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ABSTRACT

The major problem regarding conventional rice mills is the use of fixed-bed
drying systems, which is accompanied by high energy consumption. In this
study, a novel solar-assisted fluidized-bed system for drying paddy grains was
used. The system included a solar water heater, an infrared lamp powered by
photovoltaic panels, along with a gas water heater, which were used together
to provide the required thermal energy. The working factors were drying air
temperature (35, 45, and 55 °C), drying air velocity (7, 8, and 9 m/s), and the
angle of the desiccant wheel regeneration gate (0, 45, and 90 degrees). The
performance characteristics of the drying system were measured in terms of
drying rate, total energy consumption, solar fraction and energy efficiency.
Several mathematical models were also applied to fit the moisture ratio
curves. In order to analyze the results and obtain the optimized working
conditions of the drying system, Response Surface Methodology (RSM) based
on the Box-Behnken technique was used. In all of the evaluated conditions,
the model entitled “Approximation of diffusion” had the best results for fitting
the moisture ratio curves with a correlation coefficient value of at least
0.9729. The selected optimum point included drying air velocity of 7 m/s,
drying air temperature of 52.77 °C and regeneration gate angle of 0. Under
the mentioned working conditions, the drying time of 75.99 min, the total
energy consumption of 0.297 kWh, solar energy fraction of 0.540 and energy
efficiency of 47.67% could be obtained with a desirability value of 0.970.

Keywords: Energy, Solar, Modeling, Optimization, Dryer.

1. Introduction

The strong dependence of industrial societies on
energy resources, especially fossil fuels, and
their excessive utilization and application drains
enormous resources that have been formed in
the lower layers of the earth over the centuries.
Given that the underground energy sources are
being used at an increasing rate, a small amount
of the sources will remain in the near future. So,

the current generation must pay attention to
provide those energy sources with long life
and power and develop knowledge to enhance
the exploitation of new energy resources.
New renewable energy sources are very
diverse. Wind energy, geothermal energy,
bioenergy, wave energy, tidal energy and
hydropower energy are some of these new
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energy sources. Of course, all these new
energy sources have existed since ancient
times, but the growth of science and
technology has lately enabled humans to
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exploit and control these energies. With the
growing trend of industrialization in most
developing countries and the increasing
population globally, the need for various
types of renewable energy is being increased.
Reducing CO, emission by using renewable
energy instead of fossil fuels is one of the
main challenges for sustainable development
[1].

As a growing country with rich and
extensive energy resources, Iran is one
example of the growth pattern with an
emphasis on the use of natural reserves. In
Iran, about 98% of the total energy
consumption is related to hydrocarbon
products, and approximately 70% of the
country’s foreign exchange earnings come
from oil sales. The agricultural sector is one
of the major energy-consuming sectors in this
country. Energy is an important input in the
agricultural sector. The study of energy
consumption in the agricultural sector shows
that in recent years, with the increase in
production and value-added, the consumption
of wvarious energy carriers, including
petroleum products and electricity, has been
increased. The production in the agricultural
sector depends largely on fossil fuels, so any
disorder in fossil fuel production affects the
level of agricultural production. The statistics
show that the total energy consumption in the
agricultural sector of Iran increased from 33.1
to 43.4 million barrels of oil equivalent from
1991 to 2009 [2].

One of the major agricultural crops in
Asian countries is rice, which is widely
consumed in most people’s meals. The rice
plant’s final product includes paddy grains
transported to rice mills after being harvested
from rice fields. The moisture content of
paddy grains at the beginning of processing
operation is usually more than 20% (w.b.),
and it should be reduced to around 10% (w.b.)
[3, 4]. For this purpose, drying systems are
used prior to rice de-husking, whitening,
polishing and sizing machines in rice mills.
Approximately in all of the rice processing
factories of Iran, fixed-bed type drying
systems are used, which consume fossil fuels,
chiefly gas. The major problem regarding
conventional rice mills is the use of fixed-bed
drying systems whose application is

accompanied by non-uniform heat transfer in
the drying bed. Another problem associated
with the use of fixed-bed drying systems is
high energy consumption during the drying
process. It has been indicated that more than
80 percent of total energy during the rice
milling process is consumed by fixed-bed
drying systems [5]. Among the various
methods for product drying, the fluidized-bed
method is of particular significance. The
uniformity of moisture distribution across the
bed, high rates of mass and heat transfer
between the hot air and particles, sufficient
mix, and facilitated particle transfer are the
positive results derived from the use of
fluidized-bed drying systems [6-9].

In recent years, several studies have been
conducted concerning the evaluation of the
drying process of agricultural products using
solar drying systems [10-15]. Shirinbakhsh
and Amidpour [16] developed a solar-assisted
conveyer-belt dryer for biomass drying and
performed its economic Optimization under
different conditions. Nazgelichi et al. [17]
investigated the effect of factors such as fruit
size, bed thickness, and airflow velocity on
the carrot drying process using a fluidized-
bed drying system. Nassiri and Etesami [18]
investigated the energy efficiency for three
drying methods, namely, continuous bed
drying, indirect solar drying, and hybrid solar
drying, with applying three drying
temperatures of 35, 45, and 55 °C. Results of
their study indicated that the total energy
efficiency per unit mass of evaporated water
in the continuous bed drying method was
lower than the two other methods.
Ziaforoughi and Esfahani [15] examined the
energy consumption in the potato drying
process using a photovoltaic-solar collector-
assisted intermittent infrared dryer. They
reported that, by using their developed solar
system, the amount of electric energy
consumption and product drying time reduced
by 40-69% and 31-52% compared to
nonrenewable infrared lightning.

One of the most important things to do
with any type of crop drying system is to
monitor the crop drying process and optimize
the drying system performance to achieve the
highest drying rate and lowest energy
consumption. The inappropriate
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combinations of air temperature and air
velocity during the drying process can result
in over-drying or improper drying, leading to
reduced product quality and reduced shelf
life. It is important to find the optimum
process conditions to have the best quality
properties in such cases. Several research
works have been conducted for modeling and
Optimization of different paddy drying
systems. Jafari et al. [19] studied the
mathematical modeling of paddy drying in a
semi-industrial continuous band microwave
dryer. Nosrati et al. [20] conducted research
aiming to model and Optimize paddy drying
in a hot air-infrared radiation vibratory bed
dryer. Gharnasi Gharavi et al. [21] used a
laboratory rotary dryer machine and response
surface methodology (RSM) with a central
composite design to model and optimize the
drying conditions of paddy grains. The
independent factors in their research included
drying temperature (40 to 80°C), cylinder
rotation speed (2 to 10 rpm) and the cylinder
fullness (25 to 66%). Pourbagher et al. [22]
studied the drying process of paddy in an
infrared and warm air fluidized bed dryer.
They used the genetic algorithm method to
optimize the dryer performance
characteristics by considering cracked grains,
milling recovery, degree of milling and
drying time. Elhami et al. [23] applied an
adaptive neuro-fuzzy inference system
(ANFIS) and linear regression models to
analyze the energy and economics of lentil
and chickpea production. There are several
studies in which the Optimization of the
drying process of paddy grains have been
conducted [24-29]. A comprehensive review
was also found in the literature in this field
[30].

In the current research, the performance
analysis and Optimization of a solar-assisted
fluidized-bed paddy dryer are carried out. The
proposed dryer benefits from a solar water
heater, infrared lamps and gas water heater to
supply the required thermal energy for paddy
grains drying. The main originalities of the
present work are listed as follows:

e The combination of a solar water heater,
solar-powered infrared lamps and gas
water heater has not been used for grains
drying so far.

e In the proposed drying system, a
desiccant wheel mechanism is used to
help the dehydration process of paddy
grains throughout the drying process.

e An adjustable gate is also used in a
special regeneration cycle in the drying
system to enhance the dehydration
ability of the desiccant wheel.

e Solar-powered infrared lamps are used
adjacent to the glass wall of the
fluidizing chamber to help the
dehydration process.

e The mathematical modeling of the
dehydration rate indicators is conducted
for the proposed hybrid solar dryer.

e The performance characteristics of the
developed drying system are evaluated
using analytical modeling techniques,
which can help the researchers to
understand the dynamics of the dryer.

e In order to find the best drying treatment,
the working conditions of the drying
system are optimized using Response
Surface Methodology (RSM).

2. Materials and methods
2.1. Sample preparation

Experiments were conducted from July 2018
to September 2018. Hashemi variety of paddy
grains was provided from the research rice
field of the University of Guilan, Rasht, Iran.
The initial moisture content of the samples
was determined utilizing a hot air oven at the
temperature of 103 °C for 24 h using [31]

MCyy = My~ Ma 100, M
Mgy

where M, is the initial mass of sample (g), Mu
is the ultimate mass of sample (g), and MCi
is the product moisture based on the dry mass
(d.b%).

2.2. System and experiment design

A solar-assisted fluidized-bed drying
system was used for drying paddy grains. The
system chiefly consisted of a solar water
heater and infrared lamp powered by
photovoltaic panels (as the primary and main
heating sources, both of which worked by
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solar energy) along with a gas water heater (as
the secondary heating source). The overall
setup, together with the schematic of the
system working procedure, is illustrated in
Fig. 1. First, the environmental air is sucked
into the drying system using a centrifugal fan
(situation 1). Then the air goes through a
desiccant wheel mechanism to reduce its
moisture content. In situation 2, a heat
exchanger of tube-fin-type, supplied by a
thermosiphon-type solar water heater, is used
to increase the air temperature. In situation 3,
the major part of the heated air is directed into
the fluidizing chamber to dry the product. In
situation 4, the minor part of the airflow,
whose amount can be adjusted by a gate,
passes through a copper-plate type heat
exchanger. The hot air regenerates the
desiccant wheel in situation 5. The air leaving
the drying chamber still has thermal energy.
Therefore, it is added to the inlet air in
situation 1. The system was equipped with a
solar-powered 250 W infrared lamp located
adjacent to the fluidizing chamber's glass
wall.

In the initial stage of drying, the required
thermal energy was provided by the solar
water heater and solar-powered infrared
lamp. During conditions in which the solar
water heater could not supply the required
thermal energy for the product drying, using
an electric valve, a gas water heater received
the water flow and provided the required heat
for the drying process. The temperature and
relative humidity of the drying air were

measured using a temperature/ relative
humidity sensor (AM2301/DHT21, Model
China). The sensors were connected to a
computer using an Arduino interface board
(Arduino Uno SMD, China). The velocity of
the inlet drying air was measured by a digital
anemometer (Lutron Model YK, 80 Am,
Taiwan).

At each test, 500 g of paddy grains were
put in the drying chamber. The experiments
were carried out to reduce the moisture
content of paddy grains from the initial value
of about 25+1% (d.b.) to the final value of
10£1% (d.b.). Before starting each test, the
dryer was run according to the defined
working conditions to reach the thermal
steady state. The working factors included
drying air temperature (at three levels of 35,
45, and 55 °C), drying air velocity (at three
levels of 7, 8, and 9 m/s), and the angle of
desiccant wheel regeneration gate (at three
levels of 0, 45, and 90 degrees). The angle of
the regeneration gate was considered an
affecting factor on the performance of the
drying system. According to Fig. 1b, it was
assumed that such a factor could influence the
regeneration rate of the desiccant wheel
mechanism, which affected the drying time
and energy consumption of the dryer. The
performance characteristics of the drying
system were measured in terms of drying
time, total energy consumption, solar energy
fraction and energy efficiency, which will be
defined in the following.
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Fig. 1. a) Experimental setup and b) Schematic of solar-assisted dryer working procedure.

2.3. Calculations and measurements
2.3.1.Drying rate

The drying rate was calculated using[32]
(Mt+dt — Mt)

d,
where M, is instantaneous moisture content,
M.« 1s moisture content at the time (t+dt) (kg

water/kg dry matter), and ¢ is drying time
(min).

DR = )

2.3.2.Moisture ratio

The moisture ratio, the indicator of paddy
grains dehydration rate during the drying
process, was calculated as follows [33]:
M t M e

MO - Me

In the above equation, M, M, and M.
represent instantaneous moisture content,
initial moisture content, and equilibrium
moisture content of the product (% d.b.),
respectively. Since the value of M. is usually
less than those of M and M,, M. is usually
omitted from the above-mentioned equation
[34]. Therefore, Eq. (3) is simplified as

MR = )

4

In order to determine the calculate the
instantaneous moisture content (M), the
equation

M. = Wo(My—1)+W ®))
£ w
was used [35], where W; and W are the initial
mass of the fresh sample (g) and

instantaneous mass of the drying product at
any given time (g), respectively. The
instantaneous mass of the product was
measured using a digital scale with an
accuracy of 0.001 (A&D Model GX-1000,
Japan).

2.3.3. Total energy consumption

The total energy consumption of the drying
system (E.) was calculated using

Ens = Ewn + ch + Eqw (6)

where Ew, Eo and Eua were calculated as
described in the following sections..

2.3.3.1. Energy consumption of the gas
water heater

The energy consumption of the gas water
heater was calculated using [36]

(EP)Wh = Vg X EeCI' (7)

In the equation above, V4 is the volume of
natural gas consumed by the water heater in
each experiment (m’), and E., is the energy



406 Saeed Mehran et al. / Energy Equip. Sys. / Vol. 8/No. 4/Dec. 2020

equivalent of natural gas (kWh/m’). The
energy equivalent of natural gas in Iran is
8600 kcal equal to 9.99 kWh/m® [37].

2.3.3.1. Energy consumption of the
centrifugal fan

The energy consumed by the centrifugal fan
of the drying system was measured using[35]

(Ep),, = AP X Qu X t, ®)

where Q, is the fan volumetric airflow (m?/s),
t is drying time (s), and AP is total pressure
drop (kPa).

2.3.3.2.Energy consumption of desiccant
wheel

The energy consumption of the desiccant
wheel was calculated as

(Ep),,, = Valwtw, )

where V., L, and ¢ are the voltage (V),
electrical current (A), and working time of the
desiccant wheel drive motor, respectively. It
should be noted that during the solar-assisted
test conditions, the electrical energy for the
drive motor of the desiccant wheel was
provided by the photovoltaic system.

2.3.4. Solar energy fraction

The solar energy fraction is a dimensionless
ratio referring to the part of the total energy
consumption of the drying system provided
by the sun. This index was calculated
using[38]

SF = Es ’ (10)
Es + Ep

where E; is the provided solar energy for
supplying the solar water heater and drive
motor of the desiccant wheel mechanism
(kWh), and £ is the total energy consumed by
the drying system (kWh).

2.3.5. Energy efficiency

Based on the first law of thermodynamics and
using the energy balance equation, energy
efficiency was calculated using[35]

_Ew (11)

where E. is the energy required for moisture
evaporation (kJ), and it was calculated using

E, = hrg.m,, (12)

where hg is the latent heat of vaporization
(kJ/kg). The two following equations were
used to calculate hy, (J/kg) in terms of absolute
temperature:

hrg = 2.503 x 10° — 2.386 x (13)
103(Typs — 273.16)  273.16 <
Taps(k) < 33872,

hrg (14)
= (7.33 x 102 — 1.60

X 107T,,s%)%°  338.72

< Taps(k) < 533.16.

2.4. Mathematical modeling of MR
curves

Some mathematical models have been used in
the literature for describing the drying process
of food and crops. Modeling helps design
engineers make sound decisions to select
proper operational conditions, equipment
dimensions, and drying chamber based on the
existing conditions. The mathematically
modeling  principle fits a  suitable
mathematical equation to the drying data to
achieve the best condition in which the
system dynamics can be explained. These
models are determined as functions of
moisture ratio. They are generally derived by
simplifying Fick’s second law's general series
solutions and considering a direct relationship
between the average water content and drying
time [39]. In the current study, 10 general
mathematical models were applied to fit the
moisture ratio curves (Table 1). The related
references to the equations have been cited by
Minaei et al. [40].

Three  different criteria, including
correlation coefficient (R”); chi-squared, (x°),
and root mean square error (RMSE), were
used to investigate the fitness of mathematical
models. These parameters were calculated
using the following Egs. (15), (16) and (17)
[41]

N

> (MR - MR iMR MR,,;) (s)
i=1 i=1

pr9|

\/{EN: MR -MR,.;) }{i (MR —=MR,,;) }

i=1 i=1

R® =
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Table 1- Mathematical models reported in the literature for describing the drying process of agricultural products

Model name

Model equation

Reference

Wang and Singh
Henderson and Pabis
Logarithmic

Approximation of diffusion

MR =1+ at + bt?
MR = a-exp(—kt)
MR = a-exp(—kt) +c
MR = a-exp(—kt) + (1 —a) - exp(—kbt)

(Wang and Singh, 1978)
(Chhinnan, 1984)
(aldiz et al., 2001)
(Kassem, 1998)

Page MR = exp(—kt”) (Page, 1949)
Two-term MR = a-exp(—kt) + b - (—kt) (Henderson, 1974)
Newton MR = exp(—kt) (Jayas et al., 1991)

Simplified Fick’s diffusion
Modified Page
Midilli and Kucuk

MR = aexp(—c(t/L%))
MR = aexp(—c(t/L*)")
MR = a-exp(-kt)") + bt

(Kassem, 1998)
(Kassem, 1998)
(Midilli et al., 2002)

1 2
RMSE = {W;(MRW - MRem,i)Z} (16)

and
N

2
- (MRexp,i - MRpre,i) . (17)

2 i
x N-n ’

where MR.,;and MR,.;are the experimental
and predicted moisture ratio, respectively. N
is the number of observations, and 7 is the
number of drying constants.

The most appropriate model for describing
moisture ratio during drying process of paddy
grains was characterized by the highest R* and
the lowest x* and RMSE values [41-43]. The
multivariate regression analysis of MR data
was performed in MATLAB software.

2.5. Modeling and Optimization

Response Surface Methodology (RSM) is one
of the most common and effective methods to
draw a response surface in the desired range,
Optimization of the response, or to select the

process conditions for achieving target
specifications [44]. In this study, in order to
analyze the results and obtain the optimized
drying condition, RSM based on Box—
Behnken was used. The experimental data
were analyzed using Design Expert Software
(version 10.0.3). The dependent variables in
this study were drying time, energy
consumption, and solar fraction in the
product's drying process. For each
independent variable, namely drying air
temperature, drying air velocity, and status of
the desiccant regeneration gate, three levels of
code (-1, 0 and +1) were considered. Table 2
shows the levels of selected independent
variables. The response variables for
describing the optimum relationship between
responses and independent variables were
fitted to a second-order polynomial model
based on the following Eq. [6]:

=B+ B+ Y AKX+ Y ByX +es  (18)

where ., Bi, Bi and B; are constants, x; and x
are independent variables in the process, and
€ is random error.

Table 2- Levels and coded values of independent variables

Independent variable

Coded values

-1 0 1

A: Drying air temperature (°C) 35 45 55

B: Drying air velocity (m/s) 7 8 9

C: Angle of desiccant regeneration gate (degree) 0 45 90
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3. Results and discussion the drying process, the drying rate increased
rapidly to reach its peak value. This was due

In the following subsections, the analyses of to increased moisture release from the inside

drying rate, mathematical modeling of DR
and analytical modeling of the performance
characteristics of the drying system are given.
Finally, the optimum condition of the
proposed drying system is determined using
RSM.

3.1. Drying rate
Figure 2 shows the drying trend of paddy

grains with respect to the three evaluated
factors during the drying process. In each

to the product surface. At the second stage,
the drying rate was reduced with a high slope.
At the final stage, the drying rate varies with
low tolerances and reaches its ultimate point
in a lengthier time. With the increase of the
drying air temperature, the drying rate curves
were higher in their related chart, which
means that the drying process has higher
speeds. Similar results have been reported by
researchers concerning the effect of
temperature on the slope of the drying rate
[45, 46].

chart, it can be seen that at the initial stage of

06
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Fig 2. Effect of drying air temperature on drying rate. In each row, the first, second and third
charts represent drying air velocities of 7, 8 and 9 m/s, respectively. In each column,
the first, second and third charts represent gate angles of 0, 45 and 90 degrees, respectively.
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By comparing the charts in each row of
Fig. 2, it can be concluded that increasing the
drying air velocity caused the drying rate to
be increased. Similar conclusions have been
drawn by researchers in this field [39, 47, 48].
The charts in each column of Fig. 2 indicate
that the drying rate decreased by increasing
the desiccant regeneration gate angle. At 90
degree angle of the regeneration gate, the hot
air's maximum volume is transferred from the
inlet part of the drying chamber to the
desiccant wheel. Consequently, the air
volume required for the product drying is
reduced, which slows down the drying
process.

3.2. Mathematical modeling of drying
curves

Several mathematical models were evaluated
with respect to R*, RMSE and ¥’ indices. The
superior models were selected according to a
higher amount of R* and lower values of X’
and RMSE. The moisture ratio models with
their related statistical values at different
levels of drying air velocity, drying air
temperature and angles of regeneration gate
are given in Table 3.

Table 3. Statistical indices of mathematical models applied for moisture ration of paddy grains under
different drying conditions

Air velocity: 7 (m/s)

Air

Gate angle 0 45 90
temperatu

re (°C) Model name R? X2 RMSE R? Y2 RMSE R? X2 RMSE
Wang and Singh 0.849 0.047 0.059 0.915 0.028 0.045 0.953 0.018 0.034
Henderson and Pabis 0.811 0.058 0.064 0.866 0.044 0.054 0.914 0.032 0.045
Logarithmic 0.910 0.028 0.046 0.956 0.014 0.032 09776  0.008 0.024
Approximation of diffusion 0.973 0.008 0.025 0.998 0.001 0.007 0.999 0.000 0.004
Page 0.956 0.014 0.031 0.993 0.002 0.012 0.997 0.001 0.007
Two-term 0.959 0.014 0.034 0.998 0.0001  0.008 0.999 0.000 0.004
Newton 0.544 0.141 0.097 0.620 0.124 0.088 0.759 0.090 0.073
Simplified Fick’s diffusion 0.811 0.058 0.067 0.866 0.044 0.056 0.914 0.032 0.046
Modified Page equation-II 0.843 0.048 0.063 0.993 0.002 0.013 0.997 0.001 0.008
Midilli and Kucuk 0.957 0.013 0.033 0.994 0.002 0.013 0.997 0.001 0.008

Air velocity: 8 (m/s)
Wang and Singh 0.914 0.029 0.049 0.916 0.027 0.049 0.877 0.037 0.053
Henderson and Pabis 0.849 0.051 0.063 0.849 0.052 0.063 0.829 0.051 0.060
Logarithmic 0.965 0.012 0.031 0.967 0.011 0.031 0.937 0.019 0.038
Approximation of diffusion 0.996 0.001 0.010 0.996 0.001 0.009 0.995 0.002 0.011
35 Page 0.991 0.003 0.015 0.992 0.003 0.014 0.989 0.003 0.015
Two-term 0.996 0.001 0.011 0.997 0.001 0.010 0.994 0.002 0.011
Newton 0.636 0.124 0.094 0.633 0.125 0.094 0.517 0.144 0.098
Simplified Fick’s diffusion 0.849 0.051 0.065 0.849 0.052 0.066 0.829 0.051 0.063
Modified Page equation-II 0.991 0.003 0.016 0.992 0.003 0.015 0.989 0.003 0.017
Midilli and Kucuk 0.991 0.003 0.016 0.993 0.002 0.015 0.991 0.003 0.015

Air velocity: 9 (m/s)
Wang and Singh 0.889 0.033 0.055 0.899 0.028 0.051 0.891 0.031 0.051
Henderson and Pabis 0.818 0.055 0.068 0.848 0.043 0.059 0.827 0.049 0.062
Logarithmic 0.954 0.014 0.035 0.950 0.014 0.035 0.952 0.014 0.034
Approximation of diffusion 0.999 0.000 0.006 0.998 0.001 0.007 0.997 0.001 0.008
Page 0.996 0.001 0.009 0.993 0.002 0.013 0.995 0.001 0.010
Two-term 0.995 0.000 0.019 0.995 0.000 0.019 0.997 0.001 0.008
Newton 0.544 0.138 0.103 0.611 0.109 0.092 0.534 0.134 0.098
Simplified Fick’s diffusion 0.818 0.055 0.071 0.848 0.043 0.062 0.827 0.049 0.064
Modified Page equation-II 0.996 0.001 0.011 0.993 0.002 0.014 0.995 0.001 0.011
Midilli and Kucuk 0.996 0.001 0.010 0.994 0.002 0.013 0.996 0.001 0.010

45 Air velocity: 7 (m/s)
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Wang and Singh 0.960 0.009 0.040 0.953 0.014 0.041 0.970 0.008 0.032
Henderson and Pabis 0.936 0.016 0.047 0.929 0.021 0.048 0.940 0.016 0.043
Logarithmic 0.978 0.005 0.030 0.975 0.007 0.030 0.981 0.005 0.026
Approximation of diffusion 0.973 0.007 0.033 0.998 0.001 0.007 0.993 0.002 0.015
Page 0.993 0.002 0.015 0.996 0.001 0.012 0.993 0.002 0.015
Two-term 0.996 0.001 0.014 0.998 0.000 0.008 0.993 0.002 0.016
Newton 0.884 0.028 0.059 0.851 0.044 0.066 0.877 0.033 0.058
Simplified Fick’s diffusion 0.936 0.016 0.051 0.929 0.021 0.051 0.939 0.016 0.045
Modified Page equation-II 0.993 0.002 0.018 0.996 0.001 0.013 0.993 0.002 0.017
Midilli and Kucuk 0.995 0.001 0.016 0.997 0.001 0.011 0.993 0.002 0.016
Air velocity: 8 (m/s)
Wang and Singh 0.899 0.023 0.062 0.951 0.012 0.042 0.965 0.009 0.035
Henderson and Pabis 0.864 0.031 0.067 0.909 0.023 0.000 0.938 0.015 0.044
Logarithmic 0.939 0.014 0.048 0.979 0.005 0.028 0.979 0.005 0.027
Approximation of diffusion 0.995 0.001 0.013 0.999 0.000 0.003 0.997 0.001 0.009
Page 0.986 0.003 0.021 0.998 0.000 0.007 0.996 0.001 0.011
Two-term 0.998 0.000 0.009 0.999 0.000 0.004 0.997 0.001 0.010
Newton 0.7384  0.059 0.086 0.818 0.046 0.071 0.874 0.031 0.059
Simplified Fick’s diffusion 0.864 0.031 0.072 0.909 0.023 0.057 0.938 0.015 0.047
Modified Page equation-II 0.961 0.009 0.042 0.998 0.000 0.008 0.996 0.001 0.013
Midilli and Kucuk 0.989 0.000 0.007 0.999 0.000 0.007 0.997 0.001 0.011
Wang and Singh 0.953 0.014 0.041 0.952 0.012 0.044 0.937 0.016 0.049
Henderson and Pabis 0.929 0.021 0.048 0.909 0.022 0.056 0.923 0.020 0.050
Logarithmic 0.975 0.007 0.030 0.982 0.004 0.027 0.961 0.010 0.038
Approximation of diffusion 0.998 0.000 0.007 0.998 0.001 0.009 0.989 0.003 0.020
Page 0.996 0.001 0.012 0.995 0.001 0.012 0.984 0.004 0.023
Two-term 0.998 0.000 0.008 0.998 0.001 0.010 0.989 0.003 0.022
Newton 0.851 0.044 0.066 0.836 0.039 0.070 0.856 0.038 0.065
Simplified Fick’s diffusion 0.929 0.021 0.051 0.909 0.022 0.060 0.923 0.020 0.054
Modified Page equation-II 0.995 0.001 0.014 0.995 0.001 0.015 0.928 0.019 0.056
Midilli and Kucuk 0.997 0.001 0.011 0.996 0.001 0.015 0.988 0.003 0.023
Air velocity: 7 (m/s)
Wang and Singh 0.983 0.004 0.039 0.973 0.007 0.042 0.987 0.003 0.026
Henderson and Pabis 0.972 0.007 0.044 0.951 0.013 0.051 0.959 0.011 0.043
Logarithmic 0.993 0.002 0.025 0.989 0.003 0.026 0.997 0.001 0.013
Approximation of diffusion 0.998 0.001 0.013 0.999 0.000 0.006 0.999 0.000 0.008
Page 0.998 0.001 0.012 0.999 0.000 0.008 0.997 0.001 0.011
Two-term 0.998 0.001 0.015 0.999 0.000 0.007 0.999 0.000 0.009
Newton 0.962 0.010 0.045 0.925 0.019 0.057 0.937 0.017 0.050
Simplified Fick’s diffusion 0.972 0.008 0.050 0.951 0.013 0.056 0.959 0.011 0.048
Modified Page equation-II 0.998 0.001 0.017 0.999 0.000 0.010 0.997 0.001 0.014
Midilli and Kucuk 0.998 0.001 0.016 0.999 0.000 0.008 0.998 0.001 0.011
Air velocity: 8 (m/s)

55 Wang and Singh 0.990 0.002 0.033 0.983 0.005 0.034 0.986 0.004 0.032
Henderson and Pabis 0.954 0.010 0.058 0.913 0.024 0.070 0.945 0.016 0.056
Logarithmic 0.998 0.001 0.016 0.999 0.000 0.009 0.998 0.001 0.011
Approximation of diffusion 0.998 0.001 0.016 0.999 0.000 0.009 0.999 0.000 0.008
Page 0.995 0.001 0.019 0.992 0.002 0.020 0.996 0.001 0.014
Two-term 0.998 0.001 0.022 0.999 0.000 0.010 0.999 0.000 0.009
Newton 0.944 0.012 0.056 0.879 0.034 0.075 0.923 0.022 0.061
Simplified Fick’s diffusion 0.954 0.010 0.071 0.913 0.024 0.078 0.945 0.016 0.063
Modified Page equation-II 0.995 0.001 0.034 0.992 0.002 0.026 0.996 0.001 0.019
Midilli and Kucuk 0.997 0.001 0.025 0.999 0.000 0.009 0.999 0.000 0.009

Air velocity: 9 (m/s)
Wang and Singh 0.956 0.010 0.072 0.957 0.010 0.059 0.981 0.004 0.037
Henderson and Pabis 0.882 0.028 0.096 0.886 0.027 0.083 0.906 0.021 0.072
Logarithmic 0.994 0.001 0.026 0.993 0.002 0.024 0.999 0.000 0.007
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Approximation of diffusion 0.999 0.000 0.008 0.999 0.000 0.006 0.999 0.000
Page 0.999 0.000 0.008 0.999 0.000 0.006 0.996 0.001
Two-term 0.999 0.000 0.011 0.999 0.000 0.008 0.988 0.003
Newton 0.852 0.035 0.093 0.842 0.038 0.087 0.871 0.028
Simplified Fick’s diffusion 0.882 0.028 0.117 0.886 0.027 0.095 0.906 0.021
Modified Page equation-I1 0.999 0.000 0.014 0.999 0.000 0.008 0.996 0.001
Midilli and Kucuk 0.999 0.000 0.014 0.999 0.000 0.008 0.976 0.005

0.003
0.014
0.037
0.075
0.083
0.020
0.052

As can be seen, in all of the evaluated
conditions, “Approximation of diffusion” and
“Two-term” models have the best results for
fitting the moisture ratio curves. As shown,
the highest R’ values are obtained in the case
of the Approximation of diffusion model. The
values of the constant coefficients for the
superior model at different drying conditions
are presented in Table 4.

Comparison of experimental data and
predicted data on the variation of moisture
ratio with time at drying temperatures of 35
°C, 45 °C and 55 °C is shown in Fig. 3, Fig. 4
and Fig. 5, respectively. It is observed that the
experimental data and predicts data were
close together. This shows that the selected
model (Approximation of diffusion) predicts
the experimental data successfully. For the

case of mathematical modeling of paddy
drying in a semi-industrial continuous band
microwave dryer, Jafari et al. [19] reported
that Wang and Page models, Lewis model,
and Wang model had the best performance for
fitting the drying curves of paddy grains at
layer thicknesses of 6 mm, 12 mm and 18
mm, respectively. Nosrati et al. [20] showed
that the moisture ratio curves in a hybrid
infrared dryer during the drying process of
rice grains could be appropriately presented
by Page and Verma univariate models. In
modeling and Optimizing drying variables in
thin layer drying of parboiled paddy, Rao et
al. [29] reported that the power model and the
Arrhenius model had a good ability to fit the
drying rate constant.

Table 4. Coefficients of “Approximation of diffusion” model for prediction of paddy grains moisture ratio in different drying conditions

Gate angle 0 45 90
Temperature (°C)  Velocity (m/s) a b k a b k a b k
7 0.3172 0.0491 0.0391 0.2741 0.0312 0.0647 0.2487 0.0439 0.0472
35 8 0.3201 0.0381 0.0617 0.3200 0.0381 0.0617 0.2907 0.0248 0.0841
9 0.3211 0.0283 0.0869 0.2818 0.0288 0.0843 0.2981 0.0265 0.0821
7 0.3466  0.0512 0.0596 0.2210 0.0462 0.0880 0.1873  0.0459 0.0866
45 8 0.2439 0.0059 0.7513 0.2417 0.0438 0.0900 0.9974 0.0006 0.0095
9 0.3005 0.0742 0.0647 0.2608 0.0526 0.0788 0.2090 0.0463 0.0929
7 0.2016 0.0971 0.1072 0.6188 0.0290 0.3675 0.3089 0.1064 0.0462
55 8 0.5130 0.0664 0.0518 0.5629 0.0290 0.0427 0.4513 0.0911 0.0464
9 0.3910 0.0504 0.1390 0.5680 0.0604 0.4267 0.4631 0.0463 0.0589
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Fig 3. Variation of moisture ratio with time at drying temperature of 35 °C.
In each row, the first, second and third charts represent gate angles of 0, 45 and 90 degrees, respectively.
In each column, the first, second and third charts represent drying air velocities of 7, 8 and 9 m/s, respectively.
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Fig 4. Variation of moisture ratio with time at drying temperature of 45 °C. In each row,
the first, second and third charts represent gate angles of 0, 45 and 90 degrees, respectively.
In each column, the first, second and third charts represent drying air velocities of 7, 8 and 9 m/s, respectively.
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Fig 5. Variation of moisture ratio with time at drying temperature of 55 °C. In each row,
the first, second and third charts represent gate angles of 0, 45 and 90 degrees, respectively.
In each column, the first, second and third charts represent drying air velocities of 7, 8 and 9 m/s, respectively.
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3.3. Analytical modeling

The required treatments for conducting the
experiments were defined using response
surface methodology (RSM). The statistical
analysis of the models was done using Box—
Behnken design method. The design points
suggested by Box—Behnken method for
conducting the experiments and their related
experimental data are given in Table 5. As
shown, three experimental factors, namely
drying air temperature, drying air velocity and
angle of desiccant regeneration gate with
respect to four responses, including drying
time, total energy consumption, solar energy
fraction and energy efficiency, were modeled
using the Box-Behncken method. Based on
the software analysis, 19 run points were
defined considering the different
combinations of experimental factors. The
variance analysis indicated that for all of the
four responses, including drying time, total
energy consumption, solar fraction and
energy efficiency, the quadratic model could
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successfully and significantly fit the
performance characteristics of the drying
system.

The fit summary of the model responses
is given in Table 6. The high adjusted R’
values indicated the suitability of the
developed models. The predicted R* values
were close to the adjusted R’ values. The
related F-values of the developed model
implied its significance.

The variance analysis indicated that for
Quadratic model regarding the four responses
are shown in Table 7. It can be seen that the
suggested model was significant for all of the
four evaluated responses. P-values less than
0.0500 indicate model terms are significant.
In this case, A, B, C, AB, B? C? are
significant model terms. Values greater than
0.1000 indicate the model terms are not
significant. If there are many insignificant
model terms (not counting those required to
support hierarchy), model reduction may
improve the model.

Table 5.The design points suggested by Box—Behnken method
for conducting the experiments and their related experimental data.

Factor 1: Factor 2: Factor 3: Response 1: Response 2: Response 3: Response 4:
Std  Run Airvelocity Airtemperature Gate angle  Drying time Total energy Solar Fraction  Energy efficiency
(m/s) (°C) (degree) (min) consumption (kwh) (Dimensionless) (%)
2 1 9 35 0 171 0.6019 0.3508 27.22
6 2 9 35 90 196 0.6899 0.3711 23.07
5 3 7 35 90 245 0.6502 0.2444 24.50
8 4 9 55 90 78 0.8015 0.3209 19.42
4 5 9 55 0 54 0.5149 0.4857 30.26
13 6 8 45 0 106 0.3292 0.5260 47.67
17 7 8 45 45 128 0.3882 0.5160 40.44
12 8 8 55 45 81 0.6251 0.3798 25.18
19 9 8 45 45 130 0.3790 0.5080 41.04
15 10 8 45 45 128 0.3910 0.5150 40.91
16 11 8 45 45 125 0.3740 0.5096 39.78
7 12 7 55 90 98 0.5171 0.4385 30.13
18 13 8 45 45 129 0.3846 0.5163 41.84
14 14 8 45 90 131 0.4069 0.5359 38.47
11 15 8 35 45 214 0.6567 0.3034 24.65
1 16 7 35 0 216 0.5732 0.1793 27.30
3 17 7 55 0 68 0.3554 0.5135 4477
9 18 7 45 45 141 0.3788 0.5079 41.97
10 19 9 45 45 112 0.3989 0.5043 40.00
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Source Sequential p- Lack of fitp-  Adjusted R2  Predicted R>  Comments
value value
Drying time (min)
Linear < 0.0001 0.0009 0.9526 0.9303
2FI 0.3459 0.0008 0.9545 0.8775
Quadratic <0.0001 0.6234 0.9989 0.9980 Suggested
Cubic 0.8422 0.2184 0.9985 0.8066 Aliased
Total energy consumption (kWh)
Linear 0.2191 < 0.0001 0.0984 -0.2792
2FI 0.6876 < 0.0001 -0.0012 -2.2985
Quadratic <0.0001 0.0014 0.9411 0.7096 Suggested
Cubic 0.0081 0.0160 0.9904 -1.7810 Aliased
Solar Fraction (Dimensionless)
Linear 0.2316 < 0.0001 0.0906 -0.3864
2FI 0.3155 < 0.0001 0.1443 -2.0234
Quadratic <0.0001 0.0008 0.9592 0.8241 Suggested
Cubic 0.0003 0.1622 0.9982 0.7320 Aliased
Energy Efficiency (%)
Linear 0.2640 < 0.0001 0.0719 -0.3161
2FI 0.6993 < 0.0001 -0.0348 -2.3697
Quadratic <0.0001 0.0321 0.9622 0.8260 Suggested
Cubic 0.0115 0.4591 0.9929 0.6291 Aliased
Table 7. Variance analysis of Quadratic model for drying time,
total energy consumption, solar fraction and energy efficiency.
Source Sum of squares df Mean Square F-value p-value
Drying time (min)
Model 50146.44 9 5571.83 1840.34 <0.0001
A-air velocity 2464.90 1 2464.90 814.14 < 0.0001
B-air temperature 43956.90 1 43956.90 14518.70 <0.0001
C-angle 1768.90 1 1768.90 584.26 <0.0001
AB 450.00 1 450.00 148.63 <0.0001
AC 12.50 1 12.50 4.13 0.0727
BC 0.0000 1 0.0000 0.0000 1.0000
A2 0.0163 1 0.0163 0.0054 0.9431
B2 1213.88 1 1213.88 400.94 <0.0001
C? 171.51 1 171.51 56.65 <0.0001
Residual 27.25 9 3.03
Total energy consumption
Model 0.3470 9 0.0386 32.97 <0.0001
A-air velocity 0.0284 1 0.0284 24.25 0.0008
B-air temperature 0.0128 1 0.0128 10.95 0.0091
C-angle 0.0477 1 0.0477 40.82 0.0001
AB 0.0176 1 0.0176 15.08 0.0037
AC 0.0023 1 0.0023 1.97 0.1937
BC 0.0100 1 0.0100 8.58 0.0168
A? 0.0003 1 0.0003 0.2574 0.6241
B2 0.1595 1 0.1595 136.33 <0.0001
c? 0.0027 1 0.0027 2.29 0.1647
Residual 0.3470 9 0.0386 32.97 <0.0001
Solar Fraction (Dimensionless)
Model 0.2096 9 0.0233 48.06 <0.0001
A-air velocity 0.0022 1 0.0022 4.59 0.0607
B-air temperature 0.0475 1 0.0475 98.04 <0.0001
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C-angle 0.0021 1 0.0021 4.30 0.0679
AB 0.0246 1 0.0246 50.75 <0.0001
AC 0.0023 1 0.0023 4.67 0.0590
BC 0.0132 1 0.0132 27.29 0.0005
A2 0.0000 1 0.0000 0.0521 0.8245
B? 0.0767 1 0.0767 158.29 < 0.0001
c? 0.0013 1 0.0013 2.68 0.1361
Residual 0.0044 9 0.0005
Energy efficiency (%0)
Model 1337.40 9 148.60 51.97 < 0.0001
A-air velocity 82.38 1 82.38 28.81 0.0005
B-air temperature 53.04 1 53.04 18.55 0.0020
C-angle 173.43 1 173.43 60.65 <0.0001
AB 70.20 1 70.20 24.55 0.0008
AC 0.7548 1 0.7548 0.2640 0.6198
BC 42.95 1 42.95 15.02 0.0038
A2 0.7931 1 0.7931 0.2774 0.6112
B2 658.66 1 658.66 230.34 < 0.0001
c? 18.85 1 18.85 6.59 0.0303
Residual 25.74 9 2.86
In the following, the mathematical equations Solar fraction = 0.5113 (17
related to the four responses are given based +0.0149(4)
on the effective factors and their interactions. +0.0689(B)
The equation in terms of coded factors can be —0.0144(C)
used to make predictions about the response : 83?23&? %
for given levels of each factor. By default, the B 0' 0407(BC)
high levels of the factors are coded as +1, and _ 0'0030 (42)
the low levels are coded as -1. The coded _ 0:1675(82)
gquation is useful for identifying the relative +0.0218(C2) and
impact .of the factors by comparing the factor Energy ef ficiency = 40.64 — (18)
coefficients. Thus 2.87(A4) + 2.30(B) — 4.16(C) —
o 2.96(AB) + 0.3072(AC) —
D t =127.30 — 15.70(4
ymgEme = e 3008) ) (15) 2.32(BC) + 0.5388(42) —
1 13.30(C) 15.53(B?) + 2.63(C?).
+7.50(AB) The variations of four responses with
— L.25(AC) respect to each factor are illustrated in Fig. 6.
+ 0'0000(59 As can be seen in Fig. 6a, with increasing the
I (2)103;3(?2)) air velocity, drying time decreases gradually.
_7 9'2 (€2 Increasing the air temperature had a stronger
Total energy Consu'mp tion’ (16) effect, and it caused the drying time to
— 03905 increase with a higher slope.
+0.0533(4) The highest value of drying time was equal
—0.0358(B) to 245 minutes obtained at a drying air
+ 0.0691(C) temperature of 35 °C, drying air velocity of 7

+0.0470(AB)
+0.0170(AC)
+0.0354(BC)
—0.0105(4%)
+0.2416(B?)
—0.0313(C?),

m/s, and a regeneration gate angle of 90. The
lowest drying time (68 minutes) was
attributed to the drying air temperature of 55
°C, air velocity of 7 m/s, and a regeneration
gate angle of 0. Similar results have been
reported concerning the influence of drying
air temperature on water chestnut rehydration
[49]. Increasing the inlet air velocity from 7
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to 9 m/s resulted in reduced product drying
time. In accordance, other studies have
reported that increased inlet air velocity leads
to decreased drying time [50-52]. Rao et al.
[12] reported that the optimum process
parameters to gain minimum specific energy
and minimum drying time included air
velocity of 0.55-0.68 m/s and drying air
temperature of 112-116 °C. The mentioned
combination resulted in specific energy
consumption of 8.5-10.7 MJ/kg of water
removed.

The effect of air temperature and air
velocity on the total energy consumption is
shown in Fig. 6b. It can be seen that the
system total energy consumption at 35 °C
drying temperature was higher than that of 45
°C, and those values of 55 °C temperature
were greater than 45 °C temperature. This is
due to the fact that at lower drying
temperatures, the drive motors of the
desiccant wheel mechanism and centrifugal
fan worked for a longer time. According to
the points suggested by RSM, the highest
value of the total energy consumption (0.8015
kWh) was obtained at drying air temperature
of 55 °C, drying air velocity of 9 m/s, and
regeneration gate angle of 90. It should be
noted that the angles of 0, 45 and 90 degrees
represent “Closed”, “Semi-open”, and
“Open” status of the desiccant regeneration
gate, respectively. The lowest value of the
system's total energy consumption was equal
to 0.3292 kWh, which was obtained at drying
air temperature of 45 °C, air velocity of 8 m/s,
and “closed” status of the return air gate.
These values were obtained from the three
main energy-consuming parts of the drying
system, including the gas water heater,
centrifugal fan, and desiccant wheel. At two
levels of drying air temperatures (35 °C and
45 °C), the gas water heater was not applied
in the drying process, and the required
thermal energy during the drying process was
supplied only by the solar water heater.

Regarding the angle of the desiccant
regeneration gate, the highest energy
consumption of the drying system was related
to “90, 45 and O degrees, respectively.
Increasing the drying air velocity caused the
total energy consumption of the drying
system to increase. Similar results have been

reported by Nazgelichi et al. [17] and Nassiri
and Etesami [18]. Jafari et al. [19] reported
that energy efficiency and exergy efficiency
increased by increasing grain layers' thickness
in a continuous band microwave paddy dryer.
When the layers' thicknesses were the same,
the energy efficiency and exergy efficiency
decreased with increasing microwave power.
Elhami et al. [23] found that the ANFIS
model could better predict the energy output
and benefit-cost ratio than the linear
regression model. The energy use efficiency
was equal to 0.9 and 1.02 for lentils and
chickpea, respectively, while the benefit-cost
ratio was obtained at 1.60 for lentil and 1.74
for chickpea.

Solar fraction represents the part of system
energy consumption that was provided by
solar energy. The solar energy was provided
in two forms: a) thermal energy by solar water
heater to supply the drying air; and b)
electrical energy by solar panels to drive the
drive motor of desiccant mechanism. As
shown in Fig. 6¢c, the highest solar fraction
values belong to the drying air temperature of
45 °C. At 35 °C temperature level, although a
considerable part of the required hot air could
be supplied by the solar water heater,
however, because of a longer working
duration of the centrifugal fan, the solar
fraction in the drying system reduces.
Increasing the air velocity caused the solar
fraction to increase.

The highest solar fraction during the
drying process (0.5359) was obtained at a
drying air temperature of 45 °C, drying air
velocity of 8 m/s, and regeneration gate angle
of 90. The lowest value of solar fraction
(0.1793) was attributed to the drying air
temperature of 35 °C, air velocity of 7 m/s,
regeneration gate angle of 0. Ziaforoughi and
Esfahani [15] examined the energy
consumption in the potato drying process
using a photovoltaic-solar collector-assisted
intermittent infrared dryer. They reported by
using their developed solar system, the
amount of electric energy consumption and
product drying time reduced by 40-69% and
31-52% compared to nonrenewable infrared
lightning.

Fig. 6d indicates that the highest energy
efficiency of the drying system occurs at a
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drying temperature of 45 °C. This means that
at this level of temperature, most of the
system energy is being used effectively for
the product dehydration. The highest energy
efficiency value was equal to 50.36%,
obtained at a drying temperature of 45 °C, air

velocity of 7 m/s and gate angle of 0 degree.

Meanwhile, the lowest energy efficiency
(19.42 %) was attributed to the drying air
temperature of 55 °C, air velocity of 9 m/s and

a gate angle of 90 degrees. Jafari et al. [19]

reported that energy efficiency and exergy

efficiency increased by increasing the

thickness of grain layers in a continuous band

microwave paddy dryer. When the layers'
thicknesses were the same, the energy

Drying time (min)
8

35 85

Solar Fraction

35 75

A: Air velocity ( m/s)
B: Air temperature (Celsius)

c)

8 A: Air velocity ( m/s)

Energy efficiency (%)

efficiency and exergy efficiency decreased
with increasing microwave power. Sarker et
al. [27] reported that the exergy efficiency for
an industrial non-solar fluidized bed paddy
dryer at different working conditions varied
from 46.99 to 58.14%. The solar-assisted
dryer proposed in this study can satisfactorily
compete with the commercial-scale dryers.

The relation Dbetween the actual
(experimental) and predicted (model) data
regarding the four performance
characteristics of the proposed hybrid solar
dryer is presented in Fig. 7. It can be observed
that for all of the responses, there was a good
agreement between the actual and predicted
data.

Total energy consumption (kWh)
o
w

75 A: Air velocity (m/s)

b)

A: Air velocity ( m/s)

d)
Fig. 6. The effect of drying air temperature and air velocity on
a) drying time, b) energy consumption, and c) solar fraction of fluidized-bed paddy drying system.
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3.4. Optimization

The performance of the drying system was
optimized according to three working factors
(drying air temperature, drying air velocity
and angle of desiccant regeneration gate). The
objective of the optimization process was to
minimize drying time and total energy
consumption and to maximize the solar
energy fraction. The optimal values for the
evaluated factors were obtained using the
desirability function method. The results
revealed that 41 points could be suggested
with high desirability levels (at least 0.917).
The top 10 solutions are given in Table 8. The
graphical view of the optimum point is given
in Fig. 8. As shown, by applying the
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suggested point, a considerable share of solar
energy together with lower levels of energy
consumption and drying time is achievable.
The selected optimum point included drying
air velocity of 7 m/s, drying air temperature
of 52.77 °C and regeneration gate angle of 0.
Under the mentioned working conditions, the
drying time of 75.99 min, the total energy
consumption of 0.297 kWh, solar energy
fraction of 0.540 and energy efficiency of
47.67% could be obtained. Gharnasi Gharavi
et al. [21] reported that RSM could be
successfully applied to develop appropriate
prediction models for describing the paddy
drying process. They showed that changes in
the quality parameters were adequately
described by the quadratic model.
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Fig. 7. Optimization charts of the solar-assisted fluidized-bed paddy drying system considering performance

characteristics including a) drying time, b) total energy consumption, c¢) solar energy fraction, and d) desirability of

the optimum point.
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According to the optimization process, the
minimum losses (percentage of breakage and
percentage of the crack) and drying time were
found with the inlet air temperature 56.53 °C,
the cylinder rotation speed of 10 rpm and the
cylinder fullness of 54.20%. Shirinbakhsh and
Amidpour [16] reported that drying biomass
using their proposed dryer costs between 4 and
7 cents per kilogram of biomass and under
optimum economic conditions, the solar
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fraction is less than 6%. The solar fraction could
be increased to more than 55% by ignoring
economic constraints and reducing the dryer’s
capacity. Pourbagher et al. [53] indicated that
the quadratic model successfully fit the
experimental data in the infrared fluidized bed
dryer. Based on the genetic algorithm approach,
the optimized condition included air
temperatures of 55.25°C and 58°C for Tarom
and Shirudi varieties, respectively

Table 8.The optimal working conditions for the studied solar-assisted fluidized-bed paddy dryer.

Drymg Dryingair  Gate Drying Total energy E_ngrgy
air . . Solar  efficiency -
velocity temperature  angle tm_1e consumption fraction %) Desirability
(9) (C) @ (min)  (kwh)
1 7.000 52.769 0.000 75.991 0.297 0.540 47.670 0.970 Selected
2 7.007 52.740 0.001 76.046 0.297 0.540 47.670 0.970
3 7.035 52.632 0.000 76.251 0.297 0.541 47.670 0.970
4 7.000 52.688 0.000 76.324 0.295 0.541 47.803 0.969
5 7.049 52.576 0.001 76.360 0.297 0.541 47.670 0.969
6 7.000 52.715 0.342 76.440 0.297 0.540 47.670 0.969
7 7.000 52.714 0.353 76.454 0.297 0.540 47.670 0.969
8 7.000 52.873 0.000 75.566 0.300 0.539 47.497 0.969
9 7.087 52.420 0.000 76.661 0.297 0.543 47.671 0.969
10  7.000 52.551 0.001 76.895 0.292 0.542 48.023 0.969

Drying time (min)

1

B: Air temperature (Celsius)

A: Air velocity (m/s)

a)

Total energy consumption (kWh)

B: Air temperature (Celsius)

A: Air velocity (m/s)

b)
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Solar fraction

B: Air temperature (Celsius)

A: Air velocity (m/s)

c)

Desirability

B: Air temperature (Celsius)

Energy efficiency (%)

A: Air velocity (m/s)
d)

B: Air temperature (Celsius)

A: Air velocity (m/s)

€)

Fig. 8. The graphical view of the optimum point considering:
a) drying time, b) total energy consumption, c¢) solar energy fraction, and d) desirability of the optimum point.

Fig. 9. Contour of blade film cooling effectiveness for various time steps of a cycle of sinusoidal pulsation at
frequency of 50 Hz and M=0.5

4. Conclusions

The objective of this study was to model and
optimize the performance characteristics of a
solar-assisted fluidized-bed paddy dryer. The
major parts of the drying system included a
solar water heater, a solar-powered infrared
lamp, a gas water heater, and a desiccant
wheel mechanism. The studied factors were
drying air temperature, drying air velocity,
and angle of desiccant regeneration gate. The
core findings of the research are listed as
follows:

e According to the points suggested by

RSM, the highest value of the total energy
consumption (0. 8015 kWh) was obtained
at drying air temperature of 55 °C, drying
air velocity of 8 m/s, and regeneration gate
angle of 90. The lowest value of the
system's total energy consumption was
equal to 0. 3292 kWh, which was obtained
at drying air temperature of 45 °C, air
velocity of 7 m/s, and gate angle of 0.

Applying higher levels of drying air
velocity resulted in reduced product drying
time. The highest and lowest drying time
values (245 minutes and 68 minutes) were
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obtained at drying air velocity of 7 and 8
m/s, respectively.

e The highest solar fraction during the
drying process (0.5359) was obtained at a
drying air temperature of 45 °C, drying air
velocity of 7 m/s, and regeneration gate
angle of 90. The lowest value of solar
fraction (0. 1793) was attributed to the
drying air temperature of 35 °C, air
velocity of 7 m/s, regeneration gate angle
of 45.

e Due to increased moisture release from the
inside to the product surface at the initial
stage of the drying process, the drying rate
increased quickly. Later, the drying rate
varied with low tolerances and reached its
ultimate point in a lengthier time.

e With the increase of the drying air
temperature, the drying rate curves were
higher in their related chart. This was due
to the fact that the drying process was done
at higher speeds. Increasing the drying air
velocity caused the drying rate to be
increased. The drying rate decreased by
increasing the angle of the desiccant
regeneration gate.

e Several common mathematical models
were applied to predict the paddy drying
process in the hybrid solar dryer.
According to the statistical analysis, the
“Approximation of diffusion” model was
selected as the best model to fit the
moisture ratio curves with the highest R’
and lowest x* and RMSE values.

e Response Surface Methodology (RSM)
based on the Box—Behnken technique was
used. The variance analysis of the results
showed that the quadratic model could
successfully  fit the  performance
characteristics of the drying system. The
selected optimum point included drying air
velocity of 7 m/s, drying air temperature of
52.77 °C and regeneration gate angle of 0.
Under the mentioned working conditions,
the drying time of 75.99 min, the total
energy consumption of 0.297 kWh, solar
energy fraction of 0.540 and energy
efficiency of 47.67% could be acquired.
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