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Abstract

Heat transfer equations solved by the finite element method can be used to under-
stand how foods’ temperature changes during tempering. In this paper, the transient
temperature change of frozen potato puree tempered in microwave and microwave
infrared combination oven was simulated by the finite element method, separately.
Maxwell equations were used to calculate the microwave power. Thermal and die-
lectric properties varied with temperature. Experimental temperature data obtained
from the data of the same oven in a previous study for different positions of potato
puree were used to validate the simulations developed for different microwave
(30, 40, and 50%) and microwave (30, 40, and 50%)-infrared power (10%) combi-
nations. The alteration of temperature according to position in the frozen mashed
potato sample was simulated. Port input power for microwave heating by time was
obtained. Average root mean square error (RMSE) between literature experimental
temperature data and the simulation model was in good agreement with 0.76 °C for
microwave and 0.90 °C for microwave and infrared combinations. Microwave and
infrared powers’ effects on the rate of heat transfer of potato puree were also studied.

Keywords Infrared - Maxwell Law - Microwave - Modeling

Introduction

Microwave heating of food has gained popularity since it has advantages such
as increasing the nutritional quality of products and improving food processing
effectiveness. Food is heated internally by microwave energy which leads to a
faster heating process and a short processing time (Ramaswamy and Tang 2008).
These advantages make microwave heating a preferred processing method for
defrosting, mainly thawing and tempering. Thawing is the complete process when
no ice is present in the food and the food has reached 0 °C at the thermal center.
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Tempering occurs as the temperature at the thermal center of the food reaches —5
to —2 °C, just below the freezing point (James et al. 2017).

The variation of dielectric properties with temperature is critical in thawing and
tempering processes. Because one of the most important factors affecting the vari-
ation of dielectric constant and dielectric loss factor with temperature was the free
and bound water content of foods (Calay et al. 1994), it was shown that both dielec-
tric constant and dielectric loss factor are affected by the change of temperature
during the tempering of three frozen dishes. These dielectric properties were found
to change slightly at thawed temperature range (Klinbun and Rattanadecho 2017).

In the electromagnetic spectrum, infrared is present between ultraviolet and micro-
wave, as invisible radiant energy (Septilveda and Barbosa-Céanovas 2003). In contrast
with microwave energy, because of the shorter wavelength, infrared energy does not
penetrate into foods deeply. When infrared heating is applied to food, the surface tem-
perature increases and the heat is transferred into the food by conduction (Erdogdu
et al. 2018). A limited number of studies are available for numerical modeling of
the infrared thawing process (Taher and Farid 2001; Basak 2003; Seyhun et al. 2009).

The rapid change in dielectric properties brings the problem of uneven heating,
run-away heating, and surface sogginess. To overcome these problems, modeling
using mathematical relations and using infrared heating would be profitable to
understand and limit uneven heated spots. Surface sogginess can be decreased by
infrared thawing since infrared thawing applies radiation to provide heat which leads
to high rate of surface heat transfer and surface removal of water (Venugopal 2005).

Modeling microwave and microwave infrared combination heating is a compli-
cated and important task. The heat generation during microwave heating can be cal-
culated by solving Maxwell’s equations, where a heat source term is obtained from
the electric field (Rattanadecho et al. 2002; Dincov et al. 2004; Vegh and Turner
2006). The second approach is to estimate the heat generation by Lambert’s Law that
depends on the penetration depth of the microwave inside the product (Seyhun et al.
2009; Pitchai et al. 2015; Singh et al. 2020). Whilst there is no need to calculate the
electromagnetic field inside the heated food with the Lambert approach, the electro-
magnetic field is calculated for the Maxwell equation approach (Curet et al. 2008).

Campafione and Zaritzky (2010) used Lambert’s Law, obtaining the numeri-
cal solution using an implicit Crank-Nicolson finite difference method to pre-
dict the temperature profile during thawing of frozen meat and validated their
approach using experimental data from previously published studies. Since food has
complex compositions, model foods were obtained and found to be feasible to use
instead of food, like frozen lean tuna (Llave et al. 2016). Llave et al. (2020) simu-
lated the power absorption of two-component materials water and oil; oil represents
the frozen materials.

The objectives of this study were:

1. to obtain a finite element model of microwave and microwave infrared combina-
tion tempering of frozen potato puree.

2. to obtain electrical field distribution by Maxwell equations to calculate micro-
wave power. In a previous study (Seyhun et al. 2009), the model was obtained by
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the finite difference method using Lambert equations to estimate the microwave
heating.

3. to analyze the effects of microwave and infrared power on the rate of heat transfer
of frozen potato puree, separately and the change of temperature in relation to the
position in the frozen potato puree.

4. to validate the model by the experimental data.

Mathematical Model Development
Assumptions

e The effect of evaporation on heat transfer was not considered. Similarly, since the
moisture loss during microwave melting was about 1% or less, the evaporation cor-
responding to this small amount of moisture loss was neglected in the heat transfer
during tempering (Chamchong and Datta 1999).

¢ In the impedance boundary condition, resistive metal losses were expected to be
small.

Microwave Heating Mathematical Formulation

In the model, frozen potato was placed on top of a porcelain plate and placed at the
center of the oven. The physical geometry of the rectangular waveguide, the entire
oven, and potato was sketched in Fig. 1.

With the assumptions, the non-linear heat transfer equation of a cylindrical slab was
expressed as:

0(C,pT)
) 1
dt VKVT) + Qyen M

where Q,, is the volumetric heat generation term (W/m3), C, is the specific heat
capacity (J/kg°C), p is the density (kg/m?), T is the temperature (°C),  is the time

Fig. 1 Sketch used for modeling
of the entire oven together with
rectangular waveguide and
potato
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(s), and k is the thermal conductivity (W/m°C). During thawing, the density of food
was assumed constant as similarly done in earlier studies (Lucas et al. 2000; Cham-
chong and Datta 1999).

To solve the non-linear heat transfer equation, the initial and boundary conditions
were used as below. On the symmetry line, no heat transfer takes place, so the heat
flux was equal to zero. It was assumed that heat transfer on the surface of the food
was by convection.

@t=0, T=T, )
@z=0,n-(kVT) = hT(Tinf - T) ©)
@z=L,n-(kVT) =0 )

T, is the air temperature in the oven (°C), 7, is the initial temperature (°C), Ay is the

heat transfer coefficient (W/(m?-°C)), and 7 is a unit vector that is normal to the surface.

Electric Field Determination by Maxwell Equations

Volumetric heat generation should be obtained to solve the heat transfer equation.
Microwave energy absorbed by the food per unit time can be determined by the Poynt-
ing theorem:

Quen(X,, 2, 1) = 27f£e” |E|? 5)

where E is the electric field (V/m), f is the frequency, ¢ is the dielectric loss factor,
and ¢ is the dielectric constant of free space (8.854 X 107'2 F/m).

During tempering of potato, the power absorbed and electric field distribution inside
the oven were obtained by solving the Maxwell’s equation for time changing dielectric
property. James Clerk Maxwell in 1873 described electromagnetic heating of micro-
wave as a set of four basic equations.

V X E = —joouH Faraday’s Law 6)

V X H =J = joeE Ampere's Law @)
V - eE = p Gauss's Laws (8)

V - uH = 0 Gauss’s magnetic law 9)

where ¢ is the permittivity (F/m), u is the permeability (H/m), H is the magnetic
field intensity (A/m), p is the density of charge (kg/m?), @ is the angular frequency
(rad/s), J is the current flux (A/m?), and j = v/—1.

Transverse electric (TE) wave was used to excite the rectangular waveguide of the
oven. TE,, propagation mode was selected since the microwave oven frequency was
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2.45 GHz. Malafronte et al. (2012) obtained the electric field equation as electro-
magnetic energy was transferred through a rectangular waveguide with TE,, wave
propagation mode.

Vxﬂ;l(VxE)—k§<e,—fi>E=o (10)
wE

where p, is the sample relative permeability equal to 1, w is the angular frequency
(rad/s), o is the sample electric conductivity (S/m), and e, is the sample relative per-
mittivity equal to 1.

Initial, boundary, and excitation conditions for electric field determination by Max-
well equations are given in Table 1.

Infrared Heating Mathematical Formulation

The infrared heating can be calculated by the Stefan-Boltzmann Law.

Q=¢ o(T-T% (17)
where T is the halogen lamp surface temperature (K), € is the surface emissivity, T
is the food temperature (K), and o is the Stefan-Boltzmann constant (5.67x1078 W/
m?-K*).
Model and Experimental Input
Temperature
The experimental temperature data at 0.5 cm, 1.5 cm, and 2.5 cm deep from the surface

of potato tempered in the same oven that was modeled was obtained from the study of
Seyhun et al. (2009).

Thermal Conductivity

The equation obtained by Choi and Okos (1986) was used for the thermal conductivity
of frozen potato:

kK(T)=2.014+139%x 103 x T —4.33x107% x 17 (18)
where T is the temperature (°C) and k is the thermal conductivity (W/m°C).
Specific Heat Capacity

The equation obtained from Seyhun et al. (2009) was used for the specific heat
capacity of frozen potato:
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C,(T) = 2087.8 +21.058 x T + 0.2224 x T? (19)

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

Dielectric Properties

In some studies, the dielectric properties of food varied slightly with temperature
and moisture content (Yazicioglu et al. 2021); thus, they were assumed constant
in the simulation. However, the dielectric constant and the dielectric loss factor of
frozen potato during thawing were significantly changing as temperature changes
(Seyhun et al. 2009). Data presented in the study was used and dielectric constant
(¢) and dielectric loss factor (¢') change in relation to temperature was fitted to the
equations listed below using Microsoft Excel software package (Microsoft Corpora-
tion, USA) with R? values 0.9932 and 0.9969, respectively.

€' (T) = 0.00297° + 0.2104T2 + 5.0149T + 43.256 (20)

€"(T) = 0.00097° + 0.06617% + 1.6036T + 13.424 (21)

The complex forms of dielectric properties were used for calculation of micro-
wave power by Maxwell equations e(T)—¢€'(T)).

Modeling

Maxwell equations were calculated for the entire oven by the finite element method
using Comsol Multiphysics software v.4.3 (Comsol Inc., Burlington, MA, USA).
To ease the calculation, the oven was divided into two symmetrical parts. The oven
(Advantium oven, General Electric Company, Louisville, KY, USA) was drawn
as a rectangular box according to the dimensions given in the user manual. Potato
was placed at the midpoint on the porcelain plate that was drawn as a cylindrical
slab. Air was defined as no heat transfer medium in the systems. Port boundary was
defined on the right surface of the rectangular waveguide. Oven and rectangular
waveguide walls were stainless steel; thus, metal boundaries were applied. Param-
eters and properties of structural steel, air, and porcelain were obtained from the
library of the Comsol Multiphysics and listed in Table 2.

Figure 2 shows the flowchart for modeling strategy in the COMSOL software. The
model variables and input parameters were defined in variable, functions, and param-
eter module of the software under Global Definition, respectively. The geometry of
the oven was built based on the specified dimensions. For electromagnetic heating,
the radio frequency module/microwave heating interface was used. Electric field
(E) and temperature (7) were dependent variables of microwave heating interface.
The time-dependent solver MUMPS (Multifrontal Massively Parallel sparse direct
Solver) and backward differentiation formulas (BDF) were used for time stepping in
order to solve Maxwell equations. Initial and boundary conditions were entered in the
software. The boundary condition for surface to ambient radiation was used to reflect
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“Microwave heating interface of
radio frequency module” physics
were selected in COMSOL
Multiphysics (Equations 1,
5,6,7,8.9)

y

Oven, plate and sample
geometry was built in COMSOL
Multiphysics

A 4

Initial and boundary conditions
were entered (Equations 2-4, 10-
16).

A 4

Input parameters, variables and
material properties were defined  je
(Table 2).

A\ 4

Equations were solved by using
initial and boundary conditions
with input parameters, variables
and material properties

Input parameters and variables
were updated

\ 4

Temperature and power absorbed
by microwave and microwave
infrared tempering were compared
with the experimental data

Fig. 2 Flowchart for modeling development in COMSOL software

the surface heating of food by infrared (Eq.17). Convective heat transfer was modeled
using the boundary condition of heat flux at the surface of the food using Eq. 3.

The time required to solve equations with boundary conditions to determine
electric field and temperature distributions was 7-9 min by Intel Core™ 2.40 GHz,
16-GB computer. The microwave and infrared energy in the oven was supplied with
on and off cycles. Cycles of power have been studied by several researchers (Cham-
chong and Datta 1999; Campaiione et al. 2012). In this study, a piecewise analytic
equation was obtained to reflect the on-off time to the model.

Since the potato was the center of attention, its mesh dimension was chosen
to be finer than the rest of the oven parts. Calculated mesh properties are shown
in Table 3. Different meshing combinations for different parts of the system were
implemented until the simulation results were independent of meshing.
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Statistical Analysis
The statistical comparison of the model with the experimental data was obtained by

root mean square error (RMSE) using Eq. 22 and Microsoft Excel software package
(Microsoft Corporation, USA).

1 N
RMSE = \/IT] 21‘:1 (Tmodel - TeXp)2 (22)

Results and Discussion

Simulation Results for Microwave Tempering and Comparison with Experimental
Results

The electromagnetic properties of foods change with temperature significantly
below their freezing point (Tanaka et al. 1999). The physical properties of foods
change dramatically during thawing with temperature change which has great effect
on dielectric constant, dielectric loss factor, and thermal conductivity. According to
Sahin and Sumnu (2006), the rate of change of the dielectric constant and the loss
factor with respect to temperature depends on the ratio of bound to free moisture
content. Since water is in the bound form initially during tempering, the dielectric
properties increase dramatically with the temperature increase as melting occurs.
The effects of moisture and ash content on dielectric properties of ham at tempera-
tures —35 to 70 °C were studied and found that until melting started at —20 °C to
—10 °C, ham possessed low dielectric properties. After melting occurs, the loss fac-
tor of ham increases with ash content (Sipahioglu et al. 2003).

The temperature dependence of thermal and electromagnetic properties of fro-
zen potato challenged the modeling study. Thermal conductivity (Eq. 18), specific
heat (Eq. 19), dielectric constant (Eq. 20), and dielectric loss factor (Eq. 21) were

Table 3 Mesh properties

Name Value
Maximum element size 0.041
Minimum element size 0.005
Resolution of curvature 0.5
Resolution of narrow regions 0.6
Maximum element growth rate 1.45
Minimum element quality 0.150
Average element quality 0.728
Tetrahedral elements 5412
Triangular elements 1416
Edge elements 208
Vertex elements 28
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Fig. 3 Port input power for 50% 450
(black), 40% (dark grey), and 400
30% (light grey) microwave 2350
power E’ 300
E 250
=
=200
=
= 150
£ 100
= 50

0 100 200 300 400 500 600
Time (s)

introduced to the model in Comsol Multiphysics as a function of temperature, which
leads to a rapid increase in the solution time.

In this work, the model and experimental data were fitted by obtaining port
input power for microwave power levels. Port input power is shown in Fig. 3. For
all microwave power selections, microwave transmission was found to be active
up to about 300 s of tempering. Klinbun and Rattanadecho (2021) studied the
effect of port position on heating patterns and rates in domestic microwave oven.
Port position in this study was drawn and modeled according to the oven. The
transient surface (0.5-cm depth) temperature profiles from frozen state until tem-
pering state completed are shown in Fig. 4 for 30%, 40%, and 50% microwave
power levels. Tempering state was completed when the surface temperature of
the food reached from —5 to —2 °C. The mathematical models were obtained
until the experimental tempering was completed in 330 s, 440 s, and 600 s for
50%, 40%, and 30% microwave power, respectively. The comparison between the
microwave powers of 30, 40, and 50% was done. As expected, greater power dis-
sipation occurs as microwave power increases. The surface temperature of the
frozen potato was linearly increased as microwave power increased. The models
showed that the tempering time was reduced 82% when 50% microwave power
was selected instead of 30%. Moreover, in the 200-s heating period, the coldest
temperature observed was —19 °C for 30% microwave power as it was —13 °C for

Fig.4 Model (line) and experi-
mental (dotted line) results of
surface (0.5-cm depth) tempera-
ture of the potato tempered by
30% (grey), 40% (dark grey),
and 50% (black) microwave
power

Temperature (°C)

Time (s)
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50% microwave power (Fig. 5). This can be mainly due to the difference in deter-
mined port input power and rapid increase in the dielectric properties of potato
as temperature increases. The uneven heating demonstrated by the model (Fig. 5)
was because of the mixture of ice and water in the food leading to very different
dielectric properties. Since the dielectric loss factor of ice is lower than that of
water, ice absorbs less energy, causing a partial melting of the ice and runaway
heating. One part of the food may cook whilst the other parts may be still frozen.
This may be prevented by application of pulse microwave energy and allowing
the temperature to come to equilibrium in the interval (Smith 2011).

The simulated temperature profiles at three internal locations were compared
with the experimental counterpart for tempering at 30%, 40%, and 50% micro-
wave power levels, respectively (Fig. 6). The root mean square error (RMSE) val-
ues are given in Table 4. Temperature models were in good agreement with the
experimental data with root mean square error (RMSE) ranging from 0.55 to 1.16
°C with an average of 0.76 °C. This result proves that the estimation of port input
power during tempering was accurate.

A 59.705 A 64.565

¥ -13.422

<)

Fig.5 Simulated temperature profile of potato puree after 200 s of tempering by a 30%, b 40%, and ¢
50% microwave power
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Temperature (°C)
Temperature (°C)

Time (s) - Time (s)

a) b)

Temperature (°C)

Time (s)

)

Fig.6 Model (line) and experimental (dotted line) results of temperature at 0.5 cm (black), 1.5 cm (dark
grey), and 2.5 cm (grey) depth of the potato tempered by a 30%, b 40%, and ¢ 50% microwave power

Table 4 Root mean square
errors (RMSE) calculated
by experimental data and
simulation models obtained for 30 0

Microwave Infrared 0.5 cm 1.5cm 2.5cm
power (%) power (%)

. 0.83 0.74 0.65

temperature (°C) at different
depths of potato 40 0 0.77 0.84 0.63
50 0 1.16 0.55 0.67
30 10 0.91 0.80 0.76
40 10 0.98 0.84 1.22
50 10 0.89 1.22 0.54

Miran and Palazoglu (2019) developed a numerical model for microwave temper-
ing of shrimp for two different power levels (500 W and 1 kW) and obtained RMSE
values for different positions such as for center 3.9 °C and mid 4.1 °C. Altin et al.
(2022) used radio frequency processing for tempering and thawing, developed com-
prehensive mathematical model and validated the model by experimental data from
frozen tuna samples with RMSE values ranging from 0.16 to 0.7°C.

In addition, the variation of temperature with respect to position (0.5 cm, 1.5
cm, and 2.5 cm deep from the surface) in the potato specimen was simulated
by the model obtained by Maxwell equations (Fig. 6). The highest temperature
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observed was on the surface of the potato, then comes center and bottom tempera-
ture, respectively. Curet et al. (2008) studied the numerical and experimental heat-
ing by microwave process in frozen and defrosted zones of tylose. Experimental
temperature data of the probe placed near the surface was found to be higher than
the inside temperature probe data which was consistent with the Maxwell model
results. They found that in the frozen zone, Lambert’s Law estimation gave less
accurate results with respect to Maxwell’s equations. They concluded that for low
dielectric materials like frozen foods, the electric field calculation was essential
in order to predict the temperature distribution effectively into the product since
the frozen phase temperature change was very dependent on dielectric properties.
Farag et al. (2008) compared radio frequency (RF) tempering of beef meat blends
by conventional methods and found that the surface temperature of the meat tem-
pered by RF was higher than the inside temperature.

The deviation of the Maxwell model (Fig. 6) from the experimental data occurred
mainly in the tempering region, when temperature ranges from —5 °C to -2 °C.
The reason for this deviation is that in the transition region the thermal and physical
properties of the food change significantly (Cevoli et al. 2018; Muthukumarappan
et al. 2019) because frozen and non-frozen regions are present simultaneously.

Simulation Results for Microwave-Infrared Combination Tempering
and Comparison with Experimental Results

As can be seen from the first part of the study, the microwave simulation perfor-
mance was good in predicting the experimental literature data. In this part of the
study, addition of infrared energy emitted from a halogen lamp was simulated by
the boundary condition of surface to ambient radiation using Eq. (17). The on-off
cycle of the infrared energy was more dominant than the microwave cycles, since
dielectric properties were low during the frozen period. Infrared energy was found
to be 7 s on and 38 s off when 10% infrared power was selected in the oven and
modeled as a piecewise equation for infrared.

The simulated temperature profiles at three internal locations were compared
with the experimental counterpart for tempering at 30%, 40%, and 50% micro-
wave and 10% infrared power combinations, respectively (Fig. 7). Simulated tem-
peratures for microwave-infrared combination were in good agreement with the
experimental data with RMSE ranging from 0.54 to 1.22 °C with an average of
0.90 °C (Table 4). This result proves that the estimation of on-off cycle times was
accurate. The numerical models were obtained until the experimental tempering
was completed in 320 s, 240 s, and 210 s, for 30%, 40%, and 50% microwave
and 10% infrared power combinations, respectively. Surface heating was rapid in
near-infrared radiation energy which was supplied by halogen lamp since it pro-
vides higher frequency and lower penetration depth than the other infrared gen-
erators. This case was demonstrated by the highest temperature on the surface
(0.5-cm depth) compared with the center and bottom temperatures (Fig. 7).

Figure 8 shows results of surface (0.5-cm depth) temperature of the potato
tempered by 30% microwave power and 30% microwave and 10% infrared

@ Springer



Potato Research (2023) 66:981-998 995

Temperature (°C)
Temperature (s)

Time (s) ’ Time (s)
a) b)

Temperature (°C)

25 //

Time (s)

c)

Fig.7 Model (line) and experimental (dotted line) results of temperature at 0.5 cm (black), 1.5 cm (dark
grey), and 2.5 cm (grey) depth of the potato tempered by a 30%, b 40%, and ¢ 50% microwave power and
10% infrared power combinations

power combinations. It shows how addition of infrared energy affected the
system. The tempering time was reduced to 320 s by addition of 10% infrared
power to 30% microwave power which achieves tempering in 600 s. There is a
rapid increase in the surface temperature up to —6.7 °C for 30% microwave and
10% infrared power whilst it was around to —12.6 °C for 30% microwave power
in 200 s of tempering.

The reason why Figs. 7 and 8 do not exactly match the model data may be
found in the assumptions made during simulation. The sources of error could be
the assumptions of uniform initial temperature distribution and convective heat
transfer coefficient throughout the product, and neglecting the mass transfer in
the product during thawing tempering region (Klinbun and Rattanadecho 2019;
Chen et al. 2016).

Fig. 8 Model (line) and experi-
mental (dotted line) results of
surface (0.5-cm depth) tempera-
ture of the potato tempered by
30% microwave power (grey)
and 30% microwave and 10%
infrared power (black)

400 500 600

Temperature (°C)

Time (s)
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Conclusion

Modeling heat transfer of frozen potato during tempering in microwave-infrared
combination oven was challenging since the thermal and dielectric properties were
significantly changing by temperature change. Maxwell equations were used for
calculation of microwave power. Port input power for microwave heating was sim-
ulated by time. In total, 18 different simulations were run corresponding to 30%,
40%, and 50% microwave and 30% microwave-10% infrared, 40% microwave-10%
infrared, and 50% microwave-10% infrared combinations for each of different posi-
tions of potato (0.5 cm, 1.5 cm, and 2.5 cm deep from the surface). Models were in
good agreement with the experimental data. Average RMSE values were 0.76 °C
for microwave and 0.90 °C for microwave and infrared combinations. This study
also shows addition of infrared energy decreased the microwave tempering time by
46.6%. Moreover, microwave and infrared powers’ effects on rate of tempering were
determined. In this study, the viability of simulating the dielectric heating combined
with infrared heating of a real frozen food, potato puree, was evaluated and con-
firmed by experimental data. These results would provide helpful information for
designing industrial-scale microwave infrared tempering systems.
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