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Abstract—Data are provided on studying the development of effective solar energy dryers and the spheres of
their practical application are considered. An energy-saving recirculating solar energy dryer with a recupera-
tive heat exchanger is developed for drying produce with a fresh product load volume of 30 kg. A mathemat-
ical model for the drying processes in the suggested recirculating solar energy dryer is also presented. The
experimental verification of the mathematical model of the recirculating solar drying installation is presented.
The diurnal variations in the ambient temperature and heat f lux density of incident total solar radiation were
used as the input data; the tests were conducted in the city of Bukhara. The results of the statistical analysis
of the diurnal variations in the temperature inside the solar dryer show good agreement. Also, an experimental
verification of the known models for apple drying in a recirculating solar dryer and in open air are presented.
Among these models, the Henderson and Pabis model showed the best fit between calculated and experimen-
tal results. This allows us to carry out full-scale calculations in solar dryers using the Henderson and Pabis
drying model.
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INTRODUCTION

It is known that drying agricultural products in
solar plants has certain economic advantages to drying
in open sites. However, drying in the open air has still
been widely used in most developing countries. Pro-
duce is mostly dried on the ground, concrete, and even
on the roads under the sun’s rays [1]. Besides, such
drying under certain climate conditions leads to loss of
quantity and quality of the final product [2]. Accord-
ing to the estimates for developing countries, the gen-
eral postharvest losses account for up to 50%; some-
times up to 40% of the harvest does not reach custom-
ers due to postharvest losses in the supply chain [4].

During solar drying, solar energy is used either as
the main or additional source of heat. The f lux of a
drying agent (heated air) can be controlled by natural
or forced convection, while the preheated air can pass
through a product without exposure of direct solar
radiation or direct effect of solar radiation. Both
regimes can be combined [5]. Several criteria, such as
characteristics of product drying, the requirements to
the quality, and expenses for drying determine the
final choice of solar dryers [6, 7].

Solar dryers vary from very primitive, being used in
small distant populated areas, to more complicated
industrial installations. Although, the latter are still
only a few, they are at the stage of development. It is
not an easy task to finally classify solar dryers since
they are configured differently, many configurations
are empirical. They can be classified by different crite-
ria, e.g., by the type of dryer; the operating tempera-
ture or a drying material; the operation regime, e.g.,
periodic or continuous, etc. Study [8] presents system-
atic classification based on the structure and way of
using solar energy. All developed solar dryers are
divided into chamber (convective), solar radiation,
and combined by their design features and principles
of operation [9–11].

Study [12] reviews the different designs and princi-
ples of operation for a wide range of solar driers. It also
provides a full classification of solar dryers. Depend-
ing on the drying process (direct or indirect), they can
be passive dryers heated directly from solar radiation
with or without natural air circulation and active solar
dryers (with forced convection) where a ventilator cir-
culates the drying agent [13]. Despite numerous con-
figurations of active solar dryers with forced circula-
tion, they consist of almost the same components [13]:
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chamber, tunnel, etc., are used as a space for dried
material, e.g., a solar collector is employed as a heating
system for the drying agent; the ventilators are used as
recirculating systems of the drying agent, etc.

The comprehensive reviews of the structures of
solar dryers were given in [13–21]. The integrated
review of the structure of solar dryers for indirect dry-
ing of different products was given in [22]. Studies [23,
27] overviewed the solar dryers designed for drying
grapes. In [24], the combined solar dryer is offered for
drying mushrooms using materials with a phase tran-
sition. We note that in recent years, researchers have
begun developing combined solar dryers (radiation-
convective) for produce that operate on forced circu-
lation of a drying agent [25–27]. However, such instal-
lations are stationary and are intended for drying large
volumes of produce. The broad development of pri-
vate farms producing different agricultural products
requires simplified mobile variants of solar drying
installations that dot not need large capital and oper-
ating expenses and can be installed during the drying
season at the places of direct production of agricul-
tural products [28, p. 5].

Our study presents experimental validation of the
mathematical model for the recirculating solar drying
installation. In addition, we performed calculations
for the validation of the presented model and com-

pared the calculated and the experimental results. As
initial data, we used diurnal variations in the ambient
temperature and heat f lux density of the incident total
solar radiation. The results of statistical analysis of
diurnal variations in the temperature inside the solar
dryer show good agreements.

MATERIALS AND METHODS

To intensify and increase the efficiency of the dry-
ing process, we designed a solar dryer with a recuper-
ative heat exchanger for produce with a fresh product
load volume of 30 kg, having a transparent surface with
an area of 6 m2 [38]. The schematic of the proposed
solar dryer is presented in Fig. 1.

The solar dryer contains a drying chamber
equipped with a ventilation system (2, 3, 17) and con-
trol panel (8) with a self-contained power supply. The
drying chamber is rectangular with a size of 2.0 × 0.80
× 1.30 m,3 has arc-shaped transparent upper cover (4),
and mesh trays (5) for a dried product. The dryer and
the air heater are combined in one chamber. The mesh
trays are placed in the drying chamber stagewise, the
distance between them was selected with respect to the
creation of a uniform flux of a heat carrier. The trays
with a metal mesh bottom have a rectangular shape
with a size of 0.80 × 0.80 × 0.05 m3. The dryer holds
four trays with a total area of 1.80 m2. The top and lat-
eral parts of the dryer are covered with transparent
sheets of cellular polycarbonate 6 mm thick and are
hermetically sealed, since this material decreases ther-
mal losses by a factor of 2–3 compared to window
glass. To fill in fresh portions of produce, the front part
of the drying chamber has tightly closed doors.

Exhaust pipe (16) is installed in the upper part of
the dryer to remove the exhaust drying agent. The
exhaust pipe is constructed so that it is also used as a
recuperative heat exchanger–heat utilizer (19)
(RHU). The RHU consists of internal and external
tubes (tube in tube) and the exhaust ventilator. The
height of the internal tube is 2 m and inside is screw
device (18). The diameters of the RHU internal and
external tubes are 20 cm and 16 cm, respectively. The
external tube of the RHU is black in color, which is
heated during the daytime due to solar radiation (Fig. 1).

The principle of RHU operation is the following.
During the process of produce drying, the spent dry-
ing agent is discharged to the atmosphere by exhaust
ventilator (17) through the screw channel. While mov-
ing, the spent drying agent gives out a part of its heat
to the atmospheric air coming into the heat exchanger
from the outside through the walls of the screw pipe.
The external tube of the recuperative heat exchanger is
heated due to solar radiation absorption and gives out

Fig. 1. The schematic of the recirculating solar dryer
(RSD): (1) drying chamber; (2) exhaust ventilator 1 (for
discharge of humid air);  (3) ventilator 2 (for active venti-
lation); (4) transparent insulation; (5) drying trays for
products; (6) solar cell (SC); (7) electric battery; (8) CP
(control panel); (9) solar rays; (10) temperature sensor;
(11) air humidity sensor; (12) IR lamps; (13) controller;
(14) invertor; (15) ventilation window; (16) exhaust tube;
(17) exhaust ventilator; (18) screw device; (19) recupera-
tive heat exchanger.
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a part of its heat to the air f low coming into the dryer
(Fig. 1). The f low of the currents in the internal and
external channels can be taken as countercurrent since
the countercurrent recuperative heat exchange is the
most effective [39]. Hence, this measure with the use
of RHU ensures additional heating of the internal air
of the chamber in drying the produce by recuperating
the heat of the spent heat carrier.

The automatic control unit with self-contained
power supply consists of solar module (6), electric bat-
tery (7) and control panel (8). The solar panel is
mounted on a special holder near the drying chamber.
The solar cell output voltage is supplied to the control-
ler from which electric energy is accumulated in elec-
tric battery. (Fig. 1.) A KGT-500 infrared radiator
(infrared lamp) was used as an additional source of
heat in the drying chamber, equipped with solar pow-
ered reflector (12) (2 items).

The offered dryer can operate in the regimes of
forced circulation and recirculation.  In the regime of
circulation, the dryer operates as follows: after being
loaded with produce, the dryer closes in the lower part
of the small window and ventilator (2) (exhaust venti-
lator (2) serves for removal of a gas–vapor mixture
from the drying chamber) turns off. The air heated to
55–60°С passes by blower fan (3) through the produce
and the process of drying begins. In the first period of
drying, the moisture content of the air in the chamber
gradually increases. As soon as the established value of
relative air humidity is reached inside the chamber,
humidity sensor (11) (DHT-21 type) automatically
actuates exhaust ventilator (17). Then, with a decrease
in air humidity in the chamber to the assigned value, a
signal from humidity sensor (17) switches off exhaust
ventilator (17), and the process repeats.

Modeling of a Solar Dryer

Modeling of solar drying is a much more compli-
cated process compared to ordinary drying where a
product is blown over by hot air. Modeling of a princi-
ple of solar dryer operation gets complicated due to the
following phenomena: (1) f luctuations in incident
radiation and environmental conditions (temperature,
relative humidity); (2) phenomenon of partial rehy-
dration of a product during the nighttime); and (3) the
use of auxiliary systems of heating or an air f low and
accumulation of thermal energy that are employed to
soften the variations in the environment parameters
and to ensure continuous operation [29–30]. In addi-
tion, a decisive role is also played by thermal and
mass-exchange with a turbulent air f low across a
boundary layer in addition to the processes of trans-
port inside the dried material.

We note that the main purpose of the study is to
improve the efficiency of dryers and to obtain high-
quality dry products due to sustainable use of alterna-
tive energy sources, as well as to analyze the recent
technology of solar drying.

Mathematical Model of a Solar Dryer
The heat balance equation for the product inside

the drying chamber [31] will be

(1)

where , , and  are the specific heat, mass,
and temperature of a product, respectively;   is
the convective heat transfer coefficient from the prod-
uct in hot air;  and  are evaporative and con-
vective heat transfer coefficients from the product in
humid air;  is the surface area of the product   is
the temperature of the incoming hot air;  is the
temperature of humid air;  is the coefficient of ray

absorption of the product;  is incident total solar
radiation; and t is the time.

The heat balance equation for humid air in the dry-
ing chamber will be:

(2)

where , , and  are the specific heat,
mass, and temperature of humid air;  is the coeffi-
cient of discharge of the drying facility;  is the exit
hole surface;   is the convective heat transfer
coefficient from the wall of the facility in humid air;

  is the wall surface area; and  is the acceleration
of gravity.

The changes in head  (m) and partial pressure
 (N/m2) are expressed as [32]:

(3)

(4)

(5)

where  is the humid air density;  is the psychomet-
ric constant;  is the partial pressure of the study
medium (humid air inside the chamber, outer air);

The heat balance equation for the wall of the drying
chamber:
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(6)

where , , , and   are the specific heat,
mass, temperature, and surface area of the wall,
respectively;  is the heat transfer coefficient from
the wall in the medium;  and   is the ambient tem-
perature.

To predict the efficiency of the system, instanta-
neous thermal efficiency of the dryer takes on form

(7)

The convective heat transfer coefficient from the
produce in hot air is written as

(8)

For the turbulent f low:

(9)

Reynolds number is expressed as:

(10)

For the turbulent f low:

(11)

(12)

where  is the Nusselt number;  is the Prandtl
number;  is Reynolds number;   is the heat con-
duction coefficient of humid air;  is the typical
diameter of the product layer;  is the air velocity;  
is the typical size; and  is kinematic viscosity of
humid air.

The insulation thermal conductivity coefficient is
calculated by formula:

(13)

where  and  is the thermal conductivity coefficient
and the thickness of the study insulation layer, respec-
tively.

The evaporative heat transfer coefficient equals

(14)

To solve differential Eqs. (1)–(6) with boundary
conditions presented in Fig. 1, we used the Laplace
transform method (operation method).
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Moisture Content
The moisture content in the product can be

expressed either on a wet basis ( ) or on a dry basis
( ) of substance (either in a decimal or in percent-
age). Moisture content on a wet basis ( ) is the
weight of moisture ( ) in the product per unit
weight of undried material ( ), which is found as

(15)

While moisture content on a dry basis is the weight
of moisture ( ) in the product per unit weight of dry
material ( ) and is calculated as

(16)

Moisture contents on a wet basis ( ) and on a
dry basis ( ) are correlated in accordance with
equations:

(17)

(18)

Drying Kinetics

Drying kinetics shows the time changes in the aver-
age moisture content and the average temperature in
the product, while drying dynamics describes the
changes in the temperature and moisture profiles for
the whole product. By knowing the drying kinetics, we
can use it in calculating the amount of evaporated
moisture, the time of drying, power consumption, and
other related parameters, which is very important,
since it is used in designing and modeling the dryer
[34]. In addition, drying kinetics fully explains the
properties of transfer, such as mass transfer coeffi-
cient, moisture diffusion, heat transfer, etc., involved
in the process of drying.

Drying kinetics can be determined as the depen-
dence of factors affecting drying and the rate of drying.
Moisture transfer during drying can be described by
using first-order kinetic model

(19)

where:  is the moisture content in the material
(on a dry basis) during drying (kg of water/kg of dry
substances);  is the moisture equilibrium in the
dried material (kg of water /kg of dry substances); k is
the rate of drying (s–1); and t is the drying time (s).
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The rate of drying is related to the humid air tem-
perature and is calculated by the following relation-
ship:

(20)
Consequently, moisture equilibrium is determined

the following way

(21)

where , C, and K are the parameters associated
with the air temperature, which are calculated by the
following expressions:

(22)

(23)

(24)

For any material, the rate of drying is determined as
the slope of the drying curve with a decreasing rate. At
t = 0, the moisture content equals the initial moisture
content (i.e., M = M0). We integrate the above equa-
tion to obtain the following expression for moisture
content at the moment of time t and Mt:

(25)
This equation is written as

(26)

Thin-Layer Drying
Thin-layer drying equations can be described by

theoretical, semitheoretical, or empirical equations
[35–37]. The theoretical models were obtained with
respect to internal resistance to moisture transfer
where the product behavior is explained during drying
operations under any conditions. However, these
models were developed with many assumptions that
lead to appreciable errors. The most widely used theo-
retical models are based on Fick’s 2nd law of diffusion
[36]. Most semitheoretical models are based on Fick’s
2nd law of diffusion and Newton’s law of cooling [35].

The models obtained from Newton’s law of cooling
include

•Lewis (Newton) evaporation model [35],

(27)
•Page evaporation model [36],

(28)
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The models obtained from Fick’s 2nd law of diffu-
sion:

•Henderson and Pabis evaporation model [37],

(29)

Mathematical Statistics of Model Verification
The accuracy of the proposed model at each level

of verification and validation was estimated by using
the methods of the value of coefficient of determina-
tion (R2), mean bias error (MBE) and root-mean
square error (RMSE). In general, the coefficient of
determination shows how well the function correlates
to the set of data. RMSE is a measure of how spread
out the remainders are, which demonstrates how
focused the data are around the line of best fit. The
statistical analysis of the drying agent temperature cal-
culated for the proposed mathematical model was
conducted by comparing the experimental results con-
ducted on September 5 and 6, 2020.

(30)

(31)

(32)

where  is the number of data points and  is the
data set. Subscripts e and m designate the experimen-
tal and estimated data, respectively. The values of the
coefficient of determination (R2) and root-mean-
square error (RMSE) are used to determine the quality
of the mathematical model of solar drying facility and
drying kinetics. To evaluate the best curve of drying,
we selected the largest values of R2 and the smallest
values of MBE and RMSE [33].

RESULTS AND DISCUSSION
Verification of the Mathematical Model of a Solar Dryer

To verify the validity of the proposed mathematical
model, we conducted a statistical analysis where the
results were compared to the experimental results
obtained on September 5 and 6, 2020. Figure 2 pres-
ents the diurnal variations in the ambient temperature
and the f lux density of the incident total solar radia-
tion. According to the measurement results, the max-
imum ambient temperature is observed at 2:00 p.m,
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while the peak value of the incident total solar radia-
tion flux density is recorded at 12:00 p.m.

As is shown by the results of the statistical analysis
of the diurnal variations in the temperature inside the
solar dryer, the RMSE equals 2.3°С, the RMSE in
percent is equal to 5.7%, and the square of the correla-
tion coefficient is 0.86. The main shift between the
results of the experimental and calculated data is
recorded at the peak temperature values.

Verifications of the Model of Drying Kinetics

The experiments on studying the drying kinetics of
fruits and berries were conducted in the recirculating
solar drying facility. Apples were chosen as an object of
drying. Before the experiment began, the products
were placed on mesh shelves without preliminary
treatment. Each shelf can hold 8–10 kg of products.
For the comparative analysis, we weighed a small
product sample.

Fig. 2. Diurnal variations in (1) ambient temperature and (2) f low density, incident total solar radiation.
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Table 1. Experimental measured data in open air solar drying and in chamber drying

Mass of produce at the open site (m1), mass of produce in the dryer (m2), ambient temperature (tamb); outer air humidity (ϕ1); tempera-
ture of air inside the dryer in the lower part (t1) and in the upper part (t2), respectively; relative humidity of air inside the dryer (ϕ2); pro-
duce temperature (tp)

Time of day m1, g m2, g tamb ϕ1 t1 t2 ϕ2 tp

10:00 a.m. 100 100 32.4 13 46 46 50 34

11:00 a.m. 92 86 34.1 10 44 44 50 36.1

12:00 p.m. 81 71 34.8 12 48 47 46 40.2

01:00 p.m. 70 56 36 12 52.3 51.3 38 43.9

02:00 p.m. 64 43 36.8 10 54.3 52.7 32 47

03:00 p.m. 54 33 37.6 10 54 53.2 25 47.6

04:00 p.m. 44 26 36.7 10 52.3 51.1 19 48.9

05:00 p.m. 37 22 36.6 10 42.8 43.1 21 42.6

10:00 a.m. 34 20 35.7 10 38.2 38.2 21 38.4

11:00 a.m. 23 17 31.4 18 48.4 53.1 21 49.2

12:00 p.m. 23 16 34.9 14 57.2 58.6 16 57.3

01:00 p.m. 22 16 36.3 12 64.7 64.7 16 57.3
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In the course of the experiments, we measured the
following parameters: the time of the day, weight of
produce at the open site; weight of produce in the dry-
ing chamber; ambient temperature; ambient air
humidity; air temperature inside the drying chamber
in the upper and lower parts, respectively; relative air
humidity inside the drying chamber; temperature of
the produce; air temperatures at the entrance of the
heat exchanger; in the middle, and at the exit, respec-

tively; the relative air humidity at the entrance of the
pipe; the temperature of the drying agent at the exit of
the pipe; the ambient temperature of the pipe; the rate
of drying agent in the upper and lower parts of the dry-
ing chamber; and the rate of heat carrier at the
entrance and at the exit of the pipe (Table 1).

Figure 3 provides the estimated and experimental
data on drying kinetics of apples during solar drying in
open air. All theoretical, semitheoretical, and empiri-
cal equations of drying kinetics illustrate an excellent
fit to the experimental results. However, the best result
is shown only by the Henderson and Pabis model [35].
Table 2 shows the detailed statistical analysis of the
results (regime 1 corresponds to the regime where the
product sample was obtained during the solar dying in
the open air.

During the solar drying of apples in the drying
chamber, the estimated and empirical kinetics of
product drying showed the best consistency to the the-
oretical, semitheoretical, empirical, and experimental
results (Fig. 4). However, the best result is shown only
by the Henderson and Pabis model, where the values
of determination coefficient (R2), mean bias error
(MBE), and root-mean-square error (RMSE) were
0.985, 0.027, and 0.0007, respectively. The detailed
statistical analysis of the results is presented in Table 2
(regime 2 corresponds to the regime where the prod-
uct sample is dried in the drying chamber).

CONCLUSIONS

The methods of solar drying were described, and
the data on the structure and classification of different
solar drying facilities were provided.

The mathematical model of the produce drying
process in the offered recirculating solar dryingfacility
was introduced. The experimental verification of the
mathematical model for the recirculating solar power
plant was presented.

Fig. 3. Kinetics of apply drying in open air solar drying.
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Table 2. Accuracy of the mathematical model for kinetics of apple drying in open air solar drying and in a solar drying
chamber

Model Drying regime km, h–1 ke, h–1 n а R2 RMSE MBE

Regime 1 0.2372 – – 0.939 0.053 0.0028

Regime 2 0.3343 – – 0.973 0.036 0.0013

Regime 1 1.284 0.143 0.828 – 0.950 0.048 0.0023

Regime 2 0.1838 0.320 1.063 – 0.974 0.036 0.0013

Regime 1 0.192 – 0.818 0.984 0.027 0.0007

Regime 2 0.301 – 0.894 0.985 0.027 0.0007

( )= −expMR kt

= −exp( )nMR kt

( )= −expMR a kt

Fig. 4. Kinetics of drying in a solar drying chamber.
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As initial data, we used the changes in the ambient
temperature and flux density of incident total solar
radiation over several days.

The results of the statistical analysis of the diurnal
variations in the temperature inside the solar dryer
demonstrated good fit. In addition, the experimental
verification of the known models of apple drying in the
recirculating solar drying facility and in the open air
were presented.  Among these models, the Henderson
and Pabis model illustrated the best fit between the
estimated and experimental results.  For further stud-
ies during the full-scale calculations, the Henderson
and Pabis model of drying will be sufficient.
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