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ABSTRACT

Article history:

Aerodynamic properties of solid materials have long been used to convey and
separate seeds during harvest and postharvest operations. In this study, the
terminal velocities of chickpea (Cicer arietinum L.) and dry bean (Phaseolus
vulgaris L.) seeds as a function of seed mass and projected area were determined and also it was predicted by the fuzzy knowledge-based model. The
results showed that the terminal velocity increased non linearly from 6.46 to
7.567m s-1 for chickpea and from 5.224 to 6.463 m s-1 for dry bean with an
increase in seed mass and projected area. In this paper, a sophisticated intelligent model, based on Mamdani approach fuzzy modeling principles, was developed to predict the terminal velocities of chickpea and dry bean seeds. The
verification of the proposed model is achieved via various numerical error
criteria. The relative error of predicted values was found to be less than the
acceptable limits (10%).
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1. Intrоduсtiоn
Chickpea (Cicer arietinum L.) and dry bean
(Phaseolus vulgaris L.) are a high protein (22-34%)
legume crop used primarily for direct human consumption. It is best adapted to the cooler temperate zones of
the world, or the winter season in the Mediterranean
climates. In Turkey, legume production has a total area
of 8.8 million decars. Chick pea and dry bean are
planted in 67% of this area. The total production of
chickpeas and dry beans is about 850,000 tons that is
about 70% of total legume production.
In handling and processing of agricultural products
air or water are often used as a carrier transport for the
separationofthedesirableproductfromthatofunwanted
materials. Seed deparation can be accomplished by
using pneumatic separators, screen cleaners, or gravity
tables. Many commercial cleaners incorporate more
than one of these cleaning methods. Thepneumatic
separation and conveying systems have been used in
agricultural machinery and food processing equipment
*Corresponding author email: serhatsoylu@selcuk.edu.tr

for many years. When an air stream is used for separating a product such as legume from its associated foreign materials, such as straw and chaff, knowledge of
aerodynamic characteristics of all the particles involved
is necessary. Therefore, the aerodynamic properties,
such as terminal velocity, and drag coefﬁcient, are
needed to determine the proper air speed in either air
conveyor or pneumatic separator. These parameters are
affected by the density, shape, size, and moisture content of produce (Mohsenin, 1978; Omobuwajo et al.,
1999; Gupta, et al., 2007)).
Several investigators determined the terminal velocity of various seeds such as African bread fruit seeds
by Omobuwajo et al. (1999), millet grain by Baryeh
(2002), pine nuts by Ozguven and Vursavus (2005),
lentil seeds by Çarman (1996), makhana by Jha and
Kachru(2007)and pistachio nut by Razavi et al.
(2007).Terminal velocities were measured for both tef
grain and straw. Terminal velocity increased linearly
from 3.08 to 3.96ms-1 with increase in moisture content
from 6.50% to 30.21% w.b. by Zewdu (2007). Kural
(1995)found that the effect on terminal velocity of the
projection area, mass and sphericity of agricultural
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producesuch as wheat, barley, lentil and dry bean,were
significant.
Fuzzy logic, which was first introduced by Zadeh
(1965), is a self-learning technique that provides a
mathematical tool to convert linguistic evaluation variables based on expert knowledge into an automatic
evaluation strategy. Fuzzy set theory has been applied
to a wide range of applications, such as process control,
management, economic decision-making, operations
research, event classification and image processing.
Farzaneh et al., (2017) used a fuzzy system to predict
physical properties of the fava bean seeds including
geometric values as such length; width; thickness;
arithmetic and geometric mean diameter; sphericity
index surface and the area of the image. Yang et al.
(2005) showed the feasibility of image processing and
fuzzy logic control in the development of a precision
farming herbicide application system. Çarman (2008)
used a fuzzy system to predict soil compaction under
pneumatic tires.

The objective of this study was to investigate the
terminal velocities as a function of mass and projected
area of chickpea and dry bean seeds. Inaddition, in this
study was the construction of fuzzy knowledge-based
models for the prediction of the terminal velocities
based on the Mamdani approach. The mathematical
and statistical methods were used to validate the fuzzy
models.
2. Materials and Methods
The chickpea and dry bean seeds used for the present study were obtained from a farmer field in the
Çumra district of Konya that were cultivated in 2019
cultivation season. After attaining optimum maturity,
samples of the seeds were harvested by hand and
cleaned in an air screen cleaner. The harvest moisture
content of chick pea and dry bean seeds was 16% and
26 % (w.b.). Thirty randomly chosen seeds were measured and the mean valued determined in experiments.
Some physical properties of the chick pea and dry bean
seeds were given in Table 1.

Table 1
Some physical properties of the chick pea and dry bean seeds

Seed mass (g)
Projected area (cm2)

Sphericity index (%)

Max
Mean
Min
Max
Mean
Min
Max
Mean
Min

The seed shapes were determined in terms of their
sphericity and roundness indices as well as the aspect
ratio (Mohsenin, 1978) using randomly selected seeds.
The volume of a solid is equal to the volume of a triaxial ellipsoid with intercepts a, b and c; the sphericity
index (Sp) was therefore defined as;
(𝑎𝑏𝑐)1/3
𝑥100
𝑎
Each seedmasswas weighed with a digital electronic balance having an accuracy of 0.001 g.
The projected area was determined from the pictures of seeds which were taken by a digital camera (13
Mpixels camera), in comparison with the reference area
to the sample area by using the Fiji imagej computer
program (Isık and İzli, 2007).
To determine the Vt value of chick pea and dry
bean seeds, a vertical wind tunnel was designed based
on recommendations by Nalbandi et al.(2010), Shahbazi, et al.(2014) and Afonso et al. (2007). A centrifugal
fan powered by 0.37 kW motor was used in the inlet of
the wind tunnel to supply air flow. The airflow rate of
the fan was controlled at the inlet and adjusted by
changing the velocity of the electric motor through an
inverter set. To measure the Vt of the seeds, a uniform
𝑆𝑝 =

Chickpea
0.550
0.427
0.240
0.893
0.656
0.497
91.50
85.41
77.70

Dry bean
0.580
0.436
0.290
1.089
0.884
0.711
69.70
62.73
57.20

velocity field was required in the cross section of the
tunnel, where seeds were suspended. For this purpose,
two straightener sections were set up which consisted
of one layer of fine wire mesh screen located above the
honey comb. The final section of the wind tunnel consisted of a plexiglass region where the Vt of seed was
measured. To determine the terminal velocity, each
seed was placed in the centre of the crosssection of the
wind tunnel on the screen. The air flow was then increased until the seed flotation point. At this moment,
when the rotational movement of the seed was lowest,
the air velocity was measured using a vane anemometer
having at least 0.01 m s-1accuracy. The Vt of each seed
was measured three times. For each condition the Vt
was calculated as the average of the velocity values
obtained at the centre of the test section.
For implementation of fuzzy set theory into the
models, the fuzzy logic toolbox from MATLAB
R2016a was used. For prediction of terminal velocity
by using fuzzy expert system (FES), seed mass and
projection area were used as input parameters and
terminal velocity was used as output. For fuzzification
of these factors the linguistic variables low (L), middle
(M) and high (H). In this research, a Mamdani maxmin inference for inference mechanism and the center
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of gravity (Centroid) defuzzifier formula method for
defuzzification were used because these operators
assure a linear interpolation of the output between the
rules. Total of 9 rules were formed. Rules can be interpreted as follows.
Rule 1: If projection area=L and mass=L then terminal velocity=L
Rule 2: If projection area =L and mass =M then
terminal velocity =M
Rule 3: If projection area=L and mass=H then terminal velocity=M
Rule 4: If projection area =M and mass =L then
terminal velocity =M
Rule 5: If projection area=M and mass=M then
terminal velocity=M
Rule 6: If projection area =M and mass =H then
terminal velocity =M
Rule 7: If projection area=H and mass=L then terminal velocity=M
Rule 8: If projection area =H and mass =M then
terminal velocity =M
Rule 9: If projection area =H and mass =H then
terminal velocity =H

Fuzzifications of the used factors were made by aid
follows functions. These formulas are determined by
using measurement values.
For chickpea;
𝑖 ; 0.3 ≤ 𝑖1 ≤ 1.0
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎(𝑖1 ) = { 1
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑖 ; 0.1 ≤ 𝑖2 ≤ 0.7
𝑚𝑎𝑠𝑠(𝑖2 ) = { 2
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑜 ; 4.5 ≤ 𝑜1 ≤ 9.5
𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑜1 ) = { 1
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
For dry bean;
𝑖 ; 0.3 ≤ 𝑖1 ≤ 1.2
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎(𝑖1 ) = { 1
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑖 ; 0.1 ≤ 𝑖2 ≤ 0.7
𝑚𝑎𝑠𝑠(𝑖2 ) = { 2
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑜 ; 4.5 ≤ 𝑜1 ≤ 7.5
𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑜1 ) = { 1
}
0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
The memberships of the used factors were obtained
from above the formulas and shown in the Figures. 1-6.
These membership functions helped in converting
numeric variables into linguistic terms. For example,
the linguistic expressions and membership functions of
terminal velocity for dry bean obtained from the developed rules and above the formula were given as following.

Figure 1
The membership function of projection area (input1) for chickpea.

Figure 2
The membership function of mass (input2) for chickpea.
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Figure 3
The membership function of terminal velocity (output) for chickpea.

Figure 4
The membership function of projection area (input1) for dry bean.

Figure 5
The membership function of mass (input2) for dry bean.

Figure 6
The membership function of terminal velocity (output) for dry bean.
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0; 𝑖1 < 0.3

𝑖1 − 0.3
; 0.3 ≤ 𝑖1 ≤ 0.5443
0.2443
𝜇𝑙𝑜𝑤 (𝑖1 ) =
0.9429 − 𝑖1
; 0.5443 ≤ 𝑖1 ≤ 0.9429
0.3986
{
}
0; 𝑖1 > 0.9429
0; 𝑖1 < 0.6

𝑖1 − 0.6
; 0.6 ≤ 𝑖1 ≤ 0.8014
𝜇𝑚𝑖𝑑𝑑𝑙𝑒 (𝑖1 ) = 0.2014
1.0 − 𝑖1
; 0.8014 ≤ 𝑖1 ≤ 1.0
0.1986
{
}
0; 𝑖1 > 1.0
0; 𝑖1 < 0.6857
𝑖1 − 0.6857
; 0.6857 ≤ 𝑖1 ≤ 1.071
0.3853
𝜇ℎ𝑖𝑔ℎ (𝑖1 ) =
1.2 − 𝑖1
; 1.071 ≤ 𝑖1 ≤ 1.2
0.129
{
}
0; 𝑖1 > 1.2
In defuzzification stage, truth degrees (α) of the
rules were determined for the each rule by aid of the
min and then by taking max between working rules.
For example, for dry bean; 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎(𝑖1 ) =
0.556 cm2 and 𝑚𝑎𝑠𝑠(𝑖2 ) = 0.21 g, the rule 1 will be
fired.
∝1 = min (low projection area, low mass)=min
(0.9706, 0.7857)=0.7857
From Mamdani max-min inference, the membership function of system will be found as
max(∝1 )=0.7857. Then the crisp output can be calculated. In defuzzification, the method center of gravity
was used as follows.
𝑂∗ =

∫ 𝑂. 𝜇(𝑜) 𝑑𝑂
∫ 𝜇(𝑜) 𝑑𝑂

where 𝑂∗ is the crisp value of output, O is the fuzzificated value and 𝜇(𝑜) is the membership degree of
fuzzificated value.
The predictive ability of the developed fuzzy logic
system was examined according to the mathematical
and statistical methods. In order to determine the performances of the results, ε, D and R2 values that are
considered to be the principal accuracy measures and
that are based on the concept of the mean error and are
commonly used were calculated using the following
equations (Mikailsoy et al., 2018):

𝑛
2

𝑛

)2

𝑅 = 1 − (∑(𝑦̃𝑖 − 𝑦𝑖 )⁄(∑(𝑦̃𝑖 )2 )
𝑛

𝑖=1

𝑛

𝑖=1

𝐷 = 1 − ∑(𝑦𝑖 − 𝑦̃𝑖 )2 / ∑[|𝑦𝑖 − 𝑦̅| + |𝑦̃𝑖 − 𝑦̅|]2
𝑖=1
𝑛

𝜀=

𝑖=1

100
𝑦𝑖 − 𝑦̃𝑖
∑
𝑛
𝑦𝑖
𝑖=1

Where; 𝑅2 is the coefficient of determination, D is
the agreement index, ε is the relative error of the system, n is the number of data, 𝑦𝑖 , is the measured
ue,𝑦̃𝑖 , is the predicted value, and 𝑦̅ is the mean value.
The index D ranges from 0 to 1, where the value 1
means a perfect accuracy of the predicted data, and the
value 0 means that there is no accuracy.
3. Results and Discussion
The values of terminal velocity were found from
6.463-7.567 m s-1 for chickpea seeds and from 5.2246.463 m s-1 for dry bean seeds. According to the test
results, the greater seed mass and projected area tests
showed higher values of terminal velocity. The greatest
terminal velocity obtained at seed mass of 0.55 g and
projected area of 0.776 cm2 for chickpea and at seed
mass of 0.54 g and projected area of 1.089 cm2 for dry
bean. Kural (1995) reported that variation in physical
properties of seeds such as mass, sphericity index and
projected area, inﬂuenced terminal velocity signiﬁcantly. The similar results was also found among seeds:
lentil by Shahbazi et al., (2015), millets by Baryeh
(2002), pistachio by Kashaninejad et al., (2006).
Depending on the seed mass and projection areas of
chickpea and dry bean seeds, the change in terminal
velocities were given in Figures 7 and 8. The correlation coefficient of the non linearly relationship between
dependent variable with seed mass and projection area
was found to be quite high. The values of terminal
velocity of chickpea and dry bean seeds increased with
increasing of seed mass and projected area. For chickpea and dry bean, approximately, an increase of 50%
in seed projected area resulted in an terminal velocity
increase of 17 %. Approximately, a mass increase of 58
% at chickpea seed and of 87 % at dry bean seed
caused a 15 % and 24 % increase of terminal velocity,
respectively. Shahbazi et al., (2015) found that the
terminal velocity occurred an increase of 32% with
increasing projection area from 32.94 to 37.22 mm 2 for
lentil seeds.
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Terminal velocity (m s-1)
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Figure 7
The effect on terminal velocity of seed mass for chickpea (■) and dry bean (♦)

Terminal velocity (m s-1)
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Figure 8
The effect on terminal velocity of projected area for chickpea (■) and dry bean (♦)
The results of the developed FES were compared
length were created by fuzzy expert system for managwith the experimental results. The mean of measured
ing the groves. The average evaluation results for all
and predicted values were 5.738 and 6.032 m s-1 for dry
five groves obtained from the FES showed 87 % genbean, 6.974 and 7.017 m s-1 for chickpea respectively.
eral conformity with the results from the human expert
The correlations between measured and predicted val(Mazloumzadeh et al., 2010).
ues of terminal velocity for chickpea and dry bean
In the FES model, for dry bean, the coefficient of
seeds were given in Figs. 9 and 10. The relationships
determination (R2) was found to be 0.996 and the
were significant for all parameters. The correlation
agreement index (D) value, which was the highest, was
coefficients of relationships were found 0.809 for
found to be 0.772; for chickpea, the R2 value was found
chickpea and 0.826 for dry bean. Farzaneh et al.,
to be 0.997 and the D value was found to be 0.729. The
(2017) studied with fuzzy logic system to predict an
mean relative error of measured and predicted values
extensive range of physical properties of fava beans in
were 4.029 % for chickpea and 5.611 % for dry bean.
the selected moisture contents of the input seeds (9.3For chickpea and dry bean seeds, the relative error of
31.3 %). The high correlation coefficient value (0.999)
predicted value was found to be less than the acceptabetween experimental and predicted values by fuzzy
ble limits (10%) (Çarman and Taner, 2012). Roy et al.,
logic was found. Electronic maps of tree features such
(2019) have developed a fuzzy prediction model of
as tree type, age, yield, visual appearance and fruit
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almond oil extraction. As a input parameters, pressure,
temperature, heating time and moisture content were
used, and the oil yield was output parameter. The coef-

ficient of determination (R2) and the mean relative
error of predicted values was found as a 0.982 and 7.63
%, respectively.

8,000

Predicted

7,500
7,000

R= 0,809

6,500
6,000
6,200

6,400

6,600

6,800

7,000 7,200
Measured

7,400

7,600

7,800

Figure 9
Correlation between measured and predicted values of terminal velocity for chickpea.

6,800

Predicted

6,500
6,200
5,900

R= 0,826

5,600
5,300
5,000
5,000

5,500

6,000
Measured

6,500

7,000

Figure 10
Correlation between measured and predicted values of terminal velocity for dry bean.
developed fuzzy model consisting of 9 rules for the
4. Conclusion
prediction of the terminal velocity of chickpea and dry
bean seeds. In this paper, according to evaluation criteMaximum terminal velocity of chickpea and dry
rions of predicted performance of developed fuzzy
bean seeds to determine the proper air speed for conknowledge-based model was found to be valid. The
veying can be considered to be about 7.567 m/s and
developed model can be used as a reference in studies
6.463 m s-1, respectively. Values higher than these
related to determining the aerodynamic properties of
numbers will lead to braking and wasting of seeds and
biological material.This system can be developed furless than that probably would not give results in sepather with increasing the knowledge rules from one side
rating of the seeds from each other or foreign material.
and with adding the neural network to the system from
the other side.
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