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Abstract
Intermittent microwave convective drying (IMCD) is an advanced drying system
where a unique volumetric heating mode is facilitated. However, the physical
phenomena of IMCD system and its effect on nutritional quality are not well
understood yet. The aim of this research is to develop a coupled IMCD and quality
prediction model and experimentaslly validate it. A coupled 3D mathematical model
considering Maxwell’s equation for electromagnetic heating, and reaction kinetics
for predicting quality was developed and validated. COMSOL Multiphysics,
engineering software was used to solve the developed model. It is found that IMCD
significantly affect the nutritional quality during drying of apple tissue.
Keywords: Food material; Microwave; heat and mass transfer; Quality; 3D
modelling
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1. Introduction
Drying, like any other food processing methods, is a very energy intensive operation that
accounts for up to 15% all industrial energy usage [1]. Understanding the coupled heat and mass
transfer during drying are the dominant factor for optimising the energy and quality [2-3]. The
physics-based mathematical models can provide realistic understanding of drying process.
A conventional drying or hot air drying is the easiest way of drying [4-5]. However,
longer time consumption, formation of crust at the surface due to an elevated temperature, lower
energy efficiency and poor quality attributes are associated with convective drying [6]. To
overcome these problems, microwave drying is introduced. Microwave drying is getting popularity
because it heats the sample quickly, is energy efficient, and easy to control [7]. However, the
drying process using microwaves is known to yield low-quality product if not appropriately
applied [8]. Hence, microwave drying has usually been combined with other drying techniques
including convective hot air, vacuum and freeze-drying to achieve more uniform, fast and effective
drying without significant quality loss [9]. Microwave-aided convective hot-air drying has been
successfully used for some agricultural products such as grapes [10], carrot [11], apple and
mushroom [12], potato[13]. However, continuous supply of microwave and convective heat may
cause uneven heating or overheat or create hot spots iin the product. Heat and mass transfer should
be carefully balanced to avoid such overheating and to use applied energy more efficiently [14].
Also, the quality degradation has been frequently reported during drying of foods with the
continuous application of microwave energy due to uneven temperature and moisture distribution
[15]. This problem can be eliminated by the application of microwave energy in a pulsed or
intermittent manner that is defended as intermittent microwave convective drying (IMCD).
Intermittent microwave convective drying has proved itself an alternative method to avoid
uneven heating, and to improve product quality and energy enhancement by allowing
redistribution of temperature and moisture profiles within the product during off times, due to
thermal diffusion [16]. Considering the benefits of IMCD drying, many researchers investigated
the drying kinetics for different food samples [8, 16, 17] experimentally or empirically. However,
only experimental work cannot provide the physics for the heat and mass transfer involved in the
process. Physics based mathematical modelling can provide a physical understanding of heat and
mass transfer during IMWC. Malafronte, et al. [18] used multiphysics approach to model
microwave-assisted convective drying. They considered heat and mass transfer and variable
dielectric properties in their model. A comprehensive model for heating in microwave oven of
mashed potato was developed by Chen, et al. [19]. However, these models did not consider
intermittency of microwave power; thus, the temperature redistribution by means of
intermittency of microwave heat source was not investigated. On the other hand, there are some
single-phase models which consider the intermittency of microwave heat source [20] but
these are only for microwave heating without considering mass transfer. Kumar, et al. [21]
developed IMCD model using Lambert’s law and observed that the predicted temperature
is higher than the experimental value at the end of drying. Moreover, they pointed out that
according to Lambert’s law the sample surface always absorbed maximum power
irrespective of moisture content, which is obviously not correct. Therefore, in this case,
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Maxwell model is the more accurate options to predict the microwave field distribution during
IMCD.
In addition to this, the quality degradation is the main problem for conventional drying
system. In this case, IMCD could be the best solution as it heated the sample intermittently in a
periodic cycle [21]. However, the theoretical studies that deals about the effect of intermittency on
quality degradation during IMCD are very rare. Therefore, the main aim of the present work is to
develop a coupled 3D IMCD and quality prediction model considering the Maxwell equation for
the volumetric heat generation, and reacktion kinetics for predicting the quality degradation during
IMCD.
2. Model Development
2.1 Governing Equations
2.1.1

Energy equation

The energy balance is considered using Fourier’s Law of heat transfer, as given below.
ρcp

∂T
=
∇.(keff ∇T ) + Q m
∂t

(1)

Where T is the temperature (oC) at time t, is the density of the sample (kg/m3), is the specific heat
of the material (J/kg/K),
is the thermal conductivity of the material (W/m/K), Qm is the
volumetric heat source.
2.1.2
Mass transfer equation
Mass balance equation is developed based on Fick’s law of diffusion that is given by,
∂c
(2)
+ ∇.( -Deff ∇c ) = 0
∂t
where c is the instantaneous moisture concentration (mol/m3), t is time (s) and Deff is the effective
moisture diffusivity (m2/s).
2.1.3

Maxwell’s equation for electromagnetics and heat generation

Maxwell’s equations provide the electromagnetic field at any point in the computational domain.
In frequency domain time harmonic Maxwell’s equations can be written as [22].
1
 ω2
(3)
(ε '−iε ' ')E = 0
∇ ×  ∇ × E  −
µ
 c

Where, E is the electric field strength, ω is the angular frequency of the microwave oven, c is
the speed of light, ε ' , ε ' ' , µ are the dielectric constant, dielectric loss factor, and electromagnetic
permeability of the material, respectively.
The total electromagnetics heat sources represent electromagnetic losses, Qm , given by, [23]
(4)

Qm = Qrh + Qml

Where, Qrh is the resistive loss and Qml is the magnetic loss. For food products, the magnetic
losses are negligible, i.e. Qml = 0 .
The resistive loss can be calculated as
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Qrh = 0.5 ⋅ J ⋅ E *

(5)

*
Where, E is the conjugate of E and the electric current density J is given by

(6)
J = σ ⋅ E = 2πfε ε ′′ ⋅ E
0

Where f is the frequency of microwave, σ is the electrical conductivity, ε ′′ is the dielectric loss
factor and ε 0 is permittivity in free space.
2.1.4

Quality prediction model

The equation for a degradation reaction:
-dC/dt=k.C
Integration lead to
C=Co exp[-ko.exp(-(∆Ea)/(Qe×Pr+T))]

(7)
(8)

where Co is the initial concentration of nutrient, Pr is the power ratio, and ko is the preexponential factor.
3. Material and Method
3.1 Drying Experiment
A new IMCD drying system has been developed to conduct the experiment, as shown in Figure 1.
The IMCD system consisted of three main parts: an axial flow fan, a 3-phase 6kW heater, and a
modified NN-SD691S Panasonic inverter microwave oven (2450 MHz, maximum 1100W power
capacity). Moisture loss was recorded automatically by the load cell connected to a computer. The
internal temperature evolution of the sample was monitored by 4 fibre optic thermal sensors which
were connected to Fiber Optical 4-Channel Thermometer (OPTO con AG, Germany). The power
ratio was programmed to trigger the microwave heating at the controlled condition. IMCD
operations were performed at microwave power 100W, power ratio (on/off) of 1/4, and convective
temperature of 60 °C, respectively. On the completion of drying, the samples were cooled for 30
min in desiccators, wrapped with aluminium foil and store in a laboratory freezer at -18oC for
further analysis.

Fig. 1: Schematic diagram of the IMCD experimental setu
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3.2

Analytical Determinations

3.2.1
Total phenolic extraction and content measurement
The amount of total polyphenol in the samples were determined by the Folin-Ciocalteau method
[24] with some modification. The sample was extracted in extraction solvent (methanol / distilled
water (50:50 v/v)) in amber vial at laboratory condition before homogenized in 20 mL of
extraction solvent at maximum speed in Waring mini container blender in1 minute. Extracts were
centrifuged at 15,000 g for 15 minutes at 20 oC. The supernatant was filtered through a Whatman
no. 3 analytical filter paper. Then 0.5ml of the diluted extract solution was mixed with 2.5 ml
Folin– Ciocalteau reagent (10%) and allowed 5 minutes to react, then added 0.5ml of 7.5%
Na2CO3 solution. After 30 minutes of incubation in a water bath at 370C, the absorbance was
measured against water at 765 nm by Cary 50 UV Spectrophotometer.
3.2.2
HPLC analysis of ascorbic acid (Vitamin C)
The sample was extracted in extraction solvent (3 % metaphosphoric acid, 1 mM Na2EDTA).
Extracts were centrifuged at 15,000 g for 15 minutes. The supernatant was filtered through a
Whatman no. 3 filter paper. Extraction processes were repeated three times.Vitamin C contents
were determined based on Asami et al’s [25] HPLC method with some modifications. The analysis
was carried out using an Dionex UHPLC RS3000 system. The reverse-phase separation was
obtained using a Waters Symmetry C18 column (4.6 x 250 mm, 5 µm). The isocratic mobile phase
was HPLC graded water with 1mM EDTA and 25mM sodium acetate buffer acidified to pH 4.25
with o-phosphoric acid.
3. Results and Discussion
4.1 Drying Kinetics
Average moisture content of the sample throughout the whole drying time was calculated and
validated with the extensive experimental results, as shown in Figure 4. It is found that the
simulated moisture content is consistent with the experimental data. To find the accuracy of the
predicted data, the goodness of Fit (R2) was calculated and found that the value of R2 is 0.975.
This precise R2 value indicates the developed model is quite accurate and able to predict the
moisture distribution of plant-based food material during IMCD. For better interpretation about the
moisture level throughout the IMCD process, 2D moisture concentration profile were drawn, as
shown in Figure 5. It can be seen that the initial moisture concentration for a fresh apple tissue is
uniformly distributed in the whole sample (Figure 5a). The moisture concentration decreases while
drying is in progress (Figure 5 b-e). Interestingly, it can be observed that the moisture
concentration is higher at the left side of the sample as compared to the right side. This is mainly
due to the non-uniform microwave energy although the temperature distribution remain almost
uniform, as shown in Figure 6.
Figure 6 shows the average temperature distribution during IMCD drying. It can be seen
the experimental results are closely matched with the simulated results. The dispersion pattern
(fluctuation) of this figure indicates the tempering and heating period during IMCD drying. The
different peak points indicate the heating time (microwave on time) and the various nadir points
mean tempering time. During the IMCD, microwave heats the sample rapidly for few seconds
(20s) and then it was stopped automatically for a period (e.g 60s) for completing on cycle (80s).
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Fig. 4 The average moisture content during
IMCD drying

Fig 5: The concentration distribution at
different stages of IMCD (a) at 0 min (b) at 20
min (c) at 40 min (d) at 80 min, and (e) at 100
min

The frequent microwave stop allows a time to redistribute the heat energy within the sample
properly, prevents the material from overheating and therefore the better quality of the product
(discussed in section4.2) can be maintained. The trend of the temperature distribution remains
almost similar throughout the whole drying processes although a little attenuation can be observed
at the final stages of drying. This temperature distribution mainly depends on the moisture
concentration at different stages of drying (Figure 5) because microwave mainly heat firstly where
it gets more moisture. At the final stages of drying, most of the water has been transported by
continuous evaporation due the IMCD process progress simultaneously. As a result, most of the
sample become dry, and hence the microwave cannot generate more heat. Due to this reason, the
temperature decreases at the final stages of drying.

Fig. 6: The average temperature distribution during IMCD drying

4.2 Reaction Kinetics
Understanding of IMCD process on important quality parameters such as ascorbic acid (AA) and
total polyphenol content (TPC) is an important issue due to their thermos labile sensitivities and
should be taken into account in the drying process. Initial values of AA and TPC were found to be
4.842 (mg/100g fresh weight) and 70.74 (mg/100g fresh weight), respectively in a fresh granny
smith apple. Figures 7 and 8 represent the degradation kinetics of AA and TPC in the Granny
Smith apple slice. It can be seen that the retention remaining AA, and TPC values were reduced
with drying time, and the degradation rate accelerated with increasing temperature and microwave
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power density, meaning that the loss of bioactive compounds increased. This study found that, at
the beginning of the process, the effect of moisture content on the reaction rate of AA degradation
seems to be predominant, while the temperature effect becomes major as the process proceeds.
The degradation rate of AA was low at the beginning of the IMCD process (Figure 7) with the
reduction of moisture content from 86% to 60% (Figure 4). When moisture content reached 55–
60%, the rate of this reaction reached a maximum value and at moisture contents below 55%, the
rate decreased significantly (Figure 7) with moisture reduction. This rapid degradation
phenomenon can be attributed to the destruction of cell structure under microwave heating as it
can lead to ascorbic acid release and contribute to the rapid oxidation of ascorbic acid.
Considering the evolution of ascorbic acid retention during the drying process in the
present paper (Figure 7), experimental data were fitted to a first-order kinetic model. The natural
logarithmic ratio of nutrient retention (ln C/C0) versus drying time representation revealed linear
correlations with the degradation rate constant (k) and coefficients of determination (R) higher
than 0.98 (Figure 8), suggesting that the model was suitable in describing the degradation of
ascorbic acid during IMCD drying of granny smith apples.

Fig. 7 Kinetics of ascorbic acid and total
polyphenol alteration of Granny Smith apple
during IMCD

Fig 8: Predicted first-order kinetics of retention
of nutrient during IMCD drying Granny Smith
apple

In addition, apple is a good source of total polyphenol, which can be affected by
temperature, oxygen, pH, metal, the release of polyphenol oxidase (PPO) and other parameters. It
can be seen from Figure 7, the TPC degrads highly at the first 40 minutes of IMCD, and extends
even beyond the first drying period corresponded to the activation of PPO enzyme and rapid linear
decrease of free moisture during IMCD drying. Then TPC gradually decreases over the vast
majority of the time to reach the final stage where degradation is found to be marginal. Finally,
between the two key nutrients in apple tissue, the degradation rate of ascorbic acid is higher than
total polyphenol. This is may be due to higher thermal sensitivity of ascorbic acid as compared to
TPC.
4. Conclusion
In this research, an IMCD model for food drying has been developed to predict the moisture and
temperature distribution and its effect on quality of apple tissue. A 3D model has been developed
considering Maxwell equations to generate volumetric heating and reaction kinetics to predic the
quality degradation during IMCD drying. The developed model was then validated with the
experimental results. It has been found that the predicted moisture and temperature distribution
results is fully consistent with the experimental results. The precise goodness of fit (R2) value
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indicates the developed model is quite accurate and able to predict the moisture distribution of
plant-based food material during IMCD. It is also found that the IMCD significantly alter two
different key nutrient qualities: ascorbic acid and total polyphenol content of apple tissue. Between
these two nutrients, ascorbic acid has the highest tendency to alter its character during IMCD as
compared to total polyphenol content.
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