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Abstract
In this study, a model of microwave dehydration of tomato slices was created. The model illustrates the temperature varia-
tions during the microwave dehydration of tomatoes by accounting for the moisture transport effect, while also demonstrat-
ing the electric field distribution and volume loss density. Model validation was carried out by experimental tests, and the 
absolute mean error was found to be 3.55 and 5.73 °C for 210 and 350W power levels, respectively. To reach more precise 
solutions, the thermophysical and dielectric properties of tomatoes were assumed to be temperature dependent. To explore 
drying kinetics and moisture transport in microwave drying, experimental results of tomato slices (5 mm thick) dried at 
210 and 350W power are compared with four models, including three thin-layer drying models (Henderson–Pabis, Page, 
and Wang & Singh) and Fick’s diffusion model. The Page and Wang Sing model was found to be in outstanding consensus 
with the empirical data in microwave drying process. The reasons for the poorer fit of the Fick model compared to the other 
models were explained. In addition, the difficulties of microwave dehydration CFD modeling and future recommendations 
were explained in detail. The findings and frameworks presented herein offer substantial knowledge that may broaden the 
investigative horizons of researchers within this subject.
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List of symbols
E	� The electric field intensity
ε	� Permittivity
�
′	� The real permittivity
�
′′	� The dielectric loss factor
�0	� Permittivity of free space or well-known as 

vacuum permittivity
RMSE	� Root mean square error
ω	� Angular frequency
σ	� Conductivity
tanδ	� Dielectric loss tangent
MAE	� Mean absolute error
MR	� Moisture ratio
MRexp	� Empirical moisture ratio
MRpred	� Model-predicted moisture ratio
P	� Average absorbed power

Introduction

Microwave drying is a process that utilizes microwave 
energy to remove moisture from the products and is widely 
used in the food industry [1, 2], pharmaceuticals [3], fos-
sil fuel handling [4], and other fields [5, 6]. There is no 
doubt that microwave drying has attracted the attention 
of researchers from almost every engineering discipline. 
Microwaves (MW) directly heat the interior of products, 
enabling faster, more uniform drying compared to traditional 
drying methods that rely on surface heat transfer. Microwave 
drying principle relies on volumetric and dielectric heating. 
The microwave is a fast-heating mode that utilizes electro-
magnetic radiation with a wavelength of 1m to 1 mm and a 
frequency range of 300 MHz–300 GHz. The magnetron gen-
erates electromagnetic waves or microwaves. Microwaves 
generate heat as a consequence of the interaction between 
the food products and the microwaves [7]. Microwaves cause 
polar molecules such as water to vibrate rapidly, generating 
internal heat and evaporating moisture. Because microwaves 
penetrate deeply into the material, drying is generally more 
uniform than in surface-heating methods like convective 
drying. However, despite its advantages, microwave drying 
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can still produce uneven heating, especially in heterogeneous 
materials, leading to localized overheating or hot spots [8]. 
A hot spot can be defined as a tiny area of the geometry that 
is significantly hotter than the rest of the region. Differences 
in microwave absorption properties of heated products may 
create hot spots, causing uneven temperature distribution 
during microwave heating. Hot-spot effects are valuable in 
microwave operations, although it is challenging to measure 
accurately and there have not been many quantitative reports 
[9]. Combining microwave drying with additional drying 
processes such as convection drying, vacuum drying, fluid-
ized bed drying, and freeze-drying may lessen the problems 
in microwave drying [10, 11]. Different products interact 
with microwaves in different behavior, such as reflecting, 
transmitting, or absorbing. Dielectric dissipation is a main 
factor in determining a material’s microwave absorption 
capability. Composite materials can experience selective 
heating during microwave exposure, leading to non-uniform 
temperature distribution due to variations in absorption [9]. 
MW technique is extensively utilized in drying applications 
of various agricultural goods like apple [12], banana [13], 
tomato [14].

The tomato is one of the most broadly cultivated veg-
etables in the world. It is incredibly adaptable and can be 
utilized in an extensive range of industrial and culinary pro-
cedures [15], some of these common uses: fresh consump-
tion, juices and drinks, salsas and dips, tomato puree, tomato 
paste, ketchup; also, tomatoes are a good source of dietary 
fiber and vitamin C, vitamin K, potassium, and folate may 
all be found in tomatoes. Therefore, the numerical model 
presented in this study for the microwave drying process of 
tomatoes, one of the most broadly utilized vegetables, will 
help understand the entire process and provide a new per-
spective to researchers working in the field of MW drying.

A valuable method for lessening the thermal impact on 
tomato products is microwave drying [16]. A study exposed 
that certain of the qualitative features of dried tomatoes were 
preserved when predried utilizing microwaves with differ-
ent power densities. For the agro-food processing, applying 
microwave power densities before the oven-drying process 
may therefore be an alternative strategy for commercial-
izing high-quality dried tomatoes [17]. Also, in terms of 
drying time and energy usage, microwave drying alone 
outperformed the convective approach in a study [18]. A 
study investigates the impact of drying parameters (micro-
wave power, drying air temperature, and thickness) on some 
physicochemical properties of dried tomato pulp powder, 
as well as optimizing the drying parameters for individual 
quality attributes and overall quality, utilizing response sur-
face methodology based on various responses (drying time, 
pH, acidity, vitamin C content, and color difference). The 
kinetics and mass transfer modeling of the drying tests were 
also investigated. Based on the empirical results, microwave 

drying of foamed tomato pulp considerably lowered dry-
ing time. The impact of foam thickness and air temperature 
was also notable [19]. A research assessed the impact of 
processing combinations, slice thickness, pretreatments, and 
microwave power on the quality metrics of microwave-dried 
tomatoes. In that study, these pretreatments procedures uti-
lized: Twelve (12) kg of tomatoes were treated to each water 
blanching (WB) for 1 min, 5% wv−1 ascorbic acid treatment 
(AA), and 5% wv−1 sodium metabisulphite treatment (SM) 
for 5 min. The tomato pretreated with WB exhibited the 
highest shrinking, followed by those treated with AA and 
SM. Shrinkage increased as tomato slice thickness rose. 
SM pretreatment of tomatoes at 6 mm thickness and 90W 
processing power led to the highest rehydration ratio and 
β-carotene retention. On the contrary, the combination of 
SM pretreatment, 4 mm thickness, and 360W processing 
power caused to the maximum retention of lycopene and 
ascorbic acid within the experimental range. The forecasted 
models were empirically evaluated and found to be in good 
consistency with empirical values [20]. These studies dem-
onstrate that microwave drying of tomatoes is a preferred 
method and has various advantages. In this study, a numeri-
cal model of microwave drying tomatoes was presented, 
and the intention was to offer researchers an understanding 
of the microwave drying process by presenting the numeri-
cal model of microwave drying and its compatibility with 
experimental data.

Microwave drying can be numerically modeled by simu-
lating the complicated interactions that exist between elec-
tromagnetic fields, mass transport, and heat transfer through-
out the drying procedures. Researchers have conducted 
several numerical studies on microwave drying and tried 
to present new developments. These are basically efforts 
to understand microwave process and model the realistic 
microwave drying simulation and investigate the compat-
ibility of parameters like temperature and humidity change 
with experimental data. Several approaches and methodolo-
gies have been utilized for numerical models in microwave 
drying, such as finite element method (FEM), Multiphysics 
software (e.g., ANSYS HFSS and COMSOL Multiphysics), 
specialized models, and finite difference method (FDM). 
These methodologies for numerical models in microwave 
drying are explained below briefly.

Finite Element Method (FEM): The electromagnetic field 
in microwave drying systems is modeled utilizing this tech-
nique, especially for dielectric materials that include losses. 
A FEM model is presented for the microwave combination 
washer dryer by Smit et al. [21]. It is reported that initial 
findings suggest that the system is accurately represented 
by the FEM model.

Finite Difference Method (FDM): The partial differen-
tial equations of mass, momentum, and heat are commonly 
solved utilizing the finite difference and finite element 
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approaches in numerical modeling of microwave drying. 
Finite difference approaches are commonly the method of 
choice when the problem involves a simple (regular) geom-
etry because they are simple to formulate, even if the finite 
element method offers greater flexibility for modeling irreg-
ular geometries [22].

Program for Multiphysics: Multiphase flow in porous 
material during microwave drying is simulated utilizing 
multiphysics. Multiphysics software (like COMSOL Mul-
tiphysics, ANSYS HFSS) is often used to visualize the solu-
tions and obtain results swiftly [23, 24].

Specialized models: Special numerical models can be 
required for materials such as ceramics, wood, and different 
agricultural products in numerical models of microwave dry-
ing. Moreover, researchers build their own numerical micro-
wave drying models that are compatible with experimental 
tests [25, 26].

In Table 1, some numerical studies and main findings 
that may be notable in understanding the crucial points for 
the topic are shown. The results obtained from these studies 
briefly show that different simulation programs and artificial 
neural networks were utilized for numerical analysis in the 
microwave drying process.

In this study, VOSviewer (version 1.6.20) was utilized to 
visualize author and index keywords and identify research 
trends in numerical modeling of microwave drying. A Web 
of Science search for “numerical models in microwave dry-
ing” yielded 277 publications covering the years 1983–2025. 
From their abstracts, VOSviewer identified 117 frequently 
used terms, grouped into fourteen distinct clusters, high-
lighting major research focuses and gaps in existing numeri-
cal models. In these abstracts, the most repeatedly utilized 
terms are “numerical modeling,” “combined heating and 
drying,” “combined dehydration,” “combined microwave 
convective drying,” “freeze-drying,” and “boxthorn fruits.” 
It shows that studies about microwave drying combined with 
other drying methods were more common. Each word’s fre-
quency of occurrence is displayed by the size of the circle 
beneath it. To help with their classification, distinct groups 
of closely related terms were illustrated utilizing a variety of 
colors. Data were retrieved from the Web of Science (WOS) 
database to visualize the term “cloud” using VOSviewer 
software, as shown in Fig. 1.

Comprehensive literature research showed that numerical 
models are widely utilized in microwave drying processes. 
In this study, a numerical model close to real experimental 
tests was created. The extensively utilized Ansys Electronics 
Desktop software and Ansys transient thermal were used. 
Thanks to this model, the microwave drying process will be 
better understood and the consequences of input parameters 
such as microwave power on the drying product will be sim-
ulated quickly. In this study, it was considered that the ther-
mophysical properties of the dried product (tomato) changed 

depending on the temperature, and these properties were 
transferred to the model, with the intention of providing a 
better fit with the experimental results. Four popular drying 
models—three thin-layer models (Henderson–Pabis, Page, 
and Wang & Singh) and Fick’s diffusion model—are com-
pared with experimental data for tomato slices (5 mm thick) 
and dried at 210 and 350W microwave power to investigate 
drying kinetics in microwave drying. The compatibility of 
these four models with experimental data was investigated, 
and the pros and cons of the models were discussed.

Experimental procedure

A domestic microwave oven with adjustable microwave 
power level and timer was utilized for experimental studies, 
as shown in Fig. 2a. The microwave, operating at 2.45 GHz, 
was adjusted to 210 and 350W for experimental trials. 
Tomatoes were cut into 5-mm-thick slices utilizing a man-
dolin for all experiments. To determine the drying kinetics, 
the mass of tomato slices is measured with an electronic 
analytical and precision balance which has 10 mg resolu-
tion, as depicted in Fig. 2b. The temperature of the center 
slices is measured with an infrared thermometer every 30s. 
The microwave oven door was opened, the temperature of 
the middle slice was immediately measured with an infrared 
thermometer, and the door was closed. Infrared thermometer 
with laser marking has a resolution of 0.1 °C and an accu-
racy of ± 1.5 °C, as shown in Fig. 2c. The average tempera-
ture of the center slice tomato values found in the CFD was 
compared by measuring the temperature of the same slice 
with an infrared thermometer.

Numerical model

The suggested model was created to evaluate microwave 
heating processes for tomato in a domestic microwave uti-
lizing Ansys Electronics Desktop and Workbench. A HP 
workstation with 64-GB RAM, Intel(R) Xeon(R) CPU 
E5-2630 v4, 2.20 GHz, and 2.20 GHz double processors 
was employed for this study. The HFSS model was gener-
ated in Ansys Electronics Desktop 2025, then transferred 
to the Ansys Workbench, and coupled to the transient ther-
mal module. In that section, we will go over the numerical 
model comprehensively. Additionally, the mean absolute 
error (MAE) was employed as a parameter to assess the 
CFD model’s prediction ability with respect to temperature 
distribution. An intuitive indicator of the model’s precision 
in forecasting thermal behavior during the drying process, 
MAE, estimates the average absolute difference between the 
temperature values measured experimental results and those 
simulated. MAE mathematical expression is given:
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In that equation, Texp refers to the temperatures from the 
experiment, and Tcfdsim refers to the temperatures from the 
CFD results, and N is the number of the dataset of experi-
ment result and CFD.

Model assumptions and geometry

A 3D outline of a microwave was created for the computa-
tional model as displayed in Fig. 3. The dimensions of the 
microwave oven sketch were 270 mm × 292 mm × 176 mm. 
A rectangular wave guide operating at a frequency of 
2.45 GHz was placed on the top of the microwave. Dried 
tomatoes were drawn in 5 mm thickness. The tray was mod-
eled as glass in the microwave oven. The microwave runs 
at 210 and 350W and is input via the rectangular port on 
the waveguide. The initial temperatures of the tomato slices 
were 22 and 24 °C for 210 and 350W, respectively, as in the 
experimental conditions.

Tomato slices’ dielectric and thermophysical character-
istics are thought to be temperature dependent. The CFD 
simulation is run for the period of 1–150s. Therefore, the 
thermophysical properties are considered to depend only on 
the temperature and not on the moisture content. Tomato’s 
thermophysical and electromagnetic properties are compiled 
from literature surveys [33–36] and displayed in Table 2.

To simplify the model and boost the pace of convergence, 
the following assumptions were set up:

•	 Assuming that the medium is completely transparent for 
microwave propagation and that the air domain absorbs 
extremely little microwave energy.

•	 Air movement inside the microwave oven is assumed to 
be by natural convection, and it is a compressible fluid.

•	 The system initially was 22 and 24 °C for 210 and 350 W 
power, respectively.

•	 Heat losses due to moisture evaporation were acquired 
from the empirical results and added to the CFD sim-
ulations. In the empirical tests, the mass change was 
recorded. The heat effect of the amount of moisture lost 
was added to the CFD as a negative load for 210 and 
350 W.

Meshing

Here physical preference is set to CFD; solver preference is 
fluent. The element size is 5 mm. There are 379,491 mesh and 
85,567 nodes in the microwave model as depicted in Fig. 4a. 
The mesh element quality assessment is depicted in Fig. 5. 
The degree to which a mesh element’s shape resembles the 
“ideal” shape is known as element quality, and skewness uses 

(1)MAE =
1

N

∑N

i=1
|Texp,i − Tcfdsim,i|
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angle or geometric distortion to calculate how far a mesh ele-
ment deviates from its ideal shape. Important criteria including 
mesh skewness and element quality were utilized to evaluate 
the computational mesh’s quality. The average element quality 
in this study is 0.83863, as depicted in Fig. 5, which suggests a 
highly regular and well-shaped mesh. Furthermore, the mesh 
elements appear to have little angular distortion, as indicated 
by the average skewness value of 0.22539, which is within 
the excellent range. The mesh’s high quality and suitability 
for computational fluid dynamics (CFD) simulations are con-
firmed by these numbers.

Basics of operations

When microwave energy strikes dielectric materials, it causes 
molecules or ion-pair dipoles to rotate, which is then converted 
to heat. The following terms convey the polarizing principles 
of these processes:

In these equations where;

(2)� = �
0
�
r
= �

0
(�

�
− j���)

(3)�
�
=

�

��
0

(4)tan� =
�
��

�
�

ε: permittivity.
�
′ : the real permittivity.
�
′′ : the dielectric loss factor.
�0 : permittivity of free space or well-known as vacuum 

permittivity.
ω: angular frequency.
σ: conductivity.
tanδ: dielectric loss tangent.
In the case of that the dielectric loss tangents tan (δ) of 

materials, which show the capability of the materials to be 
polarized at a given frequency, and temperature is smaller 
than 0.01, material is dielectric.

Accordingly, the average absorbed power (P) of the mate-
rials can be computed utilizing Eq. 5 [37], once the electric 
field intensity (E) and the microwave’s angular frequency 
(ω) are known.

Drying kinetics

To explain the drying behavior of 5-mm-thick tomato slices 
under microwave drying at 210 and 350W, four commonly uti-
lized drying models were employed and compared with exper-
imental data. These models were the Page model, Fick’s dif-
fusion model, Wang & Singh model, and Henderson & Pabis 
model. These models express the variation of the moisture 

(5)P = ��
0
�
��
E
2
= ��

0
�
�
tan�E

2

Fig. 1   Analysis of term co-occurrences based on abstracts for the research “Numerical models in microwave drying”
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ratio (MR) as a function of drying time (t) and are mathemati-
cally corresponded to as follows:

Henderson & Pabis model:

(6)MR = a ⋅ exp(−k ⋅ t)

Fick’s diffusion model (first-term approximation):

(7)MR =
8

�
2
⋅ exp(−k ⋅ t)

Fig. 2   Experimental setup a 
microwave oven, b electronic 
analytical and precision balance, 
c infrared thermometer with 
laser marking

Fig. 3   Geometry of the micro-
wave oven model
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Page model:

Wang & Singh model:

For each model, the curve_fit function from the SciPy 
library was utilized to accomplish the nonlinear regression 
analysis in Python. It estimates the model parameters utilizing 
a nonlinear least squares fitting technique. The fitting process 
involved approximating the model parameters a, k, n, b for 
each model by minimizing the differences between the experi-
mental and expected MR values. To assess each model’s good-
ness of fit, the following statistical methods were computed:

Coefficient of determination (R2):

Root Mean Square Error (RMSE):

where MRexp and MRpred are the experimental and model-
predicted moisture ratios, respectively, and N is the number 
of experimental data points. In these equations, also a, b, n 
are empirical constants, and k is the drying rate constant.

(8)MR = exp(−k ⋅ t
n
)

(9)MR = 1 + a ⋅ t + b ⋅ t2

(10)R
2
= 1 −

∑
(MRexp −MRpred)

2

∑
(MRexp −MRexp)

2

(11)RMSE =

√
1

N

∑N

i=1
.(MRexp,i −MRpred,i)

2

The model with the highest R2 value and the lowest RMSE 
was considered to give the best representation of the experi-
mental drying data.

Results and discussion

Numerical analysis of the temperature distribution 
and effect of power

Figure 6 illustrates the transient temperature distribution 
within product slices after 45s of microwave drying at two 
power levels: 210W (a) and 350W (b).

Ansys transient thermal analysis was utilized to run the 
simulation, which shed light on the spatial thermal gradients 
that form under changeable energy conditions.

At 210W, with the highest recorded temperature of 
roughly 63.5 °C on the right side of the tray, the temperature 
distribution is comparatively uniform, as seen in Fig. 6. This 
reduces the possibility of localized overheating by indicating 
a more uniform and moderate heating process. Because of 
the slower temperature response, which may promote qual-
ity retention by lowering thermal deterioration, most of the 
product mass stays within the 20–50 °C range.

On the contrary, a much greater maximum temperature of 
roughly 90.8 °C and a wider temperature gradient across the 
slices are shown by the simulation at 350W. Areas that get 
much hotter, called “hot spots,” stand out more in this case. 
That uneven heating is a common problem in microwave 

Table 2   Tomato’s 
thermophysical and 
electromagnetic properties that 
were employed in the CFD 
calculations

Temperature/°C Density/gcm−3 Thermal conduc-
tivity/Wm−1 K−1

Specific heat/
Jg−1 K−1

Relative per-
mittivity/-

Electrical 
conductivity/
Sm−1

0 1.050 0.56 3.90 71.5 0.30
10 1.045 0.55 3.92 69.7 0.42
20 1.040 0.54 3.95 67.8 0.54
30 1.034 0.53 3.98 66.1 0.66
40 1.028 0.52 4.02 64.3 0.78
50 1.020 0.51 4.07 62.5 0.90
60 1.010 0.49 4.12 60.7 1.02
70 1.000 0.47 4.18 58.9 1.14
80 0.990 0.45 4.25 57.0 1.26
90 0.980 0.43 4.33 55.2 1.38
100 0.970 0.41 4.42 53.4 1.50
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drying, as highlighted in some literature studies [9, 38, 39]. 
It occurs mostly due to the material’s dielectric characteris-
tics and interference patterns. To mitigate hot spots, recent 
studies have emphasized the role of sample configuration, 
density, and morphology; for instance, Shen et  al. [38] 
demonstrate that gap sensitivity and shape selectivity are 
decisive factors in hot spot evolution. Specifically, it was 

reported that even a minimal increase in the gap between 
samples (e.g., 0.8 mm) can significantly inhibit focused hot 
spots by suppressing evanescent waves at the boundaries. 
These findings suggest that the temperature distributions 
observed in Fig. 6 could be further optimized by control-
ling the spatial arrangement and geometry of the food slices 
to prevent resonance-induced thermal runaway.

Fig. 4   a Mesh element, b mesh 
element wire frame
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The temperature changes over time in food slices on a 
circular tray when exposed to microwave heating at 210 and 
350W is shown in Fig. 7.

Figure 7 displays the temperature changes over time in 
food slices on a circular tray when exposed to microwave 
heating at 210W (a) and 350W (b) for 30s, utilizing Ansys 
transient thermal analysis.

In 210W case, with a maximum temperature of roughly 
89.9 °C, the slices heat up moderately. With most of the 

slices falling between 30 and 65 °C, the temperature dis-
tribution seems to be rather uniform. Because it prevents 
the development of temperature gradients that might cause 
uneven drying or product deterioration, this homogeneity 
is preferred in microwave drying processes.

However, in the 350W case, the thermal dynamics 
change dramatically, with maximum surface tempera-
tures reaching 134.5 °C within a small localized region. 
This significant rise is coupled with increased thermal 

Fig. 5   Mesh quality assessment

(a) Temperature 
distribution of the slices at 
210 W at 45 sec.

(b) Temperature 
distribution of the slices at
350 W at 45 sec.

Fig. 6   Temperature distribution of the tomato slice in the microwave at 45s a 210W power level, b 350W power level
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heterogeneity, as shown by the presence of noticeable “hot 
spots” in several slices, especially those close to the tray’s 
edge. These hot spots occur because microwaves do not 
heat uniformly throughout the cavity—they create interfer-
ence patterns and uneven energy distribution, which are 
common problems in microwave drying. The development 
of hot spots during microwave drying is a complex phe-
nomenon that has been linked to a number of variables in 
the literature [40, 41]. Too much MW power can lead to 
localized overheating; a higher loading density can pro-
duce more uniform heating, while a lower density can pro-
duce hot spots inside food. Unevenly sliced vegetables and 
other items with unusual shapes or thicknesses may heat 
less evenly, creating hot areas [41]. These factors likely 
contribute to the peak temperatures observed at 350W, 
where electromagnetic interference patterns become more 
pronounced. Most of the slice temperatures fell between 
30 and 78 °C, which is consistent with the anticipated ther-
mal behavior. In a similar study involving the microwave 
drying of high-moisture Trabzon persimmons, temperature 

values within a range of 18–93.1 °C were recorded at 
350W power [42].

The temperature distribution of the center slice placed on 
the tray is displayed in Fig. 8.

Figure 8 displays the temperature distribution of the 
center slice placed on the tray after 30s of exposure.

At 210W, with a highest recorded maximum temperature 
of roughly 43.08 °C and showing a balanced temperature 
gradient, in the center slice at that power level, most of the 
slice stays between 20 and 40 °C, and hot spots have not 
occurred. This could help maintain the microstructure of 
tomatoes that are sensitive to overheating.

In contrast to the 350W case, the highest temperature of 
approximately 58.45 °C was observed, along with a further 
uneven temperature distribution and gradient. A more une-
ven distribution is seen on the temperature map, which is 
indicative of higher power levels brought on by more intense 
dielectric heating. Thermal hot spots which are around the 
slice show non-uniform internal energy absorption.

(a) Temperature 
distribution of the
slices in the tray at
210 W at 30 sec.

(b) Temperature 
distribution of the 
slicesin the tray at 
350 W at 30 sec. 

Fig. 7   Temperature distribution of tomato slices on a circular tray under microwave at 30s for two different power levels a 210W power, b 350W 
power
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Validating the model with experimental results 
and mean absolute error (MAE) analysis

The measured center slice temperature is compared with the 
average temperature of the center slice in CFD data. The 
mean absolute error (MAE) between experimental results 

and the CFD data is shown in this section. The experimen-
tal and CFD center slice temperature profiles at 210W are 
presented in Fig. 9.

Figure 9 shows the temperature variation at the center 
slice of the tomato slice during microwave drying at a power 
level of 210W. The product’s heat absorption behavior is 
demonstrated by the rising temperature trend over time indi-
cated by both experimental and CFD (computational fluid 
dynamics) data. However, CFD predictions consistently fall 
below the experimentally measured temperatures. The mean 
absolute error (MAE) between the experimental and CFD 
data was calculated to be roughly 3.55 °C. This discrep-
ancy could have multiple causes; the laser marked infra-
red thermometer, which measures temperature, has a fixed 
emissivity value. But the emissivity of tomatoes depends 
on the temperature. There may be a reason for that little 
discrepancy. It is possible that the simulation environment 
did not accurately depict the microwave power distribution. 
Discrepancy may also be caused by surface effects in the 
experimental setup and measurement uncertainties.

(a) Temperature 
distribution of center
slice in the tray at 
210 W at 30 sec.

(b) Temperature
distribution of center
slice in the tray at 
350 W at 30 sec.

Fig. 8   Temperature distribution of the center tomato slice on a circular tray under microwave at 30s for two different power levels a 210W, b 
350W
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Fig. 9   Validation of temperature of the center slice with experimental 
data for 210W power
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Generally, there is good consensus between the two data-
sets despite the quantitative discrepancies. This suggests that 
the thermal behavior during microwave drying can be cor-
rectly predicted by the CFD model.

The experimental and CFD center slice temperature pro-
files at 350W are presented in Fig. 10.

Comparing experimental results and CFD, Fig. 10 shows 
the average temperature of the center slice in CFD and the 
center slice point in experimental temperature during micro-
wave drying at 350W. Over time, both datasets show a con-
sistent increase in temperature.

But the experimental temperatures are routinely under-
estimated by the CFD model, particularly after 60s. The 
datasets’ mean absolute error (MAE) is roughly 5.73 °C, 
which indicates a notable departure from actual behavior 
when power input is increased. This notable departure can 
be attributed to the same reasons for the above-mentioned 
in the case 210W, as well as to the following.

Higher microwave power levels, like 350W, cause a more 
noticeable discrepancy between CFD projections and experi-
mental evidence. Numerous related physical and modeling 
elements are to blame for this.

At low power, minor inaccuracies in microwave energy 
distribution have minimal impact on temperature predic-
tions. However, at higher power, intense hot spots and 
uneven heating make modeling more challenging. Most 
CFD models assume uniform energy absorption, often 
underestimating localized heating effects. It is considered 
that intense hot spots and nonlinear heating effects pose 
significant challenges for accurate simulation modeling; 
consequently, these factors increase the mean absolute 
error in this study. The material’s surface heats up rap-
idly than its interior. This discrepancy becomes exag-
gerated with high power. In the literature, experimental 
values for numerical models of microwave drying have 
been compared with simulation results, and similar error 
ranges have been obtained with this study. For instance, 
Wang et al. [43] reported the root mean square errors were 

3.44 °C for temperature predictions in a numerical study 
on wheat bran. In addition, Zhang et al. [44] reported a 
maximum root mean square error (RMSE) of 3.33 °C for 
the temperature of Zanthoxylum bungeanum during micro-
wave drying. Yan et al. [45] implemented and validated a 
3D coupled electromagnetic-heat and mass transfer model 
for the vacuum microwave drying (VMD) of pineapple 
slices. The model demonstrated strong predictive accu-
racy, with mean absolute errors (MAE) of 2.478% for 
moisture content and 2.791 °C for surface temperature. 
These reported values are in good consistent with the error 
margins observed in this study, further validating the reli-
ability of the numerical model.

Drying kinetics

In this section, moisture content of the tomato slices through 
the microwave drying process has been calculated utilizing 
different mathematical models and experimental results. 
Experimental results and predicted moisture ratios using 
Henderson–Pabis, Page, Wang & Singh, and Fick models 
are shown in Fig. 11.

Four popular drying models—three thin-layer models 
(Henderson–Pabis, Page, and Wang & Singh) and Fick’s 
diffusion model—are compared with experimental data for 
tomato slices (5 mm thick) that were dried at 210W micro-
wave power in Fig. 11. The findings demonstrate that the 
Wang & Singh (R2 = 0.991) and Page (R2 = 0.994) models 
provide a good fit to the experimental data, the poor perfor-
mance of the Fick model was observed with the coefficient 
of determination (R2 = 0.742) as shown in Table 3, and this 
result is considered rational, given that microwave drying 
involves non-uniform heating and complex moisture dif-
fusion mechanisms. In the experimental stage, drying was 
conducted at a moderate microwave power level (210W) for 
a total duration of approximately 78 min. This power setting 
was carefully chosen to prevent instant overheating and pre-
serve product quality. To assurance product stability during 
storage, the ultimate moisture level of tomato was lowered to 
approximately 5–6% (wet basis). The first-term approxima-
tion of the analytical solution of Fick’s second law, which is 
mostly applicable during the mid—to late phases of drying, 
was utilized to match the Fick’s model. The fitting perfor-
mance of the mathematical models at 210W is presented in 
Table 3.

Experimental results and predicted moisture ratios using 
Henderson–Pabis, Page, Wang & Singh, and Fick models 
are shown in Fig. 12.

In this case, the same four models are fitted to the experi-
mental data for 350W power level as depicted Fig. 12. Both 
the Page and Wang & Singh models showed outstanding 
agreement with the experimental data, each achieving a 
high coefficient of determination (R2 = 0.995 and R2 = 0.981) 
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Fig. 10   Validation of temperature of the center slice with experimen-
tal data for 350W power
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Fig. 11   Drying models and 
experimental data at 210W 
power level

Comparison of drying models/Tomato 5 mm thick, 210 W

Experimental result
Henderson-Pabis (R 2 = 0.900)
Fick (R 2 = 0.742)
Page (R 2 = 0.994)
Wang & Singh (R 2 = 0.991)
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Table 3   The fitting results of 
the models for 210W power 
level

Models k n a b R2 RMSE

Henderson–Pabis 0.01858359 – 1.00001 – 0.9004 0.0977
Page model 0.00073179565 1.83735046 – – 0.9940 0.0240
Wang & Singh – – − 0.0118681911 1.01498103e–

16
0.9915 0.0286

Fick’s diffusion model 0.01410147 – – – 0.7425 0.1572

Fig. 12   Drying models and 
experimental data at 350W 
power level

Comparison of drying models/Tomato 5 mm thick, 350 W

Experimental result
Henderson-Pabis (R 2 = 0.885)
Fick (R 2 = 0.706)
Page (R 2 = 0.995)
Wang & Singh (R 2 = 0.981)
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as shown in Table 4. In contrast, the Henderson & Pabis 
showed a moderate fit (R2 = 0.885), whereas Fick’s diffusion 
model, which failed to accurately depict the drying behavior 
in this situation, offered the worst fit (R2 = 0.706). Since the 
Page and Wang & Singh models are more flexible in captur-
ing the nonlinear moisture removal dynamics that are nor-
mally seen at higher microwave power levels, they perform 
better. Also, to ensure product stability while being stored, 
the tomato’s final moisture content was reduced to roughly 
4–5% (wet basis) at 350W power level.

These results confirm the notion that, in contrast to sim-
pler analytical models like the Fick diffusion model, empiri-
cal and semiempirical models—such as those developed by 
Page and Wang & Singh—are better suited for simulating 
the thin-layer microwave drying of tomato slices. A com-
parative analysis of the mathematical models applied in this 
study reveals that the Page model is the most effective for 
predicting drying kinetics. This performance is consistent 
with findings reported for various products in the litera-
ture. For example, Kusuma et al. [46] and Ahmed et al. [47] 
reported that the Page model provided the best fit to experi-
mental drying data. This superior performance is mainly 
attributed to its capability to capture the nonlinear drying 
behavior that simpler models often fail to represent. Such 
capability is particularly important in microwave drying, 
where moisture removal typically occurs at a variable rather 
than constant rate. The empirical exponent (n) included in 
the Page model enables it to better adapt to these nonlinear 
drying dynamics, resulting in more accurate predictions of 
moisture ratio over time.

The Fick model, grounded in the analytical solution of 
Fick’s second law of diffusion, exhibits the lowest deter-
mination coefficients (R2 = 0.742 at 210W and R2 = 0.706 
at 350W) among the tested models, indicating a poor fit to 
the empirical data. For the most part of the drying process, 
especially in the middle to late phases, this model tends to 
underestimate the moisture ratio. The Fick model is a theo-
retical model and is basically based on pure diffusion. Its 
oversimplified assumptions, such as constant effective dif-
fusivity and infinite slab geometry, which fall short in cap-
turing the complex moisture migration mechanisms under 
microwave drying, are likely the cause of this disagreement. 
Unlike convective drying, microwave-assisted processes 
involve non-uniform internal heating and varying moisture 

gradients, which violate the assumptions of the classi-
cal diffusion-based model. In addition, moisture transport 
in microwave drying may occur not only by diffusion but 
also in a “forced:” form due to vapor pressure difference 
and local heating. The Fick model is inadequate to explain 
this rapid and irregular moisture transport. Hence, the Fick 
model lacks the flexibility required to describe the nonlin-
ear and spatially changing drying behavior observed in this 
study. Therefore, the low R2 value and poor fit of the model 
occur. Despite this, Fick’s second law remains the standard 
mathematical framework for determining the effective mois-
ture diffusivity (Deff), a critical parameter for characterizing 
the internal resistance to moisture transport. This approach 
has been extensively utilized in microwave drying studies to 
evaluate the diffusion kinetics of various agricultural prod-
ucts [42, 48].

The Wang & Singh and Page models are empirical mod-
els mainly focused on experimental data fitting. Based on 
experimental results, these models were created to directly 
depict the time-dependent variation in moisture content that 
occurs through the drying process. They seek to precisely 
depict the observed drying behavior numerically rather 
than trying to fully explain intricate physical mechanisms. 
In microwave drying, sometimes energy and heat distribu-
tion can be highly non-uniform, often resulting in the for-
mation of hot spots and exhibiting moisture transport com-
plexities that exceed classical diffusion principles. Extensive 
research indicates that the Page and Wang & Singh models 
consistently yield higher R2 and lower sum of squared errors 
(SSE) values compared to other models, proving suitable in 
optimizing drying parameters and achieving uniform mois-
ture distribution. For instance, Tian et al. [48] employed 
the Page, Lewis, Quadratic, and Wang & Singh models to 
evaluate the fit of hydration ratio data for zinc leach slag. 
According to the results, the Page model was identified as 
the most suitable model for describing the drying kinetics. 
Additionally, the Wang & Singh model also demonstrated 
strong performance, achieving a high coefficient of deter-
mination (R2 = 0.93963) and a low residual sum of squares 
(RSS = 0.08428). Also, Khatun et al. [49] al. investigated the 
drying kinetics of dragon fruit slices utilizing a microwave-
vacuum dryer. Their findings revealed that the Wang and 
Singh model was the most suitable, demonstrating high R2 
and low RMSE values, thereby providing accurate insights 

Table 4   The fitting results of 
the models for 350W power 
level

Models k n a b R2 RMSE

Henderson–Pabis 0.03511554 – 1.00001 – 0.8847 0.1026
Page model 0.00183090492 1.93751345 – – 0.9953 0.0208
Wang & Singh – – − 0.0234720257 2.84612387e-

14
0.9807 0.0419

Fick’s diffusion model 0.02594162 – – – 0.7058 0.1639
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into the drying process. These studies demonstrate that the 
Page and Wang & Singh models consistently yield high pre-
dictive accuracy in the literature. Similarly, in the present 
study, these models provided the best fit to the experimental 
data, confirming their reliability.

Thanks to their flexible formulations, the Wang & Singh 
and Page models can effectively capture these irregularities 
and complex phenomena, such as the rapid water evapora-
tion induced by microwave energy. The fitting performance 
of the mathematical models at 350W is presented in Table 4.

Electric field

Sample volume, microwave frequency, and dielectric char-
acteristics all influence how the electric field is distributed 
during microwave heating [50, 51]. Figure 13 illustrates 
how the electric field primarily appears in the majority of 
the tomato slices, particularly water in the slices. Thermal 
energy in water is mostly absorbed from the electric field, 
specifically from microwaves. The findings, which were 
obtained from Ansys Electronics Desktop simulations, pro-
vided light on the microwave energy’s spatial distribution 
and absorption inside the sample region. The electric field 
distribution and volume loss density of the tomato slices are 
depicted in Fig. 13.

Peak volume loss density is 1.57 × 10⁷ Wm−3 at 210W, 
and the maximum electric field magnitude is approximately 
19,946 Vm−1, as shown in Fig. 13. The E-field distribution 
illustrates moderate field localization near the border of the 
cylindrical samples, indicating partial energy penetration 
and relatively uniform exposure across the load cross sec-
tion. In line with this, the volume loss density map shows 
somewhat irregular power absorption, with higher energy 
dissipation close to the edges. The electric field distribution 
exhibits localized intensities at the edges of the samples, a 
phenomenon widely recognized in the literature as the “edge 
effect.” These high-energy regions, or hot spots, are consist-
ent with the electromagnetic modeling of dielectric materials 
reported in similar drying studies [44, 52].

In contrast, increasing the input power level to 350W 
increases the electric field, reaching a maximum of 
24,202  Vm−1, with the volume loss density peaking at 
2.63 × 10⁷ Wm−3. The results showed that the electric field 
strength increased when the microwave power increased 
because more energy was generated, as previously reported 
in the literature [53]. However, a high E-field can lead to 
more uneven heating, causing hot and cold spots due to 
standing waves and complex interactions with the drying 
product. This uneven heating is visibly shown in the volume 
loss density plots, where sharp differences between nearby 
areas highlight the risk of thermal non-uniformity at higher 

(a) Electric
field and
volume
loss density
at 210 W

(b) Electric 
field and 
volume 
loss density 
at 350 W  
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Fig. 13   Electric field and volume loss density distribution for two power levels a 210W, b 350W
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power. These results demonstrate that it is challenging to get 
even heating with microwaves, remarkably at high power 
where the electric field changes a lot in different areas. It 
also highlights how important it is to arrange the sample 
well and design the chamber properly to avoid hot spots and 
get uniform drying.

Future trends and challenges of the topic

Computational fluid dynamics (CFD) is a powerful instru-
ment for simulating the microwave drying process. Nonethe-
less, there are several challenges to model all processes in 
truly predictive and scalable models. The main challenges 
in precise simulating microwave drying processes arise from 
the dynamic characteristics of the materials being dried 
as well as the intricate, related nature of the phenomena 
involved. A big challenge is that microwave drying involves 
multiple processes at once. These include the spread of 
electromagnetic waves (described by Maxwell’s equations), 
heat transfer, moisture movement, and sometimes material 
shrinkage causing deformation. All these are required to be 
solved together. Owing to the inherent complexity of these 
coupled processes, existing models have undergone several 
approximations and simplifications, which often decrease 
their forecast precision and practical application. The pro-
cess of accurately connecting these occurrences is still dif-
ficult and computationally intensive.

Another challenge is related to changing material proper-
ties, as the moisture level falls during the drying process, the 
material’s dielectric characteristics, thermal conductivity, 
and porosity all undergo substantial changes. It is tough to 
accurately incorporate these dynamic property changes into 
CFD models. Also, particularly for complex food products 
and composite materials, the databases currently available 
for these qualities are either lacking or inconsistent. The 
dielectric constant, thermal conductivity, specific heat, mass 
diffusivity, and other temperature and moisture-dependent 
characteristics must be exactly understood to ensure accurate 
CFD modeling.

Most CFD models available today are only suitable for 
laboratory-scale applications and simplified geometries. 
It is computationally costly to sufficiently model the com-
plex cavity geometries, multiple magnetrons, and irregular 
product forms that are often found in industrial microwave 
dryers.

A common obstacle still exists in the limited availability 
of comprehensive experimental data for model validation. 
Comprehensive validation of CFD predictions is limited by 
the challenge of monitoring internal temperature and mois-
ture distributions during microwave drying. Being able to 
accurately monitor temperature and moisture changes of 

products throughout the microwave drying process is a chal-
lenge that researchers often face.

Microwave drying CFD models involve multiple physical 
processes and require high computational power. Resolving 
electromagnetic waves while also simulating heat and mass 
transfer at different scales builds an extreme load that bor-
ders their usage in practical applications.

Creating dependable numerical algorithms that can man-
age the significant interaction between thermal, mass trans-
fer, and electromagnetic processes should be the fundamen-
tal objective of future study. Several promising approaches 
are proposed, including:

Machine learning-enhanced coupling algorithms that can 
predict optimal solution strategies can be utilized; machine 
learning algorithms can perform optimizations that enable 
simultaneous multiphysics processes to reach their conclu-
sions with fewer operations. Utilization of these algorithms 
can reduce simulation time, allowing for real-time process 
management and monitoring.

To effectively resolve sharp spatial gradients in the 
electromagnetic field, particularly close to material inter-
faces and boundary layers, future studies should discover 
the application of adaptive mesh refinement approaches. 
In areas of high field intensity, adaptive mesh refinement 
can improve solution accuracy by constantly fine-tuning the 
computational grid without having to pay the excessive com-
putational expenses of uniformly fine meshes. Additionally, 
to properly represent actual drying behavior, future models 
should incorporate dynamic material properties, like specific 
heat, thermal conductivity, and dielectric constants that vary 
with temperature and moisture.

Conclusions

In this study, a numerical model was created, and the tem-
perature distribution and hot spots of the product in the 
microwave drying processes at different power levels were 
monitored thanks to the created model. The temperature 
values obtained from the CFD simulation were compared 
with the temperatures acquired from the experimental con-
sequences, and the results were evaluated. The difference 
between the two power levels in the CFD simulations shows 
a clear trade-off: More energy accelerates the drying process. 
But it makes heat spread unevenly. That can harm the prod-
uct’s quality and nutrients. Electric field distributions were 
examined to identify locations of intense thermal energy 
absorption. Four well-known drying models—Fick’s diffu-
sion model, Wang & Singh, Page, and Henderson–Pabis—
are fitted to the empirical data of tomato slices. Coefficient 
of determination (R2) and root mean square error (RMSE) 
statistical methods were utilized to evaluate the suitability 
of these models.
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These important points were made from the results:

•	 In lower power level (210W), the temperature distribu-
tion of the slices is uniform, and no areas of extremely 
high temperature were observed, as concluded from 
numerical results. Most of the slices’ temperatures fell 
between 30 and 65 °C, conversely in 350W power level, 
a hot point region occurred in the slices, and at this power 
level, most of the slices’ temperatures were around 30 
and 78 °C. The occurrence of hot spots reflects a non-
uniform distribution of the electromagnetic (EM) field, 
causing certain regions to absorb more energy and heat 
up faster, which is an undesirable phenomenon in the 
drying process.

•	 The average center temperatures of the tomato slices 
coming from CFD results were contrasted with the exper-
imental data. In 210W power level, it was found that the 
mean absolute error (MAE) between the experimental 
and CFD data was around 3.55 °C. In 350W, the mean 
absolute error (MAE) of the datasets is around 5.73 °C. 
In lower power level, the experimental and CFD results 
are consistent and close to each other. This shows that the 
proposed model is accurate and can be utilized to reduce 
the number of experimental tests to be performed. How-
ever, there was a more pronounced difference between 
CFD predictions and experimental data at the higher 
microwave power level (350W). This phenomenon is 
likely attributed to localized hot spots, nonlinear heating 
effects, and rapidly changing thermal energy transfer at 
the higher power level. Nevertheless, our MAE value is 
still at an acceptable level at 350W power level.

•	 Four commonly used drying models were applied and 
compared with the experimental results. Utilized mod-
els are these: Henderson–Pabis, Page, Wang & Singh, 
and Fick’s diffusion model. The Page and Wang & Singh 
showed outstanding performance at both 210 and 350W 
power levels. The worst fit was provided by Fick’s diffu-
sion model, which was unable to adequately represent the 
drying behavior in two power levels. This difference is 
possibly due to its oversimplified assumptions, which fail 
to capture the intricate moisture migration mechanisms 
under microwave drying. These assumptions include con-
stant effective diffusivity and infinite slab geometry. Pure 
diffusion is essentially the foundation of the theoretical 
Fick model.

•	 In microwave drying, moisture may be transported not 
only by diffusion but also in a “forced” form because of 
local heating and vapor pressure differences. This quick 
and erratic moisture transfer cannot be explained by the 
Fick model. This approach is commonly used to estimate 
the diffusion coefficient in literature.

•	 Empirical models like Wang & Singh and Page use 
simple equations to fit experimental drying data, mak-

ing them well-suited for the complexities of microwave 
drying. Unlike models based on physical mechanisms, 
their flexibility can account for non-uniformities like hot 
spots and the rapid moisture evaporation characteristic 
of microwave heating.

•	 In microwave drying studies, it is still a noteworthy chal-
lenge to capture the temperature and humidity inside the 
microwave oven with an accurate measurement. These 
parameters are necessary for verification in CFD studies. 
In addition, other challenges that researchers frequently 
confront and future trends of the subject were mentioned.
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