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Abstract: Hot air drying (HAD) at temperatures below the spontaneous evaporation temperature 
could be combined with microwave (MW) radiation as a thermal energy source in order to reduce 
the drying time. A photon flux in the microwave range interacts with dipolar molecules (water) 
through orientation and induction, producing electrical energy storage and thermal energy accu-
mulation and generating an increase in the internal energy of food. The different mechanisms in-
volved in water transport could change when the microwave penetration depth exceeds the sample 
characteristic dimension of mass transport. The aim of this paper is to determine the effect of MW 
in the combined HAD-MW drying of raw potato in order to obtain the real driving forces and mech-
anisms involved in the water transport, with the purpose of optimizing the MW power used. For 
this purpose, combined drying was carried out on potato samples (0, 4 and 6 W/g). The sample 
surface temperature was monitored by infrared thermography, and the sample mass was measured 
continuously through a precision balance. In parallel with continuous drying, another drying treat-
ment was performed at different times (20, 40, 60, 90, 120, 180, 420 min) and conditions (0, 4 and 6 
W/g) to analyze the dielectric properties, mass, moisture, volume and water activity. The results 
show that it is possible to monitor combined drying by infrared thermography, and it can be con-
cluded that the convection heating is mostly transformed into surface water evaporation, with neg-
ligible thermal conduction from the surface, and microwave radiation is mostly transformed into 
an increase in the potato’s internal energy. 

Keywords: drying; hot air drying; microwave drying; infrared thermography; water transport; 
combined drying 
 

1. Introduction 
During hot air drying (HAD) at temperatures below the spontaneous evaporation 

temperature, the main force that drives water removal from the product is the gradient of 
water chemical potential generated between the air, with a very low relative humidity, 
and the product, with high water activity, causing a water flux from the product to the air 
[1]. Liquid water is transported from inside the sample to the surface, where it evaporates 
[2,3]. This state change requires the input of energy, which is generally obtained from the 
internal energy of the air in the sample surroundings, decreasing its temperature. How-
ever, it can also be obtained from the internal energy of the surface of the product, thus 
cooling it. The diversity of water molecule interactions that occur inside the potato tissue 
[4], as well as the different ways that water molecules have to reach the surface, make the 
internal water transport fast at the beginning of drying, as the water molecules with high 
mobility are mobilized through the fastest route (apoplastic pathways). In this drying pe-
riod, surface evaporation is the limiting factor of the overall transport. After this period, 
more retained molecules (critical moisture) are mobilized through slower routes, causing 
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slower internal transport. In this period, the internal transport becomes the limiting factor 
[5]. 

Another possibility is to combine the thermodynamic inertia of HAD with another 
source of heat, such as microwave radiation [6]. The interaction of photons with biological 
systems at low frequencies of the electromagnetic spectrum (Hz to GHz) causes orienta-
tion and induction phenomena. Gamma (γ) dispersion occurs at microwave frequencies 
(between MHz and GHz), and it is produced by the orientation and induction of dipolar 
molecules [7], water being the most important dipolar molecule in biological systems. 
Gamma dispersion produces the transformation of photonic energy into electrical energy 
by molecular spin orientation and into thermal energy by molecular collisions and fric-
tions. Many food products have an important aqueous phase; therefore, the application 
of microwaves in heating processes is a possible source of energy. Microwave radiation 
has a high penetration depth, producing an internal heating front [8,9]. Therefore, com-
bined HAD-MW drying could reduce the drying time [9,10]. This technique has been ap-
plied in different foods: in orange peel [11], in nectarine slices [8] and in shiitake mush-
rooms [12]. 

In order to evaluate the effect of HAD and MW, it is necessary to analyze thermal 
conditions on the surface of the product. Infrared thermography (FTIR) is a technique that 
measures the surface temperature of materials in a non-destructive way [13–15]. This tech-
nique has been used in the food industry to evaluate pork quality [16], to detect differences 
between raw and cooked chicken meat [17,18], to evaluate the freezing process of potato 
[4], to control disinfection with the steam of carrots [19], to detect the position and depth 
of bruises in apples [20] and to evaluate injuries of cold-stored guava [14]. Thermal imag-
ing has also been demonstrated to be a useful tool in monitoring the surface temperature 
in drying processes in the food industry in combined dryings of kiwifruits [21], HAD 
combined with microwaves to dry mushrooms [22], HAD of corn kernels [23] and vacuum 
drying of banana slices [24]. 

The aim of this paper is to determine the effect of MW in the combined HAD-MW 
drying of raw potato at a drying air temperature below the spontaneous evaporation tem-
perature, with the potato having a smaller characteristic dimension than the MW penetra-
tion depth, in order to obtain the real driving forces and the mechanisms involved in the 
water transport, with the purpose of optimizing the MW power used. 

2. Materials and Methods 
2.1. Materials 

Potatoes (Solanum Tuberosum (L.) cv. Melody) were acquired from the Mercadona 
supermarket (Valencia, Spain). They were washed and peeled, and spheres of 10 mm di-
ameter were obtained using a stainless-steel core borer. 

2.2. Kinetics Experimental Procedure 
Potato sample spheres were dried by hot air drying (HAD) and hot air drying as-

sisted by microwaves (HAD + MW) using a specially designed HAD-MW oven [25], con-
nected to a magnetron to provide energy, with a maximum output of 2000 W at 2450 MHz. 
The oven was connected to a computer to measure the incident and reflected energy using 
a directional coupler with a power meter in the waveguide of the magnetron. The drying 
chamber had a mode stirrer to ensure a homogeneous distribution of microwaves. The 
selected drying conditions were an air velocity of 1.5 m/s, hot air temperature of 40 °C and 
MW energy of 0, 4 or 6 W/g (referring to the initial mass of the sample). All treatments 
were carried out for 420 min. The oven door is a ventilation grill with a mesh size of 2 mm, 
where the air and the infrared radiation can cross without limitation, but the microwave 
radiation, with a longer wavelength, cannot. 

During the HAD treatment (0 W/g), a sample was placed inside the oven to continu-
ously monitor and record the mass using a Mettler Toledo AB304-S balance (precision of 
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±0.01 g). A second sample (or reference sample) was placed next to the previous one and 
in front of an infrared camera (Optris PI® 160 thermal imager; Optris GmbH, Berlin, Ger-
many) to record the infrared emission of the surface of the potato. The surface temperature 
of this sample was measured using a K-thermocouple connected to an Agilent 34901A 
multiplexer (Agilent Technologies, Malaysia) and recorded by an Agilent 34972A data 
logger (Agilent Technologies, Malaysia). Finally, a certified emissivity label (ε = 0.95), pro-
vided by Optris GmbH, was placed in the same plane as the reference sample, and its 
temperature was also registered by a K-thermocouple. For HAD-MW treatments (4 and 6 
W/g), the experimental procedure was similar, but the surface temperature of the refer-
ence samples and the certified emissivity label were monitored only by the infrared cam-
era (Figure 1). 

The environmental conditions (relative humidity and temperature) were also regis-
tered. 

2.3. Static Experimental Procedure 
In parallel with continuous drying, drying treatments at different times (20, 40, 60, 

90, 120, 180, 420 min) and conditions (0, 4 and 6 W/g) were performed in triplicate. After 
drying, samples were kept in Aqualab® cups, sealed with Parafilm® and maintained at 4 
°C for 24 h in order to reach an internal equilibrium (mechanical and chemical) [1]. The 
following determinations were performed for raw samples, dried (non-equilibrated) sam-
ples and samples after they were left for 24 h at 4 °C (equilibrated samples): permittivity, 
mass, volume and surface water activity (Figure 1). Considering that moisture is deter-
mined using a destructive method, this analysis was carried out only for equilibrated sam-
ples. 

 
Figure 1. Experimental setup and diagram of the experimental procedure. 

2.4. Potato Sample Determinations 
Every physicochemical property was measured at each drying time explained in Sec-

tion 2.3. The moisture of the spheres was obtained gravimetrically by drying the samples 
in a vacuum oven at 60 °C until a constant weight (AOAC, 1990). Water activity was meas-
ured with an Aqualab® dew-point hygrometer, series 3 TE (±0.003) (Decagon Devices Inc., 
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Pullman, WA, USA). The volume and surface of the spheres were obtained by image anal-
ysis using Adobe® Photoshop® CS6 software (Adobe Systems Inc., San Jose, CA, USA). 

2.5. Dielectric Properties 
Dielectric properties were measured at each drying time as explained in Section 2.3 

by using an Agilent 85070E open-ended coaxial probe (Agilent, Santa Clara, CA, USA) 
connected to an Agilent E8362B vector network analyzer (Agilent, Santa Clara, CA, USA). 
The system was calibrated by using three different types of loads: air, short-circuit and 25 
°C Milli®-Q water. Once the calibration was completed, 25 °C Milli®-Q water was meas-
ured again to check calibration suitability. The dielectric properties were measured by 
attaching the probe to the surface of the samples. All determinations were made at 500 
MHz to 20 GHz. The measurements were made in triplicate. 

3. Results 
The drying process at temperatures below the spontaneous evaporation temperature 

implies that evaporation occurs through thermodynamic inertia in the air/sample inter-
face, that is, the gradient of water chemical potential between the air surrounding the 
sample and its surface. Then, water evaporation occurs from the sample surface, and thus, 
the water transport inside the sample occurs in the liquid state. The terms of the water 
chemical potential that drive the water transport are those associated with the difference 
between the surface water activity of the sample and the relative humidity of the drying 
air and also the difference between the drying air temperature and the sample surface 
temperature. These differences are produced in a thin air layer, called a boundary layer, 
with a thickness dependent on the phenomena of water transfer and heat transmission. 
Figure 2 shows a scheme of heat and mass exchange throughout the boundary layer. In 
this figure, it is possible to observe two planes in which some mechanisms converge; the 
first is the interface between the air and the surface of the sample, where heat convection 
is used to evaporate water (induced by the water chemical potential) and to heat the sur-
face, and the second is the microwave heating plane, which is defined by the microwave 
penetration depth. 

 
Figure 2. Scheme of heat and water mass transport mechanisms in a combined hot air drying 
(HAD) and MW drying process, where q represents heat, JW represents water flux, φe is the drying 
relative humidity, Te is the drying temperature, Ts is the surface of the sample temperature, aws is 
the water activity of the sample in the surface, the superscript MW means microwave, CV means 
convective and cd is conduction. 
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It is necessary to define the variables that characterize each of these planes in order 
to quantify the phenomena that occur in the combined process of HAD and MW. As ex-
plained in the Materials and Methods section, the surface temperature was obtained by 
FTIR, with a reference material with known emissivity to remove the effect of the reflected 
energy from the sample surroundings using the equation of [1]. With this expression, it is 
possible to obtain the emissivity of the sample and, therefore, its surface temperature. Fig-
ure 3a shows the emissivity with respect to the sample moisture (expressed on a dry ba-
sis), since in the far IR spectrum, the water molecule proportion is one of the main factors 
that affect the emissivity [6]. It is possible to observe how the emissivity decreases as the 
moisture decreases. In Figure 3b, it is possible to observe the relationship between the 
emissivity and the energy emitted by the sample without the effect of the reflected energy 
from the surroundings. This energy was estimated with two reference materials, one sit-
uated close to the sample and the other situated toward the door of the dryer (the door is 
a ventilation grill with a mesh size of 2 mm, where the air can cross without limitation, as 
can photons in the infrared range, but photons in the microwave range cannot pass). This 
energy is needed to obtain, with the emissivity, the real surface temperature. 

 
Figure 3. Emissivity in the HAD treatment with regard to (a) moisture on a dry basis and (b) IR energy emitted by the 

sample. 

Considering that the K-thermocouples could only be used in the HAD experiment, 
the emissivity obtained in this experiment was used to correct the surface temperature 
measured by FTIR in combined HAD-MW experiments, using the moisture of the sample 
to obtain the value. Figure 4 shows the evolution of surface temperature in each treatment. 
This figure shows how the surface temperature increases, in all treatments, throughout 
the drying time. In the case of the HAD treatment, the surface temperature increases and 
reaches equilibrium with the drying temperature; however, the combined HAD-MW 
treatments increase the surface temperature throughout the drying time to above that in 
the HAD treatment; that is, the temperature increases beyond the drying temperature. 
However, at the end of drying, the surface temperature decreases when the product al-
ready has low moisture. 
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Figure 4. Evolution of surface temperature in the HAD treatment (■), HAD + 4 W/g treatment (▲) 
and HAD + 6 W/g treatment (●). 

In order to understand the phenomena that occur at the sample/air interface, it is 
necessary to calculate the thermal energy consumed on the potato surface. The convective 
heat that the surface receives is used to evaporate the water that has reached the sample 
surface and to heat this interface. Therefore, the thermal energy expended in evaporation 
(QV) is estimated as (see Equation (1)): 𝑄௩ = ∆𝑀௪ ∙ ∆𝐺௩𝑆 ∙ ∆𝑡  (1) 

where ∆Mw is the water loss (g) in ∆t time (s), ∆Gv is the latent heat of water (J/g) and S is 
the sample surface (m2).  

The thermal energy consumed by surface heating (QU) will depend on the increase 
in surface temperature, the heat flowing to the inside of the sample by conduction (qcd), 
the specific heat of the sample and the sample mass. The relation between the thermal 
energy consumed in the interface and the heat flowing to the inside of the sample by con-
duction can be expressed as follows (see Equation (2)): 𝑄௎ − 𝑞௖ௗ = ∆𝑇 ∙ 𝑀 ∙ 𝐶௉𝑆 ∙ ∆𝑡  (2) 

where ∆T is the surface temperature variation in ∆t time, M is the mass of the sample (g) 
and CP is the specific heat of the potato, estimated with the water and starch mass fraction 
(kJ/kgK). 

If this calculation is carried out, the thermal energy relation oscillates between 3% 
and 0.1% of the heat consumed by evaporating water, making it practically negligible. 

On the other hand, the heat that reaches the surface can be estimated by the following 
equation: 𝑞௖௩ = ℎ ∙ 𝑆 ∙ ሺ𝑇௘ − 𝑇௦ሻ (3) 

where qcv is the heat by the convective mechanism (W), h is the individual coefficient of 
heat convection (W/m2K), Te is the external or air-drying temperature (°C) and TS is the 
surface or interface temperature (°C).  
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In the case of the HAD treatment, the energy consumption in the interface is equal to 
the heat received by convection; therefore, it is possible to calculate the individual coeffi-
cient of heat convection using the following equation:  ℎ = 𝑄௩ + 𝑄௎ − 𝑞௖ௗ𝑆 ∙ ሺ𝑇௘ − 𝑇௦ሻ  (4) 

where Te is the air-drying temperature (°C), TS is the surface temperature (°C), QU − qcd is 
estimated using Equation (2) and QV is estimated using Equation (1). 

Figure 5 shows the individual coefficient of heat convection estimated by Equation 
(4) for the HAD treatment. In Figure 5a, it is possible to observe how h increases exponen-
tially when the interface reaches the air-drying temperature. The same occurs in Figure 
5b, where the h evolution increases with the treatment time, and the external resistance of 
heat transmission can be neglected after approximately 230 min. The individual coeffi-
cient of heat convection will depend on the turbulence and the interface temperature; thus, 
it is possible to apply the relation between h and the surface temperature to obtain the h 
evolution in HAD-MW combined treatments.  

 
Figure 5. The individual coefficient of heat convection with regard to (a) surface temperature in the HAD treatment and 
(b) drying time. 

Furthermore, h can be defined by the relation between the thermal conductivity of 
air and the boundary layer depth. The air thermal conductivity can be estimated with the 
water mass fraction in air, calculated with the thermodynamic properties of air [11]. Thus, 
the boundary layer depth can be estimated as follows: 𝛿஻௅ = 𝑘௔௜௥ℎ = 𝑘ௗ௥௬ ௔௜௥ ∙ ሺ1 − 𝑥௩ሻ + 𝑘௪ ∙ 𝑥௩ℎ  (5) 

Figure 6a shows the variation of water and dry air thermal conductivity with the 
temperature needed in Equation (5). Figure 6b represents the boundary layer depth for all 
treatments, where it is possible to observe how the thickness decreases faster depending 
on the power of the MW treatment.  
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Figure 6. (a) Plot of the thermal conductivity of dry air (●) and vapor (□) with regards to the temperature and (b) plot of 
the boundary layer depth with regards to the drying time: HAD treatment (■), HAD + 4 W/g treatment (▲) and HAD + 6 
W/g treatment (●). 

In the case of combined drying methods, the microwaves absorbed by the samples 
represent the quantity of photonic energy at 2.45 GHz that dissipates in electric and ther-
mal energy throughout the microwave penetration depth (δMW). In this frequency range, 
the main effect of photon radiation is the gamma dispersion, which consists in the orien-
tation and induction of dipolar molecules, water being the main dipolar molecule in po-
tato tissue. The microwave penetration depth can be estimated as follows [6]: 𝛿ெௐ = |𝜀|2𝜋𝑓 √𝜀′𝜀′′  (6) 

where |ε| represents the modulus of permittivity at 2.45 GHz, ε′ is the dielectric constant, 
ε″ is the loss factor and f is the frequency expressed in Hz (2.45 GHz). 

An important characteristic of microwave heating is that when the characteristic di-
mension of the sample (radius) is less than microwave penetration depth, heating occurs 
from the center of the sample to the surface [19]. In this experiment, δMW was estimated 
using Equation (6), obtaining, for raw potato, a value of 1.62 ± 0.06 and decreasing 
throughout the drying process to 0.83 ± 0.08 at 440 min, always being greater than the 
radius measured at each time. 

The proportion of microwave energy that has been absorbed and transformed into 
thermal energy can be estimated by the dielectric properties at 2.45 GHz. In order to esti-
mate the amount of microwave energy absorbed as thermal energy, the microwave energy 
distribution ratio (rMW) from [6] was used by means of dielectric properties (Equation (7)). 𝑟ெௐ  = 𝜀′′𝜀ᇱ + 𝜀′′ (7) 

Figure 7a shows the relationship between rMW and sample moisture expressed on a 
dry basis, where it is possible to observe that the microwave energy distribution ratio re-
mains constant while the moisture is high, and when it reaches a moisture of around 0.7 
on a dry basis, it decreases exponentially. This phenomenon may be because the critical 
moisture of the potato is approximately 0.7, and with that value, the water that remains 
in the tissue has less mobility, and the ease of inducing water molecules is less than the 
ease of orienting them. Consequently, the absorption of energy as electrical energy storage 
increases compared with the dissipation as thermal energy. 
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The HAD + MW combined drying equipment measures the total power emitted by 
the magnetron and the power returned to the emission tube (reflected power). The differ-
ence between the two is the microwave power absorbed (Pabs) by the sample. Therefore, 
with the absorbed power and rMW, the heating by microwaves (qMW) can be calculated with 
the following equation. qெௐ =  𝑃௔௕௦ ∙  𝑟ெௐ  (8) 

Figure 7b shows the evolution of microwave heating throughout the treatment. It is 
possible to observe that the heat remains constant until a process time of 180 min, where-
upon the microwave heat decreases. This drying time represents the moment when the 
sample reaches critical moisture, whereupon the water molecules reduce their mobility 
and hinder the induction phenomena, while their capacity to store electric energy remains, 
as seen in Figure 7a. 

 
Figure 7. Microwave sample effect: (a) The relationship between the microwave energy distribution ratio and the sample 
moisture expressed on a dry basis and (b) microwave heating throughout the drying time for HAD + 4 W/g (▲) and HAD 
+ 6 W/g (■) treatments. 

If an energy balance is applied to the total sample (Equation (9)), the heat contribu-
tion by convection (qcv) and by microwaves (qMW) will be distributed in heating by con-
duction from the surface (QU − qcd), the internal energy variation associated with micro-
wave heating and surface water evaporation. This balance is shown in the following equa-
tion: q௖௩ + qெௐ =  𝑄௎ − 𝑞௖ௗ + 𝜕𝑈𝜕𝑡 ฬெௐ + 𝑄௏  (9) 

where U is the internal energy of the sample and Ev is the evaporation energy. 
With Equation (9), it is possible to estimate the internal energy variation associated 

with microwave heating. Figure 8a shows the internal energy variation associated with 
microwave heating, obtained from Equation (9), with regard to the sample moisture on a 
dry basis. 

In order to better understand the heating process of microwave radiation, Figure 8c 
shows a diagram of the photon input at 2.45 GHz in the potato sphere, with a radius 
smaller than the microwave penetration depth, producing an accumulation of heat dissi-
pation at the center of the sample. This phenomenon generates heat, which flows by con-
duction from the center to the surface. However, a small part of the dissipation of the 
electromagnetic energy of the photons is lost along the way, which is more evident in 
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water molecules in the gas state because of their high mobility, flowing through the 
boundary layer, increasing the air surface temperature or producing more evaporation. 

Considering that the evolution of the individual coefficient of heat convection is sim-
ilar in all treatments, it is possible to calculate the surface heating by microwaves (EMW) by 
comparing, at each time, the surface temperature of each combined treatment with the 
HAD treatment, according to the following equation: 𝐸ெௐ =  𝑆 ∙ 𝛿஻௅ ∙ 𝜌஺ூோ ∙ 𝑋 ∙ 𝐶௉௩ ∙ ሺ𝑇ு஺஽ାெௐௌ − 𝑇ு஺஽ௌ ሻ (10) 

where ρAIR is the air density (kg/m3) obtained by the thermodynamic properties or air [6], 
X is the absolute moisture of air (kgw/kgdryair) and CPv is the specific heat of vapor at the 
surface temperature.  

Figure 8b shows the surface heating by microwave evolution for combined drying 
treatments, where it is possible to observe that internal heating (Figure 8a) is 10,000 times 
higher than the surface heating by microwaves (Figure 8b). Consequently, in a combined 
drying process of hot air and microwaves at temperatures lower than the spontaneous 
evaporation temperature and in samples with a characteristic dimension less than the mi-
crowave penetration depth, it is possible to conclude that the convection heating is mostly 
transformed into surface water evaporation, and microwave heating is mostly trans-
formed into an increase in the internal energy of the food, that is, an increase in the internal 
temperature. 

 
Figure 8. (a) Internal energy accumulation throughout the drying time for HAD + 4 W/g (▲) and HAD + 6 W/g (■) treat-
ments, (b) microwave heating of the boundary layer throughout the drying time for HAD + 4 W/g (▲) and HAD + 6 W/g 
(■) treatments. (c) Scheme of the effect of microwaves in sample heating, where p represents the photon fluxes, qMW rep-
resents the heat conduction produced by the microwave heating source in the sample center, Jw is the water flux and qcv 
is the heat convection. 

Therefore, the measurement of the surface temperature by FTIR in the HAD process 
combined with microwave heating allows the HAD process and surface water evapora-
tion to be monitored, but not the microwave heating process, because MW heats with high 
penetration. Thus, the FTIR technology allows the segregation of the effect of HAD and 
microwave heating in combined drying processes, making it possible to determine water 
removal. In the future, IR cameras with a higher frequency spectrum will be able to make 
direct measurements of the surface water content. 
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4. Conclusions 
It is possible to apply FTIR to a HAD-MW combined drying process using an oven 

grill door with a mesh size that allows the hot air and photon radiation in the infrared 
spectrum to cross it, but not the photons in the microwave spectrum. As a result, the evo-
lution of the drying process can be determined through the surface temperature of the 
sample. 

It is shown that the higher effect of microwaves in the drying process occurs at mois-
tures above the drying critical moisture, where the water molecules reduce their mobility 
and hinder the induction phenomena. 

In a combined drying process of hot air and microwaves at temperatures lower than 
spontaneous evaporation and in samples with a characteristic dimension less than the mi-
crowave penetration depth, it is possible to conclude that the convection heating is mostly 
transformed into surface water evaporation, with negligible thermal conduction from the 
surface. Furthermore, microwave radiation is mostly transformed into an increase in the 
internal energy of the food, that is, an increase in the internal temperature, from the center 
to the surface. 
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Notation 
φ relative humidity (dimensionless) 
aw water activity (dimensionless) 
δBL boundary layer depth (m) 
δMW microwave penetration depth (m) 
qcv convective heat (W) 
qMW microwave heat (W) 
qcd conduction heat (W) 
h individual coefficient of heat convection (W/m2K) 
k thermal conductivity (W/mK) 
TS surface or interface temperature (°C) 
Te external or air-drying temperature (°C) 
Jw water flux (mol/m2s) 
S surface (m2) 
U internal energy (J) 
ΔGv evaporation latent heat (kJ/kg) 
Ev evaporation energy (W) 
Pabs microwave power absorber in potato (W) 
ε″ loss factor (dimensionless) 
ε′ dielectric constant (dimensionless) 
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Abbreviations 
HAD Hot air drying 
MW Microwave radiation 
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