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ARTICLE INFO ABSTRACT
Keywords: This research studies experimentally the drying of foxtail millet in a pulsation-assisted fluidized
Drying bed. The effects of temperature and pulsating flow frequency on millet drying are examined. The
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experiments are conducted at temperatures of 40 °C, 50 °C, and 60 °C for three pulsating fre-
quencies of 0.5, 1, and 2.5 Hz and continuous flow. The best result is obtained for drying with a
frequency of 1 Hz. It shows that the pulsating flow is more effective at 50 °C as compared to other
temperatures. Four reliable semi-empirical models are used for predicting the moisture reduction
during drying process. Among the fitted dynamic models, the model that has the maximum
correlation coefficient (R?) and minimum sum of squares of error (SSE) and root mean squared
error (RMSE) and well able to predict the behavior of millet drying in the whole process was
chosen.

1. Introduction

Millet is a traditional food, which is cultivated widely in Eurasian regions with mild climates. It is also the sixth most important
grain in the world. Millet is considered a suitable food source for developing countries and has advantages such as a short crop season,
resistance to dryness, storage capability, and high adaptability. It contains many nutrients and can be used in a balanced diet [1].
Millets are mostly consumed as a major ingredient in traditional foods, such as puree and bread. Furthermore, they are a rich source of
vegetable proteins, leucine, aspartic acid, alanine, phenylalanine, valine, proline, and lysine. Researchers have shown an increased
interest in vegetable proteins due to the increase in the cost of animal proteins. The global demand for food-based proteins is expected
to increase by more than one-third of the present demand with a twofold increase in population by 2050 [2].

All agricultural products have a moisture content when harvested. This moisture level increases the risk of attacks by fungi, pests,
and microbes and the growth of microorganisms. It may also result in damage to or discoloration of the grains. For example, the annual
grain loss in China due to insufficient drying and microbial spoilage has reached 21 million tons [3]. The storage time of millet de-
creases significantly with an increase in moisture. In general, the moisture content below 10 % is considered safe for long-term storage
[4].

In recent years, numerous studies have been carried out on grain drying and new drying techniques have been developed. Several of
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these techniques are introduced as convective hot air drying, heat pump drying, microwave drying, solar drying, fluidized bed drying,
infrared drying, and hybrid drying [5-7]. Among various hot air drying techniques, fluidized bed drying (FBD) is a novel method
capable of drying food continuously and in large quantities with uniform moisture removal, less drying time, high drying speed, and
without over-drying [8,9]. Fluidized beds are known due to better mixing of particles, which is required for achieving a uniform drying
quality in terms of moisture and diameter distribution [10,11]. The drying speed in a fluidized bed can be affected by various factors,
such as operational conditions, bed geometry, and grain properties such as size, initial moisture, and density [12].

Pulsating fluidization is a special case of fluidized beds where the gas flow velocity varies periodically with time. Pulsation im-
proves particle mixing by reducing the mixing time and resulting in more homogeneous mixtures as compared to continuous flows.
Nabipoor Hassankiadeh et al. [13] showed that the pulsation not only shortens the drying time but enhances uniformity during drying
of particles. Pulsation prevents the agglomeration of wet particles, enhances the mixing behavior of materials, and reduces channeling
and bypassing. Moreover, they showed the effect of the pulsation frequency of 1.0-2.0 Hz on the fluidized bed drying of potash
particles.

The frequency of the pulsed flow is a critical factor that can affect the fluidization behavior. Gas-solid flow behavior in a pulsed
fluidized bed was studied experimentally and numerically by Khosravi Bizhaem and Basirat Tabrizi [14]. They looked to the effect of
pulsating flow with a frequency range of 1-10 Hz for particle sizes of Geldart B and A/B group with variation of particle density.
Further, they indicated that at low pulse frequencies, large bubbles would form and move upward, increasing the bed expansion ratio
and pressure fluctuation. A rise in the pulse frequency decreases the bubble size, bed expansion ratio, and pressure fluctuation. Using
solenoid valves is the most common way to generate pulsating flows; the frequency, amplitude, waveform, and fluid flow rate are the
main parameters in a pulsating flow [15]. The pulsating flow entering the pulsed fluidized bed dryer (PFBD) can improve the system
performance by good mixing, uniformity of particles and better gas-particle contact [16,17].

The fluidized bed drying has been successfully used to dry agricultural products such as biomass particles, cumin, corn, beans, peas,
soybean, apple, mint leaves, rice, etc. [18]. Liu et al. [19] empirically investigated the fluidization of high-moisture particles of various
sizes in pulsating flows. They demonstrated that the combination of pulsating and continuous flows accelerates particle mixing.
Nabipoor Hassankiadeh et al. [20] studied experimentally the impact of pulsation frequency, mass flow rate ratio and initial relative
humidity on the drying process of potash particles in a pulsed fluidized bed. They concluded that the drying process becomes optimum
with the pulsation frequency, and mass flow rate ratio of 1 Hz and 0.33, respectively. Jia et al. [21] investigated the effect of pulsed
frequency between 0.75 and 6 Hz on the drying of biomass particles. Their results indicated that increasing the pulsation frequency
converts the system state from periodic fluidization at 0.75 and 1.5 Hz to apparently steady fluidization at 3 and 6 Hz. In addition, the
highest heat transfer coefficients among different frequencies were seen between 1 and 1.5 Hz. Bengtsson et al. [22] investigated the
effect of air temperature and flow velocity on the total drying time of sawdust experimentally. They showed that the air velocity had a
smaller influence as compared to the air temperature on the constant-rate drying period. Khanali et al. [23] studied experimentally the
drying process of rough rice in a fluidized bed. They found that the minimum total energy is obtained for an air temperature of 70 °C
and superficial fluidization velocity of 2.3 m/s.

In a drying process, the simultaneous investigation of heat and mass transfer is known to be complex. Therefore, it is difficult to
develop a mathematical model to predict the dependent variables in terms of the independent variables in this process. Although
numerous methods have been developed for predicting drying kinetics, most of these methods have low accuracy in predicting
moisture drop during drying. The most common method for the prediction of moisture removal is experimental or regression
modeling. The drying kinetics is an important indicator for confirming the optimality of the process parameters [24,25]. In a study on
moisture removal from papaya seeds to prevent microbial activity, Alhanif et al. [26] examined the effect of the drying temperature on
the characteristics of the effective moisture ratio (MR) graph and fitted the experimental MR to a semi-empirical model. Three models
were used to predict the MR of papaya seeds, and the logarithmic model was considered the most suitable one for determining the MR
in drying papaya seeds. Sozzi et al. [27] used a fluidized bed to dry blackberry waste. A semi-empirical model was employed to fit the
drying data, and a sufficiently accurate relationship was obtained.

As stated, using FBDs can be useful in several ways:

e Helping to fluidize particles that have higher viscosity and are difficult to fluidize

e Preventing or reducing particle agglomeration and eliminating inactive regions, which is an effective technique for modifying gas
particle contact and, hence, improving bed efficiency.

e Increasing the heat and mass transfer rate between fluidized beds and fixed surfaces and between the gas passing over the bed and
the particles in the bed.

Studying the literature shows that at a given gas velocity, an optimized increase in the pulsating frequency can improve mixing,
increase the heat transfer coefficient in the bed, and enhance the drying rate. Nevertheless, an excessive increase or decrease in the
pulsating frequency reduces heat transfer and drying performance [28]. However, the effect of pulsed fluidization on heat transfer via
the fluidized bed has not been fully understood although it has been a topic of interest to researchers in recent years. There have been
limited studies on the influence of heat transfer with gas pulsation in fluidized beds [29].

This study looks to the experimental drying of foxtail millet grains for pulsating frequency in the fluidized bed at 0.5-2.5 Hz. This is
new for this particular grain and shows what kind of model can be used for this process. The effect of changing the inlet flow condition
from steady to pulsating and varying the frequency are investigated. The influence of changes in the inlet air temperature as an
important factor affecting moisture removal is also studied. Besides, the moisture removal process is represented by a semi-empirical
model in order to predict this drying process.
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2. Materials and methods
2.1. Setup and experimental procedure

An experimental apparatus of a pulsed fluidized bed dryer is constructed and the experiments of drying of foxtail millet grains are
carried out as shown in Fig. 1. The setup is made of a plexiglass tube with an internal diameter of 0.145 m and a height of 1 m, and a
fine grid screen with a 14 % free surface is placed at the bottom to separate the solid particles in the fluidized bed from the air inlet
chamber. In general, published information on the engineering properties of foxtail millet is limited, although there is consistency
between various authors in the properties that have been studied and the hydration behavior of grains is still under investigation.
Originally, the water absorption capacity of foxtail millet is around 1.90 and water solubility index is 2.8 % [30]. In this study, the
foxtail millet used for the tests and the physical and chemical specifications are shown in Table 1 [30,31]. The moisture content of the
used grains was 0.1 % on a dry basis. After spraying 10 g of water per 90 g and then being placed in a refrigerator for 24 h to gain
moisture absorption, its humidity was brought to 0.234 % on a dry basis. By this method, the humidity ratio reaches a value so that the
particles do not dry quickly in the experiments. The millet samples with a diameter of 2.50 & 0.1 mm are separated via gradation, and
500 g of the prepared product is poured into the bed in each test.

The compressed air flow is supplied by piston compressors and converted to a pulsed flow by using a solenoid valve to generate the
airflow with a square waveform. The airflow is heated up by passing through a heater and finally is entered the bed. In order to
measure the changes in the moisture content with time, a 10 g millet sample is extracted from the bed at specific intervals and kept in
closed containers. After being weighed, the samples are placed in an oven at a temperature of 105 °C.

In order to determine the optimal drying conditions and the effect of the pulsed flow compared to the continuous flow, the tests are
conducted at different temperatures of 40 °C, 50 °C, and 60 °C for pulsation frequencies of 0.5, 1, and 2.5 Hz and the continuous flow.
In order to repeatability removing the effect of possible errors, each experiment is carried out three times and the average of obtained

(b)
Vi Ball valve A% Solenoid valve
Filtered H Inline heater
Gas Outlet
(¢ Air compressor

Ti4 T-type thermocouple

DAQ Data Acquisition System

Hose

Fig. 1. Pulsed fluidized bed dryer setup. (a) Picture of apparatus, (b) Schematic view.
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Table 1

Properties of the Foxtail millet per 100 g [30,31].
Physical property Value Chemical property Value
True density (kg/m3) 1264.82 + 1.02 Protein (g) 12.3
Apparent density (kg/m>) 735.70 + 0.50 Carbohydrate (g) 60.9
Porosity (%) 41.08 £ 1.0 Fat () 4.3
Angle of repose (°) 25.78 + 0.04 Fiber (g) 8
Diameter (103 m) 250+ 0.1 Minerals (g) 3.3
Water solubility index 2.8% Metabolizable energy (kcal) 351

results is presented. The weight reduction in the samples during drying is measured using a digital scale at specific intervals until the
moisture ratio (MR) difference between the samples reaches below 0.02 % on a dry basis. The conditions and parameters of experi-
ments are written in Table 2.

2.2. Minimum fluidization velocity

In a normal fluidized bed, the cavity is filled with bed materials up to a specific height, known as the bed height. As the inlet gas
velocity increases up to the minimum fluidization velocity (Uyy), the stationary bed begins to fluidize. The increase in velocity creates a
bubble bed and leads to the pneumatic displacement of particles, where the whole bed is fully fluidized [32]. The velocity of air
entering the bed is calculated by air mass flow rate divided by the cross-sectional area of the bed. As shown in Fig. 2, the minimum
fluidization velocity is attained when the particles are fluidized. It is noteworthy that the velocity of inlet airflow is measured by the
Testo 512 differential pressure meter. In the present study, the Uy is obtained equal to 0.92 m/s, when the bed is filled by wet millet
particles, and all experiments are carried out at an air velocity of 2.5U;;s which is equal to 2.3 m/s in order to ensure that all particles
are fluidized in the bed.

2.3. Moisture ratio

The dry basis moisture is defined as the difference between the weights of the sample of grains and the fully dried grains and is
given in Eq. (1) as follows [26,33]:
my, —my

Xj=——= 1)
mgy

where X; is the initial moisture, m,, represents the undried weight, and mgq is the dried weight. Regarding the constant moisture of the
samples entering the bed, the X; is obtained equal to 0.23 in all experiments.
The moisture content at any time is expressed in Eq. (2) as:

X— My — Mgy 2)
Mg,

where X is the moisture content at time t, m,,, is the weight of the millet sample exiting the bed at time t, and mg is the weight of the
sample after being dried in the oven.
The most important experimental result is the moisture ratio which is calculated by Eq. (3) as follows:

_X-X,
T X —X,

MR (3)

where MR, X, X; and X, are the moisture ratio, the moisture content on a dry basis, the initial moisture content on a dry basis, and the
equilibrium moisture content on a dry basis, respectively. Given that over long drying times, the values of X, become negligible
compared to X;, Eq. (3) is simplified into Eq. (4) during the drying process as [34]:

Table 2

Parameters of experiments.
Parameter Value
Material Foxtail millet
Diameter (m) 2.5 x 1073
Initial moisture (g of moisture/g of dry basis) 0.23
Drying temperature (°C) 40, 50, 60
Inlet flow pulse frequency (Hz) 0.5, 1, 2.5, continuous
Fluidization velocity (m/s) 2.3
Initial bed mass (g) 500
Initial height of particles in the bed (m) 0.05
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Fig. 2. Minimum flow fluidization velocity in continuous flow.
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2.4. Error and uncertainty analysis
An uncertainty analysis is performed on the experimental results to validate the measurements in the tests. Low measurement

accuracy in empirical studies may occur due to inaccurate measurement devices and random changes in the operational conditions,
calibration method, and data records. The uncertainty of any measurement can be expressed by the general relationship in Eq. (5) as

follows [35]:
2 2 2 3
)4 )4 v L\*|?
(a—z:lul) + (a—zzllz) + ...+ (Eun ) :| ®)

where Uy is the uncertainty of the derived parameter of Y which is a function of the independent variables, z is the independent
variable and u is the uncertainty of the independent variables. Various measuring instruments are used in experiments and the ac-
curacy of the are listed in Table 3.

Uy =

3. Results and discussion
3.1. Hydrodynamic characteristics of the pulsed fluidized bed
Fig. 3 shows the particle fluidization inside the bed for airflow with a frequency of 1 Hz before the valve opens and the sudden

release of fluid for 1 s after the valve opens; in this case, the particles rise to a height of 0.35 m. The start and end of the process are
shown on the left and right images, respectively.

Table 3

The accuracy of measuring instruments.
Parameter Instrument Accuracy
T13 K-type Thermocouple +0.5 °C
Mass AND-EK-600G +01g
Velocity Testo 512 +0.1 m/s
Flow meter Ultrasonic Flow meter +0.1 m®/h
Diameter of the element Caliper +0.1 mm
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Fig. 3. Hydrodynamic behavior of pulsed fluidized bed at a frequency of 1 Hz and a velocity of 2.3 m/s.

3.2. Effect of the inlet fluid pulsation

The curves corresponding to moisture removal from the millet in the pulsed fluidized bed for different temperatures, different
pulsation frequencies, and an average air velocity of 2.3 m/s are shown in Fig. 4 in terms of the MR-time graph. As seen in the figure,
the MR continuously decreases as the drying time increases. A study of various MR graphs at different pulsation frequencies shows that
there is an optimal flow frequency for this test and the effect of pulsation on drying is clearly observed. Moreover, it is determined that
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Fig. 4. Moisture ratio of millet drying in pulsed fluidized bed dryer as a function of time for different temperatures at U = 2.3 m/s, (a) 40 °C, (b)

50 °C, (c) 60 °C.
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with an increase in the pulsation frequency of the inlet air from 0.5 to 1 Hz, the reduction rate of MR first increases with an increase in
the upward particle circulation showing better mixing, the homogeneity in the bed, and further stability of the flow regime. However,
the MR graph gradually approaches that of a continuous flow in a conventional fluidized bed as the pulsation frequency increases to 1
Hz and then to 5 Hz, making the flow regime approach that of a continuous flow. The best pulsation frequency for moisture removal is
found to be at 1 Hz. In addition, regarding to the MR graphs in different flows with different temperatures, with a rise in the inlet air
temperature, the pulsating flow still increases the moisture removal rate, but its effect decreases and the MR approaches that of a
regular fluidized bed.

3.3. Effect of air temperature

Based on the MR graphs as shown in Fig. 4 for different pulsation frequencies and temperatures of airflow, the effect of a change in
the frequency is different at different temperatures. Results in Fig. 4 demonstrate that the optimal frequency is equal to 1 Hz, thus the
effect of inlet airflow temperature on the moisture ratio at the frequency of 1 Hz is illustrated in Fig. 5. From the obtained results, it can
be found that not only there is an optimal frequency for moisture removal from millet grains but also there is an optimal temperature
for moisture removal based on the comparison of the results at the end of the tests. For instance, at a fluid flow with a frequency of 1 Hz
and temperature of 40 °C, the MR is 12.7 % lower than in the case of the conventional fluidized bed. This value is 15.5 % and 13 % at
50 °C and 60 °C. Furthermore, similar results are obtained at other times during the moisture removal process. Hence, the effect of
changes in the pulsation frequency is different at different temperatures. It is found that the temperature of 50 °C has the greatest effect
on pulsed flow compared to a conventional fluidized bed.

Results in Fig. 5 demonstrate that increasing the air temperature leads to faster moisture removal. As can be seen, the slope of the
MR versus time graph becomes steeper as air temperature increases. This is caused by a rapid decrease in moisture on the grain surfaces
due to the considerable amounts of heat from the higher air temperature and the faster moisture evaporation rate. In addition, the
higher air temperature increases the activity of fluid molecules and reduces the density and viscosity, facilitating the diffusion of
moisture from inside the grain to the grain surfaces [26]. For instance, with an increase in the temperature from 40 °C to 50 °C, a
9.5-min reduction in the drying time is required to reach a moisture content of 0.55. Moreover, an increase in the air temperature from
40 °C to 60 °C also leads to a 12-min decrease in this time.

3.4. Bed temperature

Fig. 6 shows the bed temperature for different pulsation frequencies during moisture removal from millet grains at an air velocity of
2.5 times of minimum velocity fluidization. The results indicate that the rise in the bed temperature occurs in two steps. The first step is
shorter and involves a faster temperature rise, while the second step is longer and involves a slower temperature rise. The initial drying
period is short. In this period, the temperature difference between the millet grains and the inlet air is the largest; hence, the bed
temperature increases faster. Moreover, this period is sufficient for heating up the grains and initiating evaporation of the free moisture
from their surfaces. Therefore, moisture removal occurs more rapidly in this period. This factor can also justify the higher moisture
removal rate in the first period, mentioned in the previous section. After the end of the first step, the drying rate drop decreases for a
longer period, indicating the internal mass transfer of the grains.

Comparing the results in Fig. 6 illustrates that during the moisture removal, an increase in the pulsation frequency from 0.5 to 1 Hz
initially increases the bed temperature and drying at high rate. This can be attributed to the better mixing of the particles and the
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Fig. 5. Variations of moisture ratio at a frequency of 1 Hz for different air temperatures.
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consequent increase in the particle air contact. With an increase in the inlet air pulsation frequency from 1 to 2.5 Hz, particle mixing
decreases, because the flow behavior approaches that of a continuous flow. It is noteworthy that better particle air contact as compared
to continuous flow is still witnessed in this case despite the reduction in particle mixing as compared to that with pulsation frequencies
of 1 and 0.5 Hz. Thus, it can be concluded that the pulsation frequency of 1 Hz gives the best performance of pulsating fluidized bed.

To demonstrate the impact of the bed temperature, the moisture ratio as a function of bed temperature for different pulsation
frequencies and inlet air temperature equal to 40, 50 and 60 °C at different drying times is illustrated in Fig. 7. Results indicate that the
lower moisture ratio, the higher bed temperature at a specified drying time for all inlet air temperatures. For example at a drying time
of 1000 min for a pulsation frequency of 1 Hz, moisture ratios are obtained equal to the bed temperature are 0.57, 0.42 and 0.34, and
associated bed temperatures (T3) are equal to 37.3, 46.6, 54.7 °C, at an inlet temperature of 40, 50 and 60 °C, respectively. Besides, by
comparing the bed temperatures and moisture ratios at a constant pulsation frequency and inlet air temperature, it is found that the
bed temperature increases as the drying time progresses, and consequently the moisture ratio decreases, which indicates more drying
of foxtail millet grains. For instance, the bed temperature and associated moisture ratio are written in Table 4 for a pulsation frequency
of 1 Hz and inlet air temperature of 50 °C. Results indicate that as the drying time progresses from 100 to 1800 min, the bed tem-
perature is increased by 24.1 % and the moisture ratio is reduced by 60.7 %.

Overall, drying of solids is generally understood mostly to follow two distinct drying zones known as the constant rate period and
falling rate period. The critical moisture content varies with the operating parameters and with the type of drying equipment. In this
study using pulsating fluidized bed, the duration of constant rate period was found to be insignificant, considering the total duration of
drying as shown in the figures. Similar results were reported using a multistage fluidized bed dryer staged externally, changing
operating conditions experimentally by Yogendrasasidhar and Setty [36]. They reported drying characteristics of solids in dryers at
various stages and comparison with single and multiple-stage fluidized bed dryers without noticing the two stages of drying.

3.5. Thin-layer semi-empirical model

As mentioned before, safe storage of food requires bringing it to a specific moisture level. To this end, it is necessary to examine the
moisture absorption properties of a drying product. The development of a model for predicting the dependent variables of this process
in terms of all the independent variables is a difficult task. Although numerous methods have been developed nowadays for predicting
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drying kinetics, most of these methods have low accuracy in predicting moisture drop during drying. Mathematical models have been
widely used to predict the drying kinetics of several agricultural products, including soybeans [37], watermelon seeds [38] and papaya
seeds [26].

The most common method for the prediction of moisture removal during the drying process is experimental or regression modeling.
In this technique, different variables are measured in experimental tests, and the best algebraic relationships between the variables are
selected based on the fitting of measured data to known drying kinetics algebraic equations. It is noted that product drying kinetics
depends not only on the product type but also on the dryer type used to reduce moisture concentration. Hence, the drying kinetics is an
important indicator for confirming the optimality of the process parameters [24]. Thin-layer mathematical models are proposed the fit
a correlation over the experimental data [39]. These models describe heat and mass transfer during drying and mainly depend on the
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Bed temperature and associated moisture ratio at different drying times for a pulsation frequency of 1 Hz

and an inlet air temperature of 50 °C.

Drying time (min)

Bed temperature (°C)

Moisture ratio

100
200
300
450
600
800
1000
1200
1500
1800

39.4
40.7
41.7
43.2
44.5
46

47.2
47.9
48.6
48.9

0.82
0.74
0.67
0.59
0.53
0.47
0.42
0.38
0.34
0.32

material properties, drying parameters, and dryer type. Moreover, they clearly show the relationship between the process variables
and the moisture removal process based on the drying time. These models have been considered for a wide range of drying conditions
and material models. Since experimental models depend on measuring data, they facilitate the simulation of drying. However, these
models cannot provide any information regarding the drying behavior of materials. In addition, they ignore the theoretical basis of

Table 5

Proposed models on drying kinetics.

Case

Moisture correlation

Midilli’s model [40]
Page’s model [40]
Logarithmic model [40]

Approximation of Diffusion model [40]

exp( — kt") + bt

exp(— kt")

ax exp(—kt)+c

ax exp(— kt)+ (1 — a) x exp(— kbt)
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Table 6

Coefficients obtained for the correlations in different models for various pulsating frequencies and temperatures.

Frequency Temperature (°C) Midilli’s model [40] Page’s model [40] Logarithmic [40] Approximation of Diffusion [40]
k n b k n a k c a k b

0.5 Hz 40 0.002046 0.8589 0.0001337 0.006264 0.6315 0.5004 0.001609 0.4935 0.1026 1 0.0003661
50 0.006464 0.7217 5.868e-05 0.01094 0.6186 0.6359 0.001841 0.3346 0.1623 1 0.0005882
60 0.003516 0.8636 9.958e-05 0.01021 0.6611 0.7208 0.002115 0.2657 0.1604 1 0.0007991

1Hz 40 0.002336 0.8489 0.0001309 0.007126 0.6246 0.5213 0.001682 0.4708 0.1129 1 0.0003952
50 0.007688 0.7022 5.19e-05 0.01229 0.6106 0.6487 0.001925 0.3184 0.1748 1 0.0006222
60 0.004586 0.8267 8.948e-05 0.01186 0.6457 0.7244 0.002214 0.2571 0.1764 1 0.0008242

2.5Hz 40 0.001559 0.8969 0.0001488 0.005342 0.6449 0.4867 0.00156 0.5115 0.09141 1 0.0003478
50 0.005672 0.7387 6.897e-05 0.01048 0.6182 0.622 0.001833 0.3525 0.156 1 0.0005602
60 0.003065 0.8817 0.0001052 0.009394 0.6687 0.7169 0.002071 0.2734 0.1511 1 0.0007801

Continuous 40 0.001349 0.9088 0.0001502 0.004535 0.6572 0.4693 0.001491 0.5314 0.08093 1 0.0003255
50 0.004781 0.7593 7.684e-05 0.009441 0.6253 0.6101 0.001761 0.367 0.1455 1 0.0005329
60 0.002881 0.8889 0.0001136 0.009489 0.6618 0.7034 0.002086 0.2898 0.1501 1 0.0007444
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drying, and their parameters are physically meaningless. Thus, they may describe drying behavior only under experimental conditions
[271.

In order to model the drying kinetics of millet grains based on known mathematical models, the curve fitting tool of MATLAB
software and the linear regression technique are applied to fit the experimental MR values to those predicted by four common models
used to describe drying kinetics, presented in Table 5. Moreover, the constants, namely k, a, b, ¢, and n are written in Table 6, and the
evaluation factors of the models are estimated.

In order to compare the performances of different models and the experimental moisture removal results, the corresponding
equations are plotted in Fig. 8 for moisture removal at a temperature of 50 °C and a frequency of 2.5 Hz and in Fig. 9 for a continuous
flow. As shown in Figs. 8 and 9, the model by Midilli’s model [40] is the best among the fitted models, followed by the logarithmic
model, then the page and approximation of diffusion are able to predict the experimental results.

The best model is selected via the nonlinear regression method. The parameters including the sum of squares of error (SSE) as stated
in Eq. (6), the correlation coefficient (R in Eq. (7), and the root mean squared error (RMSE) in Eq. (8) are considered to find the best
correlation.

N
Y- (MRyre; — MRo;)
SSE=2L 6
N (6)
N 2
Z (MRpre.i - MRexp.i)
R2 — 1 _ 1;1 - (7)
; (MRexp,i - MRpre.i)
i—
1 ) 2
RMSE= | > (MRyre; — MReyp ) (8)
i-1

where SSE is the sum of squares of error, N is the number of observations, MR,y ; is the MR observed in the ith measurement, and MR,
;is the MR predicted from the ith measurement. In addition, R? is the correlation coefficient and RMSE is the root mean squared error.
The SSE, R? and RMSE are calculated for both experimental data and results of predicted models. The higher R? and the lower SSE and
RMSE represent a better model that estimates the drying curves. The values calculated for different testing conditions are presented in
Table 7.

In general, the proposed models have comparable parameter values such as the maximum average R? in the range of
0.9624-0.9998, the minimum SSE from 0.186 to 0.0000953 and RMSE in the range of 0.0032-0.0474. Therefore, it is confirmed that
these four models can be used to correctly predict the MR of millet grains with a temperature range of 40 °C-60 °C. Further analysis
shows that the Midilli’s model [40] is confirmed to be the most suitable model for predicting the moisture removal behavior of millet
grains at drying temperatures of 40 °C, 50 °C, and 60 °C due to having the maximum average R? and minimum SSE and RMSE. The

% Experimental
1& = Midilli’s model [40]
—— = Page's model [40]
09 | - - Logarithmic model [40]
= - Approximation of Diffusion [40]
0.8
2
K] L
S 0.7
£
2
206 [
=
0.5 |
0.4
03
0.2
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Fig. 8. Comparison of the experimental results with the drying models for a frequency of 2.5 Hz at a temperature of 50 °C and U of 2.3 m/s.
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Fig. 9. Comparison of the experimental results with the drying models for a continuous flow at a temperature of 50 °C and U of 2.3.

performance of Midilli’s model [40] along with a comparison of the experimental moisture (point) and the model (line) at different
drying temperatures and a pulsation frequency of 1 Hz is shown in Fig. 10.

4. Conclusion

This research examined moisture removal from millet grains and determined the effect of pulsation frequency as a factor
contributing to the drying of this product in a pulsed fluidized bed dryer. Different inlet flow conditions, namely pulsating flows with
frequencies of 0.5, 1, and 2.5 Hz and a continuous flow at temperatures of 40 °C, 50 °C, and 60 °C were studied. Four semi-empirical
thin-layer models common in drying kinetics were used to predict the drying kinetics of millet grains. It was determined that an in-
crease in the pulsation frequency of the inlet air from 0.5 to 1 Hz improved particle mixing in the bed and increased the moisture ratio
(MR) drop rate. With a further increase in the pulsation frequency from 2.5 to 5 Hz and as the flow regime approached a continuous
flow, particle mixing decreased, and the bed began to resemble a conventional fluidized bed. A study of different MR graphs for pulsed
flows of different frequencies and continuous flows indicated that there was an optimal frequency, which was determined to be 1 Hz for
this study. Results demonstrated that increasing the drying temperature led to faster moisture removal. This was caused by a rapid
decrease in moisture on the grain surfaces due to the considerable amounts of heat from the higher drying temperature for a faster
moisture evaporation rate. Among the drying kinetics models, the predicted model which had a maximum average R? of 0.9994 and
minimum SSE of 0.000246 and RMSE of 0.00525 was shown to be the most suitable model.
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Table 7

Statistical results of various drying models at different temperatures and pulsation frequencies.

Frequency Temperature (°C) Midilli’s model [40] Page ‘s model [40] Logarithmic [40] Approximation of Diffusion [40]
SSE x 1074 R? RMSE SSE x 1074 R? RMSE SSE x 107* R? RMSE SSE x 10~* R? RMSE
0.5 Hz 40 0.95317 0.9996 0.0035 24 0.9907 0.0165 1.6269 0.9994 0.0045 98 0.9624 0.0330
50 4.8455 0.9989 0.0078 14 0.9969 0.0124 30 0.9933 0.0192 92 0.9792 0.0320
60 6.5613 0.9989 0.0091 62 0.9893 0.0263 11 0.9981 0.0118 183 0.9684 0.0451
1 Hz 40 1.2125 0.9996 0.0039 27 0.9905 0.0174 2.3209 0.9992 0.0054 109 0.9621 0.0348
50 0.81617 0.9998 0.0032 8.7350 0.9981 0.0099 34 0.9927 0.0205 89 0.9808 0.0315
60 3.4180 0.9994 0.0065 50 0.9914 0.0237 13 0.9978 0.0126 173 0.9706 0.0439
2.5 Hz 40 1.2797 0.9995 0.0040 28 0.9885 0.0177 5.6144 0.9998 0.0026 99 0.9595 0.0332
50 1.3493 0.9997 0.0041 13 0.9969 0.0121 22 0.9949 0.0164 97 0.9769 0.0329
60 2.0116 0.9996 0.0050 62 0.9891 0.0263 4.7889 0.9992 0.0077 186 0.9674 0.0455
continuous 40 3.0412 0.9986 0.0062 0.0027 0.9880 0.0173 1.6449 0.9993 0.0045 0.0091 0.9594 0.0317
50 1.0888 0.9997 0.0037 0.0015 0.9964 0.0127 17 0.9958 0.0145 0.0096 0.9761 0.0326
60 2.9026 0.9995 0.0060 0.0069 0.9874 0.0277 3.8740 0.9993 0.0070 0.0202 0.9633 0.0474
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Fig. 10. Comparison between experimental and predicted drying model of millet in the pulsing fluidized bed, predicted data represented by lines
(Midilli’s model [40]).
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