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Technology and equipment of food production

Natural drying does not require any energy costs but 
is characterized by the long-term process of moisture 
removal and the large areas used to arrange the related 
equipment.

The desire to improve productivity led to the develop-
ment of various techniques for supplying thermal energy 
to the dried material, which can be conditionally divided 
into the surface (convective, conductive) techniques and 
volumetric ones (acoustic, microwave, IR, sublimation, etc.). 
Analysis shows that existing methods often do not meet the 
quality requirements for the finished product, the equip-
ment needed is costly, and they are energy-intensive and 
ineffective. Therefore, it is a relevant task for the processing 
industry to conduct scientific research aimed at upgrading 
existing and developing new energy-efficient techniques to 
dry fruit and vegetable raw materials.

1. Introduction

In providing the population of the Earth with food, the 
fruits and vegetables that are rich in vitamins play an im-
portant role. With one or two-time harvesting per year, the 
consumer properties of produce are ensured by long-term 
storage in fresh form or when canned. One of the oldest and 
most reliable techniques of conservation is drying. When 
moisture is removed, the activity of microorganisms stops, 
and nutrients are saved [1].

In the technology of moisture removal, the main energy 
process is thermal drying. Review papers [2‒4] often men-
tion drying techniques in the historical aspect along with 
different sources of thermal energy and appropriate methods 
of supplying heat to the dried material. The simplest classi-
fication is to divide them into natural drying and the drying 
involving special energy sources. 
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The development of technology and drying equipment 
tackles a triune task: to intensify drying processes, to save 
energy, to ensure that proper product quality is achieved. 
This issue is resolved by modern advancements by supply-
ing thermal energy throughout the entire sample volume. 
The simplest option among the known techniques is to heat 
wet raw materials by passing an electric current directly, 
with an external blowing by a hot heat carrier.

This paper reports an experimental study of the com-
bined process of drying apple raw materials using direct 
electric heating. 

The influence of control factors such as the field inten-
sity and a heat carrier temperature on the kinetic parame-
ters of the process has been determined, namely: the dura-
tion of the combined drying of apples, the rate of moisture 
removal, and a change in the temperature of the sample.

It was established that the application of addition-
al electric heating with an electric field intensity of 
20–40 V/cm during convective drying with a heat car-
rier temperature of 25–55 °C reduces the duration of 
apple dehydration by 3‒5 times.

Permissible limits for changing the combinations of 
basic technological parameters have been determined, as 
well as the rational modes for treating raw materials in 
order to ensure the predefined quality of finished prod-
ucts. Such combinations of technological parameters of 
heating, in particular the intensity of the electric field and 
air in the dryer, are 30 V/cm+40 °C, and 25 V/cm+55 °C.

The energy parameters of the proposed combined 
technique of drying apple raw materials have been deter-
mined. It was established that the specific energy con-
sumption for the removal of 1 kg of moisture at direct elec-
tric heating is 2,350–2,400 kJ/kg (0.66 kWh/kg).

The study performed could provide a prerequisite for 
devising an energy-efficient technique for the combined 
drying of fruit and vegetable raw materials using direct 
electric heating
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electric field intensity of 20, 30, and 40 V/cm, respectively. In 
addition, processed apples retained their correct shape much 
better and demonstrated better organoleptic performance. 
However, during the research, sliced apples for pre-treatment 
were poured with water. Therefore, the question arises regard-
ing the preservation of nutrients and vitamins in raw materials 
as a result of the mass exchange with an aqueous solution in the 
process of ohmic heating.

In [15], the fruits of sweet potatoes, cut into 10×10×5 mm 
plates, were heated, between two titanium electrodes, to a 
set temperature with an alternating electric current of 
60 Hz and field intensity of 50, 70, and 90 V/cm. Imme-
diately after heating, the resulting samples were placed in 
a vacuum sublimation drying chamber. The experiments 
showed that preheating samples with electric current re-
duces their dehydration time by 22‒24 %. However, the 
application of ohmic heating at the specified values of the 
electric field intensity leads to significant heating of the 
raw materials, which would adversely affect the quality of 
the finished product. In addition, the use of equipment for 
vacuum sublimation drying leads to a significant cost of the 
technical means.

The authors of [16] investigated the effect of preliminary 
ohmic heating on the convective drying of potato tissues by 
monopolar pulses of almost rectangular shape with an inten-
sity of up to 500 V/cm. It was found that at the electric field 
intensity above 70 V/cm, due to the excess applied power, 
significant damage to the material tissues occurs. Reducing 
the electrical potential of pre-ohmic heating to 50 V/cm 
reduces the temperature of potato drying by about 20 °C. 
However, the application of converters to generate pulses of 
the predefined shape greatly complicates the design of dry-
ing equipment and increases its cost.

A comparative study of the influence of preliminary chemi-
cal, microwave, and pulse electrical treatment on the convective 
drying and quality of raisins was carried out in work [17]. The 
study results indicate a significant increase in the drying rate 
due to the pre-treatment using a pulsating electric field (PEF). 
In addition, the appearance, content of dry soluble substances, 
and market quality of PEF-processed products were better 
compared to chemical treatment and control non-treated sam-
ples. However, the pulse processing involving PEF is carried 
out at an electric field intensity of 1 kV/cm. Due to the in-
creased danger to staff, the use of this kind of high-voltage 
equipment is much more complicated.

The studies reported in [18–21] demonstrate an unambigu-
ous reduction in the processing time when using direct electric 
heating by the currents of industrial frequency throughout the 
entire process of the convective drying of fruit raw materials. 
However, the efficiency of applying the proposed combined 
drying method depends primarily on the physical and electri-
cal characteristics of objects that are constantly changing in 
the process of dehydration and depends both on the moisture 
content and the temperature of the product being processed.

The analyzed combined technologies of drying raw mate-
rials with the use of direct electric heating demonstrated the 
positive effect of utilizing internal electric joule heat. At the 
same time, most often this type of heating is used only at the 
pre-treatment stage without an in-depth study into the kinet-
ics of dehydration and physical processes occurring inside a 
biological object during drying. Taking into consideration the 
complexity of these processes, it becomes necessary to estab-
lish the dependences of technological parameters on the prop-
erties of dried objects throughout the entire drying process.

2. Literature review and problem statement

The information, given in paper [5], about the most 
common types of dryers for processing agricultural prod-
ucts shows that in most cases the necessary quality of 
dehydrated products and acceptable process duration are 
ensured. However, the specific energy cost of removing 
1 kg of moisture from the material is 2‒3 times higher than 
the theoretical value of the specific heat of vapor formation, 
2,550 kJ/kg (0.71 kWh/kg).

Convective drying plants are used to process dispersed 
products; they consume 1.6–2.5 kWh of energy per 1 kg 
of evaporated moisture. Thermoradation ones, for sheet 
materials, use 1.5–2.5 kWh/kg. The drying of thick-sheet 
objects, for example, timber, by using high-frequency cur-
rents requires energy consumption of 2.5–5 kWh per 1 kg 
of removed moisture at the high cost of equipment. A small 
amount of heated water is consumed directly for drying by 
sublimation to thaw a frozen product but the total energy 
cost, the price of refrigeration and vacuum equipment is 
much greater than that in other techniques [5–7].

In order to improve and reduce the energy intensity of the 
process, increased attention is paid to combined drying meth-
ods, which include several mechanisms for removing moisture 
from the processed product [2, 8–11]. However, it is not pos-
sible to achieve a significant reduction in specific energy costs 
for the implementation of the process in these cases.

The authors of works [12‒17] consider, among the alterna-
tive drying techniques, preliminary heating of wet materials 
by the direct passage of electric current as a technique of one-
stage removal of the volumetric joule heat from dried objects 
with the highest efficiency. Thus, in [12], the peeled apples, cut 
into 10×10 mm cubes, were immersed in 65 % sucrose-filled 
cylindrical stainless-steel tanks, with a plastic bottom, and 
connected by two electrodes to the generator. Next, the osmotic 
solution was heated for 90 minutes by passing an AC with a fre-
quency of 60 Hz and a voltage of 100 V, creating an electric field 
with a voltage of 13 V/cm. The results of the reported experi-
ments showed that ohmic heating significantly increases and 
accelerates the loss of moisture from apple solids compared to 
control samples. However, the cited work does not analyze how 
a change in the intensity of the electric field of ohmic heating 
would affect the course of the dehydration process. In addition, 
the use of solutions for preprocessing greatly complicates the 
manufacturing process.

The same approach was highlighted in paper [13]; howev-
er, it involved equipment with a modified design, compared 
to work [12]. The authors of [13] found that ohmic heating 
enhances mass exchange during the osmotic dehydration 
of apple cubes. The findings are explained by the ability of 
ohmic heating to effectively penetrate cell membranes and 
cause significant changes in the apple structure, reflected by 
an increase in the electrical conductivity of the tissue. How-
ever, similar to work [12], the study was carried out only at 
one value of the electric field intensity of 60 V/cm. It is also 
not clear how the possible emergence of a layer of sugar at 
the surface of the fruit would affect, as a result of using syrup 
in the process of ohmic heating, the resulting quality of the 
finished product.

Paper [14] considers the convective drying process, under 
which the apples cut into plates of 15×15×5 mm were pre-treat-
ed with ohmic heating for 1 minute at an electric field intensity 
of 20–40 V/cm. Compared to the control group, there was a 24, 
35, and 29 % decrease in drying time for samples treated at an 



35

Technology and equipment of food production

We determined the mass of samples 11 at mesh pallet 2, 
suspended to the sensing element of electronic scales 14, the 
type of MH-200 (China), with a measuring accuracy of up 
to 0.01 g.

The heat carrier speed in the dryer was provided by 
axial fan 4, controlled by control unit 5, when changing 
the voltage of the fan. The airspeed measurements were 
carried out by installing 3 impellers 15 of electronic 
anemometer 16, the type of Flus ET-965 (China), in the 
ventilation tubes.

Direct electric heating of samples was enabled by the 
system of mesh electrodes 10, connected, through laboratory 
autotransformer 7, the type of LATR-2,5 (Ukraine), to the 
AC network of industrial frequency, 50 Hz, and a voltage of 
220 V. In order to prevent the oxidation and negative impact 
on the dried product, we used electrodes made of food stain-
less steel, grade 08Kh18N10T (Ukraine).

The heating power was controlled by a change in the out-
put voltage of laboratory autotransformer 7. To control the 
electrical parameters of heating, as well as to determine the 
electrical resistance of samples by a voltmeter-ammeter meth-
od, laboratory voltmeter 9, the type of D5081 (Ukraine), 
and milliammeter 8, the type of E536 (Ukraine), were also 
included in the electric circuit. 

Time intervals were recorded by electronic timer 17 
(Ukraine).

4. 2. Research methodology 
Pre-prepared apples were cut into disks with a height of 

0.005 m and a diameter of 0.028 m.
The samples were put between the mesh electrodes and 

placed inside the dryer on a mesh tray suspended to a sens-
ing element of the electronic scales. Next, the voltage of the 
corresponding value with a frequency of 50 Hz was supplied 
to the electrodes through the LATR. The heat carrier ve-
locity in the dryer was 0.2 m/s; it was maintained constant 
throughout the drying time.

The experiments were carried out under the predefined 
temperature regimes in the dryer of 25‒55 °C and at the 
intensity of the electric field on electrodes of 20‒40 V/cm.

At the specified intervals, the following measurements were 
carried out: the mass of a sample; the temperature inside a sam-

ple; the current magnitude flowing through a sample.
Time intervals were set depending on the rate of 

change in the controlled parameters and the dura-
tion of the entire drying process. Each experiment 
was repeated three times.

The resulting array of data was exported to the 
Excel spreadsheet editor where we calculated the 
energy costs, moisture content, as well as sample 
drying rate. 

The current moisture content of samples (the 
humidity calculated relative to the mass of perfect 
dry matter of the material) during the experi-
ments was determined from the expression given 
in [22, 23]:

−
= ,i abs

i
abs

M M
X

M
		  (1)

where Xi is the current moisture content of the ma-
terial, kg/kg; Mi is the current mass of s sample, kg; 
Mabs is the mass of perfect dry insoluble and solu-
ble minerals in a sample, kg. 

3. The aim and objectives of the study

The aim of this study is to determine the kinetic and en-
ergy parameters of the combined technique for drying apple 
raw materials using direct electric heating in order to reduce 
the energy cost of the dehydration process while ensuring 
the required quality of the finished product.

To accomplish the aim, the following tasks have been set:
– to investigate the process of the combined technique for 

drying apple raw materials using direct electric heating and 
determine the dependence of the main kinetic parameters of 
the process at different values of the electric field intensity 
and the temperature of the heat carrier in a drying plant;

– to substantiate the rational process parameters, in 
particular, the maximum temperature of the heat carrier in 
a drying chamber, as well as the maximum intensity values 
of the electric field in direct electric heating, ensuring the 
proper quality of the finished product;

– to determine specific energy costs for the removal of 1 kg 
of moisture during the direct electric heating of raw materials 
in the process of the combined drying of apple raw materials.

4. Materials and methods to study the kinetic and energetic 
parameters of the combined drying of apple raw materials 

4. 1. Materials, equipment, and devices used in the 
experimental study

Apples of the early summer and summer ripening vari-
eties “Red Mac”, “Mantet” and “Helios”, grown in the Sumy 
region of Ukraine, were chosen as the objects of our research. 

We studied the drying process using the designed ex-
perimental installation whose schematic is shown in Fig. 1.

The installation consists of a convective drying chamber 
of type 1, SNOL-2.5 (Ukraine). The air temperature inside 
the drying chamber was set and controlled by automatic 
control unit 6.

The air temperature in the chamber and inside the dried 
samples was determined by installed thermocouples 12, the 
type of THA (chrome-alumel) (China), with the thermo-elec-
trodes, 0.2 mm in diameter, connected to temperature indi-
cator (electronic multimeter) 13, the type of VC61A (China).  

 
Fig. 1. Scheme of experimental installation: 1 – convective type dryer; 
2 – mesh pallet; 3 – ventilation tubes; 4 – fan; 5 – fan speed control 
unit; 6 – air temperature control unit in the chamber; 7 – laboratory 

autotransformer; 8 – laboratory milliammeter; 9 – laboratory voltmeter; 
10 – mesh electrodes for direct electric heating; 11 – sample under 

study; 12 – thermocouples; 13 – temperature indicators; 14 – electronic 
scales; 15 – anemometer impeller; 16 – anemometer; 17 – timer
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Energy consumption during the direct electric heating 
was calculated from the following expression:

= τ∑ ,OH OH i iW U I 		  (2)

where WOH is the energy spent on the direct electric heating 
of samples, J; UOH is the voltage on electrodes, V; Ii is the 
average value of the current force over an interval of time, A;  
τi is the time, s.

The share of the flux of the convective energy component 
that enters raw materials during the peak period, when the 
heat carrier temperature becomes higher than the sample tem-
perature, equals, based on the heat transfer equation from [24]:

= α ∆ ,kq F t 					     (3)

where α is the heat transfer coefficient from air to hard 
surface; F is the air exchange surface, m2; Δt is the average 
difference in the temperature of air and sample during the 
after-peak period, °С. 

The heat exchange surface is:

π
= + π

22
,

4
d

F dh 				    (4)

where d, h is the diameter and thickness of the sample, m.
The heat transfer coefficient from air to a solid surface is 

determined from the empirical formula given in [24]:

11.6 7 ,airα = + υ 				    (5)

where υair is the heat carrier velocity, m/s.
To visualize the results of the research, we used the stan-

dard software package Statistica 12.

5. Results of determining the kinetic and energy 
parameters for the combined drying of apple raw materials 

5. 1. Results of determining the kinetic parameters for 
the combined drying of apple raw materials

When we studied the proposed combined drying meth-
od, thermal energy was supplied inside the dried apple raw 
materials in two ways:

1) by the direct electric heating whose main controlled 
parameter is the electric field intensity throughout the 
thickness of the sample; 

2) by convective heat and mass transfer.
During the research, it was found that heating with an 

electric field intensity below 20 V/cm almost does not affect 
the intensification of the drying process. In this case, when 
this value exceeds 40 V/cm, there is almost instantaneous 
heating of the samples accompanied by the boiling of internal 
moisture and deterioration in the quality of finished products.

Fig. 2–5 show the results of our experimental study 
into the combined process of drying apples at a heat carrier 
temperature in the drying chamber of 25–55 °C and at an 
intensity of the direct electric heating field of 20–40 V/cm. 

The four series of graphical results of our experi-
ments (Fig. 2–6) reflect changes in four manufacturing pa-
rameters depending on the process duration when changing 
the electric field intensity from 20 to 40 V/cm, namely:

– moisture content (Fig. 2); 
– moisture removal rate (Fig. 4); 

– the force of current passing through a sample (Fig. 5); 
– the sample temperature (Fig. 6).
The influence of a heat carrier’s temperature is registered 

by changes in parameters in each series in Fig. 2–5. 
The most informative is the dependence of the amount 

of moisture content in apple raw materials on time (Fig. 2) 
at the different combination of driving forces – the intensity 
of the electric field and the temperature of the heat carrier.

a

b

	c
	

Fig. 2. Dependence of moisture content in the drying process 
at an intensity of the direct electric heating field 	

of 20‒40 V/cm and an air temperature in the chamber of: 	
a – 25 °C; b – 40 °С; c – 55 °С
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The drying process is completed when the equilibrium 
moisture content is achieved, which, according to [22, 23], 
is 18–20 %, which, in terms of solids weight, is 0.25 kg/kg.  
The intersection point of the curves of drying with the 
equilibrium horizontal determines the duration of the entire 
drying process. These data are displayed in the summary 
chart (Fig. 3).

Fig. 3. Dependence of drying time on the intensity of a direct 
electric heating field at an air temperature in the dryer 	

of 25, 40, and 55 °С

The analysis of drying time data reveals the extent of 
individual impact exerted by a heat carrier temperature 
within permissible limits of 25, 40, 55 °C on a decrease 
in process time. At the electric field intensity of 20, 25, 
30 V/cm, the decrease in time is 2.25; 2, and 1.66 times, 
respectively. 

And an increase in the potential from 20 to 30 V/cm 
at the heat carrier temperatures of 25, 40, 55 °C gives a 
reduction in time by 2, 2.3, and 2 times, respectively. The 
greatest effect is observed when comparing the modes of 
20 V/cm+25 °С (time, 440 min) and 30 V/cm+55 °С (time, 
110 min); the drying time decreased by 4 times.

The duration of drying without the use of direct electric 
heating (which corresponds to the intensity of 0 V/cm in 
Fig. 3) at an air temperature of 25 °C is about 18 hours. And, 
at operating temperatures of air in the chamber of 40 and 
55 °C, the processing time is 8.2 and 4.8 hours, which is at 
least 4 times the duration of drying with additional direct 
electric heating. 

The maximum removal rate of moisture mass (Fig. 4) 
increases as the intensity of the electric field and the tem-
perature of the heat carrier increase.

In the studied range of field intensity, the value of the 
maximum drying speed at a heat carrier temperature of 
25 °C (Fig. 4, a) is in the range of 0.0065–0.132·10-3 kg/min. 
At the same time, at 40 (Fig. 4, b) and 55 °C (Fig. 4, c), 
the removal rate increased significantly and amounted to 
0.014–0.15·10-3 and 0.0255–0.172·10-3 kg/min, respec-
tively.

It should also be noted that in all cases, during the time 
of reaching peak values, 1/3 of the mass of all moisture in the 
sample is removed.

From the moment of reaching peak values during the 
entire drying time to the final moisture content of the raw 
materials, we observe in all modes a constant decrease in the 
values of the moisture removal rate.

a

b

c 
 

Fig. 4. Dependence of the rate of moisture removal during 
drying at the intensity of a direct electric heating field of 
20‒40 V/cm and at an air temperature in the chamber of: 	

a – 25 °C; b – 40 °С; c – 55 °С

The main parameter that defines the quality of the finished 
product and the amount of energy spent on moisture evapora-
tion during drying by the proposed method is the amount of 
electric current passing through the dried material. The anal-
ysis of curves (Fig. 5) showed that the peak values of current 
strength match the maximum values of the moisture removal 
rate (Fig. 4) and the temperature of the sample (Fig. 6).

The maximum value of the current passing through a 
sample increases with increasing the intensity of the electric 
field and the air temperature in the dryer. Thus, at a heat car-
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rier temperature of 25 °C (Fig. 5, a) and the corresponding 
intensity of the electric field the maximum current values 
reached the level of 0.02–0.23 A; at 40 (Fig. 5, b) and 
55 °C (Fig. 5, c) – 0.06–0.29 and 0.1–0.32 A, respectively.

a

b

c	
	

Fig. 5. Dependence of the current strength passing through 
a sample during drying at an intensity of the field of direct 

electric heating of 20‒40 V/cm and at an air temperature in 
the chamber of: a – 25 °C; b – 40 °С; c – 55 °С

It should be noted that with an increase in temperature in 
the dryer, the difference between the peak values of maximum 
currents, with an increase in the intensity of the electric field, 
decreases. At an air temperature of 25 °C, with an increase 

in the voltage gradient on electrodes, the maximum current 
values increased by 11.5 times, and at 40 and 55 °C – by 4.8 
and 3 times, respectively.

Our analysis of temperature curves (Fig. 6) shows that 
the maximum temperature value of the samples during 
drying increases with an increase in the voltage gradient 
on electrodes and a heat carrier temperature. In addition, 
in proportion to drying, the temperature of the samples 
gradually decreases and becomes lower than the heat carrier 
temperature by about 5 °C.

a

b

c	
	

Fig. 6. Dependence of the sample temperature in the drying 
process at an intensity of the field of direct electric heating 
of 20‒40 V/cm and at an air temperature in the chamber of: 

a – 25 °C; b – 40 °С; c – 55 °С
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As the electric field intensity increases, the effect of 
the temperature of the drying agent on the maximum 
temperature of the samples decreases. With an increase in 
the intensity from 20 to 40 V/cm, the value of the maxi-
mum temperature of apples at an air temperature of 25 °C 
increased by 2.8 times, and at the temperatures of 40 and 
55 °C ‒ by 1.8 and 1.4 times, respectively.

5. 2. Substantiation of the rational manufacturing 
parameters for the combined process of drying apple raw 
materials

A significant increase in the temperature of raw materials 
leads to a change in the chemical composition, namely, a de-
crease in the content of nutrients, vitamins, and minerals in 
the resulting product. Taking into consideration the require-
ments for the quality of finished products, the upper limit of 
heating the apple raw materials to 55‒60 °C [1, 25] is set.

The maximum temperature of samples during drying at 
different combinations of temperature in the dryer and the in-
tensity of the electric field of direct heating were determined 
by the peak values from graphical dependences in Fig. 6. The 
results of our measurements are given in Table 1. Over time, 
the values of the maximum temperature coincide with the 
peak values of electric current in the samples (Fig. 5).

Table 1

Maximum temperature of samples during drying at different 
combinations of temperature in the dryer and the intensity of 

the direct heating electric field

                   E, V/cm
tair, °С

20 25 30 35 40

25 27 34 45 62 69

40 42 49 57* 64 74

55 55 59* 64 69 76

The use of combinations that lead to overheating of 
raw materials above 60 °C is unacceptable. In addition, 
a significant excess of the sample temperature above the 
air temperature in the dryer would lead to an unjustified 
increase in the specific energy consumption to remove 1 kg 
of moisture. Based on the above, the combinations marked 
with an asterisk in Table 1 are optimal for processing raw 
materials.

It should be noted that the use of modes with an intensity 
above 30 V/cm does not lead to a significant intensification 
of the process but leads to the significant heating of the raw 
materials.

5. 3. Determining energy parameters for the com-
bined process of drying apple raw materials

We determined energy fluxes from convective heat 
exchange and direct electric heating at the average tempera-
ture values of samples (Fig. 6) and current values (Fig. 5). 
The calculation results for the established ranges of the elec-
tric field intensity of 20‒40 V/cm and at an air temperature 
of 25–55 °C are given in Table 2.

The ratio of the electrical and convective components of 
heat fluxes during drying in the after-peak period accepts a 
value of 2.8–4.2. 

Moreover, during peak loads, the sample gives the result-
ing energy back to the heat carrier. With the final removal 
of moisture, the amount of energy from the direct electric 

heating is 3‒4 times higher than the convective component, 
which indicates the principal role of electric heating.

Table 2

Thermal heating fluxes to one sample from direct electric 
heating (qе, W) and convection (qk, W)

            Е, V/cm

tair, °С

20 30 40

qk qе qk qе qk qе

25 0.0282 0.1012 0.113 0.3103 0.071 0.2120

40 0.0846 0.2505 0.1021 0.2523 0.1702 0.5261

55 0.0946 0.3504 0.0846 0.3707 0.1421 0.6217

The calculated values of the magnitude of specific 
energy consumption (Fig. 7) at direct electric heating 
for the removal of 1 kg of moisture are close to the the-
oretical values for the specific energy of vaporization 
at appropriate temperatures [24]. In the studied range 
of electric field intensity, the energy consumption for 
direct electric heating ranges from 1,900 to 2,550 kJ/kg 
(0.53–0.71 kWh/kg) at the appropriate air temperature 
in the drying chamber.

Fig. 7. Dependences of the specific energy consumption 
to remove 1 kilogram of moisture on the intensity of the 
electric field at an air temperature in the drying chamber 

of 25, 40, and 55 °C

It follows from Fig. 7 that the same nature of dependenc-
es for specific electrical costs for the evaporation of 1 kg of 
moisture on the intensity of the electric field starts from 
26‒30 V/cm. At lower potential values, the share of energy 
coming from direct electric heating becomes much smaller 
while the convective component of energy supply becomes 
more significant.

6. Discussion of results of studying the kinetic and energy 
parameters of the combined drying of apple raw materials

The results of our research are a continuation of the exper-
iments initiated on the combined technique of energy supply 
to dried apple raw materials reported in works [18‒21].

In objects of plant origin, the amount of moisture in the 
free state is insignificant. In most cases, it is always related 
to components or is inside the cells, surrounded by their 
shells [26]. When raw materials are heated during drying by 
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passing an alternating electric current through them, at the 
same time as its temperature rises, the phenomenon of elec-
tro plasmolysis occurs [25, 27, 28]. As a result, the cytoplasm 
membranes of the cells are irritated, which facilitates the 
movement of moisture from the inner layers to the surface. 
This explains a significant reduction in the duration of the 
apple drying process by the proposed combined technique.

The analysis of drying curves (Fig. 2) demonstrates 
that the use of the direct electric heating of raw materials 
could reduce the dehydration time by 3‒5 times compared 
to traditional convective drying (Fig. 3). As the intensity of 
the electric field of direct heating increases, the drying time 
decreases, and the effect of the heat carrier temperature on 
the dehydration rate is minimized.

Direct electric heating dramatically changes the course 
of the dehydration process. Drying by the proposed com-
bined method could be divided into two main periods: the 
growing and the falling drying speed periods (Fig. 4). In this 
case, during the period of increasing drying rate, 30‒35 % of 
the moisture mass is removed, and the period of constant 
speed, characteristic of the convective dehydration process, 
is absent [24].

This is due to the increase in the temperature of samples 
at the beginning of the process (Fig. 6) as a result of a sharp 
increase in the strength of the electric current (Fig. 5), which 
entails an increase in the amount of joule heat released. The 
increase in the value of current strength passing through 
the sample is explained by a sharp drop in its electrical re-
sistance due to an increase in the juice extraction from raw 
materials as a result of their heating and the phenomenon of 
electro plasmolysis [25, 27, 28].

The data from Table 1 make it possible to determine the 
rational modes of drying apple raw materials by the proposed 
technique. Taking into consideration the requirements for 
the quality of finished products, the most rational combina-
tions of technological parameters for heating are 30 V/cm 
+40 °С and 25 V/cm +55 °С. Under these drying modes, the 
temperature of raw materials does not rise above 59 °C. And 
the duration of the dehydration process is 145 and 155 min-
utes, respectively, which is 70.5 and 46.1 % less compared to 
convective drying at the specified heat carrier temperatures.

For the established operating modes of the dryer, the 
specific energy consumption for removing 1 kg of mois-
ture at the direct electric heating is 2,350–2,400 kJ/kg  
(0.66 kWh/kg). The obtained results are close enough to the 
theoretical values of the specific energy of vapor formation 
at appropriate heat carrier temperatures [5, 7], which indi-
cates the energy efficiency of this dehydration technique. 
The most common industrial convective-type installations 
consume 1.6–2.5 kWh of energy to remove 1 kg of moisture, 
which is several times larger than the obtained values for the 
proposed drying technique.

A special feature of the proposed drying technique, com-
pared to others, is the simultaneous direct electric heating and 
convective heat supply throughout the entire dehydration cycle.

The study reported here prove the expediency of using 
direct electric heating in the process of drying wet apple 
raw materials. The application of this type of additional 
heating could provide intensive and energy-efficient pro-
cessing modes while maintaining the predefined quality of 
finished products.

One of the main parameters that determines the intensi-
ty of moisture removal from the material is the heat carrier 
velocity in the dryer. The value of this parameter under the 
conditions of our experiment was limited to one value of 
0.2 m/s. Therefore, it is of practical interest to study the 
kinetics of the drying process at higher values of the heat 
carrier velocity. Increasing the speed at a convective heat 
supply would certainly intensify the drying of raw materi-
als; however, only experimental study could show how this 
would affect the process of combined heating.

The study limitations include the fact that the study was 
carried out only for one type of fruit. However, the com-
parison of the electrophysical parameters of raw materials, 
reported in works [15, 16, 19, 21, 30, 31], which determine 
the possibility of using direct electric heating, allows us to 
assume the possibility of using the proposed technique for 
drying other types of fruits and vegetables.

A further stage of the study is the development of a 
technical means for the combined drying of fruit and veg-
etable raw materials using direct electric heating based on 
the obtained data. The main difficulties in solving this task 
may be the lack of data on the electrophysical parameters of 
some types of fruits in the literature, which are necessary 
to determine the optimal modes of raw material processing. 
However, this issue could be resolved by conducting addi-
tional experimental studies.

7. Conclusions 

1. We have experimentally established the kinetic depen-
dences of the moisture content, the rate of moisture removal, 
and the temperature of apple samples in the ranges of the 
electric field intensity of 20‒40 V/cm and at a heat carrier 
temperature in the drying plant of 25‒55 °C.

2. The rational modes for drying apple raw materials 
by the proposed combined technique have been deter-
mined, at which excessive heating of products above the 
permissible temperature of 60 °C is excluded. Such combi-
nations of technological parameters of heating include, in 
particular, the intensity of the electric field and air in the 
dryer: 30 V/cm+40 °C, and 25 V/cm+55 °C. Using these 
modes would reduce the duration of dehydration by 70.5 
and 46.1 % compared to convective drying at the specified 
temperatures of the heat carrier.

3. For the established rational operating modes of the 
dryer, the specific energy consumption for the removal 
of 1 kg of moisture at direct electric heating is 2,350–
2,400 kJ/kg (0.66 kWh/kg).
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