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Abstract: In drying systems, the examination of the drying rate values of the food product in advance
gives important information about the raw material to be dried. In this study, thin-layer drying
behavior of apple slices in a convective solar dryer was investigated. The experiments were carried
out at a drying air temperature of 46–63 ◦C and a drying air speed of 0.7–1.8 m/s. In order to determine
the drying kinetics, the mass change of apple slices was recorded under all drying air conditions.
The effects of drying air temperature and speed, drying speed of apple slices, dimensionless moisture
content, were investigated. In a solar drying system, thermal efficiency, solar radiation and air
velocity values were measured. The drying kinetics of 15-mm thick apple slices were examined
for three days in the solar drying system. Using the decision tree algorithm, which is a machine
learning algorithm, a predictive model was created for moisture rate in drying experiments and four
linear equations were obtained. According to obtained equations, the collector in the drying system
depends on the inlet–outlet temperature values, the drying room inlet–outlet temperature values,
the drying room humidity values and air velocity values. Moisture rate data were applied to twelve
different models and their performance was determined by root mean square error (RMSE) analysis.
The mathematical model with the least error rate was (RMSE: 0.09) Midilli model. A comparison was
made between these drying models in the literature and the model generated by the decision tree
algorithm. According to the results of RMSE error analysis, it was shown that the model created with
the decision tree algorithm predicted the moisture rate values with less error values RMSE: 0.03) than
the Midilli model.

Keywords: solar energy; mass transfer; moisture rate; decision tree algorithm

1. Introduction

Food drying is a process that has been carried out since ancient times with the aim of reducing
or decreasing the amount of water in a raw material to a very low level and thus storing various
agricultural products for long periods and consuming them outside the production season. In addition
to such advantages, the drying process has become an increasing practice due to the high income
of dry products [1]. Thus, drying or dehydration is one of the most effective methods of preserving
food products. Depending on the type of product, the moisture content after drying is between 1–15%
relative to the wet base. Possible microbiological and chemical deterioration with drying, unwanted
quality losses are prevented [2]. Convective drying systems are the most commonly used systems
among the drying systems. In convective drying, heat is transmitted from the drying medium to
the wet material by convection. The hot air is passed either over or through the dried product layer.
The thermal efficiency of this method is lower than contact drying. In convection drying, one of the
factors affecting drying is the speed of drying air. Evaporating moisture forms a thin boundary layer
saturated with water around the raw material. Since the partial vapor pressure value of said saturated
layer is high, this has a drying-inhibiting effect. The speed of air is important because it determines the
rate of evaporation of moisture from the raw material. The effect of air velocity on drying is seen up to
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a certain air velocity value. After this value, it has no additional effect on drying. In addition, the air
velocity is more effective in the drying phase at constant speed, in other words, in the early stages of
drying. Since the drying speed in the drying phase with decreasing speed is limited by the rate of
transport of moisture through the material to the surface by diffusion, the effect of air velocity at these
stages is lower than temperature [3].

In the literature, some studies on apple drying using solar collector food drying system are given
in Table 1. Table 1 shows the raw material thickness, drying air velocity—temperature values and solar
radiation values. In this study, the apple slices to be dried are 15 mm thick. The average air velocity
value in the solar drying system is 1.25 m/s. The radiation value on the air-heated solar collector is
650 W/m2. The average temperature of the drying chamber is 50 ◦C.

Table 1. Some studies related to drying apples using solar dryer in the literature.

Raw Material
Thickness (mm)

Drying Air
Speed (m/s)

Drying
Temperature (◦C)

Solar Radiation of
Collector (W/m2K) Reference

6–8 mm 1.8 m/s 20–70 650–1000 [4]
5–9 mm 0.8 65–82 350–900 [5]
2–5 mm 0.5 50–60 150–800 [6]
2–4 mm 0.6 20–50 200–840 [7]

4 mm 0.8 15–50 100–640 [8]

Many valuable studies have been carried out in the literature to determine the drying performance
and drying characteristics of the dried raw material in convective dryers. In their study, Yaldız and
Ertekin examined the drying of pumpkin, green pepper, green beans and onions in an exhibition in a
solar cabinet-type dryer. In order to make a comparison, they also dried the raw materials in sunny
conditions. Using three different air velocities, they investigated the effect of velocity on drying time.
In addition, they tried to explain the drying curves with the drying models and determined the most
suitable model for each dried product [9]. Akpınar [10] explained the effect of parameters such as
speed and temperature on the drying rate of apple slices cut in different sizes with empirical relations.
Akpınar et al. [11] studied the drying kinetics of potatoes in a cyclone-type convective dryer and made
mathematical modeling of moisture curves and diffusion coefficients that they found experimentally.
Midilli [12] determined the drying conditions and behavior of this product by drying shelled and
unshelled peanut samples both in a solar dryer and outdoors in the sun. He found the peanut-drying
curve equation by the least-squares method. Nguyen et al. [13] a suitable kinetic model for the
drying process was determined by determining the moisture data corresponding to four different
temperature levels (50, 55, 60 and 65 ◦C). In addition, they estimated the effect of drying temperature
on dehumidification rate, effective diffusion coefficient and activation energy using seven different
drying models. As a result, they showed that the dehumidification time increased proportionally with
the air drying temperature and that the Weibull model was the most suitable model for defining the
drying process.

Many data and formulas are used in the calculation of drying parameters. The use of
machine learning algorithms to process this data has become increasingly common. There are
many valuable studies in the literature about the use of machine learning algorithms with drying
systems. Aktaş et al. [14] analyzed and modeled the performance of the closed circuit heat pump
dryer they used to dry bay leaves using artificial neural network. To control relative humidity and
temperatures, they performed low temperature drying (40 ◦C, 45 ◦C and 50 ◦C). They analyzed and
modeled the experimental data and the drying kinetics of laurel leaf using artificial neural network
(ANN). In their study, Beigi et al. [15] investigated the drying behavior of coarse rice in convective deep
bed drying system. ANN was used to estimate the energy performance, energy consumption, drying
and thermal efficiency of the process. Das and Akpınar [16] have designed a solar-assisted drying
system. They calculated the convective heat transfer coefficient of pear product in the drying system.
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They developed a predictive model for the convective heat transfer value using the support vector
machine algorithm. Their model estimated the convective heat transfer coefficient with an accuracy
rate of 98%. Akpınar and Das [17] have designed a forced convection solar energy food drying system.
In this drying system they dried the mushrooms. They calculated the moisture content values (MC),
drying rate values (DR) and moisture content (MR) values of the mushroom product. They obtained a
predictive model by using artificial neural network algorithm (ANN) for MC, DR and MR values.

In this study, the drying behavior of sliced apple product of about 15 mm in thickness in a solar air
collector dryer was investigated at a drying air speed of 0.7–1.8 m/s at 46–63 ◦C air temperature. Drying
behavior of apple slices for three days was examined. The thermal efficiency of the solar collector in
the solar drying system was calculated. The transfer of liquid mass in the apple product which is dried
with the help of hot air produced from solar collector was examined. Mass change was expressed by
moisture content (MR). For modeling MR values, 12 different mathematical models and decision tree
algorithm which is machine learning algorithm were used.

2. Materials and Methods

2.1. Experimental Setup

The solar drying system consists of three main parts: (i) solar air collector (ii) drying cabinet and
(iii) circulation fan. The flowchart and experiment set of the thin layer forced solar drying process is
given in Figures 1 and 2.

Figure 1. Flowchart of drying process and measurement points.

Figure 2. Experimental setup.
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Drying experiments began in the open sunny weather and test started at 8:00 a.m. and continued
till 18:00 in Elazig, Turkey. Elazig is locating at 38◦60′ N and 39◦28′ E and 950 m above sea level in the
eastern part of Anatolia, Turkey. The solar collector used in the experiments is 1000 mm × 600 mm and
consists of transparent cover, absorber plate, flat plate, insulation material and outer casing. Also used
was glass as transparent cover, corrugated stainless steel sheet (thickness: 0.5 mm) painted as black
matt as absorber plate (thickness: 0.5 mm), stainless steel sheet (thickness: 0.5 mm) painted as flat
mat, stone wool (thickness: 4 cm) as insulating material and as casing material aluminum (thickness:
4 mm) is used. The drying cabinet is made of aluminum material (thickness: 2 mm) and is designed in
rectangular dimensions (60 cm × 60 cm × 80 cm). Insulated plastic tubing is used to transfer heated air
between the solar collector and the drying cabinet. In the experiments, air temperature and relative
humidity, inlet and outlet temperatures of the air in the solar collector, moisture of the air in the
chamber, inlet and outlet temperatures of chamber, solar radiation values and mass loss values of
apples in the drying chamber measured 30 min apart. The experiments continued until the weight of
the apple slices changed. If the weight change of the apple slices continued after 18:00, the experiments
were restarted at 8:00 am the next day. The mass loss of apple slices was neglected during the time
the experiments were not performed. After 18.00, the experiments were terminated because the solar
radiation value was low (I < 300 W/m2K). During the experiment, the mean relative humidity of the
air ranged between 7% and 15%. After the test, the raw materials were kept in airtight environment.
A circulating fan (0.9 m3/h, 0.4 kW, 220 V, 50 Hz) connected to the air inlet of the solar collector carried
out heat transfer by forced convection in the drying chamber.

According to the moisture analyzer, the initial wet base moisture content of raw material was
measured as 83.6% and the dry base moisture content was 4.31 (g liquid / g solids).

In the experimental study, weight change of apple product, solar collector input-output
temperatures, drying room input-output temperatures and solar radiation measurements were
made. The moisture content, moisture rate and solar collector yield values were calculated with the
values obtained from these measurements.

The instruments used and the sensitivity values for the measurements performed in the
experiments are shown in Table 2.

Table 2. Measurement Tools.

Measurement Measurement Tool Model Precision

Temperature J-type iron-constantan
thermocouples Elimko 6400, Italy ±0.1 ◦C

Moisture Thermo-hygrometer EXTECH, 444,731, China ±0.1 ◦C
Air Speed Digital Anemometer LUTRON, AM-4201, Taiwan ±0.1 m/s

Weight Loss Digital Balance BEL, Mark 3100, Italy ±0.01 g
Solar Radiation Solar Pyranometer Kipp and Zonen, Italy ±0.1 Wm−2

Final Moisture Moisture Analyzer Shimadzu MOC3, Japan ±0.001 g

The uncertainty value of the measurements made in the experiment set was based on the method
found by Kline and McClintock (Equation (2)) [18,19]. In Equation (2), x represents uncertainty
properties and W represents uncertainty value. In this study, the uncertainty analysis calculated for
various measurements is shown in Table 3.

WX =
[
[x1]

2 + [x2]
2 + [x2]

2 + ...... + [x∞]
2
]1/2 (1)



Energies 2019, 12, 3447 5 of 14

Table 3. Uncertainty Analysis Results.

Parameters Uncertainty Value (%)

Uncertainty in collector temperature measurements ±0.583
Uncertainty in drying chamber temperature measurements ±0.386

Uncertainty in moisture measurements ±0.1
Uncertainty in solar radiation measurements ±0.506

Uncertainty in weight measurements ±0.5
Uncertainty in air velocity measurements ±0.14

2.2. Theoretical Information

Some general equations used in the drying analysis of the system are given below. Equations (2)
and (3) were used for dry base moisture content (MCk) and wet base moisture content (MCy) values in
apples [3]. MCy is the moisture content value in percent, and MCk is the moisture content obtained by
the ratio of liquid to dry matter in the raw material.

MCy =
Ww

Ww + Wd
×100 (2)

MCk =
Ww −Wd

Wd
(3)

Equations (2) and (3); “Ww” is the wet weight of material and “Wd” is the dry weight of material.
Dimensionless moisture content (MR) values were calculated using Equation (4) [20].

MR =
M−Me

Mo −Me
(4)

In Equation (4), M is the moisture, Me is the equilibrium moisture, Mo is the first moisture content.
In solar air collector, the useful energy is calculated with the help of Equation (5) depending on the
inlet and outlet temperature of the air passing through the collector.

Qu =
.

m·Cp·(To − Ti
)

(5)

In Equation (5), ṁ is the mass flow (kg/s) of the air passing through the collector, Cp is the specific
heat of the air (J/kgK), Ti and To are the collector air inlet and outlet temperatures (◦C) respectively.
The mass flow rate of the air passing through the collector was calculated by Equation (6).

.
m= ρ·V·Ak (6)

In Equation (6), ρ is the density of the air (kg/m3), V is the air flow rate (m/s), and Ak is the
collector’s cross-sectional area (m2). Using the first law of thermodynamics, the thermal efficiency of
the collector was calculated with the help of Equation (7).

η =

.
m·Cp·(To − Ti)

I·Ac
(7)

In Equation (7), η is thermal efficiency, I is the solar radiation (W/m2) coming to the collector
surface, and Ac is the absorber plate surface area (m2) directly hit by the solar radiation.
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2.3. Semi-Theoretical Models and Experimental Drying Equations Developed for Slow Speed Drying Phase

Moisture conduction that occurs in the material during the drying phase with decreasing speed is
tried to be explained by simulating Newton’s law on cooling. The law in question states that the amount
of change in the temperature of an object placed in an environment whose temperature is considered
to be unchanged provided that the temperature difference between the object and the environment is
not too large is proportional to the difference between the object and ambient temperatures. This law
can be shown in mathematics with the following equations [21].

dT
dt

= −k(T − Te) (8)

The change in the moisture of any material contained in an environment considered to be
unchanged with moisture content can be achieved by Equation (9) as follows.

dM
(M−Me)

= −kdt (9)

The solution of the differential equation in Equation (10) is as follows [22];

MR =
M−Me

Mo −Me
= exp(−kt) (10)

The expression “k” in Equation (11) is called the drying constant and its unit is h−1 or s−1. Drying
constant is determined by using experimental data according to the raw material to be dried and
drying conditions. Equation (9), which is the most widely used in semi-theoretical models, is defined
as the Newton model. When the results calculated with the help of Equation (9) are compared with the
experimental results, it is seen that the obtained values show a good agreement with the first part of the
decreasing speed stage, but some deviations occur in the second part [22]. Therefore, semi-theoretical
and empirical models have been developed by some researchers to explain the drying curves. These
models are presented in Table 4.

Table 4. Some drying curve models in the literature.

No Model Name Formulas Referance

1 Newton MR = exp( − kt) El-Beltagy et. al. [22]

2 Page MR = exp( − ktn) Akoy [23]

3 Modified Page MR = exp
[
−(kt)n

]
Vega et. al. [24]

4 Henderson and Pabis MR = a·exp( − kt) Hashim et. al. [25]

5 Logarithmic MR = a· exp(−kt) + c Rayaguru, Routray [26]

6 Two term MR = a·exp( − kot)+b·exp( − k1t) Sacilik [27]

7 Two-term exponential MR = a· exp( − kt) + (1 − a)· exp( − kat) Dash et. al. [28]

8 Wang and Singh MR = 1 + at + bt2 Omolola et. al. [29]

9 Diffusion approach MR = a·exp( − kt) + (1− a) ·exp( − kbt) Yaldız and Ertekin [30]

10 Modified Hender. and Pabis MR = a·exp( − kt)+b·exp( − gt + c· exp(−ht) Zenoozian et.al. [31]

11 Verma et al. MR = a·exp( − kt)+(1 − a)· exp( − gt) Akpinar [32]

12 Midilli and Küçük MR = a·exp( − ktn) + bt Midilli et. al. [33]

2.4. Decision Tree

Decision tree is a classification and pattern identification algorithm that has been widely used
in the literature in recent years. The most important reason for the widespread use of this method is
that the rules used to form tree structures are understandable and simple [34]. The basic structure of
a decision tree consists of three basic parts called nodes, branches and leaves, as shown in Figure 3.
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In this tree structure, each attribute (air velocity, temperature etc.) is represented by a node. Branches
and leaves are other elements of the tree structure. The last and the upper part of the tree is called
root. The parts between the roots and leaves are expressed as branches [35]. In other words, a tree
structure; a root node containing data, internal nodes (branches), and end nodes (leaves). The basic
principle in constructing a decision tree structure by using the attribute information of the training
data can be expressed as a series of questions about the data and concluding in the shortest time by
acting on the answers obtained. In this way, the decision tree collects the answers to the questions and
creates decision rules. The root node, which is the first node of the tree, begins with question for the
classification of the data and the structure of the tree, and this process continues until the nodes or
leaves without branches are found [36].

Figure 3. Decision tree structure consisting of three classes with four-dimensional property space.

Figure 3 shows a simple tree structure consisting of four-dimensional attribute values of three
classes. In the figure xi attribute values; the a, b, c, d, and e values represent the threshold values for
the branching and the A, B and C class labels.

In this study, collector inlet temperature (Tg), collector outlet temperature (Tc), drying chamber
inlet–outlet temperatures (Tkg, Tkc), drying chamber humidity values (N), solar radiation values (I),
collector efficiency values with decision tree algorithm moisture values (MR) were estimated using (n)
and drying air velocity values (V). The decision tree and tree equations generated by the decision tree
algorithm are shown in Figure 4 and Table 5. The decision tree method, which is used for estimating
the MR values of apple, was applied by using WEKA 3.1 software. The M5P algorithm was used in
WEKA software. Figure 4 shows the tree structure used by the alternating decision tree algorithm to
estimate MR values. In Figure 4, the MR values were estimated according to the rules in the branches
of trees depending on the values of N, Tg, Tc, V and Tkg in the decision tree algorithm.

Figure 4. The decision tree algorithm structure for the estimation of MR values.
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Table 5. Linear model (LM) equations of MR values in the decision tree algorithm.

LM Euqation of MR Value

LM 1 MR = −0.0315 Tg + 0.0049 Tc − 0.0033 Tkg + 0.0312 N + 0.3308 V + 0.3649

LM 2 MR = −0.0365 Tg + 0.0049 Tc − 0.0033 Tkg + 0.0312 N + 0.3308 V + 0.5176

LM 3 MR = −0.0216 Tg + 0.0049 Tc − 0.0041 Tkg + 0.0312 N + 0.3645 V + 0.042

LM 4 MR = −0.0433 Tg − 0.0006 Tc + 0.0443 N + 0.258 V + 1.1764

In Figure 4, the drying cabinet moisture (N) parameter forms the root part of the tree. V and
Tkg forms the inner root. LM 1–4 forms the leaves. The ADTree algorithm continues to apply rules
until the data is separated by the decisions in the branches and reaches the LM values. The ADTree
algorithm sets the rules and roots randomly.

The RMSE error analysis used for the accuracy analysis of the mathematical models created for
the moisture content values obtained from the apple drying experiments and the predictive model
generated by the decision tree algorithm are given in Table 6 [37].

Table 6. Error Analysis, Formula and Parameters.

RMSE
√

(P1−A1)
2+.....+(Pn−An)

2

n

P: Predicted Value
A: Real Value
n: Total value

The equations expressing the drying curves used for the apple product in Table 3 were analysed
with the help of Statistica 7.0 program as well as the MR values and time values (min) of apple
product. The Statistica 7.0 program and constant coefficients of 12 models and MR values of 12 models
were obtained.

3. Results

Since the drying trays in the drying cabinet are metal, excessive shrinkage of the raw material
edges occurred during drying as shown in Figure 5. This shrinkage was caused by the fact that
the metal tray had a cooking effect during drying. Apple slices were not pretreated with sodium
metabisulphite before drying. For this reason, darkening of the raw material surface has occurred.

Figure 5. Images of apple products before and after drying.

The moisture content of the apple product dried in a solar food dryer is shown in Figure 6.
According to Figure 6, the MCy value varied between 83.1% and 21.5%. The MCk values ranged
from 4.9 to 0.3.
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Figure 6. Variation of moisture content values with time.

Figure 7 shows the thermal efficiency values of the air-heated solar collector in the solar drying
system during the drying period. The thermal efficiency of the collector reaches the maximum between
12:00 noon and 13:30 during the three-day drying period. The reason for this is that the sun’s rays
reach the collector at a more acute angle than other time periods.

Figure 7. Variation of thermal efficiency (η) values with time.

Figure 8 shows the thermal efficiency and drying chamber air velocity of the air-heated solar
collector in the solar drying system for three days (drying time of apple slices). The highest thermal
efficiency during the day was generally calculated between 12:00 and 14:00. Air velocity values also
increased in the same time periods.

Figure 9 shows the moisture ratio (MR) and mass change (m) values of apple slices. The weight of
apple slices decreased from 238.6 g to 51.4 g. MR moisture content of the apple product dried in the
drying system is shown in Figure 9. In Figure 9, MR values range from 1 to 0.0058.
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Figure 8. Variation of solar radiation (I) and air velocity (V) values with time.

Figure 9. Variation of the raw mass change (m) and moisture ratio (MR) values with time.

Among the 12 different drying models examined for the MR values of the raw material dried in
the drying system, the model expressing the drying behavior of apples is the Midilli–Küçük model.
The coefficients of the models and the results of RMSE error analysis are given in Table 7. According to
Table 7, among the other models, the model with the least error value with 0.0908 RMSE error result is
the Midilli–Küçük model.

Table 7. Statistical analysis results of 12 models applied to MR values.

Model
Number

Constants in
the Model

Constant
Values

Results of
RMSE R χ2

1 k 0.01324 0.091929973 0.91378 0.008209601
2 k 0.014004 0.090910482 0.9038 0.008147778

n 0.98739
3 k 0.01326 0.090910481 0.9137 0.008347778

n 0.98743
4 a 1.00055 0.090929799 0.91378 0.008251326

k 0.01325
5 a 0.98793 0.090979886 0.90425 0.008210649

k 0.01411
c 0.021478
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Table 7. Cont.

Model
Number

Constants in
the Model

Constant
Values

Results of
RMSE R χ2

6 a 0.014695 0.090873952 0.85475 0.008151744
ko −0.001235
b 0.99403
k1 0.01397

7 a 0.006795 0.090945723 0.89376 0.008254251
k 1.933381

8 a −0.0080 0.128372145 0.90555 0.016645036
b 0.00002

9 a −0.001407 0.090929565 0.90078 0.008293461
k 0.157456
b 0.084224

10 a 0.413114 0.092473952 0.93525 0.008237399
k 0.01397
b 0.580933
g 0.013974
c 0.01468
h −0.001238 0.094299781 0.90045 0.008393536

11 a −0.010909
k 0.013247
g 0.013242

12 a 1.052431 0.09080723 0.93532 0.008039581
k 0.000874
n 0.735755
b −0.000003

The estimated MR values using the decision tree and the MR values obtained by the Midilli–Küçük
model are shown in Figure 10.

1.2 

1 

0.8 

Q) 0.6
.§ 

Q) 

e, 0.4

0.2 

0 

0.0 0.2 0.4 

• Predicted Decision Tree [0.03 RMSE]

• Experimental

+ l\1idilli [0.09 RMSE]

0.6 

Predicted MR 

0.8 1.0 1.2 

Figure 10. Experimental and predictive MR values.

According to Figure 10, the MR values obtained by the decision tree algorithm are closer to the
experimental MR values. The results of the RMSE analysis of the model created by the decision tree
algorithm and the Midilli–Küçük model are given in Table 8. According to Table 8, the model created
with the decision tree has a lower RMSE error rate than the Midilli–Küçük model.
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Table 8. Results of RMSE.

Model RMSE

Midilli–Küçük 0.0908
Decision Tree Algorithm 0.03

4. Conclusions

There are no studies in the literature regarding the modelling of mass transfer of the raw material
in food drying systems using both mathematical and computational intelligence methods. In this study,
15-mm-thick apple product was dried in solar energy food drying system. Twelve different models
on the apple product in the literature, which can best express the drying behaviour, were examined.
MR values of moisture content of apple products were obtained with 12 different models. At the same
time, MR values of apple product were modelled by using the decision tree algorithm. According to
Table 7, among the 12 mathematical models, the best model expressing the drying behaviour of the
apple product according to the RMSE value (0.0908) was the Midilli–Küçük model. The MR values
obtained by the decision tree algorithm have a lower RMSE value (0.03) than the MR values obtained
by the Midilli–Küçük model according to Table 8.

As a result, the MR values btained by the decision tree algorithm according to Figure 10 and
Table 8 are closer to the MR values obtained from the experiments and the model generated by decision
tree algorithm has successfully estimated the MR values. With the decision tree algorithm, preliminary
information about the raw material to be dried can be obtained by using linear equation obtained
depending on the characteristics of the drying system. This model on mass transfer can also be used
for convective heat transfer coefficient. Thus, this study can be added to the literature among the
different studies related to estimating the thermophysical properties of the raw material to be dried.
Using different mathematical models and using different drying systems, the drying behaviour of the
apple product can be expressed with fewer errors. Furthermore, more data can be obtained by using
different raw materials, and less error models can be obtained by applying a different computational
intelligence method.

Author Contributions: A.B.D. supervised all aspects of the research, developed computational intelligence
methods and wrote the paper.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AC Absorber plate surface exposed to solar radiation (m2)
Ak Air outlet cross-sectional area of the collector (m2)
Cp Specific heat value of drying air (kJ/kgK)
I Solar radiation reaching the collector surface (W/m2)
MR Moisture rate (gwater/gsolid)
Mo Initial moisture content of raw material (gwater/gsolid)
Mt Moisture content of raw material at time "t" (gwater/gsolid)
Mt+∆t Moisture content of raw material at time “t+∆t” (gwater/gsolid)
Me Equilibrium moisture (gwater/gsolid)
M Moisture content (% or gwater/gsolid)
t Time (min)
Ti Collector air inlet temperature (◦C)
To Collector air outlet temperature (◦C)
T Dry thermometer temperature of the drying air (◦C)
Te The raw material surface temperature (◦C)
V Air velocity (m/s)
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ρ Air density (kg/m3)
ṁ Mass flow rate (kg/s)
η Thermal efficiency (%)
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