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ABSTRACT

This study developed a hybrid solar greenhouse dryer (lean-to) incorporated with a solar collector and
photovoltaic (PV) system for smallholder processors of tomatoes and evaluated the thermal performance of
forced convection mixed-mode solar dryer with two pretreatments of fresh tomatoes (halves and slices) with
salt and sugar. Tomatoes dipped in a 40% sucrose solution for 72 hours before drying exhibited a greater
initial drying rate than those treated with salt. The hourly average incident solar radiation without a reflector
was 673.8 (+214.2) W/m? outside and 754.6 (£284.5) W/mZ inside the lean-to solar dehydrator during operation.
The incident solar radiation in the collector ranged from 390.3 to 1156.0 W/m?2, indicating higher levels at the
tilt angle. The hourly average air temperatures outside and inside the solar dehydrator and solar collector
during the experiment, respectively, were 30.7 (£2.3), 52.7 (£10.1), and 30.7 (x2.3), 79.7 (x26.9)°C for the salt
treatment and 31.0 (£2.0), 55.1 (x15.3), and 31.0 (£2.0), 84.8 (¥28.0)°C for the sugar treatment. Thus, the
solar dehydrator and the solar collector raised the dehydrating air temperatures over the outside for the salt
and sugar treatment by an average of 22.0, 49.0, 24.1, and 53.8°C, respectively. The average hourly air-
relative humidity inside the solar dehydrator was 33.5%, while outside was 47.2%. The pretreated tomatoes
had an initial moisture content of 93.1% (w.b). The solar dehydrator's thermal efficiency was 72.21%, and its
drying efficiency was 56.48%. Consequently, solar energy contributed 84.28 and 71.18% of the generated
heating power. The solar dehydrator lost 15.72 and 28.82% of its remaining solar energy due to exhausted air.
The solar dehydrator had a daily average energy of 59.375 kWh, and the heating power was 47.473 kWh
during the experimental period (29 h).

uadlal)
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INTRODUCTION

Tomato (Lycopersicon esculentum Mill.) is a commonly cultivated vegetable worldwide, boasting a
productivity of approximately 182,301,395 tons from an area of 4,848,384 ha. China, the USA, Turkey, India,
and Egypt are leading global tomato producers.
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Egypt produced 6,275,443 tons of tomatoes in 2022 (FAO, 2022). After harvest, the drying process is
implemented by many local processors as an effective means to extend the shelf life of tomato crops (Li, 2021).
Solar energy is a well-established and renewable source, especially for low-temperature heating. Solar drying
is the most optimal solution to overcome artificial mechanical and natural sun drying drawbacks. Moreover,
adopting solar energy for crop drying offers both environmental benefits and economic viability in developing
countries. Providing energy for agricultural applications is contingent upon advancing solar energy systems
with optimal thermal performance, exceptional reliability, and competitive economic features. This
advancement must attain a stage where optimal thermal performance and reliability can be attained for a wide
range of solar energy applications. For solar energy to be economically viable, solar energy systems must
exhibit high annual utilization, extended lifespan, and meticulous design tailored to the specific application and
location, thus enabling a realistic evaluation of solar energy as a feasible alternative energy source.
Consequently, solar energy is a viable heat source for drying various crops. Because of the uncertain rise in
fossil fuel prices and the potential depletion, it has received significant attention in recent years (Abdellatif et
al., 2015; Ramos et al., 2015). Fruits and vegetables, including potato slices, red peppers, cherry tomatoes,
banana slices, and tomatoes, have been subjected to solar drying techniques. There have been few studies
conducted on the solar drying of cherry tomatoes. Several studies were conducted to investigate the thermal
and mass transfer balance in hybrid solar dryers and the effectiveness of solar greenhouse dryers (Azam et
al., 2020). Patil and Gawande (2016) reviewed various techniques employed in greenhouse dryers and solar
tunnels, focusing on forced and natural convection methods. Using tunnels and greenhouses for solar drying
proves to be highly suitable for rural areas. Using these dryers leads to substantial fuel savings and enhances
the product's quality regarding color, taste, and aroma. The enhancement of dried agricultural products' quality
is of utmost importance, and this can be accomplished by implementing pretreatment methods that ensure
product preservation and enhance their visual appeal. Osmosis is a convenient and effective method for
pretreating fruit before drying. Immersing products in the solution reduces costs by removing water. Osmosis
pretreatment might enhance the drying rate of cashew apples by impacting both their quality and drying kinetics
compared to fruits that have not undergone pretreatment (Shahi et al., 2016). The dryer and collector had
average energy efficiencies of 50.5%, and 34.98%, respectively. Tiwari and Tiwari (2016) studied the
exergoeconomic of PV-thermal mixed-mode greenhouse solar dryer. Lakshmi et al. (2019) investigated stevia
leaf drying in a mixed-mode forced convection solar dryer. The dryer's overall efficiency was approximately
33.5%. The dryer's payback duration is approximately 0.65 years. A hybrid solar drying system, including a
greenhouse dryer, a flat plate solar collector (FPSC), and a PV system, was investigated in some literature
using forced thermal convection drying mode.

Thus, this study involves developing a solar greenhouse dryer for post-harvest tomato drying and
evaluating the thermal performance of hybrid forced convection mixed-mode greenhouse dryers, integrating
tomato load, solar air collectors, and PV system operation.

MATERIALS AND METHODS

The trials were performed at the Faculty of Agriculture, University of Damietta (31°39'07.05" E, longitude;
31°25'38.24" N, latitude) from August 20th, 2022, to August 26th, 2022.

Description of the solar dehydrator (lean-to)

It comprises space heating for pre-heating the drying air, a drying chamber, and a reflector for increasing
the solar radiation intensity. The structural frame comprises 12.7 mm diameter hot-dipped galvanized pipes
with anti-corrosion qualities. The structural frame consists of beams, posts, and rafters that can be assembled
on the spot by joining parts, bolts, and nuts with no welding points to secure optimal anti-corrosion
performance. It was 2.0 m long, 1.0 m wide, 0.96 m high vertical back wall (reflector), 40 cm high vertical front
wall, 1.15 m rafter length. The rafter tilt angle is 17.97° for August. The net dehydration surface area is 2.0 m?,
and the net air volume is 1.36 m3. The drying tray is a 2.0 m long and 1.0 m wide galvanized wire mesh with a
2.0 m? surface area. Below the drying tray lies an air chamber comprising two layers of a 2.0 mm thick firm
galvanized sheet. These layers are separated by a 2.5 cm space and filled with loosely packed rock-wool
insulation to lessen heat energy gain or loss. It was 2.0 m long, 1.0 m wide, 40 cm deep, 2.0 m? surface area,
and 0.8 m?3 space volume. To circulate the dehydrated air through the solar dehydrator, an electric forced air
fan with a power of 38 W, a speed of 2000 rpm, and operating at a current of 220 V is positioned at the center
of the eastern side (lateral section) of an air chamber. This fan is connected to an air duct with a diameter of
12 cm. On the opposite side, the solar dehydrator's gable incorporates a circular opening with a 12 cm diameter
(inlet for drying air) at its center.
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This configuration ensures that air enters the upper section's solar dehydrators and descends through
the drying tomatoes before being expelled from the dehydrator. The solar dehydrator is located 10 cm above
the floor level using four metallic legs over a cubic concrete block (20x20 cm), as shown in Fig. 1.

The dehydration chamber's upper surface was covered by a perforated galvanized steel sheet, and the
other sides were covered with sold galvanized steel sheets. The solar dehydrator is equipped with a
transparent polycarbonate sheet that is 2.0 mm thick, providing UV protection and allowing for high radiation
transmission to optimize the dehydrator's solar radiation. A 2.0 mm thick sheet of nickel chrome was applied
to the vertical back wall as a solar reflector. The solar dehydrator was in an East-West orientation.

Inlet air

Polycarbonate cover
12cm

Wire netted
floor

Nickel chrome sheet

.......................

,,,,,,,,,,,,, e Structural frame

7 . Wall for
. batch

Air chamber

Fig. 1 — Simplified scheme and picture of solar dehydrator (lean-to architectural form)

Flat plate air solar collector

It comprises space heating for pre-heating the air, a wooden box, and an absorber plate for increasing
the intensity of solar radiation. It was inclined with 30° and supplied the lean-to solar dryer with auxiliary heat.
The structural frame was made from wood with a 2.0 m? surface area (2.0 m long, 1.0 m wide), 0.15 m depth,
and 0.3 m?® space volume. It had 2.5 cm rock-wool insulation to lessen heat gain or loss. It has a black-painted
aluminum corrugated sheet of 0.002 m thick, and the thermal conductivity coefficient was 204 W/m.°C, which
was utilized to absorb thermal solar radiation and used it to heat the air, which moves up toward the solar
dryer. A 0.10 m fiberglass insulation layer was installed to insulate the absorber plate from the backside to
minimize heat energy gain or loss. The upper surface of the solar collector was protected by a polycarbonate
sheet measuring 0.002 m, maintaining a gap of approximately 0.10 m between the absorber sheet and
polycarbonate to facilitate airflow. The upward movement of hot air from the collector toward the lean-to solar
dryer occurs through an insulated tube measuring 0.15 m in diameter, as depicted in Fig. 2.

Air inlet to
dryer

/
f, /j 2 15cm
Boly carbonate &
cover 7
(LA © ,

Absorber plate

100 cm

Black Wooden box

o 200 cm
Air inlet to solar
collector

Fig. 2 — Simplified scheme of flat plate air solar collector (architectural form)

Solar photovoltaic cell (PV) panels

The PV system included a 385 W ASEM PV panel, a charge controller with 12 V/24 V capabilities and
load current up to 20 A, and a 12 V battery with a rated current of 17 A h). Inverter (Yumatsu JAPAN 220V
50Hz/60Hz Power capacity: 2000VA). This was used to convert the current to DC, which comes from the PV
panel and is integrated into the battery. The PV panel's inclination was set to 30° in a southerly direction. The
PV system was used to power a DC fan, which helped optimize the drying process, as revealed in Fig. 3.
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Fig. 3 — Tomatoes spread under natural sun drying

Experimental parameters of PV-solar collector incorporated with greenhouse dryer

An evaluation was performed to measure the performance of the greenhouse dryer when used outdoors,
specifically for drying tomatoes. The initial trials were performed at varying airflow rates of 2.10, 3.12, and 4.18
m3/min, utilizing the DC speed controller to regulate the DC fan's flow rate. The optimal airflow rate of 3.12
m3/min was elected for drying tomatoes. Fresh tomatoes were purchased from the local market in 2022. Before
the drying process, the selected fresh tomatoes were subjected to a cleaning and pre-conditioning procedure,
which involved the removal of foreign impurities and immatureness. As a result, a homogeneous size of
tomatoes unaffected by bacteria and fungi was chosen for the experimental investigation. These tomatoes
were carefully graded by hand, with a preference for smaller sizes (0.020-0.035 m diameter). After washing,
the tomatoes were divided into two groups of equal weight (7.0 kg each). Fresh tomatoes were halved and
sliced, then osmotically treated with sugar. They were compared to halved and sliced tomatoes, treated with
salt, and dried in the greenhouse dryer. The fruits treated osmotically with sugar are cut into halves and slices
and dipped in a 40% sucrose solution for 72 h (10.5-liter water/ 2.8 kg sugar/ 7kg of tomatoes). The samples
were stored at 5°C before beginning the experiments and then allowed to reach room temperature.
Measurements

The ambient weather and various parameters of the greenhouse dryer (GD) were measured using
instruments, including a meteorological weather station (Vantage Pro 2, Devise, USA). This allowed for
accurately evaluating the macroclimatic conditions surrounding the developed drying system. These
measurements comprise various weather factors, including solar radiation intensity on a horizontal plane, dry-
bulb air temperature, air relative humidity, and wind speed. The weather station is beside the solar dehydrator
(about five meters away). The collected data were stored in a computer file for data acquisition. The speed of
dehydrated air was measured thrice daily at the drying air inlet and outlet locations throughout the experimental
duration. This was conducted using a vane LCD Digital Anemometer (Montreal, Canada). Solar radiation
intensity was measured using disk-solarimeters (TENMARS TM-207, Taiwan). They were placed horizontally
with the dryer and were inclined toward the PV module and the solar collector. Temperature and relative
humidity were measured by a weather anemometer sensor (Pasport, 1000 series, USA). Measurements of the
relative humidity in the ambient air and inside the dryer were conducted using the Amprobe THWD-5. The
dryer's airflow rate and wind speed were measured using an airflow meter/Hotwire anemometer. The moisture
content of tomatoes was determined using an electric oven dryer set at a temperature of 70 + 1°C (ASAE
1991). The initial, final, and instantaneous moisture contents were calculated based on dry basis according to
Mumba (1996), as follows in Egs. 1-3:

Wo — Wy

My = =2 ®

Wwet - Wd

M, =—wet_d
¢ w, (2

M, + DWW, W, —W,
Mt=[(0 ) 0_1=(t ) 3)
W Wa

where:

Mo denotes the initial moisture content [%)], W, represents the initial weight of sample [kg], Wq
represents the weight of dry matter [kg], Mrimplies the final moisture content [%], M; implies the instantaneous
moisture content [%)], and W:represents the weight of sample at time (t) [kg].
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Thermal energy balance analysis

An energy analysis of tomato drying with a PV solar collector integrated with a lean-to solar dryer is
presented in this study. The steady-state energy equations are used to optimize tomato drying conditions
(Hepbasli, 2008).

The net energy balance between the inlet and outlet can be represented by Eq. 4:

D Eu=) Fou @)

where Ein denotes the net energy input, [W], Eou represents the net energy outlet, [W].
Solar collector's thermal balance
The solar collector's thermal balance was determined as follows in Egs. 5-7:

Ein,coll = Eout,coll (%)
Ein,coll = (Eout,coll + Eheat transfered + Einfiltration) (6)
Eu,coll = Ein,coll - (Eheat transfered + Einfilt‘ration) (7)

The energy input and heat gain of the solar collector are computed by Duffie and Beckman (2013); Usub
et al. (2008), as follows in Eqgs. 8-10:

t

Ein,coll = Esolar,coll = Acollf Leou (8
0

Eu,coll =mg X Cp,a (Ta,in - Ta,out) (9)

Mg = Pa X VZL = Pa X Ug X Acall (10)

where m. denotes the air mass flow rate, [kg/s]; Acu represents the collector area [m?], ua implies air speed,
[m/s]; and pa stands for the air density, [kg/m?].
Hence, collector efficiency (#con) is calculated as follows in Egs. 11-13:

Eu,coll
Neou = E— (11)

in,coll
Eloss = Eheat transfer + Einfilt‘ration (12)
Eheat transfer = Lwau + Eground + Eloss,tube (13)

Heat losses from solar collector surfaces can be determined according to Sahin and Sumnu (2005), as
follows in Egs. 14 and 15:

Eheat transfer(surfaces) — Ucoll,surf X Acoll,surf X dT (14)
U 1
coll,surf — 1 X1 1 Xl (15)
+ + +
hconv,abs—g hrad,abs—g hrad,g—amb hconv,g—amb

Where:
Ucosurrdenotes the overall heat transfer coefficient for the solar collector surfaces [W/m?2.K],
Aconsurrdenotes the solar collector's area [m?], and dT refers to the temperature difference [K].

Heat losses from collector walls and ground to air
The convective and conductive resistances of the overall heat transfer coefficient were determined as

follows in Eqg. 16:
1

Ucoll,wg = (1 1 (16)

2y % o X X3, 2
hi+k1+k2+k3+ho>

where A; and h, represent the heat transfer coefficients for internal and external surfaces [W/mZ2.K],
respectively, x;is the layer's thickness [m], 4 is the layer's thermal conductivity [W/m.K].

The solar collector's walls and ground heat losses can be determined using Eq. 17:

Eheat transfer(wall,ground) = Ucoll,wg X Acoll,wg x dT (17)

where U.onwgrefers to the overall heat transfer coefficient [W/m?2.K], AwnweStands for the solar collector's area
of walls and ground [m?], and dT denotes the temperature difference [K].
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Heat transfer by convection from the collector
The convective heat transfer coefficient caused by wind is calculated based on Duffie and Beckmen
(2013), as follows in Eg. 18:

hg—amb,coll =28+ (3.0 x W) (18)

The convective heat transfer coefficient for air over the absorber surface can be calculated by
determining the Reynolds Number (Re) and Nusselt number (Nu) Bergman et al. (2011), as follows in Egs.
19-21:
ua,coll X Pa X Dh,coll

Re = 19
o (19)
h o XD
Nu = % = 0.0158Re"® (20)
a
k, X Nu w
hconv,abs—a = Dh coll (m2 X °C> (21)

where Dy.constands for the air passes hydraulic width (m), and is determined according to Cengel et al. (2003),
as follows in Eq. 22:
_ 4(D x H)
Dh,coll - 2(D + H)
where Doy and Heon represent the actual width and height of the air passes [1 m and 0.08 m, respectively], DA
is the air pass width [m], vis the air viscosity [m?/s], Tabsis the absorber temperature [65°C = 338K], and Tamb
is the surrounding temperature [31°C = 304K]. Thus, hconv,abs-a = 1.746 W/m2.K; and heat loss below the
absorber is obtained as shown in Eq. 23:

Ecomi,(abs—a) = Aabs X hconv,abs—a X (Tabs - Tamb) (23)

where A.ss represents the contact area between the absorber and the air within the collector [m?2].
Collector's radiation heat transfer (Erad,coll)

The radiation heat transfer coefficients can be determined by employing Egs. 24 and 25 given by Duffie
and Beckmen (2013) for the interactions between the sky and the collector glass cover and between the
absorber and collector glass cover.

(22)

Rraag-s = €g X 0 X (TF + T X (T, + Ty) (24)
_ox (T2 + T2) X (Taps + Ty)
hrad,abs—g - 1 1 (25)
+—=-1
Eabs Sg

where &5 represent the emissivity of the absorber surface [assumed 0.98], & represents the emissivity of the
glass surface [assumed 0.92], and s represents the Stefan-Boltzmann constant [5.67x108 W/mZ2.K#]. The sky
temperature (Ts) is calculated according to Duffie and Beckmen (2013), as in Eq. 26.

Ty = 0.0552 X (Tapmp)™® (26)

where Ts and Tamp are expressed in Kelvin. The losses caused by radiation and convection from the insulation
layer surrounding the sides and bottom of the solar collector were determined using Eq. 17.
Tube heat losses between the collector and greenhouse dryer
The connection tube, which links the collector and greenhouse dryer, was constructed using tin and
insulated with fiberglass. Therefore, the total heat transfer coefficient for the tube (Uwpe) is determined in Eq.27:
Utube = ! 27
G+ 7+ B+ m) 0
where r; and 1, represent the inner and outer layer radius, [m], in order. The heat losses from the connection
tube (Ejoss,ube) are expressed as follows in Eg. 28:

(Ti - To)

2
1 In () L1 (28)
nn; k rOhO

Eloss,tube = 2nL X
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where h, = hq stands for the conductive heat-transfer coefficient across the insulation, [W/m2.°C] and is

determined as follows in Eq. 29:
ha =8 (29)

where Ky stands for thermal conductivity for fiberglass 0.043 [W/m.°C], and d; denotes the average insulation
thickness [0.05 m].
Greenhouse dryer's thermal balance

In order to estimate the thermal performance of the tomato dryer, the GD underwent experiments in
which the heat balance and theoretical analysis were applied according to Dewanto et al. (2002); Lewicki
(1998), as follows in Eq. 30:

Ein,dryer = (Enet,coll + Esol,dryer) (30)
Eout,dryer = (Eevap + Eloss)

Enet,dryer = Lsol,dryer + Enet,coll - (Eevap + Eloss)

Heat gain to the greenhouse dryer
Solar energy in the greenhouse dryer can be determined by considering the solar radiation and surface
area, as follows in Eq. 31:

Esol,dryer = Idryer X Adryer (31)

where lgryer represents the horizontal insolation on the GD, [W/m?], and Adryer denotes the area of the GD, [m?].
The collector transfers heat to the GD, resulting in a useful heat gain as expressed in Eq. 32:

Enet,coll = Eu,coll X Eloss,tube (32)

Heat evaporated from the greenhouse dryer

The overall thermal energy required for evaporation (Eevap) comprises two components: sensible heat
(Esens), which raises the temperature of tomatoes to the desired level, and latent heat energy (Ejatent), Which
vaporizes water from tomatoes, as follows in Eq. 33:

Eevap = Esens X Elatent (33)

The estimation of the sensible heat required to increase the temperature of tomato (Esens) can be
determined as follows in Eq. 34:

Egens = My X Cpp X AT, = pe X Vi X Cp e X AT, (34)

where m; represents fresh tomatoes rate, [kg/s], Cp,t stands for tomato's specific heat, [4.08 kJ/kg.°C], pt
denotes tomato's density [672.78 kg/m?], Tiin refers to the tomato's inlet temperature to the dryer, [°C], and
Tiout denotes the tomato's outlet temperature from the dryer, [°C].

The latent heat required for vaporizing water from tomatoes can be determined as follows in Eq. 35:

Eigtent = MW X Aw (35)

where mw represents the water removal rate from tomatoes, [kg/s], and Aw denotes the latent heat of water
vaporization, [2300 kJ/kg].

Hence, the dryer efficiency (7dryer) is determined as follows in Eq. 36:

Naryer = E‘Ee& (36)
indryer

Heat losses from the greenhouse dryer via convection and radiation
By convection

The convection heat loss coefficient from the greenhouse dryer (Nconv,adryer) Was determined using
EQs.19-22.
By radiation

The radiation heat transfer coefficient between the greenhouse covers and the sky and between the
cover and the tomatoes was determined using Eqgs. 24 and 25.

Thermal radiation losses can be attributed to the surfaces of the dryer cover and the dried product. The
losses of radiant heat were minimal because of the low temperatures of the surface. The heat losses by

radiation from the cover surface (Eraq ) were calculated as follows in Eq. 37:
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Erad,f = Af X & X Fe_gxé= [(Tf,out)4 - (Ta,out)4] (37)
where & refers to the surface emissivity [assumed 0.93 for the cover], and Fc.q denotes the dryer wall's cover
surface (Bergman et al., 2011).

Fan's heat losses in the greenhouse dryer

In the forced convection greenhouse dryer system, the heat losses through the transparent cover are
significantly lower than the direct heat loss through the exhaust vent (Mohsenin, 2020).
Thermal balance for PV panel

Enet,pv = Egain - Eloss (38)

Eloss = Eoperating - Einfiltration (39)
The photovoltaic efficiency (nev) and the solar system's overall efficiency (noverar) were calculated
according to Eltawil et al. (2018), as follows in Eqgs. 40 and 41:

Eout,PV _ Vmax,PV X Imax,PV

= = x 100
ey Einpv Inspy X Apy (40)
Eout dryer
n = : X 100 41
overall Ein,coll + Ein,dryer + Ein,fan ( )

where: np, represents photovoltaic efficiency [%)], Vaaxrv refers to the maximum PV voltage for power [V],
Imaxpv refers to the maximum PV current for power [A], /nspv denotes the insolation in the same plane of PV
module [W/m?], Arrdenotes the area of solar module [M?], ,verqu IMplies the solar system's overall efficiency
[%], Eout,aryer implies the dryer output, E;, .,;; denotes the insolation input on the collector, Ej, 4, represents
the incident solar energy on the dryer, and E;, r4, refers to the DC fan energy consumption.

RESULTS AND DISCUSSION
Intensity of incident solar radiation

The dehydration of tomatoes was performed utilizing the developed drying system that was incorporated
with the flat plate air solar collector (FPASC) and operated using a solar PV system. The dehydration process
of tomatoes included 72 hours of bright sunshine, with 25 hours for salt pretreatment and 29 hours for sugar
pretreatment in the lean-to solar dehydrator. These measurements were recorded and utilized in the
dehydration process. The experiment involved measuring and monitoring the intensity of solar radiation on
horizontal (Iho = ldaryer) and inclined (lincined = lcollector = lpv) Surfaces. The results are summarized and presented
in Table 1.

Table 1

Hourly average incident solar radiation measured and recorded outside (Ro), inside the solar dehydrator (Ri) and
inclined solar collector, PV panels during the experiment, and the maximum and minimum values

Solar collector =
Lean-to PV panels
Date Ro, W/m?2 Ri Ri Ri Ri
Reflected, Horizontal, Total, Inclined,

W/m? W/m? W/m? W/m?2

Max. 633.0 87.7 519.6 607.3 1120

Min. 266.8 36.8 190.3 227.1 540.0

20/08/2022 Mean 455.6 58.0 355.2 413.2 897.8
SD +183.3 +26.5 +164.7 +190.2 +220.3
Max. 928.3 213.2 882.4 1091.9 1131.0

Min. 275.5 69.0 285.4 285.3 399.0

21/08/2022 Mean 596.0 155.4 528.6 684.0 878.6
SD +210.2 +56.1 +220.4 +257.2 +239.3
Max. 932.5 242.0 885.5 1127.5 1186.0

Min. 301.2 59.5 238.3 297.8 430.0

22/08/2022 Mean 702.3 178.5 625.2 803.7 839.1
SD +227.1 +64.7 +232.8 +295.1 +254.6
Max. 831.3 180.9 762.5 942.2 1145.7

Average Min. 281.2 55.1 238.0 270.0 456.3
Mean 584.6 130.6 503.0 633.6 871.8
SD +196.8 +49.1 +206.0 +247.5 +238.1
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Solar collector =
Lean-to PV panels
Date Ro, W/m? Ri Ri Ri Ri
Reflected, Horizontal, Total, Inclined,

W/m? W/m? W/m? W/m?

Max. 943.4 266.5 887.6 1154.1 1214.0

Min. 441.3 59.4 248.3 307.7 353.0

23/08/2022 Mean 737.3 187.8 622.8 822.8 840.2
SD +170.4 +74.8 +217.7 +289.1 +275.7

Max. 964.8 277.2 915.8 1193.0 1135.0

Min. 309.0 66.5 256.7 323.2 320.0

2410812022 Mean 696.7 199.9 622.9 810.6 807.1
SD +209.1 +68.0 +214.8 +276.9 +290.8

Max. 1033.3 182.0 1045.1 1227.1 1092

Min. 329.3 91.0 225.0 316.0 341.0

25/08/2022 Mean 701.9 140.8 680.2 821.0 862.2
SD +244.2 +34.4 +282.0 +316.4 +236.7
Max. 953.9 178.0 1011.6 1189.6 1224.0

Min. 86.9 84.3 157.0 241.3 420.0

26/08/2022 Mean 707.9 134.6 642.2 776.8 864.6
SD +298.8 +25.5 +307.7 +333.3 +260.6
Max. 973.9 225.9 965.0 1191.0 1166.3

Average Min. 291.6 75.3 221.8 297.1 358.5
Mean 711.0 165.8 642.0 807.8 843.5
SD +54.5 +59.1 +255.6 +304.0 +266.0

The incident total solar radiation inside the lean-to solar dehydrator comprised transmitted and
reflected solar radiation for salt and sugar pretreatment ranged between 270.0, 942.2 W/m? and 297.1, 1191.0
W/m2. The average hourly incident solar radiation outside and inside that dehydrator for salt and sugar
pretreatment, without reflector was 584.6 (£196.8), 633.6 (+247.5) W/m? and 711.0 (£54.5), 807.8 (x304.0)
W/m2, respectively, which realized the polycarbonate cover had an average transmittance of 87.35% (+9.6)
per hour. The solar radiation inside the lean-to solar dehydrator changed hourly because of the polycarbonate
cover's transmittance, which is influenced by the solar incident angle. The incident total solar radiation inside
the solar collector for salt and sugar pretreatment, respectively, ranged between 456.3, 1145.7 W/m? and
358.5, 1166.3 W/m?, and the tilt angle recorded higher insolation than on the horizontal level. The variation in
average insolation and wind speed is depicted in Fig. 4.
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Fig. 4 — The drying system's average insolation and wind speed variation
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The influence of the polycarbonate cover on the solar dehydrator was examined by plotting the incident
solar radiation inside and outside the dehydrator, as shown in Figs. 5 and 6. The regression equations provided
the best-fit correlations between incident solar radiation inside and outside for the solar dehydrator and solar
collector, as follows in Eqgs. 42, and 43:

R;(lean — to) = 1.2080 (R,) (42)

R;(solar collector) = 1.3348 (R,) (43)

The regression analysis revealed correlation coefficients of 0.9865 and 0.9462 between incident solar
radiation inside and outside the solar dehydrator and solar collector, respectively (P > 0.001). The regression
equation showed that each equation's slope almost equals the effective transmittance of the solar dehydrator
cover (polycarbonate sheet). Regression analysis also showed that 10.47% and 9.49% of the outside incident
solar radiation were reflected into the surrounding space of the solar dehydrator and solar collector,
respectively.

Lean -to solar dryer
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Fig. 5 —Incident solar radiation inside and outside the lean-to solar dehydrator
solar collector
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Fig. 6 — Incident solar radiation on and outside the solar collector

The relation between reflected solar radiation and incident solar radiation inside the solar dehydrator
was investigated. The data regarding reflected solar radiation during the experiment were utilized to establish
the correlation with incident solar radiation within the lean-to solar dehydrator (Fig. 7). The regression analysis
showed a linear correlation between these two parameters, resulting in the best fit. The regression analysis
also unveiled a high-significance relationship (r = 0.7584; P > 0.001). The equation used for regression analysis
to find the optimal fit under certain experimental conditions is as follows in Eq. 44:

R, = 0.1604(R,) (44)

Regression analysis also showed that the total reflected radiation from the vertical back wall almost
represented 16.04% of the total incident solar radiation inside the lean-to solar dehydrator. Therefore, the
reflector increased the total incident solar radiation inside the solar dehydrator over the outside incident solar
radiation. Due to the lower values of solar altitude angles and higher values of solar azimuth angles and solar
incident angles in the early morning and late afternoon, there was scattering in the data measured at those
times.
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Fig. 7 — Reflected solar radiation against incident solar radiation inside the lean-
to solar dehydrator during the experiment

Dehydrating-air-temperature

Average hourly air temperatures outside and inside the solar dehydrator and solar collector during the
experiment, respectively, were 30.7 (£2.3), 52.7 (£10.1), and 30.7 (£2.3), 79.7 (x26.9) for the salt treatment
and 31.0 (z2.0), 55.1 (¢¥15.3), and 31.0 (z2.0), 84.8 (+28.0) for the sugar treatment. Thus, the solar dehydrator
and the solar collector increased the dehydrating air temperatures over the outside for the salt and sugar
treatment by an average of 22.0, 49.0°C, and 24.1, 53.8°C, respectively. Consequently, the increasing
percentages in dehydration-air temperatures for the solar dehydrator system were 77.90%, 145.80%, 80.80%,
and 180.30%, respectively.

Dehydrating-air-relative-humidity

During the dehydration process of tomatoes, the average hourly relative humidity inside the collector
(RH1) and inside the solar dehydrator (RH2) was 33.5% (£7.7) and 29.1% (+7.4), respectively. The relative
humidity of the outside air in salt pretreatment was 45.7% (+7.6). Regarding the sugar treatment, the average
hourly relative humidity inside the solar collector (RH1) and the solar dehydrator (RH2) was measured to be
35.9% (+5.9) and 32.2% (+5.5), respectively.

Meanwhile, the relative humidity of the outside air was found to be 47.2% (+6.9). As a result, the solar
collector reduced the relative humidity of the dehydrating air by 27.5% and 28.0% for the salt and sugar
pretreatments, respectively, compared to the outside air relative humidity. Furthermore, the solar dehydrator
effectively lowered the air-relative humidity for salt and sugar pretreatments by 4.3% and 5.7%, respectively.
Fig. 8 illustrates the drying system's average temperatures and relative humidity variations. The recorded
drying temperatures inside the dryer exceeded the surrounding temperature (Tout side). Simultaneously, the
relative humidity level inside the GD (RHin) was less than the outside (RHout)
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Fig. 8 — Variation of temperature and air relative humidity for salt and sugar pretreatments

Moisture content

Fig. 9 presents the moisture content variations of tomatoes at different times of the day for two
treatments applied in the drying process. Increasing the duration of the drying process resulted in a decrease
in the tomato's moisture content. The data concluded that the drying process of various tomato treatments
follows a consistent drying rate and then transitions to a declining one. The tomatoes' moisture contents (w.b.),
which dried inside the dryer for two treatments (salt and sugar) were 93.1% (10.20%) and 95.1% (11.30%),
respectively. Moisture absorption during tomato pretreatment affects initial moisture content. For salt
treatment, the dried tomatoes achieved equilibrium moisture content in the dryer after 20 and 25 hours for
slices and halves, respectively. For sugar treatment, equilibrium moisture content was achieved by the dried
tomatoes in the dryer after 23 and 29 hours for slices and halves, respectively.

To assess the impact of solar energy on heating power, the recorded data from the solar dehydrator's
heating process were graphed against internal solar energy for both pretreatments, as shown in Figs. 10 and
11. The regression analysis results showed a remarkably significant linear relationship (r = 0.9213 and r =
0.9253, in order; P > 0.001). The regression equations with the best fit were as shown in Egs. 45 and 46:
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Fig. 9 — Variation of tomatoes moisture contents for salt and sugar treatments inside the lean-to solar dryer

Hp (salt) = 0.8428 (q) (45)

Hp (sugar) = 0.7118 (q) (46)

Regression analysis shows that 84.28% and 71.18% of solar energy were used for heating power in the
tomato dehydrator system. The solar dehydrator lost the remaining solar energy (15.72% and 28.82%,
respectively) through various modes of heat transfer (radiation, convection, conduction, and exhausted air) to
the surroundings.

Useful heat gain and heat losses

During the experiment, the dryer's average heat gain ranged from 1350 to 1850 Wh per day. The
guantity of heat that proved useful displayed variations over the experimental duration owing to the changes
in weather. The reduction in the ambient air temperature (Tamb) led to a decrease in the useful heat gain
because of the diminished temperature difference between the hot air inside the dryer and the air flowing from
the collector to the dryer.
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In the lean-to solar dryer, the average daily heat gain for evaporating moisture from tomatoes decreased
from 60% to 5% at the beginning and end of the dehydration process. The remaining heat was lost through
convection, conduction, and radiation. It is essential to acknowledge that the increase in temperature difference
between the solar dryer's interior and the surrounding air increases heat losses.

o « 3000 Lean-to | Salt
2w pretreatment
g s y = 0,8428x
5 E 2000 | R%=0,9669 o
g5 ®
2% 1000 °
g o ®
£3 e’ ¢
® T Y
23 0
0 2500

500 1000 1500 2000
Solar energy available inside the dehydrator (q), Watt
Fig. 10 — Heating energy generated by the lean-to solar dehydrator against solar energy
inside the dehydrator for salt pretreatment
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Fig. 11 — Heating energy generated by the lean-to solar dehydrator against solar energy
inside the dehydrator for the sugar pretreatment

Assessing the relationship between solar energy and heating power is necessary to evaluate the solar
dehydrator's thermal performance and overall efficiency. The solar dehydrator was found to provide an average
diurnal solar energy of 54.939 kWh, while generating a heating power of 39.670 kWh for salt pretreatment
during the 25-hour dehydrating process. Thus, the solar dehydrator attained an overall thermal efficiency of
76.2%. As a result, the exhausted dehydrating air lost about 23.8% of the heating power. The average daily
total solar energy within the lean-to solar dehydrator and the generated heating power during the experimental
period (29 hours) amounted to 59.375 kWh and 47.473 kWh, respectively. Consequently, the total thermal
efficiency of the lean-to solar dehydrator reached 79.95%. As a result, the dehydrator experienced a loss of
approximately 20.05% in heating power when the dehydrating air was discharged. The solar dryer exhibited
minimal heat infiltration through the door and connections; hence, it was disregarded. During cloudy hours, the
remaining usable energy produced by the PV module can be stored in the battery, along with the energy
required for operating the DC fan. The solar energy inside the lean-to solar dehydrator (Ein), solar energy
outside (Eout), the overall thermal efficiency (nw), and the energy losses during each hour throughout the
dehydrating process are summarized and presented in Table 2.

Overall thermal efficiency

The drying system was assessed, including energy analysis, energy efficiency, and time-dependent
changes in energy loss. The drying system component's input, output, energy losses, and efficiency are
illustrated in Figs. 12 and 13. The average overall efficiency for the salt and sugar pretreatment was 53.5%
and 48.1%, respectively. The salt pretreatment was the best because of its short drying time of 25 hours. The
presence of clouds, which caused solar radiation to scatter, decreased the efficiency of various components
and input energy within the drying system. An increased disparity between output and input energy resulted in
reduced efficiency. The collector's mean efficiency was 65.1% and 57.5% for the salt and sugar pretreatment,
respectively. In contrast, the solar dryer's optimal mean efficiency has a comparable pattern to solar collectors.
This result is associated explicitly with the drying time, whereby the salt experiment on slices exhibited the
shortest period. The collector's efficiency was noted to be at its peak on the first day and displayed a continuous
decline throughout the second, third, and fourth days. This can be because the drying rate initially started at a
high value and gradually decreased over time until the end of the experiment.
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Nonetheless, the sugar trial yielded the highest mean efficiency for the PV system. It could be because
of the solar radiation incident on the PV panel throughout the experiment. Figs. 12 and 13 rely on the thermal
analysis of the solar system, considering solar radiation and weather conditions during the experiment. These
figures' energy inputs in (Ein) depend on the solar radiation during the experiment. The energy output (Eout) is
the energy that exits each part of the drying system after use. The Eioss represents the disparity between Ein
and Eout for the solar collector; the energy input (Ein) denotes the energy acquired from solar radiation, which
progressively increases from morning until 1:00 p.m. and decreases until the day's ending. The energy output
(Eout) refers to the energy expelled through the outlet after accounting for energy losses (Eioss) from the bottom,
sides, and cover.

Table 2
The solar energy inside the lean-to solar dehydrator (Ein), solar energy outside (Eout), the overall thermal efficiency
(nt), and the energy losses during each hour throughout the dehydrating process

Salt pretreatment Sugar pretreatment
5 Ein, Wh Eout, Wh E\;/Shs Efficiency, % Ein, Wh Eout, Wh Eioss, Wh Efficiency, %
3
? 887.8 620.0 244 .4 72.3 806.0 530.0 246.0 63.9
2 757.8 581.1 260.0 62.7 644.0 256.0 283.0 56.0
< 680.0 467.0 207.0 60.3 333.8 390.0 147.0 60.9
- - - - 348.0 405.0 161.0 49.3
E; 1725.0 315.0 1318.8 49.7 1725.0 144.0 1290.0 56.1
'g 1740.0 206.0 1695.0 49.7 1155.0 71.0 1015.0 53.7
° 1531.0 32.4 13775 45.0 655.0 40.0 550.0 52.5
- - - - 817.9 49.0 573.0 51.5
< 503.0 38.9 414.4 12.0 437.0 392.0 46.0 11.7
§ 444.0 51.0 378.0 12.5 395.0 372.0 47.1 135
2 358.8 40.4 322.5 14.9 199.0 181.5 53.5 13.4
- - - - 221.0 215.0 55.7 17.9
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Fig. 12 — The calculated energy input (Ein), energy output (Eout), energy 10ss (Eioss),
and efficiency for collector, dryer, and PV for salt treatment of slices and halves tomatoes

The Eout started with a small value, progressively escalating in response to the strength of solar radiation
until reaching a maximum, followed by a gradual decline by day's end. The solar collector's efficiency has an
inverse relationship with energy loss. The dryer's performance may vary based on weather conditions, as
shown in Figs. 12 and 13. The Eout implies the energy released upon the evaporation of moisture from the
tomatoes; beginning at a high level, it progressively decreases in correspondence with the moisture content
until the solar drying process ends. The value was significantly higher on the initial day because of the high
reduction in the tomato's moisture content. Afterward, a decrease was observed on the second day because
of the tomato moisture content reduction, eventually reaching its lowest point on the third day when the
moisture content became exceedingly low. PV panels had a behavior similar to solar collectors, but their
efficiency trend differed regarding energy input and loss. Furthermore, it was varied based on the weather
conditions. The useful energy is exploited to dry the tomatoes in the drying system by quickly lessening the
tomato's moisture content to a safe level. Hence, the usefulness of solar energy diminished over time. The
results demonstrated a progressive rise in Eioss With passaging drying time throughout each day until mid-day,
after which it declined. Air temperature and moisture content are critical factors that significantly influence Eoss.
Additionally, it was noted that Eiess initially exhibited a high value in these trials. The results revealed that energy
efficiency exhibited higher on the first day than the last, which can be attributed to increased losses during the
drying process. Additionally, the temperature variation led to an elevation in the Eioss resulting from radiation
and convection heat exchange between the internal cover and other dryer elements. The significant
temperature variation observed between the indoor and outdoor air of the dryer suggests that the chosen dryer
design exhibited a high-efficiency level.
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Fig. 13 — The calculated energy input (Ein), energy output (Eout), energy loss (Eioss), and efficiency for collector,
dryer, and PV for sugar treatment of slices and halves tomatoes

CONCLUSIONS

The solar dryer (lean-to) was developed to optimize the absorption of solar radiation for efficient heat
gain. The solar drying system's thermal efficiency was examined by investigating its mixed-mode forced
convection. The moisture content was removed using solar-heated air with temperatures ranging from 40 to
60°C, air-relative humidity between 19 and 40%, and incident solar radiation ranging from 400 to 1200 W/mz2,
As aresult, the solar dehydrator utilized a suction blower to expel water vapor, enabling the transfer of sensible
and latent heat during the evaporation process of water. Different pretreatments before drying were examined
to detect the optimal treatment. Further, energy for various components of the lean-to-solar dryer was
analyzed. The results showed that the dried tomatoes attained the state of equilibrium moisture content within
the drying equipment for slices and halves (salt) after 20 and 25 hours, respectively. In contrast, sugar
treatment was 23 and 29 h, respectively. The initial drying rate of tomato slices was higher than the halves.
The tomato slices that underwent salt pretreatment and were dried in the dryer exhibited the shortest drying
time compared with those that underwent sugar pretreatment. Tomato halves were dipped in sucrose solution
(40%) and then dried in the dryer for 72 h, which had the longest drying period. Increasing the energy difference
between input and output reduces efficiency. The highest level of mean efficiency for the PV system was
observed on the fourth day during the sugar pretreatment phase (slices and halves of tomatoes). The average
overall efficiencies for the salt and sugar pretreatments were 53.5% and 48.1%, respectively. The salt
pretreatment was the optimal choice, resulting in the shortest drying time of 25 hours. The mean efficiency for
the collector was 65.1 and 57.5% for the salt, and sugar pretreatment, respectively.
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ABSTRACT

In this study, the parameters of tiger nut were calibrated based on discrete element method, and significant
influencing factors and optimal levels were selected by Plackett-Burman test, steepest climb test and center
compound test, and verified by electromagnetic vibration hopper bench test. The results show that the relative
error between the simulated resting angle and the actual resting angle is only 0.381%. The fitting degree of
the model is 96.32% and 94.57% respectively, which can provide theoretical basis for the study of the
parameters and discrete element simulation of tiger nut.
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INTRODUCTION

Tiger nut is known as “underground walnut”. It has high oil yield and its yield ranks first among oil
crops (Rebezov et al., 2023; Udefa et al., 2020, Sobhy et al., 2015). It is a new economic crop with high
comprehensive utilization value (Wang et al., 2022; Guo et al., 2021; Umukoro et al., 2020; Pascual et al.,
2000). Automatic feeding is an important part of Tiger nut seed selection and processing, and conveying
stability is an important evaluation index of feeding quality. At present, electromagnetic vibration hoppers are
mostly used in China to transport peanuts, corn and other materials in an orderly manner. However, problems
such as backward slip and in-situ beating during the transportation of Tiger nut are prominent, which seriously
affect the efficiency of Tiger nut seed selection. At the same time, there are few studies on the basic theory of
Tiger nut, and it is impossible to determine the motion law of Tiger nut under high frequency vibration, and the
transportation accuracy is not high in actual operation (Xing et al., 2017; Singh et al., 2020; Misljen et al.,
2016). Therefore, it is of great significance to study the basic physical parameters of Tiger nut for realizing the
accurate and stable feeding of Tiger nut and promoting the development of Tiger nut industrial chain.

In the process of automatic feeding, the trajectory of Tiger nut is complex and changeable under the
action of high frequency vibration of electromagnetic vibration hopper. EDEM software is often used for
discrete element simulation to explore the movement law of agricultural granular materials and the best
operating parameters of the machine. At present, most of the researches on the calibration of material
parameters only verify the accuracy of the calibration parameters through the angle of repose test, which is
different from the actual working conditions of the material, resulting in the simulation conclusion cannot guide
the actual production well (Hao et al., 2019; Wang et al., 2020; Wu et al., 2020; Shi et al., 2022). The research
objects are mostly peanut seeds, potatoes, wheat grains and other materials. There are few studies on the
calibration of the parameter characteristics of the simulation model of Tiger nut tubers.
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In this paper, the intrinsic parameters and contact parameters of Tiger nut tubers were determined by
physical experiments. The simulation model was established in EDEM software to simulate the accumulation
state of Tiger nut. Taking the angle of repose of Tiger nut as the response value, the Plackett-Burman test was
used to screen out the significant influencing factors, and the central composite test of response surface
method was used to obtain the optimal level. Through the bench test of electromagnetic vibration hopper, the
motion state of Tiger nut was reflected and verified by conveying time and mass flow rate. This paper can
provide a theoretical reference for the application of discrete element method to the study of small seed
parameter characteristics and the study of motion state under high frequency vibration.

MATERIALS AND METHODS
Determination of intrinsic parameters of Tiger nut tubers

A total of 1000 grains were randomly selected from the Tiger nut samples and placed in a combined
sieve for manual screening and separation. 100 grains were randomly selected, and the three-axis size was
measured using a vernier caliper. The results are shown in Table 1.

Table 1
Triaxial dimension of the Tiger nut tubers
Triaxial Dimension Small Tuber Medium Tuber Large Tuber
Length L/mm 12.05+0.77 13.34+0.93 14.78+1.06
Width W/imm 10.31+0.64 13.14+0.85 14.45+1.02
Height H/mm 9.83+0.59 13.36+0.87 12.93+0.81

The average moisture content of Tiger nut was 48.90% according to the wet basis representation
method.

The cylindrical sample compression test of randomly selected Tiger nut was carried out by
microcomputer controlled electronic universal testing machine, and the average Poisson's ratio of Tiger nut
was 0.478.

Determination of elastic modulus and shear modulus

The Tiger nut was randomly selected and the original height was measured. Then it was fixed on the
test machine platform and pressurized along the height direction of Tiger nut at a loading speed of 0.1 mm/s
(Hao et al., 2021). The software post-processing module was used to read the real-time data of load and
deformation, and 100 tests were repeated. The shear modulus of Tiger nut tubers ranged from 105 MPa~127
MPa, with an average of 116.82 MPa.

o F/A
where:

E is the elastic modulus of Tiger nut, [MPa]; o is the maximum compressive stress, [MPa]; € is strain;
F is the axial load, [N]; A is the contact area, [mm2]; AT is the high deformation of Tiger nut, [mm]; G is the
shear modulus of Tiger nut, [MPa];

Determination of friction coefficient between Tiger nut tuber and steel plate

In this experiment, the static friction coefficient between Tiger nut tubers and steel plates was
measured by a self-made friction coefficient measuring device. The test device is shown in Fig.1.

Four Tiger nut tubers (Wu et al., 2020) were bonded using glue and placed flat on a horizontal steel
plate. The sliding friction angle was determined by measuring the inclination angle at which the tuber started
sliding downwards on the slope. The static friction coefficient between the Tiger nut tuber and the steel plate
was calculated based on 50 repeated tests, ranging from 0.15 to 0.35, averaging 0.26. The rolling friction
coefficient was also measured using the same method, resulting in a range of 0.017 to 0.035, with an average
value of 0.027.

Determination of friction coefficient between Tiger nut tubers

The Tiger nut tubers were closely arranged according to the shape. The bottom of some large-sized
Tiger nut tubers was removed and adhered to the plane test plate, as shown in Fig. 2 (Wu et al., 2020). The
above tests were repeated as a whole as a material to be tested, and the static friction coefficient between the
tubers of Tiger nut ranged from 0.26~0.44, with an average value of 0.34. The rolling friction coefficient
between Tiger nut tubers ranged from 0.027~0.045, with an average of 0.035.
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Fig. 1 — Static friction coefficient measurement  Fig. 2 — Measurement of friction coefficient between tubers

Collision restitution coefficient test

The high-speed camera was used to collect and process the image of tuber falling motion, and the
recovery coefficient of Tiger nut was determined (Liu et al., 2018). The materials to be tested are steel plate
and Tiger nut tuber plate. The test height is 200 mm, and the vertical height between the chute of
electromagnetic vibration hopper and the material box is set.

The material to be inspected is attached to the slope instrument, and the slope angle is 30°. The Tiger
nut tubers were fixed on a tripod, and the vertical height from the material to be inspected was 200 mm. After
the free fall of the tuber, the complete motion process is collected by a high-speed camera, and the trajectory
image is generated as shown in Fig. 3.
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Fig. 3 — Principle of crash recovery coefficient determination test

O'is the original position; O is the origin; H is the OO’ distance, [mm]; A and B are the observation points; h; and h, are the height displacements,
[mm]; S; and S; are the horizontal displacements, [mm]; Vi and V, are the horizontal and vertical fractional velocities, [m-s™];

The calculation formula of the recovery coefficient of Tiger nut is as follows:

Vi
Vo

_ |V cos[60 +arctan C tan(Vy/Vy)] (2)
| Vo cos 30°

where:

e is the collision recovery coefficient of Tiger nut tuber-tested material; vi is the instantaneous
separation velocity in the normal direction of the collision point between the Tiger nut tuber and the material to
be tested, [m/s]; Vo is the instantaneous contact velocity of the collision between the Tiger nut tuber and the
material to be tested, [m/s]; Hi is the maximum height of collision rebound between Tiger nut tubers and
materials to be tested, [mm]; Ho is the falling height of Tiger nut tuber, [mm];

Repeated 50 tests, the range of collision recovery coefficient between Tiger nut tubers was 0.28~0.45,
and the average value was 0.36. The collision recovery coefficient of Tiger nut tuber-steel plate ranged from
0.60~0.76, with an average of 0.70.

Angle of repose determination test

The actual accumulation test of Tiger nut was carried out by using the device shown in Fig. 4 (Jia et
al., 2021).
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Fig. 4 — Physical Repose angle test of Tiger nut tubers
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According to the pre-test, the lifting speed of the cylinder was set to be 0.1 m/s, and the tuber fell
under the action of gravity. After the oil sands pile was stabilized, the lifting was stopped, and then the positive
and negative sides of the oil sands pile were photographed haorizontally with the steel plate platform (Han et
al., 2019; Pan et al., 2020).

b. Binarization c. Edge detection d. Edge contour
Fig. 5 — Edge contour extraction and fitting process of stacking angle

Image processing was performed using MATLAB to remove the internal interference contour of the
Tiger nut, and only the outer contour was retained, as shown in Fig. 5. The software Origin was imported to
linearly fit the outer contour of the Tiger nut, as shown in Fig. 6 (Pue et al., 2019; Tekeste et al., 2018; Coetzee
et al., 2016). The angle of repose of the actual stacking test of Tiger nut tubers was 30.70 ° by repeating the
test for 100 times and taking the average value.
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Fig. 6 — Boundary fitting of one-side stacking angle Fig. 7 — Discrete element model of Tiger nut tubers
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Tiger nut tuber model and Tiger nut tuber contact mechanic model

The three-dimensional dimensions and shape characteristics of tuber were determined by using a
three-dimensional laser scanner. By scanning to reconstruct its morphological features, the software
automatically fills in three discrete element models of the model, as shown in Fig. 7. The Hertz-Mindlin (no
slip) contact model was selected for simulation. The Hertz-Mindlin (no slip) contact model was selected for
simulation.
Plackett-Burman Design experiment

Between the references and the experiments in this paper, the range of each parameter is determined
as shown in Table 2, and the experimental design table and results are shown in Table 3. The significance
analysis of Plackett-Buman test parameters is shown in Table 4. Regression model equation represented by
the coding factor is:

n=2991-0.174+ 0.17B + 0.29C + 0.49D + 1.40F + 2.28F — 0.14G — 0.43H + 0.50] (3)
Table 2
Factors and levels table of Plackett-Burman Design
Symbol Parameter Level
-1 +1
A Tiger nut Poisson 's ratio 0.464 0.486
B Density of Tiger nut /(kg-m-3) 2700 3000
C Shear modulus of Tiger nut /MPa 105 127
D Recovery coefficient between tubers of Tiger nut 0.28 0.45
E Static friction coefficient between Tiger nut tubers 0.26 0.44
F Rolling friction coefficient between Tiger nut tubers 0.027 0.045
G Tiger nut-steel plate recovery coefficient 0.60 0.76
H Tiger nut-steel plate static friction coefficient 0.15 0.35
J Tiger nut-steel plate rolling friction coefficient 0.017 0.035
K virtual parameter e e
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Table 3
Design and results of Plackett-Burman test scheme
No. A B Cc D E F G H | J K Repose angle n/(°)
1 -1 1 1 -1 1 1 1 -1 -1 -1 1 34.039
2 1 1 1 -1 -1 -1 1 -1 1 1 -1 26.418
3 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 26.424
4 0 0 0 0 0 0 0 0 0 0 0 29.741
5 1 -1 1 1 1 -1 -1 -1 1 -1 1 31.06
6 -1 1 1 1 -1 -1 -1 1 -1 1 1 25.776
7 -1 1 -1 1 1 -1 1 1 1 -1 -1 30.372
8 1 -1 -1 -1 1 -1 1 1 -1 1 1 26.065
9 1 1 -1 1 1 1 -1 -1 -1 1 -1 33.441
10 -1 -1 1 -1 1 1 -1 1 1 1 -1 33.189
1 0 0 0 0 0 0 0 0 0 0 29.46
12 0 0 0 0 0 0 0 0 0 0 0 29.84
13 1 1 -1 -1 -1 1 -1 1 1 -1 1 30.729
14 -1 -1 -1 1 -1 1 1 -1 1 1 1 30.978
15 1 -1 1 1 -1 1 1 1 -1 -1 -1 31.06

The overall model P < 0.01, indicating a significant difference, the determination coefficient Rz =

0.9973, indicating that the regression model is suitable for 99.73% of the test data. After ignoring the non-
significant factors, comparing the F values, the order of the influence of each factor on the test angle of repose
isF>E>J>D>H>C.

Design of steepest ascent experiment

In summary, the static friction coefficient (E) and rolling friction coefficient (F) between Tiger nut tubers
were selected as the test factors, and the value range was further determined by the steepest climbing test.
By increasing E and F from low level to high level with equal step length, the relative error & between the angle
of repose of simulation test n and the angle of repose of actual test # can be calculated according to formula
(4). The test scheme and results are shown in table 5.

The significant influencing factors of the simulated angle of repose are selected as the test factors,
and the range of values is reduced by the steepest climbing test. The relative error & between the simulated
angle of repose n and the actual angle of repose 0 is:

5 =" % 100% (4)
Table 4
Plackett - Burman design regression model analysis of variance of characteristic parameters
Source Standardization effect Sum of squares Contribution rate/% F value p value
Model  — 95.62  — 102.56 0.0014**
A -0.33 0.34 0.33 3.74 0.1487
B 0.33 0.33 0.33 3.71 0.1495
C 0.59 1.04 1.03 11.60 0.0423*
D 0.97 2.83 2.79 31.52 0.0112*
E 2.80 23.47 23.19 261.79 <0.001***
F 4.55 62.20 61.46 693.93 <0.001***
G -0.28 0.24 0.23 2.65 0.2023
H -0.86 2.23 2.20 24.84 0.0155*
J 0.99 2.94 2.91 32.81 0.0106*

The static friction coefficient (E) between Tiger nut tubers was determined to be 0.305 at low level and
0.395 at high level. The rolling friction coefficient (F) between Tiger nut tubers was 0.0315 at low level and
0.0405 at high level, which was optimized by Central Composite test.
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Table 5
Design and results of path of steepest ascent method
NO. E F Repose angle n/° Relative error 5/%
1 0.26 0.027 28.912 5.825
2 0.305 0.0315 29.911 2.571
3 0.35 0.036 31.282 1.896
4 0.395 0.0405 32.039 4.362
5 0.44 0.045 32.984 7.439

Central Composite test

In order to obtain the optimal parameter combination and explore the significance of the influence of
the static friction coefficient (E) and the rolling friction coefficient (F) between the tubers of Tiger nut on the
simulated angle of repose, the Central Composite test was carried out by Design-Expert V10.0.1. In the data
pre-processing interface, five central points were set up, and a total of 13 groups of angle repose tests were
carried out. The test results are shown in table 6.

The regression equation of static friction coefficient (E) and rolling friction coefficient (F) between Tiger
nut tubers can be obtained by regression fitting of the test results:

n =30.38+ 1.11E + 0.46F — 0.27EF — 0.43E% — 0.37F? (5)
Table 6
Scheme and results of Central Composite Design
NO. E F Repose angle n/° Relative error &/%
1 -1 -1 27.725 -9.6905
2 0 -1.41421 29.164 -5.0033
3 1.41421 0 31.683 3.2020
4 0 0 30.561 0.4528
5 0 1.41421 30.746 0.1498
6 0 0 30.132 1.8501
7 0 0 31.035 1.0912
8 0 0 30.235 1.5147
9 1 1 30.256 1.4463
10 -1 1 28.963 5.6580
11 -1.41421 0 27.984 8.8469
12 0 0 29.954 2.4300
13 1 -1 30.091 1.9837
Table 7
Analysis of variance of Central Composite Design regression model
Source Sum of squares Degree of freedom Mean square F value p value
Model 13.84 5 2.77 10.04 0.0043**
E 9.88 1 9.88 35.84 <0.001***
F 1.66 1 1.66 6.01 0.0440*
EF 0.29 1 0.29 1.04 0.3408
E? 1.31 1 1.31 4.75 0.0657
F2 0.97 1 0.97 3.51 0.1030
Residual error 1.93 7 0.28 e e
Misfit term 1.20 3 0.40 2.21 0.2292
Pure error 0.73 4 0.18 —_— —_—

Through the analysis of variance of the Central Composite Design regression model, the coefficient
of variation C.V. is 1.76%. The smaller the coefficient of variation C.V. is, the more reliable the test data is, and
the test results are highly reliable. Ignoring the non-significant factors, comparing the F values, the order of the
influence of each factor on the angle of repose of the test is E>F.
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Fig. 8 shows the influence of the interaction between the static friction coefficient and the rolling friction
coefficient on the simulated angle of repose. When the F level is less than 0.25, the n value increases slowly,
but with the increase of E, it increases rapidly and then gradually slows down. When the F level is greater than
0.25, the n value does not change significantly, but increases slowly with the increase of E.
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Fig. 8 — Effect of Repose angle of Tiger nut tuber

Angle of repose verification test

In the Design-Expert optimization interface, the actual angle of repose of Tiger nut was optimized. The
simulation test was carried out under the parameter conditions of the optimized solution to find the most similar
parameter conditions to the actual angle of repose, that is, the static friction coefficient between Tiger nut
tubers was 0.35 and the rolling friction coefficient was 0.036. Under the optimal parameter conditions, the
simulation test is repeated for 10 times to take the average value, and the simulated angle of repose is 30.583°,
and the error with the actual angle of repose is only 0.381%. The Tiger nut stacking test is shown in Fig. 9.
The trend of the unilateral contour curve of the Tiger nut heap is similar, and the results show that the calibrated
Tiger nut parameters are in line with reality.

a. Physical test b. Simulation test
Fig. 9 — Comparison between physical and simulation experiment of Repose angle of Tiger nut tuber

Electromagnetic vibration hopper verification test

When the electromagnetic vibrating hopper works, the hopper performs a composite movement under
the action of the electromagnetic vibrator, as shown in Fig. 10. So that the heaps of Tiger nut tubers are
dispersed, and then the spiral track rises slowly, thereby achieving orderly transportation (SINGH et al., 2020;
Nguyen et al., 2018). In the bench test, a total of 1000 small, medium and large Tiger nut tubers with a ratio of
12: 9: 5 were selected according to the proportion of collected samples. The diameter of the hopper was 300
mm and the height was 120 mm. When Tiger nut tubers began to slide evenly from the spiral track, the quality
of Tiger nut tubers was recorded every minute, and the mass flow rate was calculated. The test was repeated
20 times under the same voltage condition, and the average value was taken.
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Fig. 10 — Electromagnetic vibration hopper test

Simulated test

In the simulation experiment, the STL files of Tiger nut tubers and hopper models were imported into
EDEM. The number ratio of small, medium and large Tiger nut tubers was 12: 9: 5, the diameter of the hopper
was 300 mm, and the height was 120 mm, which was consistent with the actual test.
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The compound motion of the hopper is simulated by adding ‘Sinusoidal Translation Kinematic’ and
‘Sinusoidal Rotationnematic Kinematic’ sinusoidal motion functions in the vertical and horizontal
circumferential directions. The amplitude is nonlinearly proportional to the voltage. The effective voltage range
is selected to be 190~250 V by pre-test. In the simulation, the operating voltage of the electromagnetic vibrator
is changed by adjusting and Zo.

Table 8
Relationship between working voltage and amplitude
Voltage U/V Vertical amplitude Zo/mm Angular amplitude 6o/(°)
190 0.334 0.534
200 0.349 0.571
210 0.360 0.603
220 0.365 0.629
230 0.377 0.665
240 0.391 0.692
250 0.402 0.727
RESULTS

Analysis of test results

The three motion states of the heaps of Tiger nut tubers in the electromagnetic vibration hopper are
shown in Fig. 11. After the simulation test, in order to facilitate observation, the three kinds of Tiger nut tubers
were dyed black, the green and blue respectively in the post-processing interface, and the “Grid Bin Group”
module was added to the spiral track chute to read the quality of the fallen Tiger nut tubers over time and
calculate the mass flow rate. At the same time, the total time T required for each test to complete the
transportation is recorded.

In addition, the top view and front view of the movement trajectory of Tiger nut tubers during sorting
transportation are shown in Fig. 12. Taking the simulation test of voltage U=220 V (vertical amplitude Zo=0.365,
angular amplitude 60=0.629) as an example, under the action of vibration, the heaps of Tiger nut tubers first
gradually spread from the bottom of the hopper to the surroundings, and then transported upwards along the
spiral track, and finally fell from the chute to complete the transportation.
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a. Before dispersion b. After dispersion ¢. Arraying a. Top view b. Front view
transport
Fig. 11 — Three movement states of Tiger nut tubers Fig. 12 — Sorting conveying motion trajectory

In the actual test and simulation test, the transmission time curve under different operating voltages is
shown in Fig. 13, the change trend of the two curves is basically the same, and the fitting degree of the
prediction model is 96.32%. In the simulation experiment, when the working voltage U is lower than 220 V, the
movement rate of Tiger nut tubers increases obviously with the increase of working voltage U, when the
working voltage U is higher than 220 V, some Tiger nut tubers appear in situ beating on the spiral track or even
fall back to the bottom of the hopper. This phenomenon is consistent with the actual test, indicating that the
Tiger nut tuber model is reliable and realistic.

As shown in Fig. 14, the change trend of the two curves is basically the same, and the fitting degree
of the prediction model is 94.57%. When the operating voltage is in the range of 190~230 V, the mass flow
rate increases obviously, and when the operating voltage is in the range of 230~250 V, the mass flow rate
tends to be stable.
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Fig. 13 — Measured results of total transportation time Fig. 14 — Measured results of mass flow rate

By comparing conveying time and mass flow rate at different voltages, it is found that as voltage
increases, the actual measured conveying time initially exceeds the simulated value, then becomes smaller
and tends to stabilize. The actual measured mass flow rate, on the other hand, starts lower than the simulated
value, then increases and tends to stabilize. This inverse relationship between conveying time and mass flow
rate results in a curve that accurately represents the actual situation. Overall, the simulation results align well
with the actual test results, providing a reliable reflection of real-world operation.

CONCLUSIONS

(1) The results showed that the static friction coefficient and rolling friction coefficient between Tiger
nut tubers had a very significant positive effect on the angle of repose of the simulation test. Other contact
parameters have no significant effect on the simulated angle of repose.

(2) The central composite test yielded a reliable quadratic regression model using static friction
coefficient and rolling friction coefficient as variables, which were identified as significant influencing factors.
To optimize the angle of repose for Tiger nut tubers, numerical optimization was employed. The optimal
combination of static friction coefficient and rolling friction coefficient was determined to be 0.35 and 0.036,
respectively. The simulated angle of repose for Tiger nut tubers was 30.583°, with a negligible error of only
0.381% compared to the actual test results.

(3) The electromagnetic vibration hopper verification test results demonstrated a close resemblance
between the motion state of the actual test and the simulation test of Tiger nut tubers across various working
voltages. The prediction model for transportation time exhibited a high fitting degree of 96.32%, while the fitting
degree for mass flow rate was 94.57%. These calibration results for the intrinsic parameters and contact
parameters of Tiger nut are reliable and accurately reflect the actual test outcomes. They serve as a valuable
reference for studying Tiger nut parameters, as well as providing a theoretical basis for discrete element
simulation of Tiger nut and optimization of electromagnetic vibration hopper parameters.
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ABSTRACT

To address the issues of poor timeliness and delayed feedback in traditional wheat milling processes for
manual particle size detection, a wheat milling online particle size detection device has been designed. This
paper focuses on the design optimization of the key feeding component in the device, which affects the
accuracy of particle size detection. The feeding component adopts shaftless screw blades. Through theoretical
analysis, the main parameter ranges affecting the throughput capacity of the shaftless screw conveyor are
determined. A Box-Behnken experiment is designed to obtain the optimal parameter combination for each
factor: outer diameter of screw blades 23.8 mm, inner diameter of screw blades 6.4 mm, pitch 11.2 mm, and
blade rotation speed 288.9 r/min. Simulation and test stand experiments are conducted using the above
parameter combination. The simulation results show that the average throughput capacity of the feeding
component is 2.85 kg/h, while the average throughput capacity of the test stand experiment is 2.84 kg/h, with
a coefficient of variation of uniformity of 1.33%. These results indicate that the above parameter combination
meets the design requirements for the feeding component in the device.
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SE RN N ER X GE [ T S HOR M, #1F Box-Behnken 40 725 4 K Z IR IE S 4 & Ky 1E5E
-} 4047 23.8mm,  HEREN- A EE 6.4mm,  HZEE 11.2mm, I/ EE 288.91min. SR LR S HH ST E
GRS, (B Rk pE A Yy 2.85kglh, B 2Lt E 1 fnak BE ) Oy 2.84kglh, KA HEAE
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INTRODUCTION

In wheat milling, the particle size curve of the ground material serves as a direct indicator of the milling
machine's technical efficiency (Zhao et al, 2009). Traditional flour mills typically rely on manual sieving to
determine the particle size distribution of the ground material (Wen et al, 2013), leading to issues like poor
timeliness, delayed feedback, and an inability to detect subtle fluctuations in processing quality. To address
these challenges, the development of an online particle size detection equipment for the wheat milling industry
is imperative. While online particle size detection technology has been extensively researched in industries
like mining and coal mining (Wang et al, 2018; Li et al, 2021; Wang et al, 2021; Bidas et al, 2021), its application
in wheat milling is still in its nascent stages. This paper proposes a novel approach based on the dynamic
image method (Yang., 2018), introducing an online particle size detection device for wheat processing during
the milling process. This device not only resolves the limitations of traditional manual offline detection methods
but also facilitates seamless integration with milling machines, enabling automated and real-time adjustment
of grinding parameters.

In terms of material feeding in the equipment, the application of shaftless screw blade mechanisms is
ideal for the wheat milling industry, which demands strict cost and energy consumption control along with long
equipment lifespans. Shaftless screw blades possess the desired characteristics (Cheng et al, 2016; Ananth
et al, 2023) and have been widely utilized in various industries in recent years. For instance, Ma designed a
simulated lunar soil active filling device based on shaftless screw blade design principles (Ma et al, 2019).
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Wang applied shaftless screw blades to biomass screw continuous pyrolysis equipment feeders,
addressing issues such as high mass, energy consumption, and susceptibility to mechanical interference
associated with shafted screw feeders (Wang et al, 2017). Jiang optimized the structural parameters of
sterilizers' shaftless screw heating conveyors using a particle swarm algorithm and verified the optimized
parameters using COMSOL software (Jiang et al, 2020). Orefice conducted an analysis of the effect of screw
shaft size on material conveying efficiency using discrete element analysis, finding that smaller screw shafts
led to higher productivity and efficiency (Orefice et al, 2017). Bangura designed a spiral groove wheel manure
spreading device, and experimental verification revealed improvements in both manure discharge quantity and
uniformity (Bangura et al, 2020).

This paper is based on the principle of shaftless screw conveying to design the key shaftless screw
feeding component in the wheat milling particle size detection device. The structural parameters of the screw
in the feeding component are crucial, as their stability directly affects the accuracy of particle size identification
in the final device operation. Therefore, based on the throughput demand of the device process, the various
parameters of the shaftless screw blades are designed. Utilizing the discrete element method, a quadratic
regression orthogonal Box-Behnken combined experiment is conducted to determine the optimal combination
of parameters for the screw conveying blades. Subsequently, experimental verification is performed on the
test stand. This study aims to provide a reference for the design of wheat milling sub-material particle size
detection devices and the optimization of shaftless screw design.

MATERIAL AND METHODS

The Overall Structure of The Device

The structural working principle of the wheat processing patrticle size detection device is illustrated in
Figure 1. The device primarily consists of feeding components, a vibrating feeder, a collection box, a capturing
unit, and a cleaning unit. Its operation relies on a PLC control system, with parameters controlled via a
touchscreen interface. The working process of the device is as follows: sample material is fed into the particle
size detection device from beneath the grinding roller via a Sampling component, where it vertically descends
through the material inlet; the feeding device transports the sample material to the vibrating feeder; the material
descends from the end of the vibrating feeder in a "single-layer material waterfall" form; the capturing unit
captures images of the descending particles using backlighting; and the images are then analysed for particle
size information using proprietary algorithms upon transmission to a computer. In practical applications, one
PLC control system can manage multiple particle size detection devices.

Sample inlet

take a sample E | 3 \h"a 8

.

1
.

Fig. 1 - Device Structure and Working Principle
1- Grinding roller; 2-Sampling component; 3-Feeding component; 4-Vibrating feeder; 5-Collection box;
6-Capturing unit; 7-Cleaning unit; 8-PLC; 9-Touchscreens; 10-Recognition software

Feeding Component Working Principle

The material flows into the inlet pipe and falls into the entrance of the feeding component. The shaftless
screw blade, driven by a stepper motor, continuously rotates in the specified direction. The material falls into
the feeding trough of the vibrating feeder at the rear end of the feeding device.

Design of Shaftless Screw Blade Structure and Parameters

In order to ensure the conveying state and uniformity of materials when they are conveyed to the
vibrating feeder, and to avoid blockages in the conveying device, it is crucial to maintain a stable conveying
state of the materials. The conveying state of the materials ultimately affects the accuracy of particle size
identification. When materials are in motion within the shaftless screw conveying device, the shape and size
parameters of the shaftless screw directly influence the trajectory of the materials (Motaln et al, 2017).
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Therefore, detailed design of the shaftless screw is required to determine key parameters such as the outer
diameter, inner diameter, and pitch of the shaftless screw blades.

a) Front view b) Side view
Fig. 2 - Schematic Diagram of Shaftless Screw Blade Structure
D - Thickness of screw blade; L - Pitch; R - Outer diameter of screw blade; r - Inner diameter of screw blade

The outer diameter D, inner diameter d, pitch L, and operating speed n of the shaftless screw conveyor
should satisfy equations (1) to (4) respectively (Xiang et al, 2010; Erhie et al, 2021).

Screw outer diameter:

2

5

D>K {i} (1)
@pC

In the equation, D represents the outer diameter of the screw blade in meters (m); K is the material

characteristic coefficient, taken as 0.049; ¢ is the fill coefficient, taken as 0.3; p is the material unit bulk

density, 407.9 kg/m3; C is the inclination coefficient, taken as 1 when horizontal; Q is the screw conveying

capacity, in this device, Q has been verified by the previous test, and its conveying capacity is 2.88 kg/h when
it meets the process requirements of the device.
Screw inner diameter:
d= ©.2~035 D (2)
Pitch:
L= 0.5~22) D 3)
Operating speed:

n< i (4)
JD
In the equation, n represents the operating speed in revolutions per minute (r/min), A is the
comprehensive material coefficient, taken as 50. The selection of K, ¢, p, C, and A can be referenced from
relevant literature (Zhang et al, 2010; Bates, 2008).
According to equation (1), the outer diameter of the shaftless screw blade only needs to be greater than
11 mm to meet the design requirements. The width of the material inlet of the vibrating feeder is 45 mm. To
prevent material from blocking and overflowing on the chute, the maximum outer diameter of the shaftless
screw blade is set to 30 mm. To avoid material flow obstruction inside the shaftless screw blade, based on the
material's flow characteristics, the minimum flow space for the material should be at least 3 times the size of
the material particles (Zhu et al, 2023).

Thus: D>3m (5)

In the equation, m represents the average diameter of the material, in millimetres (mm).

The average diameter of the large particles of the ground material from the type | mill used in the
experiment is 6.6 mm. Therefore, the minimum outer diameter of the selected screw blade is 19.8 mm.

Substituting the range of screw blade outer diameters, 19.8 to 30 mm, into equation (4), the operating
speed should be 288.68 to 355.34 r/min. To ensure the strength and flexibility of the screw blade, a thickness
of 2 mm (e) is selected for the screw blade. Based on practical usage, for equations (2) and (3), d is taken as
0.3D and L is taken as 0.5D, which means the inner diameter of the screw blade ranges from 5.94 to 9 mm,
and the pitch ranges from 9.9 to 15 mm. According to Ji, the gap between the screw outer diameter and the
barrel wall has a significant impact on the conveying efficiency and operating power (Ji, 2021). When designing
screw conveyors, the gap should be smaller than the size of the particles to reduce power consumption and
material damage. Considering this, a gap of 2 mm between the screw outer diameter and the barrel wall is
selected.
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Simulation Experiment

To explore the optimal operating conditions of the shaftless screw blades, simulation experiments are
conducted on the screw pitch, outer diameter of the screw blades, inner diameter of the screw blades, and
blade rotation speed. The aim is to determine the optimal combination of parameters for the screw blades.

Simulation Model

This design focuses on the sub-material of the Type | skin mill. The "Polyhedral" particle model, newly
added in EDEM 2022, is adopted. Figure 3(a) shows the plan view and front view of the particles under the
Type | skin mill, presenting an overall "rectangular prism" shape. After measuring the length, width, and height
of 100 sub-material particles, their average dimensions are determined to be 6.3 mm, 3.7 mm, and 1.2 mm,
respectively. Ultimately, the simulated particle model adopts the particles shown in Figure 3(b), with their
dimensions set to the measured average values. Referring to the contact parameter determination method in
the GEEM library and literature (Li et al, 2019; Chen et al, 2023; Hoshishima et al, 2021), the contact
parameters between the sub-material particles and stainless steel are measured, as shown in Table 1. The
calibration method of discrete element parameters for sub-material particles and experimental details will be

reported separately.
Top view . ‘ .
Front view -b ’ a

a) Physical particles b) Simulated patrticle

Fig. 3 - Ground down actual and simulated particles

Table 1
EDEM simulation model parameter
Item Argument Numerical value
Poisson's ratio 0.33
Ground stock Shear modulus /[Pa] 2.088x108
density /[kg/m?] 1270
Poisson'’s ratio 0.274
Stainless steel Shear modulus /[Pa] 7x1010
density /[kg/im?] 7800
Collision recovery coefficient 0.241
Ground stock - Ground stock  Static friction factor 0.619
Rolling friction factor 0.055
. Collision recovery coefficient 0.176
St':::nd stock - Stainless Static friction factor 1.364
Rolling friction factor 0.399

The simplified simulation model of the sampling component built in SolidWorks is imported into EDEM,
as shown in Figure 4. To ensure the accuracy of the experiment, material particles are generated with a normal
distribution. The particle factory is set above the inlet, and a flow detection sensor is added at the end of the
shaftless screw sampler for convenient processing of the experimental results. The sensor captures the
conveying capacity for 8 seconds and calculates the average value. Simulation parameters are set according
to the experimental plan, with a total simulation duration of 15 seconds.

Particles factory
Generated particles

Mass Flow Sensors

Fig. 4 - Simulation Model of Shaftless Screw
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Experimental Factors and Experimental Indicators

As deduced from the parameter design in the previous section, the conveying capacity of the shaftless
screw blade is related to the outer diameter, inner diameter, pitch, and rotational speed of the screw blade. To
find the optimal parameters for the shaftless screw blade, Design Expert 13 is used to analyse these four
influencing factors through experimental trials. The ranges of the outer diameter, inner diameter, pitch, and
rotational speed of the screw blade are set to 19.8-30 mm, 5.94-9 mm, 9.9-15 mm, and 288.68-355.34 r/min
respectively.

RESULTS

Box-Behnken Combination Experiment

Based on the designed ranges of four influencing factors mentioned earlier, Design Expert 13 was
employed to conduct a Box-Behnken experiment with four factors at three levels. The independent variables
included the outer diameter of the helical blade, the inner diameter of the helical blade, the pitch, and the
rotational speed of the helical blade. The response value was the conveying capacity at the end of the shaftless
spiral feeder. The aim was to seek the optimal operating parameters for the shaftless helical blade. The
experiment consisted of 29 simulation runs, with 5 sets of trials established at the central level. The
experimental factors and their codes are shown in Table 2, and the experimental results are presented in Table
3.

Table 2
Experimental Factors and Codes
Factor
. . Rotational
Code Splral_blade . Splral_blade Pitch of spiral speed of spiral
outer diameter inner diameter
Al [mm] B/ [mm] C/[mm] blades
D/ [r'minT]
1 30 9 15 355.34
0 24.9 7.47 12.45 322.01
-1 19.8 5.94 9.9 288.68
Table 3
Experimental Results and Design
Seri Spiral blade Spn_'al blade Pitch of Rotational conveying
erial inner . speed of .
number outer diameter spiral spiral blades capacity
diameter A B (o D Y/[kg/h]
1 24.9 7.47 12.45 322.01 9.527
2 30 7.47 15 322.01 11.761
3 30 7.47 12.45 288.68 10.527
4 24.9 7.47 15 288.68 7.217
5 24.9 5.94 12.45 355.34 6.731
6 24.9 9 12.45 355.34 4.663
7 24.9 5.94 15 322.01 8.639
8 30 7.47 12.45 355.34 12.638
9 24.9 7.47 12.45 322.01 8.006
10 19.8 7.47 12.45 288.68 3.58
11 24.9 7.47 12.45 322.01 9.987
12 24.9 5.94 9.9 322.01 4.378
13 24.9 7.47 12.45 322.01 8.033
14 19.8 7.47 9.9 322.01 2.226
15 19.8 7.47 12.45 355.34 7.233
16 24.9 7.47 15 355.34 10.967
17 24.9 7.47 12.45 322.01 7.842
18 24.9 9 15 322.01 11.53
19 24.9 7.47 9.9 355.34 10.059
20 30 7.47 9.9 322.01 6.213
21 19.8 7.47 15 322.01 9.589
22 24.9 7.47 9.9 288.68 2.131
23 24.9 5.94 12.45 288.68 3.628
24 24.9 9 12.45 288.68 2.484
25 19.8 9 12.45 322.01 6.377
26 24.9 9 9.9 322.01 3.435
27 19.8 5.94 12.45 322.01 10.777
28 30 9 12.45 322.01 9.661
29 30 5.94 12.45 322.01 10.231
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Using Design Expert 13 to analyse the experimental results, the analysis of variance is shown in Table
4. Additionally, the response surface regression equation for the conveying capacity, given by equation (6), is
obtained.

Table 4
Analysis of Variance
Source Sun of df Mean F P
Squares Square

Model 214.77 14 15.34 3.40 0.0144
A 37.63 1 37.63 8.34 0.0119
B 3.24 1 3.24 0.7180 0.4110
(03 81.44 1 81.44 18.06 0.0008
D 43.03 1 43.03 9.54 0.0080
AB 3.67 1 3.67 0.8130 0.3825
AC 0.8236 1 0.8236 0.1826 0.6757
AD 0.5944 1 0.5944 0.1318 0.7220
BC 3.67 1 3.67 0.8147 0.3820
BD 0.2134 1 0.2134 0.0473 0.8309
CD 4.36 1 4.36 0.9675 0.3420
A? 5.26 1 5.26 1.17 0.2984
B? 12.43 1 12.43 2.76 0.1191
Cc? 3.02 1 3.02 0.6705 0.4266
D? 13.99 1 13.99 3.10 0.1000

Residual 63.15 14 4.51
Lack of Fit 59.15 10 5.91 5.91 0.0507

Pure Error 4.00 4 1.00

Cor Total 277.92 28

Y =8.68+1.77A-0.5195B+2.61C +1.89D+0.9575AB-0.4537AC-0.3855AD+0.9585BC-0.2310BD (5)
-1.04CD+0.9007A%-1.38B%-0.6828C>-1.47D?

In the equation, A, B, C and D are coded values.

Response Surface Analysis

Using Design Expert, response surface plots are obtained to illustrate the effects of various interaction
factors on the conveying capacity, as shown in Figure 5. In the plot, factors other than the interaction factors
are kept at their midpoint values.

CIRSSSSS
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> < peeety wes
SIS
SRS
’0:“’
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=
s
.

B Inner diameter

b) AC c)BC
Fig. 5 - The effects of the AB, AC, and BC interactions on the conveying capacity

As shown in Figure 5(a), the conveying capacity of the screw device increases steadily with the increase
in blade outer diameter. Analysing the reason, with the increase in blade outer diameter, the filling volume of
the material inside the screw device increases, thereby improving the conveying capacity of the screw
mechanism. When the blade outer diameter is small, the conveying capacity of the screw mechanism
decreases with the increase in blade inner diameter, and the rate of decrease becomes faster after reaching
a certain value. Analysing the reason, with the increase in blade inner diameter, the gap inside the mechanism
increases, resulting in increased fluidity of the material inside the screw device, thereby reducing the conveying
capacity. When the blade outer diameter is large, the conveying capacity increases with the increase in blade
inner diameter, but after reaching the peak, it slowly decreases. Analysing the reason, when the outer diameter
is large, with the increase in inner diameter, the filling volume of the material inside the screw increases.
However, after exceeding a certain degree, the increase in fluidity of the material has a more significant impact
on the conveying capacity.
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As shown in Figure 5(b), the curvature of the contour lines for the AC interaction is lower compared to
those for the AB and BC interactions, indicating that the interaction between AC is not as significant as the
other two groups. The conveying capacity of the screw device increases steadily with the increase in blade
outer diameter. The conveying capacity of the screw device increases with the increase in pitch. Analysing the
reason, with the increase in pitch, the gaps for material filling gradually increase, and more material fills the
spaces between the screws, thereby increasing the conveying capacity of the material. This is similar to the
findings in Figure 5(a).

As shown in Figure 5(c), the conveying capacity of the screw device gradually decreases with the
increase in inner diameter and increases with the increase in pitch. This is similar to the findings in Figure 5(a).

Targeting the optimization of the objective function, using the Optimization function in Design Expert 13
with a target conveying capacity of 2.88 kg/h, the optimal combination parameters obtained are as follows: A
(blade outer diameter) = 23.8 mm, B (blade inner diameter) = 6.4 mm, C (pitch) = 11.2 mm, D (blade speed)
= 288.9 r/min. Conducting experiments based on the optimal combination parameters yields a conveying
capacity of 2.85 kg/h, with an error of 1.04% compared to the predicted value. The experimental and predicted
values are consistent, providing a reference for the design of the screw conveyor.

OPTIMIZED PARAMETER BENCH TRIAL

Experimental Material and Equipment

Using laboratory-made Type | skin mill sub-material that complies with production standards as the
experimental material, as shown in Figure 6; applying a prototype of the self-made wheat milling sub-material
particle size detection device for the throughput capacity test on the test stand, the experimental setup of the
device feeding component test stand is depicted in Figure 7, with some structures made transparent for ease
of experimental observation.

Experimental Design and Methodology

The experimental setup involves uniformly pouring the test material above the inlet. To accurately
measure the feeding component's throughput over a unit of time and assess the overall operational stability of
the device, the vibration feeder within the device is also activated and its conveying parameters are set. The
material will then fall into the receiving bin at the end of the vibration feeder. To ensure precision in the
experiment, timing starts the moment the material reaches the receiving bin. The experiment consists of 5
sets, with each set lasting 5 minutes.

The evaluation criterion used in this experiment is the coefficient of variation (CV) of throughput
uniformity. A smaller coefficient of variation indicates less fluctuation in the feeding component's throughput,
signifying more uniform feeding. The CV is calculated for each set of 5 statistical time periods, with each period
lasting 15 seconds. During each time period, material is manually collected using a material receiving device.
The calculation for the coefficient of variation is as follows:

m=iL =125 (6)

i=12,..5 @)

5= x100% )
m
In the equation,
m represents the average throughput within five-time intervals, g;
mi represents the throughput within the i-th time interval, g;
X represents the quantity within the statistical time interval, where n equals 5;
S represents the standard deviation of throughput within each statistical time interval of a set of
experiments, g;
o represents the coefficient of variation of throughput uniformity, expressed as a percentage, %.
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Fig. 7 - Bench Trial
1- Inlet; 2- Sampling Screw; 3- Drive Motor; 4- Vibrating Feeder and its Chute; 5- Backlight; 6- Receiving Hopper

Experimental Results and Analysis

The experimental results of the test stand are shown in Table 5.

Table 5
Bench trial data
Number of times Conveying capacity / [kg/h] Coefficient of variation of
uniformity / %
1 2.71 1.34
2 2.83 1.28
3 2.81 1.42
4 2.91 1.29
5 2.79 1.33
Average value 2.81 1.33

According to Table 5, the average throughput capacity of the sampling device is 2.84 kg/h, the coefficient
of variation of uniformity for the five experiments is 1.33%, indicating good stability in the operation of the
device. The discrepancy may be attributed to measurement errors or insufficient material dispersion during
manual operation, which affected its throughput performance. However, it still meets the requirements for
device usage.

The results from both the Box-Behnken combination experiment and the parameter optimization bench
test indicate that the designed parameters, with a helical blade outer diameter of 23.8 mm, inner diameter of
6.4 mm, pitch of 11.2 mm, and blade speed of 288.9 r/min, can be effectively implemented in the design of this
apparatus. They satisfactorily meet the design requirements for the feeding components of the device.
Additionally, this chapter conducts an analysis of the response surface experiment results, providing some
guidance for the design optimization of the shaftless helix. Furthermore, the similarity between the research
outcomes of this study and those documented in relevant literature (Ma et al, 2019; Zhu et al, 2023; Wulantuya
et al, 2020) validates the correctness of the research content and results presented in this paper.
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CONCLUSIONS

This study focuses on the shaftless screw blades of the spiral feeding component in the wheat
processing particle size online detection device, with the throughput capacity of the screw conveyor as the
target. A Box-Behnken experiment with four factors and three levels is conducted using Design Expert 13. A
guadratic regression equation is established, with a throughput capacity target of 2.88 kg/h.

The optimal parameter combination is determined to be: outer diameter of screw blades 23.8 mm, inner
diameter of screw blades 6.4 mm, pitch 11.2 mm, and blade rotation speed 288.9 r/min. Simulation
experiments based on the optimal parameter combination yield a throughput capacity of 2.85 kg/h for the screw
blades, with a prediction error of 1.04%, validating the reliability of the multi-objective optimization model.
Further experiments on the test stand using the optimal parameter combination show an average throughput
capacity of 2.84 kg/h for the test stand prototype, with an average coefficient of variation of throughput
uniformity in the test stand experiments of 1.33%, confirming the reliability of the device operation. Additionally,
the assembly of the wheat processing particle size online detection device is completed, and the device
operates smoothly with stable operation of the feeding components and no occurrence of material blockages.
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ABSTRACT

In the process of seed introduction, there is a problem of seed falling disorderly due to the collision between
the seed and tube wall, which seriously affects the uniformity of seed spacing in the field. To solve this problem,
this paper designed a kind of annular air-blowing auxiliary seed guide device. After a series of simulation
experiments, theoretical research, and high-speed camera bench experiments, the optimal parameter selected
combination of the critical structure of the seed guide device. The experimental results showed that when the
annular air-blowing assisted seed guide tube was used, the positive air pressure was 2 KPa, the airway angle
was 150°, the airway outlet width was 12 mm, and the distribution pore diameter was 4 mm. When the forward
speed was 6 km/h (the rotation speed of the seed metering disc was 25.30 rpm), the seed sowing effect was
the best in the seed guide device; the qualified rate was 88.36%, and the coefficient of variation was 12%. This
study provides a reference for improving seed spacing uniformity and can be used to optimize seed guide
tubes.

B"E

SR 7 & RS BB 1E 5[ 7 /7 T BRI, U5 ™E #7777 H 5 A9 1 5T 1
FRIUL[, KX R T —FHE TR GHEE, ZT—FIHrELR, s, SEEE 545
B, EREHEEXBEHHIRUSHES., LREZHFWRBHETKFYGHE, EXNEY 2 KPa, T&
FE 150°, SEHOFE 12mm, HESAEE4mm, HEIHEREX 6km/h(HEFIEFEE 25.30r0m)iT 7 F &
SHEENK, FEFNREFTLRLE, SIEFLF 88364 TREL 124, SHNEIE, 125 1B 1EF
RIS IR T 184, BT ERELLE.

INTRODUCTION

Sowing operation is an essential primary link in agricultural production, and the precision seeding device
is an integral part of realizing agricultural modernization (Dayoub et al., 2021; Lei et al., 2021). Accurate sowing
position and grain spacing distribution are the key to proper sowing of corn. The value of precise positioning
and seeding lies not only in saving seeds and reducing costs but also in improving the quality of seeding,
making seedlings orderly, improving the utilization rate of light energy and soil power, and providing highly
consistent operating objects for the midterm management and harvesting, to effectively improve the yield per
unit area (Liu et al., 2017; Huang, 2015; Liu, 2013). Therefore, improving the uniformity of corn seed sowing
has significant effects on the later growth and yield of corn. Scholars at home and abroad have conducted a
series of studies on seed guide technology and device. For corn, a large grain crop, in the process of seed
introduction, the seed guide device is required to restrict the movement of seeds, control the movement of
seeds in three-dimensional space, and prevent the collision between seeds and seed guide tube, to meet the
requirements of precision seeding.

After leaving the seed metering device, due to the inertia of the rotary table of the seed metering device,
the seeds cannot fall along a straight line only by gravity. The collision between the seeds and the seed guiding
device will be caused by the vibration and displacement of the machine. The results of Wang Qing's field
experiment showed that as the forward speed increased, the vibration of the seeder became more intense,
and the peak vibration acceleration became larger (Wang et al., 2024). Resulting in the longer migration time
of the seeds in the seed guiding device.
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Wang Jinwu used high-speed photography and took the finger clip corn precision seeder as the
research carrier. The test results showed that when the working speed was 15 rpm~45 rpm, and the tilt angle
was 0 °, the lateral displacement of the seed front and side tracks increased with the increase of the working
speed; When the working speed was more significant than 35 rpm, the seed trajectory and the position
distribution of the falling point are gradually dispersed, and the coefficient of variation of plant spacing becomes
larger; When the working speed is 30 rpm and the tilt angle is -12°~12°, the trajectory seed throwing angle
decreases with the increase of the tilt angle (Wang et al., 2017). Sweden Vaderstad company is a high-speed
planter that uses pneumatic projection technology to control the planting trajectory to achieve accurate
planting. This falling method can reduce the collision between seed and seed metering tube and improve the
precision of the seed dropping (Chen et al., 2022). Zhang Yunhe designed a pressure-holding precision seed-
metering device for corn, which uses a guide plate to control the movement trajectory of corn seeds. The
experimental results show that the device can effectively improve the accuracy of seed dropping (Zhang et al.,
2023). Zhao Shuhong designed a corn seed guiding device that limits the seed pod's movement trajectory by
combining the wrist seeder with the V-slot (Zhao et al., 2018). Li Yuhuan designed a straight-line seed-pushing
device for air-suction corn metering device. The device is equipped with a straight-line seed-feeding device
during the seed-feeding process. When the machine is working, the seeds arriving at the seed-pushing area will
be pushed by the airflow, move downward straight away from the seed metering disc, and then quickly reach the seed
bed along the seed guide tube (Li et al., 2020).

Kocher took the new and old seed guide tubes produced by John Deere company of the United States
as the test object using its precision seeder to conduct a comparative test on the seeding performance. The
results showed that the new seed guide tube's seeding performance was better, mainly caused by the smooth
inner wall of the new seed guide tube and the rough inner wall of the old seed guide tube (Kovher M.F. et al.,
2011). Yazgi studied the effect of different seed guide tube shapes on seed metering performance under
various operating speeds and theoretical seed spacing test conditions. Regarding the seed metering
gualification rate, the performance of a plastic bellows-type seed guide tube is much worse than that of a
smooth metal surface (Yazgi A., 2016). Yatskul studied that the diameter of the pneumatic seed guide tube
commonly used by foreign agricultural machinery enterprises (Horse, Kuhn, and John Deere) is mostly 20~30
mm, which can achieve a better sowing effect (Yatskul A. et al., 2018). Endrerud used the combination of the
seed guide tube and ditcher to conduct a numerical simulation to study how the kinetic energy of seed sliding
from the seed guide tube is affected by the ditcher's diameter, inclination angle, and bending radius. The test
shows that when the seed guide tube is tilted to 45°, the diameter does not affect on the energy loss. When
the seed guide tube is divided into a smooth horizontal, inclined plane and smoothly transits to the shape of
an arc curve, this time, the collision energy is minimized (Endrerud H.C., 1999).

Therefore, in order to improve the uniformity of corn planting spacing, a kind of annular air-blowing
assisted seed guide device was designed in this paper. Through theoretical analysis and fluid numerical
simulation, the key structural parameters were determined. The rationality and accuracy of the design were
verified by bench test, and the optimal combination of operation parameters was obtained. This study can
provide a theoretical basis and technical support for the innovative design of a corn precision seeding device.

MATERIALS AND METHODS
The following is a schematic diagram of seeds bouncing inside the seed guide tube. A new type of
seed guide tube will be designed to avoid such bounce.

Fig. 1 - Schematic diagram of seed bouncing inside the seed guide tube
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Whole structure design

The square cross-section seed guide tube was used as the research carrier, and the annular air-
blowing auxiliary seed guide device was installed in the linear seed guide section. The annular air-blowing
additional seed guide device mainly comprises an upper annular airway, inclined guide airway, fan airflow
interface, distribution hole, and other components. The overall structure is shown in Fig. 2.
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Fig. 2 - Overall and partial structure diagram of annular air-blowing auxiliary seed guide device
1 - distribution hole; 2 - air flow interface of fan; 3 - upper annular airway; 4 - inclined guide airway; 5 - corn grain; 6 - air flow direction

Note: a is the angle between the inclined guide airway and the tube wall of the seed guide tube, d is the diameter of the distribution
pore, L is the width of the distribution airway
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During the seeding operation, the annular air-blowing auxiliary seed guide device is installed on the
precision seed metering device, and the airflow interface of the fan is connected to the supporting fan. After
the fan sets a specific air pressure, the seed guide device continuously provides a high-speed stable air flow.
After entering the upper annular airway, the airflow will fill the upper airway and then enter the lower inclined
plane to guide the airway through the distribution hole. At this time, a uniform airflow will be formed in the seed
guide device continuously downward along the inclined plane. The seeds distributed by the seed metering
device migrate to the airflow area of the annular air-blowing auxiliary seed guiding device and scurry downward

along the seed guiding tube curve under high-speed airflow. This device shortens the running time of seeds in
the tube and reduces the number of collisions.

Design of key components
Inclined airway

When the seeds enter the air flow area of the seed guide device, they will be subjected to forces in
different directions, and the force diagram is shown in Fig 3:

Fig. 3 - Schematic diagram of seed force in the seed guide device
Note: mg — Gravity; F,, - Magnus effect force; 0 - air flow angle; v, - relative velocity of seed and air flow;
v, - air velocity; v, -seed velocity

According to the theory of gas-solid two-phase flow, the force acting on the corn seed in the air passage
with an air flow angle of 8 is:

Fy=ppSvy g 1)
where:

Uy = Vg + U (2)
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Q
Va = ; ()

where  u - resistance coefficient of corn seed, taking 0.22;

p - air density at normal temperature(20°C), taking 1.205 kg/m3;

S - relative contact area between seed and air flow, m?;

v, - relative velocity of seed and air flow, m/s;

v, - air velocity, m/s;

v, - seed velocity, m/s;

Q - air flow, m3/s;

Sr— cross-sectional area of seed guide device, m?;

Force analysis of seed in seed guide device:
E, = F, —mgcosf 4)
E, = F, + mgsin (5)
where: F, — the force of seed in the vertical direction of seed guide device, N;
E,— Magnus effect force, N; m— corn seed mass, kg;
g — acceleration of gravity, m/s?;
F,— the force of seed along the curve of seed guide tube, N.

Without contacting the tube wall of the seed guide tube, the force on the vertical movement direction
of the seed is constrained by the pressure difference force and Magnus effect force generated by the airflow;
under the joint action of airflow resistance and gravity component mg.sin@ along the direction of seed guide
curve, the differential equation of seed motion is obtained from cameral principle:

Tex = Im_ geoso (6)
Q

2
dysy _ upS (§+US)

~ + g sind (7)

According to the above formula, when the seed does not collide with the tube wall, its motion
acceleration in the tube is affected by the airflow velocity, seed velocity, and air flow angle 8 influence. When
the corn seed leaves the seed metering device, the seed speed is affected by the angular speed of the rotation
of the seed metering plate, which can be regarded as a constant quantity. Since the air velocity is mainly
related to the wind speed provided by the fan, it can be kept constant by artificially changing the wind speed.
In order to avoid the collision and bounce between the seed and the soil due to the excessive partial velocity
in the horizontal direction when the seed leaves the seed guide device, the air flow angle in the tube should
be controlled. And it is relevant with an inclined guide airway a. Too large airflow angle will lead to the failure
of the design of the pores of the upper distribution channel behind, and too small air flow angle will lead to the
loss of the air flow of the annular channel to go down, resulting in eddy currents that disturb the falling of seeds.
The angle of the inclined airway in the range of 140°~160° is selected as the later influencing factor.

Airway outlet width L and distribution pore diameter d

In order to ensure the good seeding function of corn seeds under high-speed airflow, the width of the
airway outlet should be less than the shortest side length of the nozzle of the seed guide tube. At the same
time, if the width of the airway guided by the high-speed airflow is too narrow, the air pressure entering the
seed guide tube will be lost, and the aerodynamic resistance will increase (Sokolov E. and Zingel, 1977).
Therefore, the outlet width of the intake port is 10~20 mm as the later influencing factor. Both too-large and
too-small distribution pores will make the air flow in the airway unevenly distributed into the seed guide tube.
According to the size of the design structure and relevant research (Wang et al., 2020) , the diameter of the

distribution pore is between 3~6 mm as the subsequent influencing factor.

Fan air flow interface and air flow size

The air flow interface of the fan is connected with the pressure-resistant starting hose, and the fan
provides a continuous flow of air. The fan model is YASHIBA small drag pump fan, with a working speed of <
3500 rpm and a working pressure between -7 kPa and 7 kPa. The diameter of the large rotating small
connector is 16 mm, and the diameter of the air flow interface of the fan should be equal to its outer diameter,
taking 16 mm.
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Experimental methods
Simulation

The single-factor simulation test was carried out on the critical structural parameters affecting the seed
guide effect, the ideal parameter combination was selected for the orthogonal experiment, and the optimal
combination of the annular air-blowing auxiliary seed guide device was selected. The test factors and their
levels are shown in Table 1:

Table 1
Single factor influencing factor level
Level Inclined airway Airway outlet width Distribution pore diameter
angle a/® L/mm d/mm

1 140 10 3
2 145 12 4
3 150 14 5
4 155 16 6
5 160 18

6 20

The critical link of the annular air-blowing auxiliary seed guide device is the selection of wind pressure.
High or low wind pressure will affect the movement of seeds in the seed guide tube. 2 kPa, 3 kPa, and 4 kPa
were used for fluent software simulation experiments, and the ideal wind pressure was selected.

By counting the absolute value of the velocity difference at the midpoint of the length and width of the
section (v = |v, —v,| + |v3 —v4|) , it can be seen whether the seed movement is stable during the process

of the seed guide tube. The schematic diagram is shown in Fig 4:

Vi

V3

B

Fig. 4 - Schematic diagram of velocity at the midpoint of section length and width
V-V, - the velocities in the four directions of the selected cross-section: right, down, left, up.

Bench test

In order to study the seed guiding effect of the auxiliary seed guiding device of the annular device, the
JSP-12 seed metering device performance test bench was used in this experiment. The bench test was carried
out in the intelligent agricultural machinery equipment laboratory of Anhui Agricultural University; the i-speed
3 high-speed cameras were used to record the movement of seeds in the seed guiding tube. The data
processing software of the seed metering device test bed was used to record the corn seed spacing. It mainly
counts the plant spacing of corn seeds to obtain the qualified rate and variation coefficient of sowing.

Fig. 5 - JSP seeder performance test bench
1 - drive motor; 2 - high-speed camera; 3 - scoop wheel seed metering device; 4 - annular air blowing auxiliary seed guiding device;
5 - positive pressure air pipe; 6 - test bed control cabinet
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RESULTS
Results and analysis of simulation
Three different wind pressures were simulated and analyzed, and the experimental results are shown

in Fig 6:

1000pa 2000pa 3000pa
Fig. 6 - Front velocity nephogram under different wind pressures

It can be seen that when the wind pressure is equal to 1 kPa, the airflow inside the pipe is small due to
the existence of the distribution airway, which cannot play the role of making the seeds fall rapidly and stably;
When the wind pressure is equal to 3 kPa, the turbulence inside the pipe is considerable, which cannot provide
stable acceleration for the seeds; At 2 kPa, the air flow in the tube is evenly distributed, which is suitable for
the steady falling of sources. 2 kPa air pressure is selected as the inlet air pressure of the seed guide device.

Inclined airway angle

In order to ensure the consistency of test factors, set the airway width as 16 mm and the diameter of the
distribution pore as 4 mm, and carry out single-factor numerical simulation for different inclined airway angles.
The simulation cloud diagram is shown in Fig. 7 and Fig. 8:

#---= Omm

==== 50mm

----- 100mm

a=140° a=145° a=150° a=155" a=160"
Fig. 7 - Frontal velocity nephogram

Fig. 8 - Local velocity nephogram of seed guide device

The simulation results are imported into the Origin for drawing, and the influence of different airway
angles on the velocity difference in the opposite position is shown in Fig. 9:
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