy dissipation in the central layer 
compared with 0.0 and 1.0% salt content samples. In the 22 mm thick 
sample, the dissipated power for the 0.0, 0.6, and 1.0% salt level at the 
central layer (x-z plane) was 600.3, 776.5, and 688.3 kW/m3, respec
tively. For the 36-mm thick samples, the model food with 0% salt con
tent had the highest energy dissipation in the central layer. Moreover, 
the food with 1.0% salt level experienced more surface heating 
compared with other salt level model foods of the same thickness. A 
higher salt level (resulting in higher loss factor) could not guarantee 
higher energy dissipation in the central layer of the food product during 
microwave heating. The reason is that most of the microwave energy 
was dissipated at the surface of food due to the shallow penetration 
depths of the microwaves. Jain et al. (2019) also showed similar results 
for mashed potatoes, peas, and rice model foods. Appropriate ranges of 
loss factor of food should be selected by modifying food formulation. 

3.3. Comparison of analytical results of energy dissipation with 
experimental heating patterns 

Fig. 6 shows the changes in the heating pattern of model foods with 
respect to thickness (22, 25, 27.5, and 36 mm) and salt content (0, 0.6, 
and 1%) on an x-z plane (a vertical cross-section cut along the central 
line of the sample). The heating pattern images were obtained by using 
the computer vision method (Pandit et al., 2007) that captured the 
relative color changes in model foods after the thermal processing in 
MAPS. The red and blue color indicates the maximum and minimum 
thermal intensity, respectively, based on formation of M-1 chemical 
marker in thermal processing. The heating pattern results agreed well 
with the dissipated microwave energy calculated using the analytical 

Table 2 
Specific properties of model foods and temperature increase during microwave heating at 915 MHz (n = 2).   

Dielectric 
constant* 

Loss 
factor* 

Thickness 
[mm] 

Measured temperature 
increase [◦C]** 

Estimated temperature 
increase [◦C] 

Temperature increase 
difference [◦C]*** 

J-T 
number 

Penetration 
depth [mm] 

0.0% 
salt 

71.3± 0.6 16.4± 0.3 21.9±0.0 27.0±0.9 24.5±0.1 2.5±0.8 0.82±0.0 26.8±0.5    

24.7±0.2 25.2±1.6 22.5±0.1 2.8±1.4 0.92±0.0     
26.9±0.4 23.4±0.5 20.8±0.4 2.6±0.1 1.00±0.0     
35.9±0.2 16.3±2.0 15.7±0.2 0.6±1.8 1.29±0.0  

0.6% 
salt 

66.8±5.8 43.1±1.6 22.1±0.2 33.2±0.8 32.3±0.0 0.9±0.8 2.18±0.0 10.6±0.4    

24.4±0.6 25.9±0.4 27.3±1.0 1.5±0.6 2.34±0.1     
27.2±0.2 20.2±0.7 23.3±0.3 3.1±0.4 2.44±0.0     
36.3±0.1 12.2±1.1 14.6±0.0 2.4±1.1 3.13±0.0  

1.0% 
salt 

69.7±0.4 61.4±1.6 22.0±0.1 28.5±0.7 28.2±0.2 0.3±0.5 2.77±0.0 7.7±0.3    

24.5±0.5 24.4±0.7 23.3±0.9 1.1±0.3 3.02±0.1     
27.1±0.2 17.2±0.5 19.3±0.4 2.1±0.1 3.27±0.0     
36.6±0.4 10.3±0.9 9.7±0.4 0.6±0.4 3.82±0.6   

* Dielectric property values are the averages of the dielectric property data measured in the temperature range of 50–90 ◦C. 
** Temperature increase during microwave heating after pre-heating. 
*** Temperature difference between measured and estimated temperature increase. 

Fig. 4. Comparison of predicted temperature increase by the analytical model 
and experimental temperature increase of model food with various salt contents 
and thicknesses in the microwave heating during the MAPS process. 
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model (Fig. 5). The hot spots were located at the central layer in the 
smaller-thickness (22 and 25 mm) samples regardless of salt concen
tration. The 0%-salt 27.5-mm sample had the hot spot location at the 
central layer while the 0.6%- and 1.0%-salt 27.5 mm samples experi
enced surface heating. The 36-mm-thick samples experienced surface 

heating irrespective of salt level because the thicker model foods limited 
energy penetration into the central layer. These trends were similar to 
the analytical results which showed that surface heating increased as the 
thickness increased. 

At every quarter of a wavelength, the node (minimum amplitude) 
and antinode (maximum amplitude) of the standing wave were located. 
The antinode was placed on the central layer of the model food, whereas 
nodes were located a quarter wavelength away (Fig. 5). The cross- 
sectional heating patterns (Fig. 6) matched the theoretical calculation; 
the locations of the cold and hot zones (in the x-z plane), as indicated by 
the color changes in the heating patterns (Fig. 6), agreed with the lo
cations of the antinodes and nodes obtained in the analytical calculation 
results (Fig. 5). 

3.4. Penetration depth and J-T number 

Penetration depth generally indicates how microwave energy can 
penetrate a product. As shown in Table 2, the penetration depth changed 
with the salt concentration of the model food. For instance, the average 
penetration depth of the model foods with 0.0, 0.6, and 1.0% salt con
tents was 26.8, 10.5, and 7.7 mm, respectively. Although 915 MHz 
microwaves had a relatively deep penetration depth in the 0%-salt 
model food samples, the heating rates at the cold spot of the 0%-salt 
samples with different thicknesses were not always higher than that in 
higher salt content samples. Specifically, the 0.6%-salt sample had 50% 
less penetration depth, but the heating rate in the sample center layer 
was higher than in the 0%-salt sample of 22 and 25 mm thickness. With a 
thickness of 36 mm, the heating rate at the cold spot was higher in the 
0%-salt sample (ΔT=15.7 ◦C) than in the 0.6%- and 1%-salt samples 
(ΔT=14.6 and 9.7 ◦C, respectively). But for the model foods of other 
thicknesses (22, 25 and 27 mm), the heating rates were ΔT=32.3, 27.8, 
and 23.3 ◦C, respectively, in the 0.6%-salt samples, and ΔT=24.5, 22.5, 
and 20.8 ◦C, respectively, in the 0%-salt samples. The penetration depth 
only reflects attenuation of the microwave power of the transverse wave 
by a factor e− 1 in a product (Sadiku, 2014). In MAPS, microwaves 
propagated from top and bottom are super-imposed within the micro
wave cavity, which creates a standing waveform in the z-direction. This 
was clearly predicted by the analytical model (Eq. 1). Luan et al. (2016) 
also verified the electric field distribution with a standing wave pattern 
in the microwave assisted thermal process system using 3D numerical 
simulation. For this reason, the penetration depth alone could not fully 
explain the complex phenomena of the propagation of microwaves in 
MAPS. 

The J-T number (Eq. 11) is a dimensionless number developed to 
explain the correlation between dielectric properties and thicknesses 
with the heating rate at the cold spot of a food package. The calculated J- 
T number values for model foods with various thicknesses and dielectric 
properties are included in Table 2. The J-T number increased with 
increasing thickness and loss factor. The J-T number at the highest 
heating and lowest heating rates was 2.18 (22-mm and 0.6%-salt sam
ple) and 3.82 (35-mm and 1%-salt sample), respectively. This result 
matched with the previously reported data in Jain et al. (2019) which 
stated that the maximum energy dissipated in the food is within the J-T 
number range between 1.8 and 2.2. As mentioned in sections 3.1 and 
3.2, in a given MATS system or MAPS and with a fixed power setting, 
heating uniformity and heating rate largely depend on the dielectric 
properties and thicknesses of foods. For the MAPS processing, the J-T 
number could be a better indicator to estimate the heating rate than the 
penetration depth. A process developer could simply assess the heating 
efficiency by checking the J-T number. If the values are too high or much 
smaller than the J-T range of 1.8–2.2, the process conditions may need 
to be adjusted for higher heating efficiency (Jain et al., 2019). Thus, the 
analytical model combined with the J-T number can be useful in 
developing processing schedules for MAPS processes. But it is still not a 
straightforward task for a layperson to use the analytical model. Thus, a 
simplified chart was developed below. 

Fig. 5. Effect of food thicknesses and salt contents on dissipated power distri
bution along the wave propagation direction (z) in a food: (a) 0.0% salt, (b) 
0.6% salt, and (c) 1.0% salt. 
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3.5. Development of simplified chart 

Several methods, such as the General method or the Ball method, 
have been utilized to develop processing schedules for conventional 
thermal processes in the food industry (Holdsworth, Simpson, & Bar
bosa-Cánovas, 2008; Stoforos, 2010). These methods, along with well- 
established procedures, are very crucial to avert monetary loss and un
necessary trials and errors associated with large scale industrial systems. 
For the microwave assisted thermal processing, as an emerging tech
nology, there is no standard method to estimate the temperature in
crease in packaged foods. 

The validation results discussed above suggest that the analytical 
model could be applied to estimate the temperature increase at a cold 
spot in food products with different thickness or dielectric properties. 
Based on the analytical model developed in this study, a simplified chart 
shown in Fig. 7 was developed for estimating temperature increase 
during microwave heating for the pilot-scale process conditions used in 
this study. The horizontal axis and vertical axis, respectively, represents 
the loss factor at the average temperature and the average heating rate 
(◦C/min) during microwave heating. The curves for different- 
thicknesses of food samples show the relationship between the heating 

rate, loss factor, and food thickness. The ρCp of 1 MJ/(m3⋅◦C) was used 
for the chart development. For a given food, the chart-value for the 
heating rate can be found using the loss factor of the food at the average 
temperature during the microwave heating and the thickness of the 
food. The heating rate of the food can be obtained by dividing the chart 
value with the value of the actual ρCp of the product. 

For example, when ground beef steak (ρCp=3.2 MJ/(m3⋅◦C) and εr
′ ′=

50) as the main component of a product is processed in a 36 mm thick 
package (ASHRAE, 2006), the corresponding point A in Fig. 7 indicates 
that the estimated value for the heating rate is 19 ◦C/min for a subject 
with a ρCp of 1 MJ/(m3⋅◦C). The heating rate of the steak that has a ρCp 
of 3.2 MJ/(m3⋅◦C), therefore, is 5.9 ◦C/min (=19 ◦C/min divided by 
3.2). Thus, if a manufacturer wants to process their food packages from 
60 to 90 ◦C at the cold spot, the food packages should have 5.1 min of 
resident time in the microwave heating section of the MAPS. When the 
formulation changes, e.g., by reducing salt, that results in εr

′ ′= 30, the 
manufacturer can obtain a higher heating rate of 7.8 ◦C/min (=25 ◦C/ 
min divided by 3.2) in the package of the same thickness (B in Fig. 7). 
The microwave heating time, in this case, should be shortened to 3.9 min 
for the same temperature rise at the cold spot. 

Through reformatting product recipes or changing package thick
nesses, the chart can be used to adjust the heating time for processing of 
not only plain food packages (single-compartment trays or pouches) but 
also multi-compartment trays filled with different food components. For 
food recipe development and thickness selection, one needs to consider 
that the different food components filled in different parts of the multi- 
compartment trays should have similar heating rates in order to get a 
uniform and efficient MAPS heating process. If the manufacturer selects 
carrots (ρCp=2.3 MJ/(m3⋅◦C) and εr

′ ′= 20) as the side to ground beef 
steak (ρCp=3.2 MJ/(m3⋅◦C) and εr

′ ′= 50) in the same two-compartment 
tray (ASHRAE, 2006; Tran, Stuchly, & Kraszewski, 1984), the heating 
rate of carrots would be 10.4 ◦C/min (=24 ◦C/min divided by 2.3) (C in 
Fig. 7), which is much higher than that of the steak (5.9 ◦C/min, A in 
Fig. 7). Similar heating rates can be obtained in the two food compart
ments of the same tray by either reducing the thickness of the steak from 
36 to 27 mm (D in Fig. 7), resulting in a heating rate of 10.3 ◦C/min in 
the steak (33 ◦C/min divided by 3.2), or increasing εr

′ ′ of the carrot by 
adding more salt (E in Fig. 7), resulting in a heating rate of 6.1 ◦C/min in 
the carrots (14 ◦C/min divided by 2.3). 

As demonstrated in the examples presented above, the chart can 
guide product development (recipe and thickness selection/adjustment) 
for uniform and efficient heating with various food products that have 
different εr

′ ′ and ρCp values. Better heating uniformity in multi- 
compartment trays can be obtained by matching the heating rates for 

Fig. 6. Heating patterns on the x-z plane (vertical cross-section cut along the central line of the sample) inside mashed potato-gellan gum model food with different 
salt contents and thicknesses (The images were obtained by using computer vision system that captured color changes in model foods after the thermal processing 
in MAPS). 

Fig. 7. Example of developed chart for food products with standard volumetric 
specific heat and dielectric constant (ρCp=1.0 MJ/(m3⋅◦C), and ε′ = 70) for 
MAPS processing. 
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different food components. In industrial applications, this chart may be 
used as a convenient tool to assess relative heating rates of different food 
products in different package geometries in a specific industrial micro
wave system using the 915 MHz single-mode cavity design as depicted in 
Figs. 1 and 2. With known microwave power applied to each cavity, it 
can also be used to estimate heating rates of a specific product in a given 
package. The chart should be adjusted with new E0eff to obtain accurate 
estimation when the change is made in the microwave power and/or 
package design. Although the chart was developed based on an analyt
ical model validated with MAPS, it can also be used to estimate tem
perature rises at the cold spot of pre-packaged foods in MATS processes 
because of the similarity in the microwave cavity design between MAPS 
and MATS. The main difference between the two processes is that both 
the initial and final product temperatures are about 30-40oC higher in a 
MATS process than in a MAPS process. 

The chart was developed using homogenous model foods, but it can 
provide useful insight to guide the development of process schedules for 
various non-homogenous food products in MATS and MAPS systems. 
Basically, all commercial thermal processes, including microwave 
assisted thermal processes, are developed based on the ‘worst-case sce
nario’ (FDA, 2016; IFTPS, 2014). For non-homogeneous foods, process 
engineers use the temperature history in a food component that has the 
lowest heating rate at the cold spot in the food packages to develop 
processing schedules. Thus, our chart can be used to estimate the heating 
rate and select an approximate range of processing time, assuming that 
the packages are filled with the same food component as the worst-case. 
The process conditions can then be refined by directly measuring the 
temperature of the cold spot in food packages using mobile sensors as 
described in Luan et al. (2015), Tang (2015), and Tang et al. (2018). 

This is our first attempt to develop a simplified chart to assist food 
companies in developing a process schedule for industrial production of 
shelf-stable (using MATS) or chilled (using MAPS) pre-packaged meals. 
Further research is needed to refine, validate, and expand the chart for a 
wide range of products of interest to the food industry. For example, the 
influence of dielectric constant is not included in the chart. But based on 
previous studies, the values of dielectric constant of most high moisture 
food components fall into a narrow range (e.g., εr

′ changed from 80 to 70 
when sugar contents were increased by 30%) (Jain et al., 2019; Luan, 
Tang, Pedrow, Liu, & Tang, 2015; Wang, Tang, Liu, & Bohnet, 2018; 
Zhang et al., 2015). Thus, this chart can still be applicable to those foods. 
Additional supplementary charts could be developed for the food com
ponents having extremely high or low dielectric constants. 

4. Conclusions 

An analytical model was used to estimate the temperature increase at 
the cold spot inside food packages during microwave heating in MAPS. It 
was validated using experimental results from pilot-scale testing of the 
model foods with various salt concentrations and thicknesses. The 
calculated temperature increases in the model foods based on the 
analytical model were in general agreement with the experimental re
sults. Results of the validation also conclude that the J-T number can be 
an energy-efficiency indicator to determine the process parameters for 
processing food products with different dielectric properties and thick
nesses. A user-friendly chart was developed from analytical calculations 
to visually represent the relationship between heating rates, dielectric 
loss factors, and package thicknesses. This chart can potentially help 
food product developers and processors to optimize food recipes and 
process schedules for MAPS processing of their food products. 
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