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Kinetics of Drying Medicinal
Plants by Hybridization of Solar
Technologies
Margarita Castillo Téllez, Beatriz Castillo Téllez,

José Andrés Alanís Navarro, Juan Carlos Ovando Sierra

and Gerardo A. Mejia Pérez

Abstract

Historically, medicinal plants have always had an important place in medicine.
Medicinal plants processing represents a great challenge, due to their compounds
sensitive to the environmental conditions that surround and degrade them. Mostly
of these plants require to be dry to preserve its safety and medicinal properties;
therefore, for proper drying, it is necessary to use sustainable devices that protect
the desirable characteristics of plants from direct radiation. In this work, the kinet-
ics of dehydration of three medicinal plants are presented in an indirect solar dryer.
In addition, the experimental results were adjusted to nine mostly used models, to
estimate the drying conditions required to achieve a desired final moisture content.
Modified Page and Page were the models with better fit to experimental results.
Furthermore, a computational simulation of temperature evolution and distribution
inside the dryer is presented. These results agree with those obtained experimentally.

Keywords: medicinal plants, indirect solar drying, mathematical model,
colorimetric study, computational analysis

1. Introduction

The knowledge of medicinal plants extends to any part of the world where man
has traditionally needed them to cure his illnesses. Thus, a mixture of magic and
religion, combined with necessity and chance, trial and error, the passage of differ-
ent cultures has created a whole knowledge of plant remedies that has been the basis
of modern medicine [1]. However, many studies have been performed to test if they
are truly effective and, as a result of these studies, the therapeutic use of many
medicinal plants as substitutes for pharmaceutical medicines has been applied
successfully to cure or relieve diseases [2].

According to the WHO, herbal medicines include herbs, herbal material,
preparations, and herbal products, which contain as active ingredients parts of
plants or other plant materials, and their use is well established and widely
recognized as safe and effective [3].

It has been shown in studies and reviews that medicinal plants have various
properties that cure, for example, anticancer and antiviral activities [4],
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antidiabetic properties [5], anti-dengue activities [6], infertility problems [7], con-
tusion and swelling, plants that improves learning and retrieval processes, and
facilitates memory retention, to treat Alzheimer disease, hepatitis, significant anes-
thetic activity, antiarrhythmic action and even anti-obesity [8–11].

In this work, three medicinal plants were selected, which for many years have been
considered important because of the amount of medicinal properties they possess and
because the literature has corroborated their effectiveness in various treatments.

One of the most used plants for medical purposes in the world is Annona
(Annona muricata L.) which is a comestible tropical fruit widely cultivated through
the world [12]. The roots of these species are used for their antiparasitic and
pesticidal properties. Intensive chemical investigations of the leaves and seeds of
this plant have resulted in the isolation of a great number of bioactive compounds
which were found to display interesting biological including antitumor, anticancer,
antiparasitic and pesticidal properties [13, 14]. Literature revealed that Annona fruit
extracts possess antioxidant properties and were able to inhibit enzymes relevant to
type-2 diabetes and hypertension [15].

On the other hand, also, Moringa oleifera, native to India, is fully utilized for its
high nutritive values. The leaves have many minerals and vitamins and are utilized
to treat malnutrition, to increase breast milk production in women, and as a pow-
erful antioxidant, anticancer, anti-inflammatory, antidiabetic, and antimicrobial
agent. There is literature that provides relaxing inducing properties [16–19].

Finally, Cymbopogon. It is native to Asia and grows in tropical and subtropical
regions [19]. There are many medicinal uses of Cymbopogon because it has many
functional properties. The leaves and the essential oil are consumed to help with
dyspeptic disorders, colds, nervous conditions, and exhaustion. It was found that
they have a potential anticarcinogenic action [20] and antimicrobial, sedative,
spasmolytic, and carminative effects. It has also been shown to have antifungal,
anti-inflammatory, antimutagenic, antimalarial, antinociceptive, antibacterial, and
cholesterol reduction effects [21–26].

The preparation of medicinal plants depending on its use, is very important to
reach the maximum potential action in the human body, but the most frequently
performed preparation is drying the leaves and using them in teas or distilling them
to produce essential oils.

Drying is fundamentally defined the elimination of the majority of plant moisture
content, permitting the prevention of enzymatic and microbial activity and therefore
preserving the product for extended shelf life. Moreover, the properties of medicinal
plants are determined by their moisture content. Mostly of its preparation needs the
elimination of water. Consequently, adequate dryers are very important, including
control of temperature, velocity, and humidity values, and in many cases, direct solar
radiation is forbidden to provide a rapid reduction in the moisture content without
affecting the quality of medicinal plants. Drying process aids the marketing of plants,
because drying allows to improve the distribution of the plants since it reduces both
the weight and the volume, reducing the transport and storage needs [27].

Therefore, in this work, an indirect solar dehydrator was designed, with which the
plant is protected from its high sensitivity to high temperatures and solar radiation.

2. Experimental study

2.1 Construction of the solar dryer

In this study, an indirect solar dryer type tunnel with solar technology
hybridization was constructed (Figure 1): This dryer is hermetically sealed and is
composed of three front sections. Each section contains two trays with a metallic
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mesh to support the hot air flow evenly. Each tray has a separation of 20 cm, as
shown in Figure 1a. The drying chamber is connected to a solar water heater by a
hopper, which drives preheated air inside, supported by a heat exchanger. Addi-
tionally, the dryer has a solar air collector installed at the top. This collector contains
a fan that extracts the ambient air through the interior and directs it, with an
increase in temperature, to the interior of the drying chamber (Figure 1b). The solar
dryer has a 1/2 hp. motor that extracts ambient air into the solar air collector and an
electric pump that recirculates the water in the solar heater, both systems work with
a 280 W solar panel. Figure 1c shows the indirect solar dryer in operation.

2.2 Measuring instruments

In order to ensure the reliability of the experimental results, different measuring
equipment were used at the different stages of the experimentation; Boeco mark
food moisture measurement scale, model BMA150, with an accuracy of �1 mg
(0.001%) was used to determine the initial and final humidity of the leaves. The
leaf sample of approximately 1.5 g was cut and placed in the analyzer. Water
activity in the leaves under study was measured by a mark team Rotronic
HygroPalm, with an accuracy of �0.01% mg. The mean of three measurements was
reported at a room temperature of 24.5 � 1°C. The temperature and humidity inside
the drying chambers were measured using a Brannan thermo-hygrometer with
temperature and relative humidity accuracy of �1°C and � 3%, respectively. The
weight of the samples was measured using a Boeco weighing scale, model
BPS40plus, which have an accuracy of �0.001 g.

The weather parameters were monitored by the weather station located in the
Faculty of Engineering of the Autonomous University of Campeche, which
consists of a LI-COR Pyranometer, with which the global solar irradiance was
measured; the accuracy is Azimuth: < � 1% on 360° to 45° of elevation. The
relative humidity, ambient temperature, and wind velocity and direction were
measured by NG Systems mark equipment, model RH-5X (accuracy �3%),

Figure 1.
Tunnel-type solar dryer: (a) main measurements and location of trays, (b) location of solar heater and solar air
collector, (c) the indirect solar dryer in operation. Source: Own elaboration.
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110S (accuracy �1.1°C), Series #200P (accuracy �3°), and P2546C-OPR (accuracy
�0.3 m/s), respectively.

2.3 Drying process and experimental setup

In this study, the kinetics of drying medicinal plants using an indirect solar dryer
were analyzed experimentally to determine optimal operating conditions, evaluat-
ing the possibility of the integration of solar technologies in solar food drying.
Samples of fresh leaves were cut from plantings on agricultural land, in the month
of March 2019, in the city of Campeche, Campeche, Mexico. The experimental
study was carried out from March 4 to April 26. The branches were cut, and the
leaves were separated and selected to obtain a homogeneous group, based on matu-
rity, color, freshness, and size. They were washed and weighed, and the width,
length, and thickness were measured.

To analyze the initial and final humidity in the plants, the leaf sample of
approximately 1.5 g was cut and placed in the analyzer. Water activity (aw) is a
parameter that determines the stability of the food with respect to the ambient
humidity. It was measured for both fresh and dried leaves before and after the
drying process using portable water activity meter.

The plants that were selected for experimentation wereMoringa oleifera, Annona
muricata L., and Cymbopogon citratus. Moringa oleifera, is a plant that has generated
great interest in recent years because of its attributed medicinal properties [28],
contains more than 90 nutrients, different antioxidants, and all the 8 essential
amino acids [29]. The main medicinal property of Cymbopogon Citratus is to be
anti-inflammatory and antioxidant due to polyphenols, it contains, so it is used in
cases of cancer and to combat arthritis among other properties [30].

Fresh and dried leaves were placed on a flat surface, and the colorimeter was
placed on the leaves to measure color values. For each sample, the measurements
were replicated four times, obtaining in each measurement the values L * (lumi-
nance), a * (brownness), and b * (darkness) [31].

The total color change (ΔE) was the parameter considered for the overall color
difference evaluation, between a dried sample and the fresh leaf [32]:

ΔE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lo � Lð Þ2 þ ao � að Þ2 þ bo � bð Þ2
q

(1)

2.4 Mathematical modeling

In order to observe the drying behavior of medicinal plants, the moisture ratio
against the drying time was plotted. The dry-based moisture ratio during the drying
process was calculated using the following equation [33]:

MRdb ¼
Mt

M0
(2)

where Mt and M0 are the moisture content in time t and the initial moisture
content (kg water/kg dry matter), respectively.

2.4.1 Adjusting experimental drying curves

The experimental moisture-versus-time ratio was adjusted by nonlinear regres-
sion to nine thin-layer drying models (Table 1) for each drying kinetic of the
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medicinal plants. The criteria used to select the model that best fit the data experi-
mental were the coefficient of determination (R2) and the root of the mean square
error (RMSE), considering that values of R2 superior to 0.95 RMSE values below
0.06 indicate good fit [34]. In addition, a lower value of X2 is considered as
indicative of better fit. The adjustment was solved for the calculation of the
different parameters involved in the selected fit models using the DataFix software
version 9.1.

3. Results and discussion

Moisture tests were performed on fresh and dehydrated leaves; in all cases, the
average initial humidity was 73.8%, the maximum readings were 79.58%, and the
minimum readings were 68.2%. These readings agree with those reported in the
literature (Banchero, Carballo, & Telesca, 2007). The initial average aw was 0.976,
the minimum measured was 0.96, while the maximum was 0.98. The average final
aw in all cases was 0.44, the minimum measured reading was 0.33, and the maxi-
mum was 0.58. The final aw values indicate that there is no possibility of microbial
growth in the dehydrated product obtained [44].

3.1 Weather conditions

Figure 2 shows the change in the weather parameters during the test period with
three sunny days. As can be seen, a maximum solar global irradiance of 952 W/m2

was achieved, with the average maximum values ranging between 874 and
962 W/m2. The average ambient temperature varied of 30°C y 35.7°C. On the other
hand, the minimum RH (relative humidity) ranged between 44 and 46%; the
maximum average on the test days ranged between 60 and 81%.

Figure 3 shows the temperatures inside the drying chamber, solar radiation, and
the ambient temperature during the hours with the highest solar incidence on the
selected day as an example. The drying chamber consists of three sections with
similar temperatures. The highest temperature reaches 50.7°C.

Model name Model equation Reference

Newton MR ¼ exp �ktð Þ [35]

Page MR ¼ exp �ktnð Þ [36]

Modified page MR ¼ exp � ktð Þnð Þ [37]

Henderson and Pabis MR ¼ a exp �ktð Þ [38]

Logarithmic MR ¼ aexp �ktð Þ þ c [39]

Two-term MR ¼ aexp �k0tð Þ þ b exp �k1tð Þ [40]

Two-term exponential MR ¼ aexp �ktð Þ þ 1� að Þ [41]

Wang and Singh MR ¼ 1þ atþ bt2 [42]

Weibull MR ¼ exp⌊� t=bð Þα⌋ [43]

Source: Own elaboration.

Table 1.
Mathematical models used to predict the drying kinetics of medicinal plants.
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Figure 2.
Average solar irradiance, ambient temperature, and relative humidity. Source: Own elaboration.

Figure 3.
Solar irradiance variation and temperature inside the drying chamber of the tunnel solar dryer. Source: Own
elaboration.

Figure 4.
Weight loss and moisture content depending on the drying time for Moringa oleifera leaves. Source: Own
elaboration.
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3.2 Solar drying kinetics

3.2.1 Moringa oleifera leaves

The weight loss stabilized upon reaching this sample 3.9 g; the final drying time
was 360 min. It can be seen in Figure 4 that the moisture content started at 2.93 g
water/g dry matter, ending between 0.201 and 0.256. Figure 5 shows the moisture
content as a function of the drying rate; in this case no constant rate period was
observed. The highest drying rate was found with 0.012 g water/g dry matter
minute.

3.2.2 Annona muricata leaves

In the case of Annona muricata leaves, the total drying time was 500 min,
(Figure 6); the initial moisture content was 5.667 g water/g dry matter, reaching a

Figure 5.
Drying rate as function of moisture content for a Moringa oleifera leaves. Source: Own elaboration.

Figure 6.
Weight loss andmoisture content depending on the drying time forAnnonamuricata leaves. Source: Own elaboration.
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final moisture content between 0.843 g water/g dry matter and 1.204 g water/g dry
matter. Reaching a final drying rate between 0.643 g water/g matter dry minute and
1.024 g water/g matter dry minute, the final weight of the sample was 2.7 g (see
Figure 7).

3.2.3 Cymbopogon

As can be seen in Figure 8, the drying kinetics of the Cymbopogon sample
stabilized in 660 min. The initial moisture content was 5.66 g water/g
dry matter. The final moisture content was between 0.421 and 0.435.
Figure 9 shows that the highest drying rate was 0.026 g water/g dry matter min.

Figure 7.
Drying rate as function of moisture content for an Annona muricata leaves. Source: Own elaboration.

Figure 8.
Weight loss and moisture content depending on the drying time for Cymbopogon leaves. Source: Own
elaboration.
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3.3 Colorimetric analysis

Color is a primary characteristic perceived by the consumer of a product and
plays an important role in food. The color of food is often an indication of the
nutrients it contains. In addition, the color of a processed product is expected to be
as similar as possible to fresh ones [45].

Table 2 shows the values obtained from L*, a*, and b*, in the medicinal plants
studied in fresh and dry.

An insignificant variation in the parameters L*, a*, and b* obtained in the plants
studied before and after the drying process can be seen in Table 2. This can be
corroborated in Figure 10, in which ΔE is analyzed. The main reason for this color
preservation is the protection against solar irradiation of the solar tunnel dryer, so

Figure 9.
Drying rate as function of moisture content for a Cymbopogon leaves. Source: Own elaboration.

Figure 10.
Relationship between final drying time and ΔE in dehydrated leaves. Source: Own elaboration.
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dehydrated plants are kept more similar to fresh ones. For this reason, it is prefer-
able to dry in a closed and controlled environment, which is consistent with studies
of Helvaci et al. [46].

It is important to note that in all cases the values of L*, a*, and b* decreased; this
means that as the temperature increased (the three sections of the drying chamber
reached up to 50.7°C). There was a tendency toward gray colors, a decrease in red
colors (more brown), and an increase in yellow colors; these results agree with data
reported by Bhardwaj et al. [47].

3.4 Computational analysis

Computational simulation is performed by using of a free software called
Energy2D [48]. Simulation consists of temperature dependence upon time at dif-

Figure 11.
Thermal behavior simulation of the dehydrator. Source: Own elaboration.

L*, a*, b* values and drying Medicinal plants

Moringa oleifera Cymbopogon Annona muricata

Fresh leaves

L*, a*, b* values

L: 50.28

a: �6.76

b: 35.75

L: 50.2

a: �7.87

b: 21.81

L: 45.53

a: �8.41

b: 27.58

Dehydration with tunnel dryer

L*, a*, b* values

L: 40.4

a: �2.61

b: 25.75

L: 41.27

a: 1.85

b: 13.14

L: 37.02

a: �5.24

b: 16.81

Source: Own elaboration.

Table 2.
Values obtained from L*, a*, b* ( fresh and dried) in the medicinal plants studied.
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Figure 12.
Graph of thermal behavior simulation of the dehydrator. Source: Own elaboration.

Annona

Model Coefficients and fit parameter Value

Modified page k 0.0116

n 0.5685

R2 0.9941

RMSE 0.0199

X2 0.0005

Cymbopogon

Model Coefficients and fit parameter Value

Modified page k 0.0369

n 0.7545

R2 0.9988

RMSE 0.0092

X2 0.0001

Moringa

Model Coefficients and fit parameter Value

Page k 0.0067

n 1.5616

R2 0.9987

RMSE 0.0119

X2 0.0001

Source: Own elaboration.

Table 3.
Results of regression analysis of the best adjusted models.
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ferent zones. For the temperature evolution across time, thermal conduction and
convection simulation mode was selected. For accurate results, also the thermal and
optical properties of each material were chosen. The complete procedure of simu-
lation can be found in Ref. [49]. In Figure 11, the thermal behavior of the dehydra-
tor is shown and can be distinguished into three zones: left, middle, and right.
Maximum reached values of temperature sensors, at the left, middle, and right
zones were 45.2, 38.8, and 44.7°C, respectively, while its averages were about 41.4,
34.9, and 39.2°C, correspondingly. The temporal fluctuation of temperature is
depicted in Figure 12.

The temperatures reached in the dryer with the hybridization of solar technolo-
gies remained stable during most of the day, with a variation between 45 and 50°C
(Figures 3 and 12), which, as reported in the literature reviewed, are optimal to
prevent the loss of important properties in vegetables and medicinal plants [46, 50].

3.5 Mathematical modeling

3.5.1 Adjusting experimental drying curves

The drying kinetics obtained experimentally in the medicinal plants were
adjusted using the nine drying models mentioned in Table 1. Table 3 presents the
model that best fit for each drying condition. These models had the highest R2

values as shown in Table 2.
Estimates of the statistical parameter for all experimental conditions showed

that R2 values ranged from 0.991 to 0.9988, indicating a good fit [34]. Therefore,
these models adequately predict the selected plant drying kinetics. From the data,
Modified Page model was the most suitable for describing drying processes of
Annona and Cymbopogon drying conditions and Page for Moringa (see Figure 13).

4. Conclusion

Moringa oleifera, Cymbopogon, and Annona muricata have antioxidant, antican-
cer, anti-inflammatory, antidiabetic, antimicrobial, and many more positive effects

Figure 13.
Experimental versus mathematical model. Source: Own elaboration.
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in the human body. The drying kinetics of this plants were analyzed using a
constructed indirect solar dryer type tunnel. It was possible to obtain optimum
temperatures for drying (45–50°C), and drying times were significantly reduced by
keeping these temperatures constant for a longer time throughout the day.

The quality of the plants at the end of drying was confirmed when obtaining
average aw values of 4.4. The average final moisture content of the three medicinal
plants varied between 0.8 and 1.5 g water/g dry matter. The moisture ratio was
fitted to nine thin-layer drying mathematical models to select a suitable drying
curve. The Modified Page and Page models showed the best fit to the experimental
results. The time required to reach the equilibrium moisture content in all experi-
ments varied between 250 and 350 min. The superior efficiency of the dryer allows
a reduction of the important drying costs. This technology would allow agricultural
producers to reduce costs while contributing to the improvement of the
environment.
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Chapter

Postharvest Treatment of Tropical
Fruits Pineapple (Ananas
comosus), Mamey (Mammea
americana), and Banana (Musa
paradisiaca) by Means of a Solar
Dryer Designed
Italo Pedro Bello Moreira, Edgar Ruperto Macías Ganchozo,

Xavier Enrique Anchundia Muentes,

Celio Danilo Bravo Moreira,

Manuel Eduardo Anchundia Muentes,

Hebert Edison Vera Delgado

and Carlos Eduardo Anchundia Betancourt

Abstract

The objective of this research was to know the useful life of dehydrated tropical
fruits based on a solar dryer designed and developed under the conditions of
Calceta, Bolívar Canton of the Province of Manabí, Ecuador. The physical and
chemical characteristics exhibited during the radiation dehydration process were
satisfactory, in fresh pineapple from 86.36% low humidity to 21.07%, from 0.67%
protein to 2.45%, and from 2.05% fiber to 3.73%; in mamey from 79.30 to 21.07%,
from 0.41 to 2.55%, and from 2.50 to 4.94%; and in bananas with from 80.22 to
10.35%, from 1.27 to 2.14%, and from 0.88 to 2.42. Microbiological analyses deter-
mined the life span of the products estimated at 174, 106, and 109 days, respec-
tively, in pineapple, mamey, and banana. As for the attributes measured with the
1–5 scale of sensory evaluation, the mean treatments of their attributes such as
color, sweetness, appearance, and taste were demonstrated where bananas present
better color attributes with 4.38; 4.58, sweetness; 4.58, texture;4.68, appearance;
and 4.75, flavor. Where significant diffraction can be determined relative to the
calculated value p > 0.05 of <0.0001, the R2 statistic in pineapple indicates
48.0814% variability in decreasing moisture pineapple (DMP), and its correlation
coefficient is equal to 0.693408; the R2 statistic in mamey indicates 55.6423%
variability in decreasing moisture mamey (DMM), and its correlation coefficient is
equal to 0.745938; and finally the R2 statistic in banana indicates 56.339% variability
in decreasing moisture banana (DMB), and its correlation coefficient is equal to
0.750593, indicating a moderately strong relationship between variables in all cases.
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Keywords: absorption, convective multiflash drying process (CMDF), fruit
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1. Introduction

In the Bolivar Canton of the city of Calceta of the Province of Manabí, Ecuador,
the fruits pineapple (Ananas comosus (L.) Merr.), mamey (Mammea americana L.),
and banana (Musa paradisiaca L.) are exuberant but due to high sugar and acid
content have a limited shelf life and in many cases are wasted. Also, because these
characteristics are easily adapted to conservation technologies, one of them is fun-
damentally dehydrated since they retain much of their taste, color, consistency, and
appearance for long periods (see [1, 2]).

Sunlight from before and so far today serves to perform fruit drying as
postharvest handling or conservation activity that, when purchased with other
activities for the same purpose, such as chemical treatments, refrigeration, canned
pre-eminence with operation, and collection even with solar drying, results in a
decrease in energy expenditure spending and could therefore reach areas where
other energy conveniences would not or even do not exist (see [3]).

In fruits the water present is 80.00% of its weight, for its early microbial
decomposition is a definitive element. A conventional dehydrated fruit of its quality
in terms of its organoleptic characteristics is lower than that of the fresh fruits from
which it comes, affecting color, texture, and other peculiarities. With hot air,
dehydrated fruits acquire levels of water activity (aw) ranging from 0.6 to 0.8; these
levels retain their sensory properties, showing good firmness to microbial attacks
(see [4]).

Convective multiflash drying (CMFD) is a matter that is obtained after
being used to obtain crispy fruits, and it is an option to the freeze-drying process
(see [5]).

The industrial-scale study, a simple convective solar drying process of pineap-
ples such as a round or circular economy tactic for countries in progress is specified,
which is paramount to the tactic offered. It built a manual solar dryer that runs in
indirect heat mode; it was also changed to improve its gain. The three main ele-
ments were raised that affect the convective drying process, the drying time
(270 min, 480 min), the intensity of the solar radiation (650W•m�21, 100W•m�2),
and the thickness of the cut (6–8 mm, 12–14 mm) (see [6]).

According to these instances, the aim of the research was to design and develop
an empirical and practical distribution for solar dryer and drying tests to conserve
the fruits and extend the shelf life, as well as organoleptic and nutritional particu-
larities with samples of pineapple, mamey, and banana fruits in the city of Calceta,
Bolívar Canton of the Province of Manabí, Ecuador.

2. Climate data collection

The research work was carried out from February to April 2013, in the school
avenue of Calceta, Bolívar Canton, Province of Manabí, Ecuador, on the consecu-
tive lines: South latitude 00034.220, west latitude 80 or 10009.20, average altitude of
22 masl, with a relative humidity of 90.00%, a temperature of 32.8°C, and a wind
speed of 8 m.s�1, until the end of November; the respective humidity is 86.7%, the
temperature is 26°C, and the speed 1.8 m.s�1 (see [7]).
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3. Design and construction of solar dryer

A dryer is used in heating the air by a 1 mm solar flat panel, insulated drying
chamber equipped with stove where air is released for exhaust purposes. Figure 1
describes the landscape of empirical or experimental distribution. The rustic surface
of the solar collector is 0.5 � 0.5 � 1 m with a height of 0.7 m. The solar air heater is
based on a folded suction plate with a dark bluish-look dyed uve (V) representation
wood, as regards the exclusion of corresponding spaces on the sides as well as on the
upper; the glass sheet was sealed with silicone-based material, diagonal to 15o,
towards a dorsal part of the receiver (collector); a perforation was worked to carry
out ventilation activities in the manner of air currents in other instances the side
part, a lami was located a lami na (FV) photovoltaic to be able to understand the
photoelectric effects that come from solar radiation, so with the receiver (collector)
to dehydrate the fruits were stained bone white in all its accesses, covered with
aluminum plate; the entrance had five ships distributed at a distance of 15 cm
between each of them. The container was made of an aluminum-based wire mesh
and glued to the frame inside the drying chamber. The collector outlet air enters the
drying chamber at the bottom, immediately flowing into the upward orientation
using the drying material. The camera was insulated from all sides except the top,
the camera was tested with a fireplace for exhaust air, and the height of the fireplace
was 0.25 m. These are the aspects that contemplate the construction of the solar
dehydrator for the fruits (see [7]) (Figures 2 and 3).

3.1 System dimensioning

3.1.1 Collector area calculation

Busy strip (1.8 � 1.0) m. 1.80 m2; Global radiation on average per day
1353 W•m�2. Lots of temporary global units of solar radiation were calculated by
manipulating a solar energy meter (Tenmar TM 207) with an accuracy of

Figure 1.
Schematic view of experimental setup with solar flat plate collector.
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10 W•m�2. Temperature readings were recognized every hour from 8:00 am to
6:00 pm. RTD were established at the inlet and outlet of the collector (Tin, Tout),
outdoors to calculate the ambient temperature (Tamb) (see [8]).

3.1.2 Drying chamber

The volume of the drying chamber was established (oven example cabinet);
consecutively, the average density of the fruits to be dried was 200 Kg.m�3, with a
mass of 4 kg; 4/200 to 0.02 m3, being ten times more, a value close to 0 was
obtained, 20 m3.

3.1.3 Sterilization procedure

The matter is formed with preparations such as tools and components which I
discuss the following:

Figure 2.
End-floor view.

Figure 3.
Pair heating spray for process.
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The tools handled in the test consisted of sterilization at 180°C for 60 min
according to the Medical Research Council; the chopping of the fruits was done in a
sterilized part in advance rinsed with neutral soap; to quickly immerse the fruits in
water with C6H8O6 ascorbic acid to prevent oxidation and then fit into the dryer,
start the test by placing the dehydrator; feel this part of the dryer, facing north, so
that the collector takes the sun rays east to west. Three repetitions are executed for
each fruit which are delayed from 3 to 5 days for each repetition. At the end of each
day, the samples are wrapped in foil and sealed tightly and stored.

3.1.4 Statistical analysis of the values by treatments

Statistical analysis was contemplated with a complete or random design with
therapizations in each of the treatments; the units are practices or experimental
comprising of 4 kg of dried fruit. These results are tabulated making use of
Statgraphics software and InfoStat™ 5.1TM in terms of linear regression and vari-
ance (ANOVA). To identify significant differences in treatments, as well as statis-
tical significance for all comparisons, p < 0.05 was used. The Tukey multirange test
was used to compare mean values of treatments.

4. Results

4.1 Bromatological analysis of fruits evaluated

At the bromatology laboratories of the Agricultural Polytechnic School in
Manabí Manuel Félix López (ESPAM MFL) and CE.SE. C.CA Unibersidad Laica
Eloy Alfaro de Manabí (ULEAM), Manta, Ecuador, analysis of moisture, ash, pro-
teins and fiber is conducted, and 250 g was manipulated for each sample, published
in Table 1.

The percentage of humidity in pineapple decreased from 86.36 to 21.14%, in
mamey from 79.30 to 21.07%, and banana from 80.22 to 10.35%; ashes amount in
pineapple from 0.44 to 1.09%; in mamey from 0.25 to 2.66%, and in bananas from
1.12 to 2.80% indicating that in the latter, it is higher than the previous fruits.

For pineapple protein amounts from 0.67 to 2.45%; for mamey from 0.41 to
2.55%, and for banana from 1.27 to 2.14%; in this case the three fruits increased their
amounts, and finally the amount of fiber in pineapple is from 2.05 to 3.63%, in

Fruit state Parameters Method Unity Pineapple Mamey Banana

Fresh fruit Moisture INEN 864 % 86.36 79.30 80.22

Ash INEN 467 % 0.44 0.25 1.12

protein PEE/SECECCA/QC/15 % 0.67 0.41 1.27

Fiber PEE/SECECCA/QC/03 % 2.05 2.50 0.88

Dehydrated fruit Moisture INEN 864 % 21.14 21.07 10.35

Ash INEN 467 % 1.09 2.66 2.80

protein PEE/SECECCA/QC/15 % 2.45 2.55 2.14

Fiber PEE/SECECCA/QC/03 % 3.63 4.94 2.42

Table 1.
Bromatological analysis on fresh and dehydrated fruits.
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mamey from 2.50 to 4.94%, and in banana from 0.88 to 2.42% of the same way
augments, respectively.

4.2 System efficiency in each of the fruits

Figure 4 and Table 2 show the moisture extracted against the emission of the
radiation; according to this we manage to determine that the molecular structure of
the banana facilitates the extraction more accelerated or rapidly with respect to
moisture, thus following the pineapple and mamey in which it can be proven that
the equipment is more efficient for banana fruit.

Figure 4.
Process flow chart of dried pineapple, mamey, and banana fruits.
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Figure 5 shows the moisture variation as a function of solar radiation in the
evaluated fruits, pineapple, mamey, and banana, respectively.

4.3 Microorganism tests to learn about fruit shelf life

In a given time of 15 and 30 days for the purpose of concerning the fruit drying
activities assessed, each repetition is presented with their respective microbiological
examinations with units of measurement in CFU.g�1 which in turn were compared
with Ecuadorian Standardization Service (INEN) standards with their details in
maximum limits allowed; in other instances the microorganisms found in the sam-
ples requested from the microbiology laboratories of the Agricultural Polytechnic
School of Manabí Manuel Félix López (ESPAM MFL) are multiplied exponentially,
of mathematical type making use of exponents, i.e., the fickle x (unit of measure
(d)) suppressed day presents the lifetime data for which the following are assessed:
pineapple 174, mamey 106, and banana 109 (Figure 6).

Solar radiation (W • m�2) Pineapple (% H) Mamey (% H) Banana (% H)

300 45.61883 46.54318 8.205

350 53.41883 50.89206 27.606

400 61.21883 55.24094 47.007

450 69.01883 59.58982 66.408

500 76.81883 63.9387 85.809

550 84.61883 68.28758 105.21

600 92.41883 72.63646 124.611

650 100.21883 76.98534 144.012

700 108.01883 81.33422 163.413

750 115.81883 85.6831 182.814

800 123.61883 90.03198 202.215

850 131.41883 94.38086 221.616

900 139.21883 98.72974 241.017

Table 2.
System efficiencies vs. dehydrated fruits.

Figure 5.
Differentiation of water vapor contents as absolute humidity according to solar radiation.
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4.4 Sensory evaluation with scale 1–5

The attributes evaluated were texture, sweetness, aspect, color, and flavor; these
were calculated on the basis of the InfoStat software, allowing the most relevant
characteristics of the attributes to be in their respective order for dehydrated fruits
of pineapple, mamey, and banana, respectively (Figures 7 and 8, Tables 3–5).

Figure 6.
Shelf life for dehydrated fruits. (a) Pineapple; (b) mamey; (c) banana.
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Figure 7.
The valuation scale in dehydrated fruits.

Figure 8.
Evaluation of dehydrated fruit acrations depending on the scale score.

Variable N R2 R2Aj CV

Scale 300 0.76 0.75 12.87

Table 3.
Analysis of variance.

F.V. SC gl CM F p-value

Model 193.09 14 13.79 65.32 <0.0001

Factor A 168.56 2 84.28 399.17 <0.0001

Factor B 11.12 4 2.78 13.16 <0.0001

Factor A*Factor B 13.42 8 1.68 7.94 <0.0001

Error 60.17 285 0.21

Total 253.27 299

Table 4.
Variance analysis (SC type I).
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4.5 Relationship and recoil tests concerning the access temperature in dryer
with the receiver access sheet (collector), as well as the radiation with the
low amounts of water as absolute humidity in the fruits of pineapple,
mamey, and banana

Based on p-value in ANOVA calculated less than 0.01, therefore, there is a
significant relationship from the statistical level, between the drying T°C and the
plate T°C with 99% confidence level.

R2 indicates the percentage (%) variation of the response variable that explains
its relationship to one or more predictor variables; it can be said that the higher the
R2, the better the arrangement of the model to the obtained data.

So according to this premise, the model exposes 61.3763% variability in drying
T°C, and the correlation coefficient is equal to 0.78343; therefore, it indicates a
moderately strong relationship between the variables, and the standard error
evaluation shows in the calculation that the standard deviation of the residuals is
2.51359.

Regression exam/linear pattern Y ¼ aþ b ∗ x:

Dependent variable (VD): drying T°C
Independent variable (VI): plate T°C
The results expose the output, and it conforms to the linear model to refer to the

relationship between the drying T°C with the plate T°C.
The equation of the adjusted model below is

Drying T°C ¼ 20:0773þ 0:275953 ∗ plate T°C (1)

error: 0.2111 gl: 285

Factor A Factor B Half n E.E.

Mamey Sweet 2.48 20 0.10 A

Mamey Appearance 2.51 20 0.10 A

Mamey Flavor 2.53 20 0.10 A

Pineapple Appearance 2.91 20 0.10 A B

Pineapple Sweet 3.03 20 0.10 B C

Mamey Color 3.21 20 0.10 B C D

Mamey Texture 3.35 20 0.10 B C D

Pineapple Color 3.40 20 0.10 B C D

Pineapple Flavor 3.48 20 0.10 C D

Pineapple Texture 3.70 20 0.10 D

Banana Color 4.38 20 0.10 E

Banana Sweet 4.58 20 0.10 E

Banana Texture 4.58 20 0.10 E

Banana Appearance 4.68 20 0.10 E

Banana Flavor 4.75 20 0.10 E

Means with a common letter are not significantly different (p > 0.05).

Table 5.
Test: Tukey Alpha = 0.05 DMS = 0.49402.
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4.5.1 Regression examination between drying temperature and receiver temperature
(collector)

Depending on p-value in ANOVA less than 0.01, therefore, there is a significant
statistical relationship between the drying T°C and the T°C of the collector with a
level of 99% confidence.

R 2 indicates that the model exposes 59.672% variability in drying T°C, and the
correlation coefficient is equal to 0.772477, therefore indicating a moderately strong
relationship between the variables (Figure 9).

Regression exam/linear pattern Y ¼ aþ b ∗ x
Dependent variable (VD): drying T°C
Independent variable (VI): collector T°C
The results expose the output, and it conforms to the linear model to refer to the

relationship between the drying TOC and the collector TOC.
The equation of the adjusted model below is

Drying T°C ¼ 23:2088þ 0:269216 ∗Collector T°C (2)

4.5.2 Pineapple fruit and your regression exam

Depending on p-value in the ANOVA less than 0.01, there is a significant
statistical relationship between DMP and SRP with a 99% level of trust.

R2 indicates that the model exposes 48.0814% variability in DMP. The correla-
tion coefficient is equal to 0.693408; therefore, it indicates a moderately strong
relationship between the variables, and the standard error evaluation of the sample
in the calculation shows that the standard deviation of the residuals is 23.4888
(Figure 9a).

Linear pattern Y ¼ aþ b ∗ x
Dependent variable (VD): decreasing moisture pineapple (DMP)
Independent variable (VI): solar radiation pineapple (SRP)
The effects of linear model adjustment refer to the relationship between DMP

and SRP.
The equation of the adjusted model below is

DMP ¼ �1:18117 þ 0:156 ∗ SRP (3)

Figure 9.
Drying inlet with plate temperature (a) and receiver temperature (collector) (b), where the adjusted model is
displayed.
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4.5.3 Mamey fruit and your regression analysis exam

Depending on the p-value in ANOVA calculation which is less than 0.01, there is
a significant statistical relationship between DMM and SRM with a confidence level
of 99%. The R2 states according to model that there is 55.6423% variability in DMM,
the correlation coefficient is equal to 0.745938; therefore, it shows a moderately
dynamic relationship between the variables, and the standard error evaluation
shows that the standard deviation of the residuals is 12.3989 (Figure 9b), as well as
the average absolute error (AAE) of 10.7287.

Linear pattern Y ¼ aþ b ∗ x
Dependent variable (VD): decreasing moisture mamey (DMM)
Independent variable (VI): solar radiation mamey (SRM)
The effects of linear pattern adjustment to refer to the dependency between

DMM and SRM.
The equation of the adjusted model below is

DMM ¼ 20:4499þ 0:0869776 ∗ SRM (4)

4.5.4 Banana fruit and your regression analysis exam

Based onANOVA’s p-value in calculation less than 0.01, there is a significant statis-
tical ratio of DMB to SRBwith a confidence level of 99%,while R2 exposes according to
model that there is 56.339% variability in DMB; in other instances the correlation
coefficient the evaluation is equal to 0.750593; therefore, it teaches the coordinately
dynamic relationship between the variables and finally the standard evaluation error
presenting a value of 35.5063 (Figure 10c). Themean absolute error (AAE) is 24.6024.

Linear pattern Y ¼ aþ b ∗ x
Dependent variable (VD): decreasing moisture banana (DMB)
Independent variable (VI): solar radiation banana (SRB)
The effects of linear pattern adjustment refer to the dependency between DMB

and SRB.
The equation of the adjusted model below is

DMB ¼ �108:201þ 0:38802 ∗ SRB (5)

4.6 Examination of the process by psychometric spread

The leaf concerning psychometric dehydration consents to be able to observe
two autonomous methodologies, i.e., at one point, there is a sensitive air heated in
the receiver or collector, in which air entering the apparatus is heated at the cost of
emissions of solar radiation sponsoring moisture content firmly, and consecutively,
in other instances the air develops moisture by vaporizing water in the fruits of
pineapple, mamey, and banana as a result of cooling. As an example, in the first
process of dehydration of banana fruit, we assume subsequent identifications with
their means: air temperature, 26°C; first relative humidity, 72%; air temperature at
the dryer inlet as well as the leak in the receiver (collector), 49°C; air temperature in
dryer escape, 35.7°C; air channel diameter, 0.08 m; speed of air at the entrance,
16.6 m.s�1; and separate humidity of water, 172.43 g.

4.7 Through these ante-laid characterizations, the movement of the mass fluids
was established using the following equations

W ¼
π ∗ d2

4
∗V ∗ p (6)
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Figure 10.
Pattern provided towards low humidity in fruits dehydrated, (a) pineapple, (b) mamey, and (c) banana, with
respect to solar radiation.
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where d is the diameter of the air channel and V is the speed of air as well as the
air density, resulting in the value of 0.083 kg.s�1. Consecutively after these values
and identifying the suppressed humidity of the fruits, the portion of water absorbed
in kg of air entering the dryer in the staged phase is established by using Eq. (7):

d ¼
172:43 g water

1801 k dried air
¼ 0:095

g

k
(7)

In Figure 11, you can observe the thermodynamic moments of sites 1, 2, and 3
provided to the air and habitat, in the receiver leak (collector) as well as in the dryer
leak; therefore, these identifications, as data taken from psychrometric chart soft-
ware, manifest the temperature of the dry lamp(DB); relative humidity (RH);
absolute humidity (AH); specific volume (Vol); enthalpy(Ent); steam pressure
(VP); dew point(DP); and wet bulb temperature (WBT).

The case in process 1–2 was framed concerning reflective heating in the solar
receiver (collector), while in other instances in the case corresponding to process

Figure 11.
Examination of the table in collector and solar dryer in the form of a psychometric chart.
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2–3 in the inlet dryer, the humidification of the air and its convenient cooling were
carried out through the activities of evaporation of water included in the fruits of
pineapple, mamey, and banana.

5. Debate

In Table 1, we can disclose the percentage (%) of humidity above what was
known after the dehydration activities: for pineapple with 86.36%, the moisture
content is reduced by an average of X 2.14%, in mamey with 79.30%, by an average
of X 21.07%, and for banana with a total of 80.22%, by an average of X 10.35%. The
data are consistent with ante positioned knowledge executed by Almada (see [9]).
There are also other intellectual citations covered in the mastery of the convective
multiflash desiccation process (CMFD) (see [7–11]) are correlated in dried fruits,
the inquiry as a study subject, for banana fruit were heated at 60°C by hot air as well
as a vacuum pulsation was used, therefore consecutively in the drying of the fruit
by medium of the convective drying and dizzying banana vaporization mixture, by
CMFD, showed a moisture amount at 0.293 g.g�1 (dry base) then in 3 h of process,
the pattern of heat diagnosed in banana samples existed through the direction
(conduction) and solar luminescence, so they were heated by approximately 60°C,
large increases in independent or free water (banana moisture content at 76.00%),
coinciding with the illustrations executed (see [10, 11]).

Subsequently in the convective multiflash drying process (CMFD) (about
135 min of process), the banana achieved a moisture amount in 0.29–0.01 g.g�1;
finally in the processing, the quantities were 0.276–0.015. The fruits with average
amounts of moisture showed a water action ranging from 0.65, 0.85 to 0.90, while
the mass of the fruits, due to dehydration, was noted with reduced amount of water
and dominoes up to 60.21 g of solid in each repetition of 500 g of dough, mainly
because of the water and native mechanisms are transferred to the osmotic proce-
dure from extracellular areas, producing an ascent in the aroma of the fruit as well
as well as the texture (see [11, 12]).

This work resolved to disinfect at 180°C for 60 min according to internationally
determined rules such as the Medical Research Council; fruits such as banana
amounts in 80.22% moisture in fresh state. Together, the validity of the dehydrator
was select, assuming the similarity of the convective multiflash drying process
(CMFD) method (see [4]) and the solar dryer. In both cases containing the use of
solar radiation emission, these being at 300–900 W•m�2 (see [13]) the proportion
of solar radiation previously and subsequently in the matter of dehydration within
the process activities, the banana fruit had a reduction of 80.22–10.35%, exposing
that subsequently it is being subjected to 180°C for 60 min a day with a total of 15–
30 days. Its index was 0.12% concerning 10.35%, pointing to 0.4 times minimum
amount in parallel in banana fruit.

The convective multiflash drying process (CMFD) is a method of efficient
dehydration due to two important reasons. Firstly because during flash evaporation,
it starts from moisture that encloses internally, so it is pull towards the surface of
the fruits, making optimal the convective drying during the movement for heating
purposes. Secondly we have to subsequently evaporate the flash, and the fruit is
stothered to the surface area of it, making optimal the convective drying during the
heating movement as well as later in the evaporation of the flash. The temperature
of the fruit drops by 15–20°C, so it transports a relevant difference in the tempera-
ture between the hot air and the cooled fruit. We could therefore say that because of
this, the fruit receives a better transfer of heat, see [7], a method similar to the
procedure or technique assessed in this investigation as the object of study.
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Having had on balance, all this provides more accurate and complete assess-
ments of the duration as useful life of dehydrated fruits, in pineapple, mamey and
banana individually, of 15–30 days of dehydration process in repetitions, the
amount of the shelf life of banana fruit, by sample, see Figure 5, as linear regres-
sions with adjusted model of the low humidity of banana fruit in this regard with
radiation showed a duration of 109 days, the moisture content of pineapple was
reduced from the amount or average riginaria by 86.36% to a final amount of
21.07%; mamey fluctuated between 79.3 and 21.13% and bananas fluctuated
between 80.22 and 10.35%, proportionally. As well as, properties such as ash in
pineapple at 0.44% had an increase with an average of 1.09%; 0.25% had an
increase of 2.66%, and in banana fruit it fluctuated between 1.12 and 2.80%, expos-
ing, in banana farmed fruits, data with more expensive values (data not exposed).

The protein content, as well as fiber, was known a characteristic increase signif-
icantly in the previous and subsequent periods in dehydration, is understood as a
derivation of fresh pineapple fruit in 0.67% protein and fibers at 2.45% in its fresh
phase, together, in dehydrated period, had an increase of 2.45 and 3.63%. The
mamey fruit with 0.41% protein and fiber sin at 2.5% in its fresh period, in its
dehydrated period, had an increase of 2.55 and 4.94%, proportionally, finally, in
banana fruit with amounts of protein type by 1.27 and 0.88% in its fresh,
dehydrated time, had an increase of 2.18 and 2.41%, correspondingly.

6. Termination

This work as an object of study in the research assessed the incidences of a solar
dryer, which in turn was developed in the city of Calceta, in Bolívar Canton of the
Province of Manabí, Ecuador, with the approach of drying to such a point of being
able to talk about the phenomena concerning the dehydration of fruits such as
pineapple, mamey, and banana. Therefore, trials were carried out as experiments
finding, for example, that the organization of the molecular structure of the banana
provides the facility for moisture content by means of solar radiation activity.

Then, followed by the pineapple fruit and mamey, as a result, this loss is
compressing the moisture content of the valued fruits. The temperature of the
drying air is the most important and effective component of several elements of the
system during drying; air humidity, as well as air speed, is also a significant factor in
optimizing the drying rate. Therefore, in these concerns, it is understood that the
microbiological examination helps to establish the shelf life of dehydrated fruits,
and it is more important to mention that from 15 to 30 days, repetitions in measured
quantities CFU.g�1 have given legitimate maximum values, which is understood as
a result of the proliferation of microorganisms in the fruits evaluated.
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Appendices and nomenclature

Roman symbols

E solar radiation intensity (W • m�2)
A surface area (m2)
n number of experiments
CFU colony-forming unit
t temperature
h specific enthalpy (kJ/kg)
RH relative humidity
AH absolute humidity
Vol specific volume
VP vapor pressure
DP dew point
WBT temperature of wet bulb
R2 percentage of variation of the variable
Eq. equation
AAE average absolute error

Greek symbols

τ time, min

Subscripts

amb ambient (at 25°C, 30 wt % relative humidity,
1.012 bar) (kJ/kg)

DM dry matter
CMFD convective multiflash drying process
W water
D the drying chamber of the drying process
DMP decreasing moisture pineapple
SRP solar radiation pineapple
DMB decreasing moisture banana
SRB solar radiation banana
DMM decreasing moisture mamey
SRM solar radiation mamey
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Chapter

Convective Drying in the
Multistage Shelf Dryers:
Theoretical Bases and Practical
Implementation
Artem Artyukhov, Nadiia Artyukhova, Ruslan Ostroha,

Mykola Yukhymenko, Jozef Bocko and Jan Krmela

Abstract

The main advantages regarding the convective drying of the granular materials
in the multistage dryers with sloping perforated shelves were represented. Pecu-
liarities of the shelf dryers’ hydrodynamics were shown in the research. Various
hydrodynamic weighing modes were experimentally justified, and the relevant
criteria equations were obtained. The results of investigations regarding the inter-
phase heat and mass transfer were given; criteria dependencies, which predict heat
and mass transfer coefficients in the shelf dryers, were proposed. A method to
assess the efficiency of the dehydration process at the separate stages of the device
and in the dryer, in general, was proposed. The algorithm to define the residence
time of the granular material on the perforated shelf with a description of the
author’s software product for optimization calculation was shown. The shelf dryers’
engineering calculation method was presented in this work. The original construc-
tions of devices with various ways to control the residence time of the granular
material that stays in their workspace were described. The testing results of the
shelf dryer to dry granular materials, such as coarse- and fine-crystalline potassium
chloride, sodium pyrosulfate, and iron and nickel powders, were demonstrated.

Keywords: convective drying, multistage shelf dryer, hydrodynamics, interphase
heat and mass transfer, efficiency of dehydration, engineering calculation,
industrial implementation

1. Introduction

Convective drying is one of the most effective methods for disperse material
dehydration in the chemical, pharmaceutical, mining, and other industrial branches
[1–6]. The direct contact of the drying agent with high-temperature potential and
dried material enables intensively to remove the surface and adsorption-bound
moisture [3]. That is why drying is the only method for industries to achieve the
required quality of the product.

Although during drying the energy consumption is the lowest, the convective
dryers are more often used to dry disperse materials thanks to other numerous
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advantages [3, 4]. Provision of the active hydrodynamic regime in such dryers helps
intensify the process without reduction of the economic efficiency of their opera-
tion and has the following advantages [7–9]:

• Hydrodynamic stability of the process

• Increase of the relative motion velocity of the interacting phases

• The developed surface of the contacting phases

• Approximation of the hydrodynamic model of flows in the device to the ideal
displacement model

• Reduction of the energy intensity of the process and metal intensity of devices

One should distinguish devices with various configurations of the weighted layer
(fluidized bed, spouting, gravitational falling, vortex, etc.,) from the variety of the
convective dryer constructions (described, e.g., in [7, 10]). Thanks to the developed
surface of the phase contact, devices with hydrodynamic system are characterized
with high intensity of the heat and mass transfer processes, lower non-energy costs,
and have high specific productivity [7].

Figure 1.
Multistage shelf dryer: (1) case; (2) shelf.

2

Current Drying Processes



Besides, under conditions of the cost increase to prepare and to transport the
drying agent, the possibility of its repeated use in the drying process is fundamen-
tally important. Therefore it is necessary maximum to use the thermal potential of
the drying agent during every contact with disperse material. It can be achieved
while using the multistage drying devices with vertical sectioning of the workspace
by the perforated shelf elements [7, 8, 11].

A solution to the permanent residence of the dispersed material in the “active”
zone can be found through implementation of the multistage shelf dryers with
vertical sectioning of the workspace (Figure 1).

In such devices, the conditions for the differentiated heat treatment of materials
can be created owing to the drying agent potential and peculiarities of each stage
(shelf) construction. So, moving the perforated shelf to the wall of the device, we
approach to the device with fluidized bed, and moving it away from the wall and
freeing its workspace, we approach to the device with the free intersection, such as
pneumatic transportation dryers. The shelves increase the residence time of the
dried material particles, either poured downward of the device or carried out
upward of it. The shelves increase the velocity and turbulence of the gas flow, create
a vortex motion in their location places, and increase the contact intensity between
phases. The free space between the ends of the shelves and the walls of the device
does not require special flows from the upper shelf to the lower one. Changing the
free area of the shelve perforation, their tilt angles, the distance from the end of the
shelves to the walls of the device, the number of shelves, and the distance between
them vertically, it is possible to influence the intensity of the contact phases and to
create different hydrodynamic regimes to weigh particles of the material both on
individual shelves and heightwise the device. Therefore, it is possible to carry out
the drying process of wet materials and its pneumatic classification in one device in
order to remove small dusty fractions from the mixture [7].

2. Theoretical basics

The necessity to determine these features is due to the fact that before
constructing an industrial sample of the gravitational shelf dryer it is necessary to
determine its optimal design. In this case, the optimization criterion is to ensure the
minimum required residence time of the dispersed phase in the working space of
the dryer, which will complete the drying process to a predetermined humidity
indicator. It is important to observe the condition, under which the “hydrody-
namic” residence time of the dispersed phase in the workspace of the device should
be no less than the “thermodynamic” time (this parameter is determined by the
kinetics of the moisture removal process from the dispersed phase). Therefore,
in order to keep the integrity of the dispersed particles, the “hydrodynamic” time
should not exceed the “thermodynamic” time by more than 5–10%. By adjusting
the hydrodynamic properties of the flow, an optimal construction of the gravita-
tional shelf dryer is achieved, which meets the requirements of the optimization
criterion.

Thus, the optimization calculation of the dryer consists of three blocks: hydro-
dynamic calculation (calculation of the residence time of a particle on a stage),
kinetic calculation (kinetic parameter of the moisture removal), and calculation of
drying efficiency.

Initial data (Figure 2):

• Rate of gas flow, Q (m3/s)

• Length of device, L (m)
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• Overall width of device, h (m)

• Length of shelf, Ls (m)

• Degree of perforation (free area), δ

• Perforation hole diameter, d (m)

• The tilt angle of shelf, γ (°)

• The radius of the granule, rgr (m)

• Granule density, ρgr (kg/m
3)

• Gas density, ρg (kg/m
3)

• Acceleration of gravity, g (m/s2)

• Resistance coefficient, ξ

• Volumetric content of a dispersed phase in a two-phase flow, ψ

• The coefficient that takes into account the tightness of the flow, m

• Number of stages in dryer, i

• Moisture of the material і-stage of the dryer x (kg of water/kg of material)

• Moisture of the drying agent in і-stage of the dryer b (kg of water/kg of
material)

Figure 2.
A fragment of the calculation scheme for the multistage drying: left figure—change of flows’ moisture: x,
moisture of the disperse material; b, moisture of the drying agent, and right figure—construction of dryer’s
workspace.
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2.1 Hydrodynamic calculation

Hole area on the shelf (horizontal position) (m2)

Sh ¼
πd2

4
: (1)

The perforated area on the shelf (horizontal position of the shelf) (m2)

X

Sh ¼ Ls � h � δ: (2)

Number of holes on the shelf

n ¼

P

Sh
Sh

: (3)

Area of outloading clearance (m2)

S1 ¼ L� Ls cos γð Þ � h: (4)

Area of the gas passage holes in the shelf (inclined position of the shelf) (m2)

S2 ¼
πd2

4
� n � cos γ: (5)

The relative area of outloading clearance

Sr1 ¼
S1

S1 þ S2
: (6)

The relative area of the gas passage holes in the shelf

Sr2 ¼
S2

S1 þ S2
: (7)

Rate of the gas flow in outloading clearance (m3/s)

Q1 ¼ Q � Sr1: (8)

Rate of the gas flow in holes in the shelf (m3/s)

Q2 ¼ Q � Sr2: (9)

Gas velocity in holes in the shelf (m/s)

Vwork ¼ Q2=S2: (10)

Second critical velocity (m/s)

Vcr ¼ 1:63 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρdr � g � rgr
ξ � ρg

s

: (11)

Velocity difference (m/s)

ΔV ¼ Vcr � Vwork: (12)
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Time of material residence on the shelf (free movement) (s)

τf ¼
Ls

ΔV sin γ
: (13)

The empirical function of the effect of compression on the residence time of the
particle in the working space of the device

f
еτ ψð Þ ¼ 1� ψð Þ�m: (14)

Time of material residence on the shelf (straitened movement) (s)

τs ¼
Ls � f еτ ψð Þ

ΔV sin γ
: (15)

The program Multistage Fluidizer® [12] used Hypertext Markup Language
HTML, Cascading Style Sheet (CSS), and programing language JavaScript (includ-
ing the library jQuery). HTML is presented as a tagging of web-based app, CSS page
formatting. JavaScript is used to calculate and transfer data and to create animation
and data validation effect. In the validation block of JavaScript, data accuracy is
checked. In the block input info, the basic data field indices are accepted, and
they are written to the object of input_information. In the block, calculation
computations are carried out by Eqs. (1)–(15).

Index.html (Figure 3) is the main page of the web-based app. It is responsible
for reflection of the main menu, for the main calculation of gas flow, and for
jumping the other pages (an example of such page is presented in Figure 4), where
the main dependencies between key features to calculate gas flow and resistance
time of the material on the shelf are calculated and dependencies diagrams are
formed.

Figure 3.
The main page of the Multistage Fluidizer® software.
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Having inserted data, data validity is tested, that is, if all data is correct, after
keystroke CALCULATE data is processed given the above formulas, and we receive
the result in a form of a computation table (Figure 5).

After changes of indices lf and ls, it is possible to see how the animation appears
after the pressing the “Show calculation” button (the example of distance length
calculation, which particle takes on the shelf during the specified period of time, is
shown in Figure 6). In order to create animation, functions clicker_lf and clicker_ls
are implemented, respectively, for τf and τs animation.

In JavaScript, one uses libraries jQuery and table2excel, objects for data record-
ing, methods .val() .append() to read and to insert indices to fields, methods

Figure 4.
Calculation page of various parameter impacts on the particle resistance time in the device.

Figure 5.
Results of calculation.
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.removeClass() and .addClass() to delete and to add classes, and method .animate()
for work with animation to create an animation effect for any digital CSS feature of
the element.

2.2 Calculation of heat-mass transfer

In order to calculate the kinetic parameter of the moisture removal (the
moisture-yielding capacity coefficient), let us use the following algorithm.

It is proposed [8] to use the following equation for calculation of β:

ΔUm

τ
¼ β � F � bfin �

bfin þ bin

2

� �

� ρg, (16)

where bin, bfin, and ΔUm are the initial and final humidity of the drying agent and
the amount of the removed moisture from the material; F is the surface of the mass
transfer, which depends on the dryer’s effective operation due to the disperse
material and the residence time of the material in the dryer.

In general, the criteria equation of the drying process can be written as follows:

Sh ¼ A1 � Sc
n � Rem, (17)

where А1 is the equation coefficient; Sh ¼
β�dgre
D is the Sherwood criterion; dgre is

the equivalent diameter of the particle (granule), m; Sc ¼ ν
D is the Schmidt criterion;

Re ¼
Vwork�dgre

ν
is the Reynolds criterion; D is the diffusion coefficient of the gas flow,

m2/s; ν is the kinematic viscosity coefficient of the gas flow, m2/s; and m and n are
the indicators of the equation stages, which are evaluated through the graphical

dependency Sh=Sc0:33 ¼ f Reð Þ, obtained from the experimental data.

2.3 Calculation of the kinetics and drying efficiency

The drying process effectiveness on the i-stage of the dryer is presented by the
ratio of differences between the moisture contents of the disperse material before
and after the drying xi-1 – xi to the maximum possible (theoretical) difference
between the moisture contents on the stage xi�1 � bi and also in the form of the
function of the kinetic parameter of the moisture transfer Вi, the residence time of

Figure 6.
Calculation of way length, which particle undergoes on the shelf during the specified period of time.
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the material on the stage τi, and the consumption ratio of the dispersed phase to the

drying agent G�1
i [8]:

Ei ¼
Δx

Δxmax
¼

xi�1 � xi
xi�1 � bi

¼
1� exp �βiτi 1þG�1

i

� �� �

1þG�1
i

: (18)

3. Visualization of results and discussion

3.1 Hydrodynamics

Some graphic dependencies are shown in Figure 7. The program receives two-
and three-dimensional dependency graphs.

In general dependency diagrams, features for free and constraint motion of
particles have one functional dependence. The particle resistance time has enough
narrow diapason at every stage (shelf) in free motion regime and is calculated by
second units. In the constraint motion regime of particles, the residence time is
greatly increased at every stage. The abundant ratio of particles in the two-phase
system has a definite impact on this index. That is why, while defining the optimum
performance of the device, it is necessary to define the workspace size of the
granulating or drying device to high accuracy.

The impact made by some constructive features of the shelf dryer during the
residence time of the dispersed material (Figure 7) is shown below.

The change of the shelf tilt angle to the horizon affects the redistribution of the
gravity components: enlargement of it leads to an increase of the gravity rolling
component and vice versa. It should be mentioned that the tilt angle of the shelf
may have a minimum value that complies with the natural slope angle of the
material. As the tilt angle of the shelf decreases, the residence time of the dispersed
material gradually increases. It leads to longer contact with the drying agent’s flow.

Changing the gap between the edge of the shelf and the dryer’s wall significantly
influences the change of the residence time of the dispersed material on the shelf. If
the gap increases, the contact time of the dispersed material with the drying agent
will be reduced due to the decrease in the length of the material movement distance
on the shelf. In this case, the operation of the rolling component of the dispersed
material velocity lasts for a shorter period and at the end of the shelf is replaced by
the full gravity. Thus, the material moves down, and only the ascending gas flow
force resists its fall.

The analysis of the calculations regarding the effect, made by the free cross-
sectional area of the shelf on the drying process efficiency, showed the following.
Reducing the free cross-sectional area of the shelf leads to an increase of the drying
agent’s ascending motion velocity in the holes. In this case, the action of the drying
agent’s ascending flow slows down the progressive motion of the dispersed material
on the shelf, compensating for the rolling component of its gravity. The pulse
component of the dispersed material displacement decreases, and the trajectory
changes to a pulse-forward one. The trajectory length of the dispersed material
motion increases, the time of its contact with the drying agent is extended.

As the diameter of the perforation holes decreases, the effect of the drying
agent’s ascending flow increases, in which the pulse component of the dispersed
material motion trajectory decreases, and the forward increases. Thus, the trajec-
tory length of the dispersed material motion increases, and the contact time with
the drying agent is extended. It should be noted that with the further reduction of
the perforation hole diameter, the action of the drying agent’s ascending flow begins
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significantly to outweigh the effect of the gravity rolling component. It leads to
the formation of the second transitional mode and the ablation mode in the shelf
dryer’s operation.

Figure 7.
Examples of calculation results.
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3.2 Heat-mass transfer

The calculated values of the mass transfer coefficient β from Eq. (16) depending
on the velocity of the drying agent’s motion are demonstrated in Figure 8.

Figure 8.
Dependence of the mass transfer coefficient on the drying agent’s motion velocity.

Figure 9.
Graphical dependency Sh=Sc0:33 ¼ f Reð Þ to define the coefficient А1 and equation stage m.

Figure 10.
Influence of the drying agent recirculation method on the change of the moisture content in the disperse material.
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Figure 11.
Influence of the drying agent recirculation method on the change of the moisture content in the drying agent.

Figure 12.
Influence of the drying agent recirculation method on the temperature change of the disperse material.

Figure 13.
An influence of the drying agent recirculation method on the temperature change of the drying agent.
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The graphical dependency from Eq. (17) shows (Figure 9) that coefficient
А1 = 0.008, m = 0.47. The coefficient n is 0.33 for the situation when the drying
agent’s parameters were slightly changed during the experiment [8].

Taking into account the obtained values of the coefficient А1 and equation stage
m, the criterial value (18) will be as follows:

Sh ¼ 0:008 � Sc0:33 � Re 0:47: (19)

3.3 Kinetics and drying efficiency

The organization of the drying agent’s motion may have a considerable influence
on the quality indicators of the dried material and the properties of the drying

Figure 14.
Constructions of shelves in the multistage gravitational shelf dryer [13–15]: (a) shelf with a different gap on the
height of dryer, (b) sectioned shelf with variable perforation of sections, and (с) partitioned sections shelf with
constant perforation and variable angle of inclination.
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agent. That has evolved several studies, the results of which are presented in
Figures 10–13. Their analysis enables us to select the method to organize the drying
agent’s motion, which consumes the least energy and ensures the necessary com-
plete removal of moisture from the disperse material.

The analysis of the figures shows that the features of the dispersed material and
the drying agent are changed according to one law; each of the technological
indicators in the drying agent differently influences the intensity of the increase or
decrease of parameters. The figures show that there is no function extremum on the
graphical dependencies, which is explained by the regularities of the convective
drying kinetics—the parameters’ change of the contacting flows in each of the
periods occurs monotonically with different intensity on separate sites depending
on the dehydration conditions.

Different constructions of the shelves (Figure 14) enable us to control the
residence time of the dispersed phase in the dryer’s workspace.

Block scheme of the algorithm to calculate the multistage gravitational shelf
dryer is represented in Figure 15.

4. Experimental research and practical implementation

During the optimization calculations, the necessity to obtain certain empiric
dependencies has been revealed. They would identify some quantities, especially
important for the shelf dryer’s design development.

The experimental investigations were carried out on a shelf dryer model, the
design parameters of which corresponded to the picture in Figure 1. Experiments to

Figure 15.
Block scheme of the algorithm to calculate the multistage gravitational shelf dryer (symbol *** shows the blocks
which are described in this work).
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study the properties of the two-phase flow hydrodynamics in a shelf device were
carried out at gas flow velocity of 1–5 m/s, specific capacity on the source material
6–10 kg/(m2 s).

At low gas flow velocities of 0.5–1 m/s, particles of the material move along the
surface of the sloping shelf at a velocity of 0.2–0.3 m/s in the form of a rapidly
“skipping” layer. The particles of the material are braked at the wall of the device in
the discharge space and are accumulated on the surface of the wall (Figure 16a)
after moving over the surface of the shelf. This accumulated layer is blown by a gas
jet, which is formed by a discharge gap between the lower end of the shelf and the
wall of the device. As the gas flow velocity increases to 2.5–4 m/s, the porosity of the
layer decreases to 0.75–0.8, and the concentration of particles in the layer increases
to 40–50 kg/m2 s.

Small particles, in which the inertia force during their discharge from the surface
of the sloping shelf is insufficient to overcome the kinetic energy of the gas jet, are
picked up by the jet and move along a curved path to the upper part of the device—
the separation zone. On the photo (Figure 16a), it is seen by the distinct tracks of
the trajectory. Large particles, overcoming the aerodynamic drag of the gas jet, fall
out of the layer through the discharge space down. The described hydrodynamic
regime is called “gravitationally falling layer.” This mode is implemented on the
shelves, installed with a width of the discharge gap (0.3–0.5) L and a free area of
5–10%. Therefore, the maximum efficiency of small fraction ablation by the gas
flow is achieved (Figure 17). The velocity of the complete ablation of the small
fraction without large particles in it—the second critical velocity—is as follows:

Re 2cr ¼ 0:1Ar0:7,with Ar≤ 62,000, (20)

Vcr ¼
Re 2cr � ν

dgre
(21)

where Ar is the Archimedes criterion, Ar ¼
d3gre� ρgr�ρgð Þ�g

ν2�ρg
.

Figure 16.
The photo of the hydrodynamic modes of the shelf dryer: (а) “gravitationally falling layer” regime and
(b) “weighted layer” regime.
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Reducing the width of the discharge space up to (0.15–0.2) L and increasing the
free area of the shelf up to 15%, owing to the growing kinetic energy of the gas jet,
the continuously circulating vortex layer of particles above the sloping shelf surface
is formed (Figure 16b). Therefore, the particles of the material are moving on the
surface of the sloping shelf in the form of the tightened (compressed) layer at the
velocity of 0.05–0.15 m/s, and in the area above, the discharge space—in the form
of weighted, intensively circulating layer. The porosity of this layer is 0.65–0.7
(coincides with fluidized systems’ porosity), and concentration of the particles in
the workspace of the device is 160–280 kg/m3. The described hydrodynamic regime
is called the “weighted layer.” The velocity at which the “weighted layer” mode is
implemented—the critical velocity when the weighting is started is calculated as
follows:

Rwl ¼ Rew � k � L1=Lð Þ, k ¼ 1:19 � lg 100 � f a
� �

þ 0:005, (22)

Vwl ¼
Re wl � ν

dgre
, (23)

where Rew is the Reynolds criterion for particle staying in the gas flow,

Re w ¼
Vw�dgre

ν
; Vw is the velocity of the medium-size particle hovering; fa is the free

area of the shelf (%).
The effect of the gas flow velocity on the intensity of the interphase heat transfer

process is represented by the dependence of the Nusselt criterion on the Reynolds

Figure 17.
The influence of the design (constructive) parameters of the shelf on the extraction efficiency of the fraction less
than 1 mm. The free area of the shelf: 1–4, respectively, 0, 5, 15, and 30%. The tilt angle of the shelf is 30°.
Material is a polydisperse mixture of the granular superphosphate.
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criterion—Nu = f (Re) (Figure 18). These dependencies are described with the
following criteria equations:

“gravitationally falling layer mode”Nu ¼ 1:5 � Re 0:21, (24)

“weighted layer”mode Nu ¼ 0:38 � Re 0:73: (25)

Equations (24) and (25) are valid for 0 ≤ Re ≤ 500.
The above dependencies in the “weighted layer” mode show that the values of

the Nusselt criterion are significantly higher than values, which are peculiar for the
“gravitationally falling layer”mode. The sufficiently high intensity of heat and mass
transfer processes in the “weighted layer” mode is explained by the fact that in this
mode the gas jet entering the weighted layer through the discharge gap at suffi-
ciently high velocity has the greatest intensifying effect. Measures of the single-
phase flow velocity, carried out by a thermal anemometer in the intersection above
the shelf, showed that at gas jet velocities in the discharge space of 6–12 m/s, local
heat transfer coefficients at the site of material particles contact with the gas jet are
400–500 W/(m2 K). These values are peculiar for the intensive heat transfer con-
ditions in the core of the spouting layer and exceed the average heat transfer
coefficients for fluidized beds (100–400 W/(m2 K)) and the pneumatic transpor-
tation mode (100–200 W/(m2 K)).

The rapid evaporation of moisture in the zone above the discharge space leads to
some temperature drop of the hot gas before it contacts with the main layer of
particles, weighted above the shelf. Experimental studies show that the heating
temperature of particles in the zone of contact with the gas jet entering the dis-
charge gap is 1.5–2.0 times higher than that in a weighted layer on the surface of the
shelf. It uses a drying agent with higher inlet temperature (1.5–1.8 times higher than
melting temperature) than it is acceptable for dryers of the fluidized bed, without
fear of the thermal damage of particles.

The investigated construction of the shelf dryer was tested when drying the fine-
and coarse-crystalline potassium chloride, sodium pyrosulfite, iron, and nickel
powders (Table 1).

The shelf dryer, where experimental tests were carried out, is a vertical
rectangular-sectioned shaft, inside which the sloping perforated shelves are located
in cascade on opposite sides (Figure 1). Wet material is fed by the batcher to the

Figure 18.
Influence of the gas flow velocity on the interphase heat transfer intensity: (1) “gravitationally falling layer”
mode, shelf parameters: L1/L = 0.5; fa = 5%; (2) “weighted layer” mode, shelf parameters: L1/L = 0.15;
fa = 15%.
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upper shelf, is weighed above it, and is divided into small and large fractions. The
upper shelf works in the hydrodynamic regime of the “gravitationally falling layer.”
In this mode, the dedusting process of materials, i.e., the removal of small particles
from the initial mixture by the minimum interface, is effectively carried out. The
minimum interface for shelf devices is 50–70 μm. The small particles are carried
away by the drying gas agent into the separation space and then captured by a
cyclone in which they are dried. Large particles fall down through the discharge
space to the lower shelf.

When drying the materials, which are prone to the formation of lumps and
strongly sticking to surfaces, the distance from the delivery point of the wet product
into the device to the upper shelf has to be at least 0.3–0.5 m. The material, passing
this distance, breaks up into small pieces and is partially dried. A hydrodynamic
regime of the “weighted layer” is created on the lower shelf, in which, due to the
intensive circulation and mixing of particles in the layer, the drying process is
effectively carried out. The longer residence time of the particles in this layer also
contributes to it.

The wet material, discharged from the upper shelf, enters the lower shelf from
the top of the weighted layer, is drawn into the circulation, and is dried quickly. The
share of the dried material falls through the discharge space into the hopper, in
which a large fraction of the dried product is collected.

Thanks to the shelf contact elements, shown by the data of Table 1, the drying
process takes place at the drying agent’s moderate velocities (maximum 3.5 m/s)
and at a large moisture intensity of the dryer’s workspace which is up to 1000–
1500 kg/(m3 h). Due to the intensive contact between phases in the shelve devices,
the drying process is carried out at high specific loads of up to 15–20 kg/(m2 s),
significantly exceeding the specific loads of 0.1–1.5 kg/(m2 s) for fluidized bed
devices. The specific consumption of the drying agent in the shelf dryers reaches

Material The velocity of the

drying agent, m/s

Humidity, % wt Moisture removal

intensity, kg/(m3 h)
Source

material

Undershooting Ablation

Fine-coarse

potassium

chloride:

1.32 6.1 0.35 0.24 421

Coarse-

crystalline

1.5 6.1 0.1 0.06 462

1.45 8.0 1.2 0.2 1025

1.9 7.0 0.1 0.17 527

2.1 8.0 0.11 0.1 1173

2.3 7.0 0.14 0.1 528

Sodium

pyrosulfite

2.8 5.0 0.5 0.1 250

3.3 5.0 0.5 0.1 346

3.5 6.0 0.6 0.2 258

Iron powder 2.0 10.0 0.34 0.3 1826

Nickel powder 2.3 11.3 0.4 0.3 600

Table 1.
Results of the drying of the granular materials in the shelf dryer.
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0.5–0.7 m3/kg, and the hydraulic resistance is 1300–1500 Pa, respectively, against
the values of 1.4–2.8 m3/kg and 1800–2200 Pa for fluidized bed devices. The
working path of the pneumatic pipe dryer, in which energy is expended to acceler-
ate and to lift the drying material, has a hydraulic resistance of 1600–2000 Pa.

An additional advantage of shelf dryers is the simultaneous dedusting of the
drying material. Fine-crystalline potassium chloride, containing 7–10% of the small
fraction with a particle size of less than 100 μm in the initial mixture, after
processing in a shelf device at a gas flow velocity of 1.4–1.5 m/s, had 1.2–5.5% of the
small fraction in the final product (undershooting) and 60–80% of the small frac-
tion in ablation. Coarse-crystalline potassium chloride, containing 4–10% of the
small fraction with a particle size of less than 100 μm in the initial mixture, had 2–
5% of the small fraction in the final product (undershooting) at a gas flow velocity
of 1.3–1.4 m/s and 58–65% of the small fraction in the ablation. The extraction
degree of the small fraction into the ablation was 70–90%. When the gas flow
velocity exceeds 1.5 m/s in the final product, the small fraction is practically absent,
and the content of the coarse fraction (more than 100 μm) in ablation is 3–5%.

The small fraction was completely extracted from the polydisperse mixture of
granulated superphosphate containing up to 20% of the small fraction with particle
sizes less than 1 mm, after processing in the shelf device at a gas flow velocity of
3.5–3.8 m/s, into the ablation. Therefore, the extraction degree of the small fraction
into ablation was 80–85%.

In order to prevent the coarse fraction ablation by the gas flow and increasing
the residence time of particles in the separation space for drying the ablative frac-
tions, the upper section with a constant intersection was replaced with a conical free
intersection [16] or with shelf contact elements [17].

Thus, the shelf dryers achieve the higher technological effect than typical con-
structions of the fluidized bed dryers and pneumatic pipe dryers, with less energy,
capital costs, and sizes.

5. Conclusions

The convective shelf dryer construction with active aerodynamic processing
modes is proposed. The developed engineering method for the shelf dryer calcula-
tion made it possible to define the constructive parameters of the device, ensuring
the minimum required drying time of the wet material in the device to a
predetermined humidity index. The demonstrated author’s program Multistage
Fluidizer® for computer implementation of the engineering calculation method
made it possible to optimize the constructive and operating parameters of the
drying process in the shelf device. It was shown that a shelf dryer should have, for
example, three shelf contacts with various widths of the discharge space and various
free areas of the shelves.

The author shows various hydrodynamic regimes to weigh particles of a material
by a gas flow, depending on the constructive parameters of shelf contacts.

The effectiveness of the shelf device to carry out the drying and dedusting
processes of granular and powder materials simultaneously was experimentally
proven.
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