
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00231-022-03256-5

ORIGINAL ARTICLE

3D simulation of momentum, heat and mass transfer in potato cubes 
during intermittent microwave‑convective hot air drying

Maryam Khakbaz Heshmati1  · Hadi Dehghani Khiavi1 · Jalal Dehghannya1 · Hamed Baghban2

Received: 12 January 2022 / Accepted: 10 June 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Simultaneous use of convective hot air and continuous microwave is a new method for drying of agricultural products. This 
study indicated the effect of different drying methods (Convective Hot Air 45 °C at a speed of 1 m/s (CHA), Microwave 
540 W (MIC), simultaneous Convective Hot Air and continuous Microwave (HA-MIC)) on the drying kinetics of potato 
cubes (moisture ratio, effective moisture diffusion coefficient and energy consumption). In addition, modeling of momentum, 
heat and mass transfer, along with changes in chemical composition and thermophysical properties of potato (at the same 
time with temperature change and moisture exit) during HA-MIC drying method was performed. Considering to results, the 
lowest energy consumption was related to the MIC method. The results of the modeling section showed that, by reducing the 
mass and volume fraction of water, the ratio of other components (carbohydrates, proteins, fats, ash, and fibre) increases in 
the total solid. In addition, with decreasing the mass fraction of water along with increasing temperature, total density (kg/
m3) and the density of potato constituents increased and decreased, respectively. Total specific heat (J/kg.K) and total heat 
conductivity (W/m.K) of potato also decreased with decreasing the mass and volume fraction of water; while in specific heat 
and thermal conductivity of potato constituents, an increasing trend was observed. Finally, a high correlation was obtained 
between the results of experimental data and numerical modeling for moisture distribution  (R2 = 0.9589) and temperature 
distribution  (R2 = 0.9961).

1 Introduction

Potato is one of the most important human food sources, 
which is known as the second simplest and most consumed 
food source in the world after egg, due to its easy digestion 
and having good quality protein [1], and it is one of the most 
important agricultural products after wheat, corn and rice [2, 3]. 
This product is consumed fresh or frozen and as a main meal or 
snack after processing (drying, frying, parboiling, baking) [4]. 
Drying is one of the most important processes in potato pro-
cessing, which increases its shelf life by reducing the amount of 
moisture and thus inhibiting microbial and enzymatic activity 
[5]. One of the most widely used methods for drying is convec-
tive hot air [6], which has many problems and disadvantages 

such as high-energy consumption and long drying time due to 
the low thermal conductivity of foods [7]. Thus, to reduce these 
disadvantages, complementary processes such as microwave or 
infrared drying are used to increase the efficiency and acceler-
ate the quality of various products [8]. As the production of 
high quality products is the most important issue in the food 
industry (such as the least amount of shrinkage, color changes, 
preservation of nutrients and uniform distribution of heat in 
the products, as well as reducing energy consumption in the 
process). Therefore, new methods should be used to predict 
these changes during the process [48, 49]. Unlike conventional 
heating systems in the microwave drying method, heat spreads 
throughout the food due to the penetration of microwave waves 
[9]. The general mechanism of microwave is the volumetric 
heat generation that causes the transfer of moisture to the sur-
face of the product [10–12]. There are two mechanisms for heat 
generation by microwaves, bipolar rotation and ion polarization 
[13]. One of the advantages of microwave method is the pro-
duction of high-quality products in a short time and with appro-
priate energy consumption [14–16]. In spite of the advantages 
of using microwave in the drying process, this method is less 

 * Maryam Khakbaz Heshmati 
 m.khakbazheshmati@tabrizu.ac.ir

1 Department of Food Science and Technology, Faculty 
of Agriculture, University of Tabriz, Tabriz, Iran

2 Department of Nanoelectronics Engineering, Faculty 
of Engineering-Emerging Technologies, University of Tabriz, 
Tabriz, Iran

/ Published online: 21 June 2022

Heat and Mass Transfer (2023) 59:239–254

http://orcid.org/0000-0002-1572-4330
http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-022-03256-5&domain=pdf


1 3

used alone and usually used in combination with other drying 
methods such as convective hot air [10].

Modeling and simulation are recognized as useful tools in 
describing operational mechanisms, transfer phenomena and 
process interactions. Agricultural products drying is a com-
plex process that involves the phenomena of evaporation, heat 
and mass transfer and shrinkage. Some researchers have pro-
posed mathematical models for alternating hot air-microwave 
and hot air-infrared drying and the other have done valuable 
works in the field of wave propagation modelling [50, 51], 
however, mathematical modeling of simultaneous convective 
hot air and microwave drying which considers chemical com-
position and thermophysical properties changes due to heat 
and mass transfer has been rarely performed [17–19]. Finally, 
due to feel the need to further investigation of the heat and 
mass transfer in food hybrid drying process, this article was 
performed with the aim of investigating the chemical com-
position and thermophysical properties changes of potato 
cubes due to momentum of air, heat and mass transfer during 
Convective Hot Air drying (CHA), Microwave (MIC) and 
simultaneous Microwave-Convective Hot Air (CHA-MIC).

2  Materials and methods

2.1  Drying method

Potatoes (Agria cultivar) were cut into square cubes with sides 
of 1/2 × 1/2 × 1/2 cm using a hand cutter. After weighing, the 
samples were blanched in hot water at 100 °C (in bain-marie) 
for 5 min and immediately cooled in cold water for 5 min to 
remove excess heat [3]. Finally, the remaining water on the 
samples was dried using a napkin and the weight was meas-
ured again. At last, potato cubes were dried using CHA or 
Convective Hot Air (45 °C and 1 m/s), MIC or Microwave 
(540 W) and CHA-MIC or Convective Hot Air-Microwave 

(simultaneously) methods. The continuous drying process was 
performed by exposing potato samples to convective hot air 
and microwave until the final moisture ratio was 0.2 (dimen-
sionless). For this purpose, a combined convective hot air-
microwave-infrared dryer was used (Fig. 1).

The dryer consists of a convective hot air system, consist-
ing of a backward centrifugal blower with a 370 W motor, 
electrical elements with a total power of 5000 W (equivalent 
to 5 kW) and a PID1 control structure with an accuracy of 
1 °C. Inlet, outlet and ambient air temperature was measured 
by Dallas DS18B20 digital sensors with an accuracy of 0.5 
degrees and a response time of 750 µs. The microwave set 
includes the Samsung’s microwave oven with dimensions of 
22 × 36 × 37 cm, with a power of 1100 W (Taiwan). To create 
different levels of microwave power, a separate control circuit 
has been designed and replaced the previous circuit. The cre-
ated circuit operates on the on/off structure for 60 s. When 
using the microwave source individually, the blower moves 
the air inside the chamber at a speed of 0.1 m/s to transfer 
the generated vapours out of the dryer’s chamber. A flexural 
load cell with a capacity of 1 kg and an accuracy of 0.1 g 
was used to measure changes in the mass of the sample. The 
measured parameter values were sent to the computer port via 
the Arduino board and stored in the Excel program. The tem-
perature of the samples was measured during drying, using the 
FLIR One Pro IOS Digital Infrared Thermal Camera (USA).

2.2  Evaluation of qualitative characteristics

2.2.1  Chemical composition

The chemical composition (moisture, protein, lipid, car-
bohydrate, fibre, and ash content) of potato samples was 

Fig. 1  Combined convective hot 
air-microwave-infrared dryer

1  Proportional-Integral-Derivative.
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examined according to the standard protocols established 
by the Association of Official Agricultural Chemists [20].

2.2.2  Moisture ratio

Moisture ratio was calculated using the following equation 
[21]:

where M is the moisture content (d.b.) at time t (g water/g 
dry solids), M0 the initial moisture content (d.b.), and Me the 
equilibrium moisture content, which can be excluded due to 
its negligible amount compared to M0 and M.

2.2.3  Effective moisture diffusion coefficient

This coefficient is used to describe all the mechanisms of 
moisture transfer within the food such as liquid diffusion, 
surface diffusion, capillary flow, and viscous flow [22]. 
The effective moisture diffusion coefficient was calculated 
according to the second law of Fick using the following 
equation [23, 24]:

where MR is moisture ratio, Mt moisture content at time t 
(g water/g dry solids), M0 and Me initial moisture content 
and equilibrium moisture content of samples (g water/g 
dry solids), respectively, Deff  effective moisture diffusion 
coefficient  (m2/s), n number of series of sentences, L foam 
half-thickness (m), and t drying time (s). If the equilibrium 
moisture content can be neglected, for longer drying times, 
the above equation is as follows:

By taking the natural logarithm from both sides of the 
Eqs. (3),

Plotting ln(MR) versus time, gives a slope equal to:

(1)MR =
M −Me

M0 −Me
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2.2.4  Energy consumption

Energy consumption during drying using convective hot air 
 (EHA) is obtained from the following equation [23]:

where EHA is the energy consumption of CHA dryer (kJ/kg 
water removal), A is the area of sample  (m2), Va is the inlet 
air velocity (m/s), ρa is the air density (kg/m3), ΔH is the air 
enthalpy (kJ/kg dry air), tHA is the sample drying time using 
CHA method (s), mHA is the amount of sample moisture 
reduction during CHA (kg), Cp,a is the air specific heat (kJ/
kg˚C), W is the air absolute humidity (kg water vapor/kg dry 
air), Cp,v is the specific heat of water vapor (kJ/kg˚C), Tin is 
the temperature inside the dryer (°C), Tamb is the ambient air 
temperature (°C), and λ is the latent heat of water evapora-
tion (kJ/kg water vapor).

The energy consumption during microwave drying was 
calculated using the following equation [24]:

where EMW is the energy consumption in MIC method (kJ/kg 
water removal), PMW is the microwave power (W), tMW is the 
sample drying time using microwave and mMW is the amount 
of moisture removal using MIC method (kg).

Finally, the energy consumption of the combined microwave-
convective hot air dryer (EHA-MW) was calculated using the fol-
lowing equation [25]:

where EHA is the energy consumption of CHA dryer (kJ/kg 
water removal), and EMW is the energy consumption of MIC 
dryer (kJ/kg water removal).

2.3  Mathematical model development

In this study a coupled heat and mass transfer model was 
developed. To simplify the model, the following hypotheses 
were considered:

1. Heat and mass transfer took place in three dimensions.
2. Shrinkage or deformation was ignored during the drying 

process (the material was considered uniform).
3. It was assumed that during the process, moisture is 

released from inside the product to the ambient air.

(11)EHA =
AVa�a�HtHA

mHA

(12)�H = (Cp,a +WCp,v)(Tin − Tamb) +W�

(13)EMW =
PMWtMW

mMW

(14)EHA−MW = EHA + EMW
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4. The properties of the solid were considered dependent 
on the temperature and humidity.

2.3.1  Governing equations

The air velocity profile during drying was calculated using 
the continuity equations and Navier-Stokes as follows [26]:

where ρ is the air density (kg/m3), �⃗u is the air velocity vector 
(m/s), t is time (s), ∇ is the Nabla operator, p is the air pres-
sure (Pa), µ is the dynamic viscosity of air (Pa.s), T is the air 
temperature (K) and F is Boussinesq approximation which 
considered as a volume force term (F). It should be noted 
that in relation (16), because of constant density of drying 
air, the value of F is considered zero.

The heat and mass transfer equilibrium were solved based 
on the Fick’s equation and the Fourier’s law according to the 
following equations [27]:

and

where c is the moisture content (mol/m3), t is time (s), Deff is the  
effective moisture diffusion coefficient  (m2/s), T is temperature  
(K), ρ is the potato density (kg/m3), Cp is the specific heat 
of potato (J/kg.K), k is the thermal conductivity of potato 
(W/m.K), and P is the microwave energy absorption inside  
the food sample (W/m3). To calculate P, Lambert’s law and 
Maxwell equations are well-established relations. Maxwell’s 
equations for thin solids seem precise [28]. Maxwell’s equations  
are computationally more complicated to use (especially in 
multi-physical processes such as food drying). In comparison, 
the application of Lambert’s law is relatively easy and as the 
sample was quite thick, Lambert’s law was used to calculate 
the microwave energy absorption inside the food sample [29].

To calculate p, α (microwave attenuation constant, 1/m) must 
be calculated either. For this purpose, the loss tangent was first 
calculated using the dielectric properties of the dry solid (dielec-
tric constant ε’ and dielectric loss factor ε’’) as follows [30]:

(15)𝜌∇ ⋅ �⃗u = 0

(16)𝜌
𝜕�⃗u

𝜕t
+ 𝜌( �⃗u ⋅ ∇) �⃗u = ∇ ⋅
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−p + 𝜇
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))

+ F

(17)
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(

−Deff∇c
)

= 0

(18)�cp
�T

�t
= (∇k∇T) + P

(19)P = P0exp
−2�d

(20)tan� =

(

���

��

)

where P0 is the microwave initial power (W), λ is the wave-
length (m), and d is the depth of penetration (m). Finally, 
the value obtained for P was divided by the volume of the 
product to be in W/m3.

2.3.2  Initial and boundary conditions

The initial and boundary conditions for the momentum trans-
fer process were defined as follows:

where �⃗u is the air velocity vector (m/s), and p is the air pres-
sure (atm). The boundary condition for the dryer inlet and 
outlet was velocity and pressure, respectively. Slip boundary 
condition was also used for dryer’s walls and No-slip bound-
ary ( �⃗u = 0) for potato surface [26].

The initial and boundary conditions for the heat trans-
fer process were defined as follows: The temperature at the 
beginning of the process is uniform. Convection is also con-
sidered at the solid surface [27].

where hm × � × �∞ × (X − Xe) shows evaporative cooling, 
h represents convective heat transfer coefficient (W/m2.°C), 
T∞ drying air temperature (°C), T temperature (°C), hm
convective mass transfer coefficient (m/s), ϕ latent heat of 
vaporization (J/kg), ρ∞ air density (kg/m3), X humidity ratio 
calculated by software (dimensionless), and Xe equilibrium 
humidity ratio (dimensionless). Similarly, the initial and 
boundary conditions for mass transfer were defined as fol-
lows: at the beginning of the process, the moisture content 
was uniform, and it was also assumed that the flow at the 
solid surface was convective.

where C0 is the amount of moisture at the beginning of 
the process (mol/m3), and ca is the amount of moisture in 
the air (mol/m3) which was calculated by multiplying the 

(21)� =
2�

�

�

��

2
(
√

1 + tan2� − 1)

�1∕
2

(22)�⃗u = �⃗u0 at t = 0

(23)T = 45
◦C at t = 0

(24)p = 1 atm

(25)T = T0 at t = 0

(26)−(k∇T) = h
(

T∞ − T
)

− hm × � × �∞ × (X − Xe)

(27)C = C0 at t = 0

(28)(−D∇c) = hm
(

ca − c
)
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equilibrium humidity by the density of air divided by the 
molecular weight of water [27].

2.3.3  Thermophysical properties

Density (kg/m3), specific heat capacity (J/kg.K) and thermal 
conductivity of potato (W/m.K) was calculated using the fol-
lowing equations based on the chemical composition [31]:

where xj is the mass fraction, and xvj is the volume frac-
tion. It should be noted that in the simulation, these three 
parameters are dependent on the changes in temperature, 
moisture and chemical composition of potato. The effect of 
temperature on thermal conductivity, density and specific 
heat was calculated using the Fricke and Becker [32] equa-
tions [33] (Table 1).

2.3.4  Heat and mass transfer coefficients

h, Convective heat transfer coefficient (W/m2.K), was calcu-
lated using following equation:

(29)
�f =

1 − �
∑

j
�

xj

�j

�

(30)cp.f =
∑

j
(

xjcpj
)

(31)
kf =

1

2
[
�

j
xvjkj +

1

∑

j
�

xvj

kj

� ]

where Nu is the Nusselt number k∞ is the thermal conductiv-
ity of air (W/m.K), and d is the potato samples half-thickness  
(m). The Nusselt number (Nu) was obtained using the follow-
ing equation, which is related to Reynolds (Re) and Prandtl  
number (Pr) [35]:

Re and Pr was calculated based on Incropera and Dewitt 
equations [35].

where µ∞ is the drying air viscosity (Pa.s), V∞ is the air speed 
(m/s), and k∞ is the thermal conductivity of air (W/m.K).

Convective mass transfer coefficient (m/s), hm, was calcu-
lated based on Bejan equation as follows:

where ∝∞ is the air penetration or thermal diffusion coef-
ficient  (m2/s), and D∞ is the water diffusion coefficient in 

(32)h =
Nuk∞

d

(33)Nu = 0.683Re0.466Pr0.33

Pr ≥ 0.7 and 0.4 ≤ Re ≤ 4 × 105

(34)Re =
�∞V∞d

�∞

(35)Pr =
Cp∞�∞

k∞

(36)
hm =

h

�∞Cp∞

(

∝∞

D∞

)2∕
3

Table 1  Effect of temperature 
on thermal conductivity, 
density, specific heat of potato 
chemical composition

Thermal Properties Main component Equation

k (W/m°C) Carbohydrate k = 0.20141 + 1.3874·10−3 T – 4.3312·10−6 T2

Ash k = 0.32962 + 1.4011·10−3 T – 2.9069·10−6 T2

Fibre k = 0.18331 + 1.2497·10− 3 T – 3.1683·10− 6 T2

Fat k = 0.18071 + 2.7604·10− 4 T – 1.7749·10− 7 T2

Protein k = 0.17881 + 1.1958·10− 3 T – 2.7178·10− 6 T2

Water k = 0.57109 + 1.7625·10− 3 T – 6.7036·10− 6 T2

ρ (kg/m3) Carbohydrate ρ = 1.5991·103 – 0.31046 T
Ash ρ = 2.4238·103 – 0.28063 T
Fibre ρ = 1.3115·103 – 0.36589 T
Fat ρ = 9.2559·102 – 0.41757 T
Protein ρ = 1.3299·103 – 0.51840 T
Water ρ = 997.18 + 3.1439·10− 3 T – 3.7574·10− 3 T2

Cp (kJ/kg°C) Carbohydrate Cp = 1.5488 + 1.9625·10− 3 T – 5.9399·10− 6 T2

Ash Cp = 1.0926 + 1.8896·10− 3 T – 3.6817·10− 6 T2

Fibre Cp = 1.8459 + 1.8306·10− 3 T – 4.6509·10− 6 T2

Fat Cp = 1.9842 + 1.4733·10− 3 T – 4.8008·10− 6 T2

Protein Cp = 2.0082 + 1.2089·10− 3 T – 1.3129·10− 6 T2

Water Cp = 2.0082 + 1.2089·10− 3 T – 1.3129·10− 6 T2
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air  (m2/s). The value of D∞ for different temperatures was 
calculated using the following equation [34]:

where T is the air temperature (K) and P is the air pressure 
(Pa).

2.3.5  Model implementation

Modeling was performed with COMSOL Multiphysics soft-
ware (version 5.5, Sweden). Heat transfer in solid, transport 
of diluted species and laminar flow physics were applied. 
Normal element size was considered for meshing (Fig. 2). 
Also, coupling of heat and mass transfer by considering 
thermophysical properties (density, specific heat, and ther-
mal conductivity) was performed as a function of moisture 
content, chemical composition, and temperature [21]. To 
validate the model, mass transfer was performed directly 
based on measuring the moisture content of the samples and 
comparing the experimental data with the simulation data 
and validation of heat transfer modeling was done directly 
and indirectly, based on the thermal image processing during 
the process and mass transfer modeling, respectively [31]. 
The parameters used for modeling are given in Table 2.

2.4  Statistical analysis

This study was performed by statistical analysis of data 
obtained from experiments in three replications in a completely 
randomized design using IBM SPSS Statistics software (APSS 

(37)D∞ = 1.87 × 10−10
T2.072

P

Inc., version 22, USA). Also, to compare the results of mode-
ling with experimental experiments, Excel software (Microsoft, 
version 2013, USA) was used. On the other hand, the evalua-
tion of the optimal drying method was performed using Design 
Expert software (Stat-Ease, Inc., version 11, USA).

3  Results and discussion

3.1  Finding optimum method for potato cubes 
drying

3.1.1  Moisture ratio

Figure 3a shows the changes in moisture ratio for different 
drying methods. In all methods, the moisture ratio decreases 
continuously over the time. The lowest drying speed among 
the studied methods was related to CHA; because of the 
lower amount of transferred heat to the product in CHA 
method in comparison with MIC and CHA-MIC methods, 
which causes the slower removal of moisture and as a result, 
the drying time increases. The highest moisture removal rate 
was observed in CHA-MIC and MIC methods, respectively; 
in these methods, due to the internal (volumetric) heat gen-
eration, which causes faster transfer of moisture from the 
centre to the surface, the drying speed of the samples is 
high and as a result, moisture reaches to its lowest point in a 
very short time. In general, the microwave plays the biggest 
role in drying in these methods. The result of this research 
in agreement with the results of Alibas [36], Ozbek and 
Dadali [37], Contreras et al. [8], Taghinezhad and Rasouli 

Fig. 2  Model mesh
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Sharabiani [38] shows the positive effect of microwave on 
reducing the drying time.

3.1.2  Effective moisture diffusion coefficient

According to the results of Table 3, the effective moisture 
diffusion coefficient (Deff) of all drying methods has statisti-
cally significant differences (P < 0.05(. Figure 3c shows the 
lowest Deff in CHA method; since there is a direct relation-
ship between Deff and temperature, in addition to the lower 
power of CHA method for moisture removal in comparison 
with MIC and CHA-MIC methods. This result was consist-
ent with the result of Pavon-Melendez et al. [39]. In MIC 
and CHA-MIC methods, a significant increase in the effec-
tive moisture diffusion coefficient was observed; because 
the microwave creates an internal vapor pressure and cre-
ates a more porous structure and permeability to steam, and 
ultimately increases Deff due to the rapid heating of potato 
samples. These results are in agreement with the results of 
Horuz et al. [40] related to the drying kinetics of apricot 
in a microwave-convective hot air hybrid oven, Khakbaz 
Heshmati and Seifi Moghadam [41] related to the drying of 
kiwi slices and Wang et al. [42] Which was related to the 
drying of apple pomace.

3.1.3  Energy consumption

  In Table 4, the differences between final amount of energy 
consumption in all drying methods of this study were statis-
tically significant) P < 0.05). According to Fig. 3b, the high-
est energy consumption is related to CHA method. Because 
in this method, all of the hot air energy is not completely 
used for drying and a considerable amount of it, is wasted 
by the output current. Also, the lowest energy consumption 
is related to the microwave method; because in this method, 
due to the microwaves absorption of the product moisture 
and the vibration of water molecules, heat is generated in 
the entire texture of the product. Thus, the problems related 
to the product thermal conductivity were reduced in com-
parison with CHA method and the drying time was reduced. 
Therefore, the shorter the process time, the lower the energy 
consumption. On the other hand, in the simultaneous CHA-
MIC method, most of the energy consumption is related to 
the hot air part. In fact, the presence of convective hot air 
causes a significant amount of energy to be wasted through 
the outlet valves. In result, the energy consumption of CHA-
MIC method is higher than MIC method. These results 
were consistent with the results of Mierzwa and Pawłowski 
[19] and Hazervazife et al. [43] which was related to the 

Table 2  Various parameters 
used in momentum, heat and 
mass transfer modelling

Parameters Value Reference

Initial moisture ratio 0.898685 This work
Equilibrium moisture ratio 0.2 This work
Initial temperature, T

0
22(°C) This work

Drying air temperature, T∞ 45(°C) This work
Drying air velocity 1(m/s) This work
Density of air, �∞ 1.096(kg/m3) (39)
Dynamic viscosity of air, �∞ 0.000019432(Pa.s) (39)
Thermal conductivity of air, k∞ 0.027516(W/m.K) (39)
Specific heat of air, Cp∞ 1007.8(J/kg.K) (39)
Effective mass diffusion coefficient in air, D∞ 2.86612 ×  10− 5(m2/s) (40)
Thermal diffusion coefficient, ∝∞ 2.50 ×  10− 5(m2/s) (39)
Prandtl number 0.71162 (39)
Heat transfer coefficient, h 9.4048(W/m2.K) This work
Mass transfer coefficient, hm 0.007766(m/s) This work
Effective moisture diffusivity coefficient, Deff 6.1487 ×  10− 9(m2/s) This work
dielectric constant, �′ 64 (35)
dielectric loss factor, �′′ 14 (35)
tanδ 0.21875 This work
Frequency 2450(MHz) This work
Wavelength, � 0.122(m) This work
Initial power, P0 540(W) This work
Absorbed energy from microwaves, P 75,982(W/m3) This work
Depth of penetration, d 0.012(m) This work
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optimization of energy consumption in the process of drying 
apple using microwaves.

3.1.4  Optimal method

Based on the maximum (water reabsorption, volume, bright-
ness, and yellowness), the minimum (shrinkage, bulk density, 
energy consumption and overall color changes) and within 
the range (moisture and redness ratio) values of potato sam-
ples in Design Expert software (Version 11, USA), the CHA-
MIC method was chosen as the optimal method for drying 
of potato cubes (with a desirability of 0.778). In addition, 
the lowest desirability value was related to CHA method 
(Fig. 3d).

3.2  Modeling of heat and mass transfer and air 
velocity

3.2.1  Moisture distribution profile

According to the Fig. 4, the results of numerical modeling of 
moisture removal using CHA-MIC method were compared 
with the experimental data and it was found that the theoreti-
cal data were highly in agreement with experimental data 
(correlation coefficient 0.9589); it means the mathematical 
model has been had a good prediction of drying kinetics of 
potato samples. Figure 5 shows the moisture distribution 
ratio of potato cube during drying time using CHA-MIC 
method. About 10 min (600 s) after beginning of the drying 

Fig. 3  a Moisture Ratio, 
b Energy consumption, c 
Effective moisture diffusivity 
coefficient, d The desirability of 
different drying methods

Table 3  Statistical analysis of 
the effect of different drying 
methods on the amount of 
effective moisture diffusivity 
coefficient and energy 
consumption

Different superscripts within the same line represent significant difference at P < 0.05
CHA Convective hot air (45 °C), MIC Microwave (540 W), CHA-MIC Simultaneous Convective Hot Air 
(45 °C) and Microwave (540 W)

Drying method Energy consumption (MJ/Kg) Effective moisture diffusivity 
coefficient  (m2/s)

CHA 1106.9360a ± 62.38382 7.8867 ×  10− 10a±2.46953 ×  10− 9

MIC 43.2550b ± 0.53861 3.2423 ×  10− 9b±2.46953 ×  10− 9

CHA-MIC 192.8457c ± 0.94959 6.1487 ×  10− 9c±2.46953 ×  10− 9
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process, the product surface completely loses its moisture 
and reaches equilibrium moisture, also the moisture of the 
product centre shows a descending trend due to the micro-
wave volumetric heating. After 50 min (3000 s) of the drying 
process, removal of moisture was reduced because of the 

slight moisture difference between the inner and outer lay-
ers. Finally, after 70 min (4200 s) of the processing time, the 
moisture of the inner layers also reached the desired equilib-
rium moisture. These results were consistent with the results 
of Zhou et al. [44], Pitchai et al. [45] and Salvi et al. [46].

Fig. 4  Experimental and theo-
retical (model) Moisture ratio 
changes during different drying 
times and b) Comparison of the 
experimental and theoretical 
data of convective hot air-
microwave method

a) b)

Fig. 5  Moisture ratio distri-
bution in potato cube during 
convective hot air-microwave 
drying method at different times

Fig. 6  Temperature distribution 
in potato cube during convec-
tive hot air-microwave drying 
method at different times
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3.2.2  Temperature distribution profile

According to application of microwaves, the temperature 
of potato cube is high and the generated heat is distributed 
from centre to the surface of the product (Fig. 6). In the 
first 10 min (600 s) of the drying process, the tempera-
ture of the inner parts of the potato cube reaches 46 °C 
due to internal heating, while the temperature of the outer 
parts of the potato cube is approximately in the range of 
44 °C. Finally, after 50 min (3000 s) of the process time, 
the temperature of the outer layers of the product reaches 
the range of 54–57 °C and the temperature of the inner 
layers reaches 58–60 °C, which remains constant at this 
temperature until the end of the process. Figure 7a shows 
the experimental and theoretical temperature changes dur-
ing different drying times and Fig. 7b the comparison of 
the experimental and theoretical temperature of the potato 
cube. According to the part “a” of Fig. 7, the temperature 
is 22 °C at the beginning of the process and it takes 20 min 

(1200 s) to reach 52 °C (52.462 °C); then the temperature 
remains approximately close to 59.896 °C until the end 
of the process at 70 min (4200 s). In other words, tem-
perature stability is established in the potato cube and the 
surface and centre temperature of the sample are equal 
to each other. Figure 7 part “b” shows a high correlation 
between the results of experimental and modeling data 
 (R2 = 0.9961). Figure 8 shows the temperature changes 
of potato cubes during drying process using CHA-MIC 
method (taken by a thermal camera). According to differ-
ent parts of Fig. 8, the samples temperature is about 22 °C 
at the beginning of the process and after 30 min (1800 s), 
the temperature increases to 53 °C. Then from 30 min 
(1800 s) until the end of the process (70 min or 4200 s), 
the temperature approximately remains in the range of 
61–64 °C. Therefore, it can be concluded in this study that 
the results of temperature simulation and thermal camera 
are in total agreement. These results were consistent with 
the research of Zhou et al. [44], Pitchai et al. [45] and 

Fig. 7  a Experimental and 
theoretical (model) temperature 
changes during different drying 
times and b Comparison of the 
experimental and theoretical 
data during convective hot air-
microwave method

a) b)

Fig. 8  Thermal camera images 
for temperature distribution dur-
ing convective hot air-microwave 
drying method at different times
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Salvi et al. [46]. Figure 9 shows the isothermal regions in 
the potato cube during the time zero to 70 min (4200 s) of 
drying process using CHA-MIC method. As can be seen 
at different parts of Fig. 9, the temperature of the potato 
cube corners is lower than the other parts of this geometry 
at all times. In confirmation of the modeling results, in the 
thermal photographs taken by the infrared camera (Fig. 8), 
it is also observed that the temperature of the corners is 
lower than the temperature of the centre of the potato 
cubes. Pu and Sun [47] compared the moisture uniform-
ity of mango sheets in different shapes (oval, rectangular, 
square, and triangle) dried with microwave-vacuum, using 
near-Infrared (NIR) imaging, and concluded that moisture 
distribution in the oval shape is better than angular shapes 
such as rectangles and squares. In addition, removal of 
moisture from the corners of these shapes is slower due to 
lower temperatures in the corners.

3.2.3  Air velocity distribution profile

According to part “a” and “b” of Fig. 10, the air velocity 
of the potato inside is zero. While the lowest value of the 
air velocity is observed near the surface of the potato cube, 
which is due to the exchange of heat and mass from the sur-
face of the product. By moving from the surface of the potato 
cube to the upper layers of the dryer container, one can see 
the highest air speed (1 m/s) in these sections.

3.2.4  Mass fraction changes

Figure 11 shows the changes in mass fraction of potato com-
pounds (water, protein, carbohydrates, fat, ash and fibre) 
with respect to time change (modeling results). Consider to 
the results, by decreasing the mass fraction of water (from 
0.892 to 0.160), the ratio of other components in the total 

Fig. 9  Isothermal areas of 
potato cube during convec-
tive hot air-microwave drying 
method at different times

Fig. 10  Air velocity (m/s) 
profile during 0 and 70 min of 
potato drying process in convec-
tive hot air-microwave dryer
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solid matter increases (carbohydrates from 0.082 to 0.634, 
protein from 0.017 to 0.135, fat from 0.00007 to 0.0005, ash 
from 0.006 to 0.048 and fibre from 0.0028 to 0.022). The 
modeling results shows a good agreement with the experi-
mental results of the mass fractions of the potato constitu-
ents (Fig. 11).

3.2.5  Thermophysical properties changes

Figure 12a shows the changes of the total density (kg/m3) and 
the density of the potato constituents (predicted by the Seri 
model) with respect to the changes of the water mass frac-
tion, time, and temperature. Considering part “a”, decreasing 

the mass fraction of water (from 0.892 to 0.160) due to the 
increasing of temperature (from 22 to 60 °C) during the dry-
ing process (0 to 70 min), would decrease all potato constitu-
ents density slightly, because the density of the fractions is 
only influenced by temperature. However, the total density 
influences by temperature and the mass fraction of the chem-
ical compounds. In conclusion, the total density increases 
with increasing temperature and consequently increasing the 
evaporation rate and decreasing the mass fraction of water 
(due to the product volume reduction after moisture removal) 
and increasing other components that have a higher density  
than water (except fat) (from 1036.02 to 1417.11 kg/m3). Figure  
12b shows the results of total specific heat (J/kg.K) and 

Fig. 11  Comparison of changes 
in mass fractions of potato 
(experimental and theoretical 
data) during convective hot 
air-microwave drying method, 
a Carbohydrate, b Protein, c 
Ash, d Fat, e Water, f Fibre

a) b)

c) d)

e) f)
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Fig. 12  Changes of a Density 
(kg/m3), b Specific heat (J/
kg.K) and c Heat conductivity 
(W/m.K) of potato calculated by 
model during convective hot air-
microwave drying method

a)

b)

c)
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specific heat of potato constituents (predicted by the parallel 
model) relative to the changes of water mass fraction, time, 
and temperature. As can be seen, by decreasing the mass 
fraction of water (from 0.892 to 0.160) which occurs simul-
taneously with increasing the temperature (from 22 to 60 °C) 
during the drying process (0 to 70 min), the specific heat of 
all potato constituent compounds grows slightly, because the 
specific heat of the components is only affected by tempera-
ture. However, the total specific heat is affected by both the 
temperature and the mass fraction of the constituent com-
pounds and decreases with increasing temperature and con-
sequently increasing the evaporation rate and decreasing the 
mass fraction of water which leads to increase of other com-
ponents that have less specific heat than water (from 3902.71 
to 2098.56 J/kg.K). Figure 12c shows the results of the total 
thermal conductivity (W/m.K) and the thermal conductivity 
of potato constituents (predicted by the model presented by 
Franco et al. [31]) relative to changes in water volume frac-
tion, time, and temperature. By reducing the water volume 
fraction (from 0.928 to 0.231) which occurs simultaneously 
with increasing the temperature (from 22 to 60 °C) during 
the drying process (0 to 70 min), the thermal conductivity of 
all the constituents of the potato increases slightly, because 
the thermal conductivity of the components is only affected 
by temperature. However, the total thermal conductivity is 
affected by both the temperature and the volume fraction of 
the constituent compounds and decreases with increasing 
temperature and consequently increasing the evaporation rate 
and decreasing the volume fraction of water and increasing 
other components that have less thermal conductivity than 
water (from 0.50 to 0.31 W/m.K).

In Fig. 13, the experimental and the predicted values by 
the model for the parameters of density, specific heat and 
thermal conductivity during potato drying process are com-
pared. According to the results, there is a high correlation 
between data from experimental work and modelling.

4  Conclusions

A numerical model for momentum and heat and mass 
transfer process was continuously developed during the 
potato drying process using hot air-microwave method. 
Thus, the kinetic characteristics of the product (moisture 
ratio, effective diffusion coefficient of moisture and energy 
consumption) were investigated. Finally, a high correla-
tion was obtained between the results of experimental work 
and numerical modeling for moisture and temperature 
distribution.
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