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ABSTRACT

The article presents aspects related to energy potential of the shredded biomass from agricultural secondary
production, coming from maintenance operations to cutting trees and vines and an original solution of dryer
with vibrating fluidized bed with continuous operation equipped with adjustments of the transit time of biomass
in the dryer. Also, it was analysed the dynamic behaviour of the biomass tray as well as of a biomass patrticle
for the variant of vibrating fluidized bed.

ABSTRACT

Articolul prezinta aspecte legate de potentialul energetic al biomasei maruntite din productia secundara
agricola, provenita din operatiile de intretinere la taierea pomilor si vitei de vie si 0 solutie originala de uscator
cu pat fluidizat vibrant cu functionare continuua dotat cu reglaje ale timpului de tranzit al biomasei in uscator.
De asemenea s-a analizat comportamentul dinamic al cuvei cu biomasa precum si al unei particule de
biomasa pentru varianta de pat fluidizat vibrant.

INTRODUCTION

The cuttings in the orchards are made in the non-vegetative period and as a result the average humidity
of the cut branches is 30-35%. If a humidity of 35% of a ton of cuttings is taken into account, by drying up to
an average humidity of 15%, it results in 765 kg of biomass usable for the production of thermal energy that
has an energy potential of 11.856 MJ or 3.3 MWhth. From a hectare of intensive orchards annually, on average,
about 3 tons of biomass are cut, which have an energy potential of 35.628 GJ/ha-year.

The biomass from the cuttings is transported to the row end where it is chopped with specialized
equipment at 10..50 mm and stored in containers with perforated walls for good air circulation, for natural
drying, or for immediate use and dried in specialized installations. On average, the bulk density of the wet cut
is 250 kg/m3, which leads to a need of about 12 containers for one hectare of orchard. By natural drying or in
dryers, the biomass reaches an average humidity of 15% and a bulk density of about 200 kg/m3.

One ton of dry biomass has an energy potential of 15.530 GJ /t.bm or 4.3 MWhth. From the published
data, for Europe, results an average cost of gathering, chopping and transport for a ton of cuts of about 40 €/1.
Taking into account the costs for drying and a profit of 20%, it results that a ton of biomass usable for the
production of thermal energy can be sold for about 80€ /t. The specific price for the primary energy of biomass
is in the case studied of 5.2 € /GJ or 18.6 € /MWhth, values much lower than those for diesel of 33.22 € /GJ or
for LPG of 21.52 € /GJ (Pavel et al., 2020).

The researchers showed that for drying biomass from 30% to 15%, 70% of the energy consumed is
used for processing, while for the actual pelleting of pellets - only 7%. Regarding the moisture of biomass for
pelleting, Li, Yadong and Liu, Henry (Yadong and Henry, 2000), stated that it should be between 6-12%, and
Obernberger, I. and Thek, G (Obernberger and Thek, 2004) recommend values of 8-12%. It should be noted
that the moisture content of the raw material in the initial phase can far exceed the required level. Humidity
after maintenance cuttings in orchards or vines is up to 50%. For economic reasons, reducing the high humidity
of the harvested biomass is recommended to be achieved under natural conditions, using solar energy or
atmospheric air (Ericsson and Werner, 2014; Iftekhar et al., 2017).
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The humidity of dry biomass under natural conditions depends very much on the humidity of the ambient
air. At the ambient air temperature, t, = 25 and its humidity, ¢, = 85% the wood can be dried in natural
conditions up to a minimum humidity of 18% (lvanov, 1956). Therefore, in order to obtain biomass in
accordance with technological requirements, it must be further dried under artificial conditions.

Experimental research, performed jointly by researchers from Canada and the US (Rezaei et al., 2016),
showed that the size, shape and density of biomass particles influence transportability and fluidization, drying
rate and decomposition. Also the air temperature and the drying speed influence the uniformity of the deep
drying of the biomass particle (Pazyuk et al., 2018).

There is a wide variety of artificial drying methods (Gavrilencov et al., 2014) and in specialized articles
scientists study different types of dryers: with active ventilation (Gaponyuk et al., 2014), with infrared radiation
with vibrating trays (Bandura et al., 2019), with electromagnetic vibrations (Burdo et al., 2017 ), with intermittent
drying (Kumar et al., 2008),with convective drying (Ahrné et al., 2007), with microwave (Apolzan et al., 2020)
or a combination of a convective method of heat supply with the introduction of ozone as a drying agent
(Tsurkan et al., 2013). For the study of dynamic behaviour a new solution of dryer with vibrating fluidized bed
with continuous workflow is presented, a solution for which a national patent application was submitted.

MATERIALS AND METHODS
CALCULATION OF THE TECHNOLOGICAL DRYING PROCESS

Drying is the operation by which water from solid materials (in our case biomass) is removed with the
help of air which has the role of bringing the heat necessary to vaporize moisture and to evacuate the resulting
water vapour. The speed of the drying process is defined by the amount of moisture removed from the surface
unit of the material to be dried in the unit of time.

In the technological process of artificial drying (fig.1) wet biomass and dry air enter and dry biomass and
wet air come out.

L, x1 W, x2
—
Dry air Wet air
Dryer
G1,u1 G2,u2
——— ———
Wet biomass Dry biomass

Fig. 1- Block diagram of the artificial drying process
X, - air humidity at the inlet [kg water / kg wet air]; x, - air humidity at outlet [kg water/kg wet air]; L — absolutely dry air flow [kg air/h];
G; - input biomass flow [kg /h]; G, - output biomass flow [kg /h]; u; - absolute humidity of the input biomass [kg water / kg wet biomass];
U, - absolute humidity of the output biomass [kg water/kg wet biomass]; W - the amount of water removed from the biomass [kg water/h]

The material balance of a dryer is as follows:

The general balance equation:
Gy =Gy +W Q)

The biomass moisture balance equation:
Gl'u1=G2-u2+W (2)
The balance equation of absolutely dry biomass:

Gy li-u )=65 1-u)) ®)
The amount of water removed from the biomass:
1-u

1
W=G xu -G xu =G x - 4
Gl ul G2 u2 Gl u1 1-u2 ( )

The humidity balance equation in the dryer:
L-x1+G1-u1:L-x2+G2-u2 (5)

10
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L~(x2—x1):Gl~ul—Gz~u2 =W (6)
The air requirement:
w
L= (7
|

The specific air consumption:

I= L = [kg wet air /kg removed water] (8)
w Xy —Xp

The speed of the drying process:
w=—-" 9)

where:
- W - speed of the drying process;
- dW - the amount of moisture removed;
- A - the unit of surface of the material subjected to drying;
- dt - unit of time.

The drying time:
When the drying speed is known, the drying time is determined by integrating the equation:
aw aw

wW=——=>2o1[=
A-dt A-w
The theoretically deduced equations for the drying speed are complicated and difficult to apply and the
solution of the problem must be accompanied by experimental data at laboratory scale which are transposed

at industrial scale.

(10)

NEW DRYER SOLUTION WITH VIBRATING FLUIDIZED BED AND CONTINUOUS OPERATION

The dryer solution shown in fig. 2 is with vibrating bed and self-feeding with biomass; it uses hot air or
from atmosphere and allows adjustments for the transit time of biomass through the dryer, consequently
adjustment of the biomass drying degree at the output of the dryer.

The dryer consists of an outer housing (3), inside which there is a vibrating tray (2) which rests on four
springs (9) and is vibrated by the electric vibrating motor (11). The hot air enters through two pipes (15) which
have three flaps (12) with which it adjusts the distribution of hot air on the six pairs of hole profiles (13) located
on the bottom of the tray. The feeding flap is a common body with the vibrating tray and when their mass
decreases due to the loss of water from the dry biomass, the springs (9) lift the vibrating assembly and initiate
the self-feeding with biomass from the feeding tray (8).

When the weight of the tray increases due to re-feeding, it presses the springs and with it moves the
feeding flap that closes the feeding orifice. The advance speed of the biomass in the dryer is made by adjusting
the angle (a) of the baffles (14), by adjusting the angle (b) of the working position of the vibrating tray and by
adjusting the amplitude (eccentricity against weights), frequency (electric motor rotational speed) and the
direction of rotation of the vibrating motor.

The outer housing stands on four legs and consists of a biomass feeding tray (8), a humid air exhaust
chimney (7) and an inspection hole (4).

The feeding of the tray with biomass is done in self-feeding regime. The feeding flap (6) is fixed to the
vibrating tray and moves with it. When the biomass to be dried loses between 10-65% water by evaporation,
due to weight loss, the springs (9) lift the vibrating tray and with it the feeding flap that allows the biomass to
fall from the feeding tray (8) into the vibrating tray (2) for re-feeding. For example, for the conditions imposed
during the simulation, when reducing the weight from 50 kg to 30 kg (approx. 65%), the vertical displacement
of the vibrating tray is approx. 20 mm (fig. 11).

11
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x2,W
Wet air
\ 5 & 7 o2
G1,u1
30 ] aemass
feeding tray l
LA /
8 R b btk
| =
A
2‘ 1%}
—/ \
15 14 13 & W 48 9 !
G2,u2

Dry biomass output

\/

Hot air input /

Fig. 2 - Principle drawing of the dryer with vibrating fluidized bed for shredded biomass
1- dry biomass output; 2-vibrating tray; 3- outer housing; 4-inspection hole; 5- filter ; 6-feeding flap ;7- humid air exhaust chimney ;8-
feeding tray with biomass ;9-spring ;10- jack for adjustment of the working angle ;11- industrial vibrator with electric motor;12- hot air
dose adjustment flaps; 13- L profile with holes ; 14-baffle ;15- hot air supply pipes; x; - air humidity at the inlet; x; - air humidity at
outlet;G; - input biomass flow; G, - output biomass flow; u; - absolute humidity of the input biomass; u, - absolute humidity of the output
biomass; L — absolutely dry air flow; W - the amount of water removed from the biomass

Uniform distribution of air flow inside the drying tray is very important because it determines both the
drying efficiency and the homogeneity of the products that are dried (Amanlou et al., 2010). Thus, on the sides
of the vibrating tray are placed two hot air supply pipes (15) in which are installed three adjustment flaps (12)
for dosing the hot air through the holes profiles (13) over which the biomass to be dried moves. The surplus of
hot air is directed to the wettest area, to the biomass freshly introduced in the dryer.

The humidity of the biomass at the output of the dryer (1) depends on the granulation of the biomass,
on the humidity of the raw material, on the flow and temperature of the hot air introduced in the pipes (15) and
on the transit time of the dryer. The latter can be adjusted by changing the angle (b) of the baffles (14) or by
changing the relief angle of the vibrating tray (a) using the jack (10). The arrow of the springs (9) is calculated
for the weight of the vibrating tray loaded with biomass and for the size of the desired feeding orifice. Also, the
amplitude, frequency (rotational speed) and direction of vibrations produced by the vibrator with electric motor
influence the transit time of the biomass in the dryer. When the humidity of the biomass at the output of the
dryer is the desired one if the adjustments made are maintained and the introduced biomass is approximately
of the same humidity, the dryer feeds itself and works continuously.

SIMULATION

The following will present a numerical simulation performed with a proprietary 2D multibody dynamics
software (Liu et al., 2016), developed in the institute, which analyses only the mechanical aspects of the dryer,
the results were plotted with the help of the Amesim software facilities and the physical model was made in

12
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AutoCAD in order to be able to enter the precise coordinates in the calculation. The role of the simulation is to
validate the new dryer concept and to see the influence that certain parameters have on the process of
displacement of a biomass particle on the dryer tray.

Material Static | Kinematic Elasticity Density | Mass

arameter | friction friction [kg/m?3] [kg]

800 mm - Biomass particle Wood 0.2 0.2 0.5 560 | 0.001
Y Total mass Steel 0.4 0.3 0.95 7800 50

19, 15x40 mm

/ 100 kg

Minimal tilting angle - 2.5 degree

Trajectory of particle
centre of mass

Vibrating tray - working position

............................. ( with 50 kg of biomass )
k=4x229N/mm Y e L

.

b =4 x 0.3 N*s/mm

1000 rpm
3750 kg*mm?

0 1000 mm 2000 mm

Fig. 3- Physical simulation model of the dryer
[2] - vibrating tray; [9] — springs and dampers; [10] - jack for adjustment of the working angle; [11] - industrial vibrator with electric motor

Figure 3 shows the physical model of the numerical simulation, it consists of:

¢ the vibrating tray [2], it has an initial mass of 50 kg, when not loaded, and when the dryer is loaded to
its maximum capacity, it supports a maximum load of 50 kg of biomass, in total 100 kg ;

¢ the 4 springs with dampers, that have the role of stabilizing the vibrations of the tray, have the following
parameters: k = 2.29 N/mm and b = 0.3 N*s/mm;

¢ the industrial vibrator with electric motor which has a speed of 1000 rev/min and moment of inertia of
the eccentric of 3750 kg*mm?;

¢ the biomass particle with dimensions of 15x40 mm and mass of one gram (see figure 4).

Fig. 4 - Biomass particle dimensions and mass

RESULTS

A new solution of dryer with vibrating fluidized bed, with continuous operation and multiple adjustments
for the transit time of the biomass in the dryer and an algorithm for calculating the material balance, speed and
drying time was presented (equations (1-10)). During the simulation, the dynamic behaviour of a 1 gram

13
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biomass particle was analysed and its amplitude, shape and duration of displacement over a length of 2 ml
were determined.

Numerical simulation results: The study performed with the help of numerical simulation presents the
analysis of the dynamic behaviour of the dryer tray and the biomass particle.

—— Y - Position of center of mass of vibrating tray [mm]

g —— Y - Position of center of mass of vibrating tray (detail) [mm] {mm]

560 — 453

452

451

Y: Displacement [mm]

450

Y: Displacement [mm]

Average - 451.105

440 T T T T T T T T T T — 448
0 10 20 30 40 50
X: Time [s]

Fig. 5 - Y - Position of centre of vibrating tray mass (red) and in detail (blue)

Figure 5 shows the variation in time of the displacement on the Y-axis of the centre of gravity of the
vibrating tray. In the graph, you can see how when the tray is loaded with the maximum amount of biomass, it
goes down about 100 mm (550 mm to 451.1 mm); this displacement closes the biomass-feeding flap of the
dryer. In the detail on the same figure, it can be seen that the amplitude of the vibration is about 3 mm.

[— XY-Trajectory of center of mass of vibrating tray [mm] I

[mm]
453 —

452 —
Bl

u iy \\
1 “' ’ 'l" ) "'\" ' \",' '/" ( ' "/n “;‘ NN g "'4" (§’~
T "’ ‘\// \ /'\' 0\/ ‘\ .0‘ ’ “ i \\ |
5451‘ ‘”’”‘\‘ ‘|'." 'H""’\\\ /‘."'/\'/"0// ‘\“’ /\’ ‘/0" \'N "/\\‘\ \\ ‘\
| "' N Wy ” 4 ‘0)0‘ " " ‘
450 — .‘ ""I
1005 C o0 1o 'X:[;nm]' Cao0 s 10w

Fig. 6 - XY-Trajectory of centre of vibrating tray mass

Figure 6 shows the variation in time of the trajectory of the centre of mass of the tray; it can be observed
that for a certain cycle the amplitude of the movement on the Y-axis has the value of 3 mm. On the X-axis the
vibrating tray during operation moves a total of 26 mm; this movement does not affect the physical process of
fluidization of particles.

14
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[mm] —— X - Position of center of mass of biomass particle [mm]
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x10 — Y - Position of center of mass of biomass particle [mm] Imn]
2.0
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Fig. 7- Position on X&Y - axis of centre of biomass particle mass

Figure 7 shows the time variation of the displacement of the centre of gravity of the biomass particle on

the X - axis with red colour and with blue colour on the Y - axis.

I—-— XY - Trajectory of biomass particle center of mass [mm] |

[mm]

560 —

540 —

520 —

Y: [mm]

500 —

480 —

460 —

X: [mm]

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1.6 1.8

2.0

Fig. 8 - XY-Trajectory of centre of biomass particle mass

The time variation of the trajectory of centre of the biomass particle mass is shown in figure 8.
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—— VX - Velocity of center of mass of biomass particle [mm/s]
- VX - Velocity of center of mass of biomass particle (moving average 1 s period) [mm/s]

300
Average velocity - 37.693

200 l

| ’ .
i I ‘ L ‘ “ M
"} *“ ||‘ Ml'Fl‘ I ’l.' l“i H‘ MH" 1]‘ ’ P M mw

100 —

X: Velocity [mm/s]

=)
|

-100 —

-200 T T T T T T T T T T
0 10 20 30 40 50
Time [s]

Fig. 9 - VX - Velocity of centre of biomass particle mass

The linear displacement velocity on the x-axis of the biomass particle is shown in Figure 9. It can be
seen that for the angle of -2.5 degrees, the average linear velocity of the particle is about 37 mm/s. Also in the
same figure, you can see the behaviour of the particle, the linear velocity of the particle is both positive and
negative because the angle of inclination is small.

— Y - Position of center of mass of biomass particle (detail) [mm)]

[mm]

556 —

554 —

552 —

550 — ‘

548 — »

546 — ’j\

544 —

Y: Displacement [mm]

542 T I T I T I T I T | T ]
4 5 6 7 8 9 10
X: Time [s]

Fig. 10 - Y - Position of centre of biomass particle mass (detail)
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On the detail presented in figure 10, it can be observed that the amplitude of the particle vibration varies
between 2 and 11 mm. On average it has the value of 6 mm and the frequency of the particle vibrations has
the average value of 8 Hz.

Position of vibrating tray vs biomass quantity

Y - Position of center of mass of vibrating tray [mm]

30 31 32 33 34 35 36 3 38 39 40 41 42 43 44 45 46 47 48 19

Biomass quantity [kg]

Fig.11 - Position of vibrating tray vs biomass quantity

CONCLUSIONS

The article presents a new dryer solution with vibrating fluidized bed that aerates the shredded biomass
by controlled vibrations to increase the contact surface of the particles with the hot air in order to speed up the
drying. The presented solution allows adjustments of frequency and amplitude, of working angle, of loading
capacity at the vibrating tray obtaining a drying speed in relation to the followed humidity rate. It also allows
the adjustment of the amount of hot air in different areas of the vibrating tray. The humid hot air is filtered
through a sieve that self-shakes by vibration with the tray and before leaving the dryer preheats the biomass
in the feed tray.

The simulation was done in order to study the motion of a biomass particle to estimate the transit time
of wood chips in a dryer with vibrating tray. The study of dynamic behaviour mainly refers to the movement of
a biomass particle of a rectangular shape weighing 1 gram. For the inclination angle of -2.5 degrees, the
average frequency of 8 Hz and the average vibration amplitude of 6 mm, the average speed of the particle
displacement was 37 mm / sec.

The implementation of the presented solution can bring energy savings because it does not impose
conditions for the air temperature at the inlet, having multiple possibilities for adjusting the drying speed to
achieve the humidity conditions of the biomass at the exit of the dryer. It is of simple construction, works
continuously and does not require an operator for refeed. It consists of standardized elements (electric
vibrating motor, springs) and a metal construction easy to make in any size for different productivity.

The presented dryer can be part of a biomass technological processing line whose final purpose is to
obtain pellets, briquettes or shredded, dry biomass, for use in direct combustion in thermal boilers for hot water,
electricity or hot air.
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ABSTRACT

To analyze the maximum acceleration (amax) of a potato colliding with different objects, both experimental test
and finite element analysis (FEA) methods were used. Results showed that when potatoes were collided with
the single rod, the steel plate and the double rods, the average discrepancies of FEA and experimental test
values were 5.3%, 3.95% and 5.04%. The amax increased with the increase of potato drop height, and
decreased with the increase of potato mass. Under the same conditions, the amax decreased in turn when the
potatoes were collided with the steel plate, the single rod and the double rods. The FEA results showed that
the amax in collision with the steel plate was 60.78% to 96.29% higher than that with the double rods. The amax
in collision with the steel plate was 53.89% to 83.27% higher than that with the double rods. The amax in
collision with the single rod covered with soil was 37.65% and 31.54% lower than that without soil from
different drop height or with different potato mass. The research methods and conclusions of this article
provided a basis for the analysis of impact mechanics and damage mechanism of potatoes, and contributed
to further researches related to solid-like agricultural and food products.
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INTRODUCTION

Mechanical collision in the harvesting and post-harvesting processes is among the major causes of
the losses and damages of potatoes (Celik, 2017; Nikara et al., 2020). According to an American study, 70%
of potato damage is caused by harvesting, 30% during transport and storage (Peters, 1996). The impact
acceleration of potato not only has a positive correlation with its damage (Thomson and Lopresti, 2018; Xie,
2020a), but also is the key parameter to the study of potato impact kinematics and dynamics. Researchers
have adopted experimental studies? to analyze the potato mechanical impact and bruising based on various
instruments including pendulum collision device, free drop collision device, electronic potato, instrumented
sphere and acceleration measuring unit (Canneyt et al., 2004; Danil&, 2015; Deng et al., 2020; Geyer et al.,
2009; Hyde et al., 1992; Mathew and Hyde, 1997; Nikara et al., 2018; Rady and Soliman, 2015; Strehmel et
al., 2010; Xie et al., 2018; Xie et al., 2020a; Xie et al., 2020b). But in the process of mechanized harvesting,
sorting and transporting, potatoes usually collide with cylindrical steel rods with different tilt angles in different
directions, which is a very complicated process. There are many difficulties to be solved in the process of
collision analysis through experimental test. Finite element analysis (FEA) is a successful analysis tool for
developing approximate solutions to complex engineering problems and is very popular (Caglayan et al.,
2018; Celik et al., 2019).

1 Weigang Deng, As. Prof. Ph.D. Stud. Eng., Chenglong Liu, Stud.; Peng Li, Stud.; Yanlong Wang, Stud.;
Shengshi Xie, Lect. Ph.D. Eng.; Chunguang Wang, Prof. Ph.D. Eng.
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There have been many researches using FEA to study the collision damage of fruits and vegetables
(Ahmadi et al., 2016; Caglayan et al., 2018; Celik, 2017; Celik et al., 2019; Cerruto et al., 2015; Gao et al.,
2018; Kabas and Vladut, 2015; Li et al., 2013; Nikara et al., 2020).

Various influence factors on potato impact acceleration had been studied, which mainly consisted of
drop height, impact material, soil type, potato mass, size, inside temperature and modulus of elasticity
(Bentini et al., 2006; Cerruto et al., 2015; Geyer et al., 2009; Mathew and Hyde, 1997; Thomson and
Lopresti, 2018; Xie et al., 2020a; Xie et al., 2020b). These studies were mainly based on experimental tests,
and the way to obtain the impact acceleration was usually to implant an acceleration sensor into the real or
instrumented potatoes. During the finite element analysis, potatoes were usually replaced by spheres, and
the collision object was just steel plate (Cerruto et al., 2015).

Based on the above mentioned, there are few studies on the impact acceleration of potatoes using
both the experimental test and finite element method. And the study on the comparisons of the potato impact
acceleration with colliders of the steel plate, the single rod and the double rods has not been found yet. In
the study of potato collision, there are few studies considering the effect of soil. In this article, both the FEA
and experimental testing methods were adopted to analyze the impact acceleration of potatoes colliding with
different objects in the process of harvesting, sorting and transportation. This article revealed the influence of
potato mass, drop height, soil and colliders with different structures on the maximum acceleration (amax) of
potatoes, and provided references for potato breeding, structural design, and adjustment of working
parameters of potato harvesting and post harvesting equipment.

MATERIAL AND METHODS
® Raw materials for test

Potatoes were dug out manually one day before the test from the potato planting base in Wuchuan
County, Hohhot City. Ellipsoidal potatoes with undamaged surfaces were selected as the experimental
materials. The potatoes were sealed with the soil in black plastic bags to avoid light and stored at a room
temperature of about 15°C. The variety of potato was FuRuiTe, which was widely planted in Inner Mongolia
Autonomous Region. Before the test, potatoes were washed clear with cold water, and then the excess was
cutted off with a knife to make the tuber mass reach the specified value.

® Potato collision test process
The potato collision tests were carried out via the potato impact test rig and acceleration acquisition
system (Xie et al., 2018), shown in Fig.1.

100x100x10mm 100x100x10mm ® 10mm g
en P 10mm =

Bracket

Computer

AAAAAAA

Potato with acceleration sensor

Fig. 1 - Test equipment

Both potatoes and colliders can be quickly replaced, so that the impact accelerations of potatoes
under different conditions can be obtained. The acceleration acquisition system included a data acquisition
and analyzer (AVANT-MI7016, Hangzhou Yiheng Technology Co., Hangzhou, China.), a 1.2 g-mass
acceleration sensor with the accuracy of +1.048 mv/m/s? and dimensions of 13x7.2x5.3 mm (1A803E,
Jiangsu Donghua Testing Technology Co. Jiangsu, China.) and a computer.
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In order to simulate the collision of potatoes during the harvesting and post-harvesting processes,
three types of colliders (the single rod, the steel plate and the double rods) were analyzed. All the materials
of the colliders were 65Mn steel. During the test, the acceleration sensor was fixed on the surface of the
potato near the collision point with soft tape. The potato was lifted to a certain height and then released to
collide with the collider. The test program was shown in Table 1. To obtain the reliable results, ten replicates
were performed for each collision test.

Table 1
Program of collision tests
Drop Potato .
nJriTJter height mass Colliders Qg?r%sd'z

(mm) @)
1 100
2 200
3 300

250
4 400 single rod
5 500 / experimental test
steel plate /

6 600 / FEA
7 150 double rods
8 250

300
9 350
10 450

® Three dimensional solid modeling of potato
The procedure of the three dimensional modeling of potato was shown in Fig.2.

L Stepl the original potato ‘ L Step2 Potato 3D scanning equipment J StepS Potato 3D scanning model J
S

.

1.Scanning platform 2 Potato
3.Grating emitter 4.Camera
5.Communication cable 6.Computer

| Steps Potato wire frame model J | Steps Muli planes segmentation ‘

Fig. 2 - Modeling procedure of the potato three dimensional model

To obtain the irregular solid model of potato, a real ellipsoid potato with a mass of 250 g and a volume
of 256 cm? was used (Fig.2-stepl). The 3D scanning method and non-contact raster photography scanning
technology were applied to obtain the 3D scanning model of the real potato (Meng et al., 2015) (Fig.2-step2).
The 3D scanning model was a polygonal mesh model established on the basis of point cloud data
(Giammanco et al., 2017), and the size of the polygon was related to the curvature of the model surface. To
facilitate the meshing and control of the model during the FEA process, the potato 3D scanning model was
imported into SolidWorks in STL format to obtain the three dimensional solid model (Fig.2-step3). The
multiple parallel planes along the long axis and short axis of the ellipsoid potato were established (Fig.2-step
4). A cross curve was generated at the intersection of each plane and the model, and the potato wire frame
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model was constructed (Fig.2-step 5). The potato solid model was generated from the wire frame model
based on the surface modeling method in SolidWorks (Fig.2-step6). The models of the three types of
colliders were directly built in SolidWorks and each of the collider was formed an assembly with the potato
solid model.

® FEA procedure
The FEA program was shown in Table 1. During the FEA process, potatoes were collided with
different colliders at different velocities. The instantaneous impact contact velocity can be calculated

according to Eq. (1).
Vo=vy20H (1)

where v, is the impact contact velocity. H is the potato drop height and g is the standard earth gravity (9.806

m/s2). The FEA process was carried out in ANSYS Workbench 19.2, and LS-DYNA was used as the analysis
module due to its good capability of nonlinear analysis. Potato was regarded as a nonlinear body, and the
material model was bilinear isotropic elastic-plastic. The modulus of elasticity of potato was 3.35MPa, the
yield strength was 0.8776MPa and tangent modulus was 0 MPa (Deng et al., 2021). The potato Poisson’s
ratio was 0.49 (Caglayan et al., 2018; Celik et al., 2019). The materials of the colliders were 65Mn, the
modulus of elasticity was 206 GPa and Poisson’s ratio was 0.3. The rod diameters of the colliders were
10mm. The contact types between the potato and colliders were frictionless. During the collision process, the
potato was regarded as a flexible body, and the colliders were rigid with fixed constraints. The impact contact
velocity was set as the initial conditions. The FEA calculation time was 15ms, and the output was set to 60
equal interval results. After pre-processing, the K file was generated and solved by LS-DYNA solver and post
processed by LS-Prepost 4.5. A Lenovo desktop computer (Intel Core i5-4460 CPU @ 3.20 GHz, NVIDIA
GeForce GT 750, and RAM: 4 GB) was utilized as the solving platform. The FEA collision models and mesh
parameters were shown in Fig.3.

Potato Rod Square plate Soil
Element method | A i Face meshi: MultiZone Sweep
Element order Quadratic Linear Linear Quadratic
10:

4mm for end face D) oy
Element size 3mm . @ 5mm 1mm

40 divisions for columns

® 5mm

Fig. 3 - FEA collision models and mesh parameters

To analyze the effect of soil on potato impact acceleration, a rectangular soil block with a thickness of
5mm was covered on the collider of the single rod. According to the potato mass and drop heights in Table 1,
the finite element analysis was carried out to compare with the collider of the single rod without the cover of
soil. Due to the large deformation of soil in the collision process, the Explicit Dynamics was used as the
analysis module to make the calculation process easier to converge. The soil was considered as a flexible
and nonlinear body with a density of 1500 kg/m3, modulus of elastic 1.2 MPa, Poisson's ratio of 0.3 and yield
stress of 0.4 MPa (Gao et al., 2014, Jia et al., 2011; Zhang et al., 2019). The volume of the potato solid
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model was 252cms3, and the corresponding potato mass can be obtained by setting different densities. The
different drop heights were simulated by setting the corresponding impact contact velocity according to the

Eq.(2).

® Potato collision kinematics analysis
The potato collision process included a compression and a recovery stage (Deng et al., 2020). In the

compression stage, the potato velocity gradually decreased from the initial impact contact velocity, and the
acceleration gradually increased from zero. When the compressive displacement reached the maximum, the
potato velocity decreased to zero and the acceleration increased to the maximum. The curves of the collision
velocity and acceleration of potato were shown in Fig.4. v, was the initial impact contact velocity. t,, was the

time of the maximum compressive displacement (Fig.4(a)), and at this time the potato impact acceleration
was the maximum value a,, (Fig.4(b)).

v a
Vo

0 t

7
0 m
t
(ta,an)
(a) the curve of velocity (b) the curve of acceleration

Fig. 4 - Curves of potato collision velocity and acceleration

During the compression stage, the impact velocity and acceleration of the potato satisfied the
following equation.

t
Ioadt =V —V, 2

where: t is the impact contact time; a is the potato impact acceleration. v, is the initial impact contact
velocity. v, is the potato velocity at the time of t. When v, was zero, the potato compressive displacement
reached the maximum value, and the corresponding time was t, . According to Eq. (1), Eq. (2) can be
transformed into the Eq. (3).

I; adt=/2gH 3)

where t,, is the time of the maximum compressive displacement. H is the potato drop height and g is the

standard earth gravity (9.806 m/s2). The integral value on the left side of the Eq. (3) can be approximated by
the shaded area in Fig.4(b). Therefore, Eq. (4) can be obtained.

1
Eamtm = \IZQH (4)

Where am is the maximum collision acceleration of potato and the following equation can be obtained.

_ 2/2gH
tm
It was shown in Eq.(5) that when the potato drop height was a constant, the maximum collision
acceleration was inversely proportional to the corresponding impact contact time.

(®)

m

RESULTS AND DISCUSSION
® Comparison of test and FEA results

According to the program in Table 1, both the experimental test and FEA methods were used to
obtain the amax of the potato colliding with the three types of colliders. Under the same condition, the
discrepancy of amax obtained by the two methods was calculated according to Eq. (6).

23



Vol. 65, No. 3/2021 INMATEH — icultutal

(FEA)-a, .
a,,(Test)

a Test
e:| max ( )|><100% (6)

where € is the discrepancy; amax(FEA) is the amax obtained by the FEA method; amax(Test) is the amax obtained
by the experimental test. The values and discrepancies of amax were shown in Table 2.

Table 2
Values and discrepancies of amax obtained by the experimental test and FEA method
Amax Amax Amax
for single rod collision for steel plate collision for double rods collision
Test number

Test FEA e Test FEA e Test FEA e

(m/s?) (m/s?) (%) (m/s?) (m/s?) (%) (m/s?) (m/s?) (%)
1 675.1 664.05 1.64 718.74 753.89 | 4.89 447.04 427.96 4.27
2 979.1 1004.9 2.64 1176.52 | 11329 | 3.71 628.24 648.85 3.28
3 1329.99 | 1273.1 4.28 1462.7 14299 | 2.24 798.1 817.85 2.47
4 1610.06 | 1508.7 6.30 1731.62 | 1676.9 | 3.16 919.2 966.25 5.12
5 1807.99 | 1721.9 4.76 1951.8 1916.1 | 1.83 | 1015.38 | 1099.55 | 8.29
6 19725 1909 3.22 2257.16 | 2135.7 | 5.38 | 1149.94 1222.3 6.29
7 1469.29 | 1568.9 6.78 1667.5 1766.7 | 5.95 1083.6 1014.1 6.41
8 1329.99 | 1273.1 4.28 1462.7 14299 | 2.24 798.1 817.85 2.47
9 1180.5 1112.3 5.78 1340.84 | 12355 | 7.86 771.13 713.4 7.49
10 1152.26 | 999.35 | 13.27 | 1143.34 | 1117.3 | 2.28 672.82 643.75 4.32
Average of € 53 Average of € | 3.95 Average of € | 5.04

According to the results in Table 2, the discrepancies of amax between the FEA and test results were
almost within 10%. When potatoes were collided with the single rod, the steel plate and the double rods, the
average discrepancies of amax were 5.3%, 3.95% and 5.04%, respectively. The results in Table 2 showed
that it was accurate and reliable to use the FEA method to analyze the potato impact acceleration, and it also
provided a verification basis for the use of FEA to study the collision issues of potatoes during the harvesting
and post-harvesting processes.

The test results of the presented research for potatoes colliding with the single rod were based on the
earlier research conducted by Xie et al. (2020a, 2020b), which were in good agreement with the presented
FEA results. When the potato was collided with the steel plate, Cerruto et al. (2015) reported that the amax
were 935 m/s? and 1437 m/s2for the drop heights of 100 mm and 200 mm with the potato mass of 250 g and
modulus of elasticity of 3.5 MPa. The amax showed in the presented simulation were 753.89 m/s? and
1176.52 m/s? in the same conditions of drop height, potato mass and collider. The differences could be due
to the different potato shape and modulus of elasticity.

® Effect of drop height and potato mass on impact acceleration
According to the results in Table 2, the curves of the amax of test with different drop heights were
shown in Fig.5 when the potato mass was 250 g.

o y=2.9391x +521.07
R?=0.9864

500
¥y=1.3706x+346.61

R?=0.9872

2500 ¢ single rod
% B steel plate
’E L * double rods
?i ® fitting equations
2 1500
3 S ¥ =2.6439x +470.42
= R =0.982
<
£ 1000
2
<
=
2

0O 100 200 300 400 500 600 700
Drop Height(mm)

Fig. 5 - Curves of the amax with the drop height
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As the drop height increased, the amax gradually increased. Within the range of the potato drop height
in Table 1, the fluctuation amplitudes of the test amax for the single rod, the steel plate and the double rods
were 1297.4 m/s?, 1538.42 m/s?, and 702.9 m/s?, respectively. The fitting equations showed that there were
linear relationships between the drop height and the amax for all the three types of colliders, and the minimum
R2? value was 0.982. When the potato mass was a constant, the higher the drop height was, the larger the
collision velocity and momentum would be. The impact contact time decreased slightly with the increase of
drop height (Gao et al., 2018). According to the impulse theorem, the collision contact force would increase
due to the larger momentum and shorter impact contact time, so that the amax increased with the increase of
the drop height.

The curves of the amax Of test with different potato masses were shown in Fig.6 when the potato drop
height was 300 mm. The larger the potato mass was, the smaller the amax would be. Within the range of the
potato mass in Table 1, the fluctuation amplitudes of the test amax for the single rod, the steel plate and the
double rods were 317.03 m/s?, 524.16 m/s?, and 410.78 m/s?, respectively. The fitting equations showed that
there were linear relationships between the potato mass and the amax for all the three types of colliders, and

the minimum R? value was 0.8481.
2000 ¢ single rod
B steel plate

double rods

fitting equations

1500
© y=-1.2593x+1209.2

R?=0.8481

a y=-1.6943x+ 19119
R?=0.9912

1000

y=-1.1006x+1613.2
R?=0.9388

the Maximum Acceleration(m/s?)

/.

500
100 150 200 250 300 350 400 450 500
Potato Mass(g)

Fig. 6 - Curves of the amax with the potato mass

The trends of the acceleration curves both in Fig.5 and Fig.6 were similar with the test results
conducted by Xie et al. (2020a, 2020b) and Geyer et al. (2009), and consistent with the FEA results
conducted by Cerruto et al. (2015).

According to the FEA results, the relationship between the impact contact time corresponding to the
amax and the potato mass can be obtained, as shown in Fig.7. The larger the potato mass was, the longer the
impact contact time for the amax would be. According to the Eq.(5), when the drop height was a constant, the
amax Was nagative to the impact contact time. Therefore, the amax decreased with the increase of the potato
mass in Fig.6.

¢ single rod

4
B steel plate
3.5 * double rods
fitting equation
3
* ¢ y=0.0044x+1.621
R?=0.9605
Z5
*
2

m y=0.0044x+1.8635
R?=0.9883

y=10.0037x+ 1.5375
R?=0.9938

the impact contact timefor &,,,, (ms)

15
100 200 300 400 500

Potato Mass (g)
Fig. 7 - Curves of impact contact time with potato mass

Another explanation for the decreased amax With the increased potato mass was that the thickness of
potato tissue between the acceleration sensor and collider cushioned the increase of acceleration when the
sensor was implanted into the potato (Geyer et al., 2009; Xie et al., 2020a).

According to the effects of potato mass and drop height on the impact acceleration of potato, selecting
potato with moderate mass for breeding can reduce the impact acceleration in the process of potato
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harvesting. Adjusting the working parameters of the potato harvester and controlling of the relative height
between the potato conveying arm and transport vehicle reasonably to reduce the drop height between the
potato and the colliders can effectively reduce the potato impact acceleration, thus reducing the potato
damage rate.

® Effect of colliders on potato impact acceleration

Based on the curves in Fig.5 and Fig.6, it can be found that the amax had the same trends when
potatoes were collided with the single rod, the steel plate and the double rods. Under the same conditions,
the amax for the potato colliding with the steel plate was the largest, and that was the smallest for the double
rods. It was because of that when the potato was collided with the double rods, the contact area increased,
and the collision contact force became smaller, so that the amax became smaller. When the potato was
collided with the single rod, the normal collision direction of the potato changed during the collision process
because of the cylindrical curved surface of the rod and the irregular curved surface of the potato. Therefore,
the acceleration component in the normal collision direction was reduced. When the potato was collided with
the steel plate, the acceleration was mainly on the normal direction of the steel plate surface. So, the amax
would be greater than that of the single rod collision. Based on the test results in Table 2, when the potato
mass was 250 g and the drop height was from 100 to 600mm, the amax in collision with the steel plate was
60.78% to 96.29% higher than that with the double rods, and 6.46% to 20.16% higher than that with the
single rod. When the drop height was 300mm and the potato mass was from 150 to 450 g, the amax in
collision with the steel plate was 53.89% to 83.27% higher than that with the double rods, and -0.77% to
13.58% higher than that with the single rod.

® Effect of soil on potato impact acceleration

The effect of soil on potato impact acceleration was shown in Fig.8. The amax in collision with the
single rod covered with soil increased linearly with the increase of drop height, and decreased linearly with
the increase of potato mass, which had the same trend as that without the cover of soil. When 250g potato
collided with the 65Mn single rod from 100 to 600 mm drop height, the amax with soil was 37.65% lower than
that without soil. When the drop height was 300mm and the potato mass was from 150 to 450 g, the amax with
soil was 31.54% lower than that without soil. The results indicated that soil can buffer the collision between
potato and rod, effectively reduce the impact acceleration of potato, and thus reduce the occurrence of
potato damage.

2000 - 2
fitting equations ¢ single rod fitting equations

2500 4 # single rod ¢ Yy=24604x+48581 | & B single rod covered with soil ¢ v=-1.8695x+1799.2
N R?=0.9887 . =
E B single rod covered with soil § RE=02324
£ 2000 - B y=22469x+10243 | = 1500 s e B y=-0.2656x+908.62
= R2=0.9688 5 S R2=0.9889
§ 1500 g
< £
5 1000 £ 1000 -
E Z
el ¢ =
= 500 %
o
S u Drop Height(mm) Potato Mass(g)
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(a) Potato drop height as the FEA factor (b) Potato mass as the FEA factor

Fig. 8 - Curves of the amax with or without soil

In the process of potato mechanized harvesting, the reasonable adjustment of the structural
parameters of the potato-soil separation device can increase the normal acceleration of the upper separation
screen appropriately, which is not only conducive to the crushing and separation of potato soil mixture, but
also can reduce the occurrence of potato damage due to the buffering of soil. Because of the less soil on the
lower separation screen, the normal acceleration should be reduced and the tangential acceleration should
be increased. Therefore, it is beneficial to reduce the damage of potato and to make the potato move quickly
to the back of the separation screen.
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CONCLUSIONS

Analyzing the impact acceleration of potatoes under the impact loading is important for the research of
potato impact kinematics and dynamics and can help to understand the occurrences of potato damage. In
this article, both the experimental test and FEA method were used to analyze the impact acceleration of
potatoes colliding with the single rod, the steel plate and the double rods. The results showed that when
potatoes were collided with the single rod, the steel plate and the double rods, the average discrepancies of
the amax Obtained by the FEA method and the experimental test were 5.3%, 3.95% and 5.04%, respectively.
The trends of the amax for the potato colliding with the three types of colliders were the same. And the amax
increased with the increase of the drop height, and decreased with the increase of the potato mass. Under
the same conditions, the amax decreased in turn for the potato colliding with the steel plate, the single rod and
the double rods. In the range of drop height and potato mass level carried out by the FEA, the amax of the
collision between potato and single rod with soil condition was 37.65% and 31.54% lower than that without
soil. This study had also highlighted that advanced reverse engineering, computer aided design, and
simulation techniques were very useful and should be considered as important applications in the areas of
agricultural and food research.
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ABSTRACT

Aiming at the low comprehensive utilization rate of corn straw resources, a straw kneading and cutting
conveyor suitable for corn harvester was designed to improve the utilization rate of corn straw resources. The
workbench module of ANSYS is used to carry out modal analysis of the two blades, and it is determined that
the vibration frequency will not cause damage to the blade sweeping bore. By changing the structure of the
movable blade shaft, the speed of the blade shaft can be reduced while ensuring the effect of straw crushing
and collecting. In order to determine the best working parameters, three-factor and three-level orthogonal test
was carried out with blade arrangement, blade shaft speed and length of feed straw as test factors, and the
crushing rate of straw as evaluation index. The results show that the main factors influencing the crushing rate
of straw are blade shaft speed, blade arrangement and the minor factor is the length of feed straw. Finally, the
optimum combination parameters, blade arrangement, blade shaft speed 400 r/min and whole plant feed with
straw, were determined. The corresponding straw crushing rate was 96.39%. The research meets the
requirements of straw crushing and can provide technical scheme for comprehensive utilization of corn straw.

HE

FI XTI F R PG R BAI 4 B FU T F MR, iR 11 T — Fid & KK Fa FHE DT 55 B N 18 15 F KR FT
JEAIFIFEE., FiH ANSYS g9 workbench ZLext B#T] f R T2 T, BLEHRNPELZH T FTEZIR,
B K F 5] ]9 45 1 A RIS FHP R R KRR AT [ AT IR T 3353 LV BERE . HBERIET1ES#, X
TIHHZI T, T ERBATGFHRKERIREZE, TG REG TN 15, # 7= R ZF =K FIEXR
B, ZZRFHENIFE I EENFERZFY. TJHEE,. TIH ST, KBEHEGRABFFEKE. RAHE
RUALSH T BEHTY. TJHFEEF 400rmin, RAFEFFGZEk, X IAEHIFEFFH#E 2 96.39%, 1%
7B E T TP B K 0] 29 F RS L FU IR A T 5

INTRODUCTION

China is a big agricultural country (Du Y. et al., 2019, Liu C. et al., 2019), and corn is grown in a large
area (Ding N. et al., 2021). Corn stalks are rich in nutrients, which can be used as animal feed or they can be
returned to the field as plant nutrients (Liu C. et al., 2017). Although the method of returning whole corn stalks
to the field avoids the waste of resources and environmental pollution, the large amount of returning to the field
leads to the slow decomposing efficiency of the stalks, and a large amount of accumulation on the surface of
the land affects the growth of next season crops (Shi N. et al., 2020). The results showed that the effect was
the best when the amount of straw returned to the field is 30-50% (Zhao H. et al., 2003). The lower part of corn
straw 60 cm accounted for one third of the weight of straw, so the lower part of corn straw is crushed and
returned to the field, and the upper part of corn straw is crushed and collected to maximize the utilization of
straw resources.

Researchers had conducted many studies on the cutting characteristics of crops and straw crushing
devices (Wang I. et al., 2020, He J. et al., 2018, Shi Y. et al., 2019). The existing corn harvesters chop straw
mainly in the drum type, the scalpel cutting type and the stalk cutting type (Zhang J. et al., 2018). Drum-type
is cut by multiple moving knives and fixed knives, but the cut straw is cylindrical, which is not palatable to
animals. The stalk is unsupported when cutting with a flail knife, and cutting the stalk requires a faster rotation
speed and consumes more power. The stem-drawing knife extrusion-cutting type is composed of two stem-
drawing rollers with opposite rotation directions. The two stem-drawing rollers must meet the same speed and
the blades are on the same horizontal line, otherwise it is easy to collide (Xin S. et al., 2020).
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Aiming at the problems of these three straw cutting methods, this paper designs a straw kneading and
conveying device installed below the stem pulling roller device. The blades of the serrated blade and the
triangular blade and the serrated blade are matched with the fixed knife to shred the straw. At the same time,
the stalks are conveyed in a spiral arrangement by the cutting blades, which improves the palatability of the
stalk feed for animals, reduces the speed of the knife shaft, and reduces the power demand.

MATERIALS AND METHODS
Structure and working mechanism

In the corn harvester table shown in Figure 1, the straw kneading and cutting conveyor was installed
under the puller roll. During the corn harvest, corn straw was fed to the heading roll under the push and pull of
the conveying chain. At the same time, the rotor milling cutter under the heading roll cuts off the straw and
sends the lower part of the cut straw into the straw kneading and cutting conveyor. The straw was harvested
under the pulling action of the heading roll, and the remaining corn straw was fed into the straw kneading and
cutting conveyor. Under the action of moving blade and fixed blade in the straw kneading and cutting conveyor,
the straw was crushed, and then centralized transported to the fan to complete the straw collection.

Fig. 1 - Corn harvester cutting table
1. Rack; 2. Draught fan; 3. Ear conveying device; 4. Conveying chain; 5. Rotor milling cutter;
6. Shapping roll; 7. Straw kneading and cutting conveying device

In order to verify the practicability of straw kneading and conveying device, designing the testbed of
straw kneading and conveying device has been done. It was made of bottom case, rack, cutter shaft, shaft
sleeve, triangular blade, jagged blade, adjustable-speed motor, drive system and so on. It is shown in fig. 2.

Fig.2 - Structure diagram of straw cutter
1. Rack; 2. Belt pulley; 3. Type a Belt pulley; 4. The fixed blade; 5. Triangular blade; 6. Jagged blade;
7. Type a Shaft sleeve; 8. Cutter shaft; 9. The outlet of straw delivery; 10. Motor; 11. Transmission
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The straw kneading and conveying device was installed under the pull stem device of corn harvester.
After the corn straw in the field was cut by the stubble cutter harvester, corn bundles were picked by pulling of
double-roller stem pulling device and the straw was transported insider straw kneading and conveying device.
The straw was cut with the blade of cutter shaft and the stationary knife of the bottom case. The cutting edges
of the blade are arranged spirally on the tool shaft, which produce transverse thrust on the straw during the
work, and transport the straw to the straw conveyor port on the bottom shell while crushing the straw.

The design of cutter shaft
While cutting the straw, the movable blade also leaves a space in the bottom shell of the straw kneading

and cutting conveyor device to transport the chopped straw, and the saw tooth has a good effect of kneading
and cutting the straw (Zhang Z. et al., 2021). The movable blade was designed as a serrated blade with a
multiple serrations on the outer circumference as shown in Figure 3. In order to avoid the blockage of corn
straw caused by too small space reserved by serrated blade in the bottom shell of the device, a triangular
blade with a serrated blade on the outer circumference was designed, as shown in Figure 4. As the sawtooth
blade has a good kneading and cutting effect on corn straw, the triangular blade is helpful for the conveying
efficiency of corn straw in the bottom shell of the device and prevents blockage. Therefore, the blades on the
cutter shaft are arranged in the way of sawtooth blade and triangular blade spacing, and the cutting blades are
arranged in a spiral shape, as shown in Figure 5.

Fig. 3 - Jagged blade

Fig. 4 - Triangular blade

Fig. 5 - Knife shaft

The corn straw contains about 40% fibrin (Chen Z. et al., 2013), which had great influence on the
mechanical strength and elasticity of straw. Cutting the straw with the measures of smooth cut could effectively
destroy fibrin physical property of straw (Mou X. et al., 2020). The sliding cutting angle and cutting corners had
great effect on cutting energy consumption when cutting, so selecting reasonable cutting angle could decrease
power loss effectively and increase straw smashing quality (Liu P et al., 2019). Figure 6 shows the force when
the movable blade and the fixed blade clamp the straw.
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Fig. 6 - Stress analysis
1. Fixed blade; 2. Bottom shell; 3. Straw; 4. Movable blades

The moving blade exerts a shearing force F on the straw during high-speed rotation, which could be
decomposed into a force Fx in the direction of leaving the clamping range of the movable knife and the fixed
knife and a vertical downward pressure Fy. The fixed knife provides a vertical upward force for the straw. The
supporting force Fn, the condition that the material was not pushed out was x < @, + @,, where x was the
sliding angle of the movable knife, ¢, was the friction angle of the movable knife to the straw, and ¢, was the
friction angle of the fixed knife to the straw. x changes during the cutting process, so it was required that the
maximum value of the pushing angle should meet the conditions of the above formula. Usually, ¢,=32°,
¢,=18°, so x was generally less than 50°. When the sliding cut angle was in the range of 35-45°, the average
cutting torque was lower and the cutting energy consumption was lower. In order to cut reliably, the sliding cut
angle x=30° was used.

Design of cutter shaft

The long section of straw that was not cut when the straw was cut was easily entangled in the gap between
the main shaft and the blade, which affected the normal operation of the cutter shaft. The shaft sleeve with an
outer diameter of 150 was designed to be installed between adjacent blades on the cutter shaft. On the one
hand, the shaft sleeve can be used to axially space and position the blades. On the other hand, the larger
outer diameter can prevent the cutter shaft from tangling grass.
The distance between adjacent blades was 44 mm. That was to say, the width of the sleeve was 44 mm. The
fixed blades were installed in the middle of two adjacent blades in a staggered way. A keyway was provided
on the cutter shaft and the blade, and the key was matched to realize the cutter shaft to drive the blade to
rotate at a high speed. In order to make the cutting edges of the blades spirally arranged, the opening positions
of the key grooves on the blades are also different, and the angle between the key grooves of two adjacent
blades is about 7°. It was assembled on the cutter shaft according to the principle of one sleeve and one blade.
The cutter shaft was installed on the shell through two bearings, and finally connected to the speed regulating
motor through the belt drive system.

Experiment design

The main working part of the straw kneading and cutting conveying device was the blade. The blade
structure and rotating speed directly affect the degree of straw crushing. For the ear picking device, when the
ordinary ear picking roller was used, the straw fed into the straw kneading and cutting conveying device was
the whole straw, while when the stalk pulling knife roller was used as the ear picking device, the straw fed into
the straw kneading and cutting conveying device was pre-cut to 7 cm or 14 cm. In order to obtain the best
smashing effect, the three variable factors of the blade arrangement, the rotation speed of the knife shaft and
corn stalk length of the feed straw were tested to determine the optimal combination.

Test equipment and materials

The test bench of the straw kneading and cutting conveying device was shown in Figure 7. The motor
selection model was YVP132M-4 variable frequency speed regulating three-phase asynchronous motor, with
a power of 7.5KW and a torque of 49.7Nm. Choose Senlan SB4037.5 frequency converter to control the motor
speed.
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)

|
Fig. 7 - Test bench
In the experiment, corn stalks were selected as field stalks harvested after maturity of corn. The stalks

were straight, free from diseases and insect pests, and suffered no bending. The stalks above 60 cm on the
ground were cut and collected, as shown in Figure 8.

According to the requirements of "NYT 2088-2011 corn silage harvester operation quality" standard (Lv
J. et al., 2016), corn straw silage should be carried out under the condition of 65% - 70% moisture content of
straw. The qualified cutting length of silage corn straw was 3cm-5cm, and the required crushing qualified rate
was greater than or equal to 95%. In this paper, the qualified length of straw crushing was selected to be 5cm,
and the crushed total straw and the weight of the qualified length of straw were weighed by electronic scale,
as shown in Figure 9. The qualified rate of crushing was calculated as follows:

p= % x 100% (1)
where, p - qualified rate of straw crushing, %;

ma - mass of straw with qualified crushing length, kg;
m - total mass of crushed straw, kg.

Fig. 9 - Weighig the traw
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RESULTS

Stress analysis

Modal analysis (Zahid, F.B. et al., 2020) was used to calculate the natural frequency and vibration mode
of the structure (Bo H. et al., 2016). The blade rotates under the action of the blade shaft, resulting in vibration
deformation. It was necessary to avoid the natural frequency of the structure when designing to prevent the
blade from sweeping bore and parts from being damaged due to excessive vibration. Modal analysis of the
two blades was carried out in this paper.

Import the three-dimensional models of the two blades established by SolidWorks into the Ansys
workbench module, create the analysis type as "Modal", set the material of the blade to high-strength 65
manganese steel, density p=7.85g/cm?, Young's modulus E=196500~198600MPa, Poisson's ratio y=0.288.
After loading the model, the sixth-order mode was analysed and calculated, and the resulting sixth-order
modal shape diagrams were shown in Figures 10 and 11. It could be seen that the maximum deformation
of the serrated blade was 0.02268mm, and the maximum deformation of the triangular blade was
0.03422mm. The deformation of the blade was small, and vibration deformation will not cause problems
such as blade sweeping and damage to parts.

Fig. 10 - Six-order modal shape of jagged blade

0.000 0.150 0.300 (m)
- ]

0075 0225

Fig. 11 - Six-order modal shape of triangular blade

Analysis of test data

In order to determine the factor level of the rotation speed of the cutter shaft, a single factor test was
performed on the test bench first, and a mixed arrangement of blades was selected. The rotation speed directly
affects the power loss. In order to reduce the power loss of the device, determine the minimum rotation speed
that meets the shredding needs, select the rotation speed to start the test from 200r/min, and gradually
increase the rotation speed. Calculated from the test data, the average pass rate of straw crushing was 65.28%
when the rotating speed was 200r/min. The higher the rotating speed, the higher the pass rate of crushing.
When the rotating speed was 350r/min, the average pass rate of straw crushing could reach 92.53%. The
three levels of cutter shaft speed were 300r/min, 350r/min, and 400r/min.
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The blade arrangement and straw feeding length were tested under these three speeds, and the data
were shown in figure 12. In the figure, the broken line connected by diamond represents the arrangement of

mixed blades, the broken line connected by square represents serrated blades, and the broken line connected
by triangle represents triangular blades.

Whole corn stover
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Fig.12 - Effect of different combination of factors on the grinding yield
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In order to improve the qualified rate of straw crushing, three factors and three levels of orthogonal test
were carried out on three variable factors: blade arrangement (A), blade shaft speed (B) and feed straw length
(C). The factors and levels are shown in Table 1. The test results are shown in Table 2.

Table 1
Experimental factors and levels
Factors
Levels Blade arrangement (A) Blade shaft'speed (B) Corn stalk length (C)
(r/min) (cm)
1 Mixed arrangement 300 7
2 Zigzag arrangement 350 14
3 Triangular arrangement 400 Whole corn stover
Table 2
Test plan and test data
Serial number A B C Average
accuracy /%
1 1 1 1 82.19
2 1 2 2 84.21
3 1 3 3 96.39
4 2 1 2 80.19
5 2 2 3 78.18
6 2 3 1 81.19
7 3 1 3 80.96
8 3 2 1 86.52
9 3 3 2 89.24

Analysis of variance

The test results were imported into SPSS for variance analysis (Tanner-Smith, E.E., 2014, Guo M. et
al., 2017). The results were shown in Table 3. The Sig values were all greater than 0.05, which indicated that
there was no significant difference in average yield due to different levels of factors. Factor A and factor B have
a significant influence on the test results, of which factor B has a greater influence on the test results, while
factor C has no influence on the significance of the test results. At this time, you can select the combination of
Al, B3, and C3 with the largest average number from Figure 10 to form the optimal combination of ALB3C3.
The resulting optimal combination plan A1B3C3 exists in the orthogonal test table 2. Therefore, the
combination of A1B3C3 was the best. The optimal combination plan was that the blades are arranged in a
mixed manner, the speed of the knife shaft was 400 r/min, and the straw was fed to the whole plant.

Table 3
Variance analysis table
Source of Sum of Degree of .
. . Mean square F Sig.
variation squares freedom
A 96.771 2 48.386 1.842 0.352
B 100.345 2 50.172 1.910 0.344
C 5.473 2 2.736 0.104 0.906
Error 52.53 9 / / /

CONCLUSIONS

A straw kneading, cutting and conveying device installed under the rod puller was designed. The stalk
was shredded by the blades of the serrated blade, the triangular blade and the serrated blades and the fixed
knife. At the same time, the stalks were conveyed in a concentrated manner by the spiral arrangement of the
cutting blades. While ensuring the effect of straw crushing and collecting, the rotation speed of the cutter shaft
was reduced, and the power consumption was reduced.

36



Vol. 65, No. 3/2021 INMATEH — icultutal

The cutting angle of the cutting edge was calculated by analysing the cutting process, and a modal
analysis of the blade was made. The blade vibration and deformation are small, which avoids problems such
as blade sweep.

The influencing factors of the crushing pass rate of straw were tested by design test. Variance analysis
showed that when the blades were mixed and arranged, the rotation speed of the cutter shaft was 400r/min,
and the feed straw was the whole plant, the highest pass rate of straw crushing was 96.39%, which was the
best combination scheme.
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ABSTRACT

The construction of a solar dryer-grain storage facility is described in this paper. The design of a grain
auger conveyor-distributor for its loading is made. The dependence of the width of the discharge opening in
the casing of the auger conveyor-distributor on its length is obtained. The results of laboratory tests of the grain
auger conveyor-distributor are presented. It is established that the minimum initial width of the drain opening
for wheat grain should be not less than 9 mm. The conditions of grain uniform distribution grain by the auger
conveyor-distributor are justified: the filling factor of the auger inter-turn space in its loading zone — 0.35; the
length of the discharge opening of the charging hopper should be equal to the doubled value of the auger pitch
size. In this case, the uneven distribution of grain along the discharge opening will be no more than 5%.

PE3IOME

OnucaHa KOHCMPYKUUSI 2e/1U0CyWUrKu-3epHoxpaHunuwa. lNpednoxeHa KOHCMPYKUUS WHEKO8020
mpaHcrnopmepa-pacnpedenumens 3epHa 0rnsi ee 3agpy3ku. lMonyyeHa 3asucuMocmb WUPUHbI 8bICHIMTHO20
omeepcmusi 8 KOXyxe WHeKo8o20 mpaHcropmepa-pacrnpedenumernsi om e2o OnuHbl. [MpedcmasrneHbl
pe3ynbmambl  1abopamopHbIX  UcCrbiMmaHuli  WHEeKo0B020 mpaHcropmepa-pacrnpedenumernsi  3epHa.
YcmaHoeneHo, Ymo MUHUMasIbHasi HayvasibHasl WUupuHa 6bIChbIMHO20 omeepcmusi Onisi 3epHa MueHUUb!
OomkHa cocmaensimb He meHee 9 MM. OB60CHO8aHbl yCriogusi paBHOMEPHO20 pacripedernieHusi 3epHa
WHEeKo8bIM  mpaHcrnopmepom-pacrnpedenumenem:;  KO3ghuUUeHmM  3arofiHEHUsT  MeX8UMKO8020
npocmpaHcmea WHeka 8 30He e2o 3azpy3ku — 0.35; dnuHa 8bIxo0HO20 omeepcmusi 3a2py304H020 byHKepa
Oo/mkHa 6bimb pasHa yOB0EHHOMY 3HAYEHUIO BeflUYUHbI Wasa wHeka. [lpu amom, HepasHOMEPHOCMb
pacnpedernieHusi 3epHa 800J1b 8bICkINHO20 omeepcmusi cocmasum He 6onee 5%.

INTRODUCTION

Drying of freshly harvested grain is a necessary and energy-consuming operation, since the used drying
installations consume on average 10 kg of liquid fuel per ton of grain while reducing its moisture content by
one percent. The usage of high-capacity dryers for small amounts of grain production is especially inefficient,
as the share of depreciation deductions from the cost of the drying unit, included in the grain cost, in this case
significantly increases it. It is possible to reduce energy costs by using drying installations with non-traditional
energy sources. We have conducted research on post-harvest drying of grain during its storage in a solar
dryer-grain storehouse (fig. 1).

As a result of the experiment, the grain was dried to condition moisture content of 14% and stored well
— no self-heating sources were observed. In spring, the crops had high germination rates (Kupreenko et al.,
2011). However, the disadvantage of the experimental solar dryer-grain storage facility is the lack of
mechanized loading and unloading of grain. Therefore, we have developed a design of mechanized solar
dryer-grain storage facility. The main equipment for grain moving are auger conveyors (Pezo et al., 2015;
Shimizu and Cundall, 2001; Orefice and Khinast, 2017; Rohatynskyi et al., 2019). Therefore, the usage of an
auger conveyor was proposed to mechanize grain processing in the solar dryer-grain storage facility.

1 Aleksey Kupreenko, Assoc. Prof. Dr. Eng.Sc.; Yury Kuznetsov, Prof. Dr. Eng.Sc.; Tatiana Bychkova, Assoc. Prof. Ph.D.;
Igor Kravchenko, Prof., Dr. Eng.Sc.; Nikolay Aldoshin, Prof. PhD. Eng.Sc.; Larisa Kalashnikova L.V., Prof. Dr. Phil.Sc.
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A number of works regard the study of auger conveyors operating modes (Hou et al., 2014; Tian et al., 2018;
Hevko et al., 2019; Trokhaniak et al., 2020; Arkhangel’skii, 2019; Mashkov et al., 2018). At the same time,
some scientists have also studied the process of grain outflow through various discharge openings (Han et al.,
2017; Arkhangel’skii, 2019). However, they do not provide a uniform grain discharge along the length of the
conveyor in its stationary position.

4
~——"air outlet

1
787 I

o,

a) b)

Fig. 1 - Scheme (a) and general view of the solar dryer-grain storage facility (b)

1 - vertical solar collector; 2 - translucent coating; 3 - light-absorbing surface; 4 - drying chamber; 5 - perforated deck;
6 - dried grain; 7 - ventilation pipe; 8 - deflector; 9 - gravel accumulator; 10 - perforated air-distributing channels;
11 - openings in the grain storage facility walls; 12 - longitudinal partition; 13 - transverse partition; 14 - door;

15 - flaps; 16 - roof ridge

The purpose of the study is to justify the design of the grain auger conveyor-distributor, allowing to
ensure uniform distribution of grain mass along the length of its discharge opening when loading
rectangular tanks with a horizontal or sloping location of the bottom.

MATERIALS AND METHODS

The new design of the mechanized solar dryer-grain storage facility is shown in fig. 2. The usage of an
auger conveyor-distributor was proposed to load grain on the perforated rectangular air-distributing trays,
located in the drying chamber of the solar dryer-grain storage facility (Chashchinov et al., 2016).

A ViewB
” .I
B, e .
9253 0—
v
9 5
K _B : %
‘ \ e
| 4
air - grain - A

Fig. 2 - Mechanized solar dryer-grain storage facility
1, 2 - retractable film and inclined solar collectors; 3 - water heat accumulator; 4 - main air channel; 5 - expansion tank;
6 - ventilation pipe; 7 - deflector; 8 - exhaust fan; 9 - loading auger conveyor-distributor; 10 - guide tray; 11 - drying chamber;
12 - perforated air-distributing trays; 13 - discharge channels; 14 - flaps; 15 - lock gate; 16 - pneumatic conveyor;
17 - rotary deflector; 18 - cyclone; 19 - drain cock
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The design feature is the presence of a longitudinal slot (discharge opening) in the lower part of the
auger conveyor-distributor casing. Through it the grain is discharged along the entire length of the casing (fig.
3) (Kupreenko et al., 2017).

A grain auger conveyor-distributor (fig. 3) works in the following way. Grain from the charging hopper 1
enters the casing 3 and auger 2 moves along the casing 3. Passing over the discharge opening 4, the grain
begins to pour out of the auger casing. Due to the special shape of the discharge opening 4, the grain is
discharged evenly along the entire length of the casing. There is a uniform loading of grain along the entire
length of the hopper. The height of the grain layer along the length of the discharge opening decreases to zero
at its end.

It was assumed that to ensure uniform grain distribution, the shape of the discharge opening in the auger
casing should be as in fig. 3.

/ 1
Q .
] 2
u/A /A 2 __;,.._ A A__AY
R ' l;ié_\../ v\/ ¥ "V 7£
4 5
b [ bm.’u
6

direction of grain mass movement

Fig. 3 - Construction and technological scheme of grain auger conveyor-distributor
1 - loading hopper; 2 - auger; 3 - auger casing; 4 - discharge opening; 5 - electric engine; 6 - type of discharge opening

Let's assume that within the auger inter-turn space, the discharge opening is rectangular in shape. The
grain moves above the discharge opening in the auger casing. At any time it spills in the auger inter-turn space
through the area S = ab, where a — the length of the area of the discharge opening, loaded with grain, b — the
width of the discharge opening. In order to ensure a constant discharge volume V, it is necessary that the area
S should be constant at each section of the discharge opening. As the grain moves along the auger casing,

the grain volume in the auger inter-turn space decreases, which reduces the length a. Therefore, the width b
must increase, so that the discharge area is constant.
During the time dt the inter-turn discharge opening will shift to dX = v dt, where V is the grain velocity

within the auger casing. At the same time some grain volume will spill through the discharge opening in the
inter-turn space. It will spill through the opening with the area:

S=a(x) - b(x) [m? @)
where: a(X) and b(X) depend on the value of the path traveled by the grain for the time .
In this case, the grain outflow rate through the discharge opening in the inter-turn space will be:

q=k-S- Voutflow [m¥s] 2
where: Kk — coefficient of grain outflow through the opening;

Voutflow — velocity of grain outflow through the discharge opening, [m/s].
Then in time dt the outflow rate through the discharge opening in the inter-turn space at the velocity of
grain outflow from the auger casing Voutflow With regard to expression (1) will be equal to:
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q=k-a(x) bx)- Voutflow 3)
From expression (3), the specific grain outflow rate over time dt, per unit length of discharge opening
a(x), is:

A=k b(x) “VYoutflow (4)

a(x)
The specific outflow rate of the grain mass at each section of the length of the discharge opening in the
inter-turn space must be constant, i.e.

a _
Tx) = const. (5)
Then, from the expression (4)
_ q _ Q
b(x) Tk 'a(x)'voutflow Tk ‘ng -a(x)- Voutflow [mJ (6)

where: Q — conveyor-distributor capacity, [m3/s];
Ns — the number of auger inter-turn spaces over the entire length of the discharge opening.

The outflow coefficient depends linearly on the width of the discharge opening. Then, the dependence
of the grain outflow velocity through the opening on its width can be represented as:

Voutflow = b-Ci+C, (7)
where: C1 and C2 linear equation constants determined empirically (C1 = 0.0144; C2 = - 0.0621).
Let us find the dependence of the discharge opening width b on its length. We consider the specific
mass outflow rate Qm:

Qm =p2 kgm-s] ®)
where: p — grain loading density, [kg/m3];
L — discharge opening length, [m].
Capacity Q is calculated as the product of the cross-sectional area of the spilling grain flow by the grain
outflow velocity:
Q=S -ng *VYoutflow )
Accordingly, the specific mass outflow rate with regard to expression (9) will be:

pP-SNsVoutflow P-ab-Voutfiow
Qm = = (10)

L l

where: | — grain loading density, [m].
Since the specific mass outflow rate is a constant, we find the dependence b(a) from (10):

p=—m (11)

- (p-avoutfiow)
Or considering expression (8):

_ Qml
T pa(b-Ci4Cy) (12)
After transforming expression (12) we obtain the equation:
2 Qml
Cl'b +C2’b__=0 (13)

p-a
The solution of equation (13) is:

—C, + /sz 4 21Oml
b= pe (14)

- 2C,

The value of the specific mass outflow Qm through the construction-mode parameters of the auger
conveyor-distributor is calculated by the formula:
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p-f-mR?*1%n
On ="z (15)

where:

f —filling factor of the auger inter-turn space;

R — auger radius, [m];

N — auger rotation frequency, [s7].

Let's substitute expression (15) into formula (14). We obtain the equation to find the discharge opening
width at each of its sections:

. -R2.13.
—C2+JC22+4C1'M

b= 2 S0al®  [mm] (16)

RESULTS

To determine the construction and technological parameters of the auger conveyor-distributor, a
laboratory installation was made (fig. 4.).

The installation has the following construction features. In the lower part of the casing 8 along its entire
length there is the discharge opening (fig. 4b). Its width is regulated by plates 4. Adjustment of the width of the
discharge opening is carried out by adjusting screws 6. Under the discharge opening there is a collecting tank
7, divided into equal compartments.

The experimental installation has the following geometrical dimensions, parameters and possible modes
of operation: auger length — 1000 mm; auger pitch | — 65 mm; auger radius R - 55 mm; length of discharge
opening L - 800 mm; width of discharge opening b varies from 10 mm to 24 mm along the length of the

discharge opening; auger rotation frequency N - 309 and 364 min-t.

10

a) b)
Fig. 4 - General view of the laboratory installation of the grain auger conveyor-distributor (a) and
loading opening view from the bottom (b)
1 - loading hopper; 2 - flap; 3 - auger shaft; 4 - plates of discharge opening width adjustment;
5 - installation frame; 6 - adjustment screws of the discharge opening; 7 - collecting tank; 8 - auger casing;
9 - reducer; 10 - electric engine; 11 - auger

Grain of wheat variety "Moscow 39" (Russia) with the following characteristics: grain moisture — 12-18%;
bulk density of grain — 750-760 kg/m? was used as a bulk material. Studies have shown that changes in grain
moisture within these limits do not affect the work of the auger conveyor-distributor.

The material was tested for compliance with the requirements for moisture and grain size distribution.
In accordance with these requirements, the fractions of the studied material of class 3-2 mm should not exceed
5%, and the fractions of class 4-3 mm should not exceed 1% of the total mass of the aggregate of all fractions.

Studies have shown that with a constant area of the discharge opening, there is no effect of the layer
height h above the discharge opening on the time and on the grain outflow velocity Voutflow through the
discharge opening accordingly.

During the experiment, it was found that the process of grain discharge stops when the width of the
discharge openings b < 7 mm, and in the range of values b from 7 to 9 mm the process of grain outflow through
the openings is unstable because of the presence of different impurities in the grain mass.
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When the width of the discharge opening b = 9 mm, there is a linear character of the grain outflow
process. Grain in free fall moves along parabolic trajectory. This gives uneven distribution of grain at the
beginning and end of the rectangular tank (fig. 5a).

For uniform loading, the tank should be shifted relative to the beginning of the discharge opening
towards its end by the value L.. For example, in the case of loading height h = 1 m at the auger rotation
frequency n = 309 min-1 L, = 130 mm; at n = 364 mint, L, = 156 mm.

If the inclination of the loaded tank bottom to the angle of the horizon is equal to the angle of natural
slope, then the tank will be filled with a uniform grain layer over the entire area of the bottom of the tank. Fig.
5b shows the scheme of loading air distribution trays of solar dryer-grain storage, located at an angle of natural
slope of the grain to the horizon.

a) b)
Fig. 5 - Example of loading a rectangular tank (a) and scheme of air-distributing trays of solar dryer-grain
storage facility (b)
1 - loading hopper of auger conveyor-distributor; 2 - auger casing; 3 - auger; 4 - discharge opening;
5 - grain movement channel with perforated walls; 6 - perforated air-distributing trays

From the loading hopper 1 grain enters the casing 2 of auger 3. The auger 3 moves the grain to the
discharge opening 4. First, the grain fills the bottom tray in an even layer — the layer thickness is limited by the
gap between the wall of the vertical channel of grain movement 5 at the beginning of the tray and the bottom
of the tray. Then, after filling the channel 5 between the lower and upper trays with grain, the second tray is
filled similarly, and so on. The movement direction of grain mass in the scheme is shown by arrows.

In the laboratory installation a tank — analog of perforated air-distributing trays of solar dryer-grain
storage facility was installed. Their angle to the horizon is equal to the angle of wheat grain natural slope — 30°
(fig. 6a).

The studies confirmed the theoretical provisions. They showed the possibility of forming a uniform grain
layer by the auger conveyor-distributor in rectangular tanks with the inclined bottom (fig. 6b).

b)
Fig. 6 - Layout loading: a) - perforated air-distributing channels of solar dryer-grain storage facilities;
b) - inclined rectangular tank
1 - auger conveyor-distributor; 2 - plates, which set shaping of the discharge opening; 3 - screws for adjustment of discharge
opening width; 4 - auger conveyor-distributor drive; 5 - perforated air-distributing channel
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Additional conditions for uniform distribution of grain by the auger conveyor-distributor were determined:
the filling factor of the auger inter-turn space in the loading area — 0.35; the length of the discharge opening of
the hopper should be equal to the doubled value of the auger pitch size. In this case, the uneven grain
distribution along the discharge opening was not more than 5%.

During the research, a nomogram for determining the parameters and modes of operation of the grain
auger conveyor-distributor was obtained (fig. 7).

So when the auger rotation frequency N = 400 min-! and auger diameter D = 200 mm, the length of the
discharge opening L =4 m, for D =250 mm, L =6 m.

To preserve grain quality when loading by auger conveyor-distributor one should use the rotation
frequency N = 300 min-1. Under this condition, it is possible to load tanks up to 11 m wide.

14,0 —— n=500 min!

13,0
12,0 —— 1 =400 min"*
11,0 = 1 =300 min"!
10,0
9,0
8,0
7,0 e n =150 min-!

Lm

6,0
50
4,0 = n =50 min!
3,0
2,0
1,0

100 150 200 250 300 350 400
D, mm

Fig. 7 - Nomogram for determining the parameters and modes of operation
of the grain auger conveyor-distributor

CONCLUSIONS

The proposed auger conveyor-distributor provides mechanized loading of perforated air-distributing
trays of solar dryer-grain storage facility with grain. The laboratory tests confirmed the adequacy of theoretical
dependence (16) of the width of the discharge opening in the auger conveyor-distributor casing on its length.
In the experimental studies, uniform distribution of grain mass over the entire surface in the rectangular tanks
with horizontal and inclined position of the bottom was obtained. The above nomogram is convenient for
practical use when choosing parameters and operating modes of auger conveyor-distributor taking into
account the overall dimensions of the loaded tank.

In the future it is necessary to study the performance of the auger conveyor-distributor when loading the
grain of small-seeded crops, as well as the grain with moisture above 18% and determine the appropriate
dependency factor (16) to calculate the width of the discharge opening.

In addition, it is necessary to automate the adjustment of the discharge opening width for different
production conditions.
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ABSTRACT

This paper aimed to optimize working quality and reduce energy consumption of the feeding and shearing
device of the silage harvester by making a comprehensive analysis and experiment on the longitudinal
compressing and shearing properties of the silage corn stalks. The main factors affecting the shearing energy
consumption were obtained by compressing and shearing tests on internodes and nodes of silage corn stalk.
The results of three-level and three-factor central combination experiments showed that the overall shearing
energy consumption for nodes was much higher than that for internodes. Compressing the silage corn stalk to
some extent before shearing at the loading direction of 0° and lower shearing speed was beneficial to saving
energy.
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INTRODUCTION

Silage corn has been recognized as the highest quality roughage in the world, which has been used as
basic feed for dairy cows and routine feed for beef cattle and sheep in countries with developed animal
husbandry (Chattopadhyay et al., 1999; Chen et al., 2004). Silage corn accounts for about 8% of corn acreage
in the United States and takes up about 80% of the corn planting area every year, among which France and
Germany have the largest planting area, more than half of the European planting area (Chen et al., 2012;
USDA-NASS, 2017). In China, about 78% of China’s total demand for corn is used for animal husbandry and
it's expected that by the year 2020, the demand for corn used for animal husbandry will reach more than 89.2%
(Lan et al., 2019; Cheng et al., 2019; Shinners et al., 2017). The silage corn cultivation in China is mainly
concentrated in the Northeast, North China Plain and Southwest regions (Guo et al., 2016; Li et al., 2011; Liu
et al., 2014). The silage corn planting area in the North China Plain accounts for one-third of the country (Jiang
et al., 2017; Lan et al., 2019). Summer corn is the main silage variety in the North China Plain and its stalk leaf
yield is high and the annual yield is low. According to the National Planting Structure Adjustment Plan (2016-
2020), the planting area of corn will be reduced by more than 3.33 million ha approximately and the area of
silage corn will be increased to 1.67 million ha. That is to say, plenty of silage corn stalk as the main component
of whole-plant silage corn need to be ensilaged every year.

The purpose of silage harvesting is to cut up the silage corn stalk to a degree for easy storage and
fermentation, therefore, the longitudinal shearing process is the most critical step in silage harvesting. The
silage corn stalk needs to be compressed by a feeding device of silage harvester before shearing.
Consequently, the variation in the longitudinal shearing properties of silage corn stalk under different
compressing conditions needs to be known to understand the behavior of the material with different operations.
In this paper, the compressing and shearing tests were conducted for silage corn stalks to understand the
longitudinal shearing characteristics properties of silage corn stalk after compressing. This study was focused
on determining the shearing energy of silage corn stalk according to various compressing rates, loading
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direction and shearing speed. The purpose is to provide a scientific basis for optimizing the feeding and cutting
mechanism of the silage harvester with high efficiency and low energy consumption.

MATERIALS AND METHODS

This study is based on the existing feeding and cutting device of the silage harvester. During the silage
harvest, the corn stalks may enter the feeding device at any angle. After being grabbed and compressed under
the action of the toothed feeding roller blades, the corn stalks are cut up by the moving blades mounted on a

rotating roller of the cutting device (Lu et al., 2018). Its operating process is shown in Fig. 1.
2

Fig. 1 - Feeding and shearing process of the silage harvester
1. Silage corn; 2. Toothed feeding roller; 3. Cutting device; 4. Moving blade; 5. Stationary blade; 6. Smooth feeding roller

Therefore, we firstly compressed the internodes and nodes respectively to investigate their compressing
properties and obtained the range of loading direction and compressing rate affecting the shearing effect.
Secondly, the compressed internodes and nodes were sheared to investigate the shearing properties and the
range of shearing speeds were obtained. Finally, the Box-Behnken central composite experiments were
carried out to obtain the best work parameters for lower shearing energy consumption.

S-type load cell
Compressing head

Specimen

Wolkbeu\
™ —

S-type load cell

Moving knife

U-shaped grooves
clamp

Slhide rail

Fig. 3 - Stalk shearing schematic diagram

Compressing process: A compressing head was used to load in the vertical direction to simulate the
feeding and compressing of the feeding roller blades with the test specimen axis consistent with the marked
direction (0°, 45° and 90°) of workbench (Fig.2) (McRandal et al., 1980; Wang et al., 2019).
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Shearing process: The crosscutting shear mode is adopted for the static shearing characteristic study.
The custom moving blade fixed by a custom fixture was mounted to a beam of the UTM with a strain-gage
load cell between them (Fig.3). In this study, perpendicular cutting was used to determine the shearing forces
of silage corn (Kanafojiski et al., 1972; Sitkei et al., 1986; Persson et al., 1987; Chen et al., 2004).

Remark 1: as for the shearing test, a force-displacement curve was recorded up from the initial contact

of the blade to the failure of the specimen, so the shearing energy was obtained using Eq.1.
1
VV=LJ F(x)dx @
where:
W is the shearing energy required, [J]; | is the displacement from initial contact to shearing off the
specimen, [mm]; F(x) is the function of the shearing force-displacement curve, [N].

Materials
Silage corn, variety Zhengdan 958 was used as test materials which was planted on May 1, 2020 and

harvested in the middle of September 2020 from Experiment Station, Shandong University of Technology,
Zibo. The fresh stalks with good growth and without holes, apparent cracks were selected. The moisture
content of stalks on the test date ranged from 62% to 66% according to GB/T 1931-2009. The second section
without node was selected as the internode specimen with a length of 90 mm~130 mm and the third node
were selected as the node specimen with a length of 200 mm (Fig.4, 5).

Tassels

Leaves —

—~  Third node
Stalks

Second section

l First section

Ground ———
Y4

Fig. 4 -Sampling position

a) Internode b) Node
Fig. 5 - Partial specimens of silage corn stalk

The cross-section of stalks can be regarded as an ellipse (Igathinathane et al., 2006). The average
dimensions of long axis (internode 24.5 mm, node 28.1 mm) and short axis (internode 18.8 mm, node 22.8
mm) were measured using digital calipers and the mean values were recorded. The compressing force and
energy of the internode and node’s short axis are higher than that of long axis in different loading forms
including sing-point, direct pressure and three-point bending (Liu et al., 2014; Wang et al., 2010; Yan et al.,
2020). Therefore, the short axis of specimens was selected as loading positions.

Compressing test

Fig. 6 shows examples of compressing processes in different loading directions. The shearing force and
energy under different compressing rates and loading directions are the focus of our study (Zhao et al., 2010;
Zhu et al., 2017).
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a) 0° for internode

b) 45° for internode

[

d)6° for node e) 45° for node; f) 90° for node
Fig. 6 - Compressing process for silage corn stalk specimen

The compressing rate is calculated using Eq.2,
|
£ = 4 x100% 2)

Where: ¢ is the compressing rate, [%]; | is the compressing displacement, [mm]; d is the diameter of the
specimen at loading direction, [mm].

The compressing force increases at different growth rates by increasing the displacement respectively
(Fig.7). On the stalk surface appears subsidence deformation and then cracks are produced at some point.
However, the force-displacement curve of 0° is obviously different from that of other directions. Segment AB
of 0° is the stage of extrusion deformation and the compressing force reaches its maximum values at point B,
while the compressing rate is about 30%. The stalk epidermis is punctured with the compressing force larger
than its damage strength. The compressing force correspondingly decreases quickly to point C, while the
compressing deformation of the stalk core is dominant.
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Fig. 7 - Compressing force versus displacement for internode of silage corn stalk
Fig. 8 shows that the heterogeneous morphology of stalks is the inner soft pith core covered with the

thick tough skin. Based on direct observation, it was possible to identify three distinct regions to explain the
deformation of the compressing process, which was similar to that of 45° loading direction.

Skin  Pith  [nitial boundary of skin Compressing head Initial boundary of pith
\ 100000011

F, 1=
WG AT l b S T —{ ‘—{' B "
Initial State Initial compressing Crack generation of skin
Fig. 8 - Compressing process of silage corn stalk internode in loading direction of 90°
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Three distinct regions of 0° loading direction can also be identified to explain the deformation which was
different significantly from the other two directions (Fig. 9).

Skin  Pith  Initial boundary of skin ~ Compressing head Initial boundary of pith
11

[ R A = — e — P . . A

Progress of compressing pith

i

Initial compressing

Fig. 9 - Compressing process of silage corn stalk internode in loading direction of 0°

Shearing test

This research emphasis is on the influence of the feeding mechanisms’ operating parameters and
shearing speed on shearing consumption, rather than chopping capacity and sectional form, although there
are some evaluation indexes which are used to evaluate the effect of silage harvester, which might be one of
the main points for our future studies.

The shearing process of internode and node were showed in Fig. 10.

dL 4

a) Internode b) Node
Fig. 10 - Shearing process for silage corn stalk specimen

Box-Behnken central composite experiment design

According to the previous study, the stalks showed obvious deformation with the compressing rate of 30%.
Therefore, 10%, 30% and 50% were selected as different levels of compressing rates. The loading direction
also had a significant effect on the deformation and force, especially at the direction of 0°. Various loading
directions, selected for the shearing experiment were 0°, 45°and 90°. By referencing influences of cutter speed
on corn straw for the minimum shearing force (Guo et al., 2016), the shearing speed was varied as 50, 100
and 150 mm/min. The Box-Behnken central composite experiment was adopted with three levels and factors.
Each test group was repeated 3 times and their mean values, to reduce the random error, were applied as the
final test result.

RESULTS AND DISCUSSION

In this section, the experiment data were processed using Design-Expert 8.0.6, the matching
mathematical regression patterns were developed, the relation of salient factors was analyzed, the interaction
of each factor was discussed and the parameters were optimized and validated.

Establishment of regression models and significance test

Table 1 presents the test results on the mean shearing energy of internode and node. The shearing energy
for node is higher than internode (Zhu et al., 2017; Liu et al., 2014). Two quadratic polynomial response surface
regression models for internode and node are shown as Eq.3 and Eq.4 respectively.

W,=4.6-1.26A4+1598+0.95C —0.37AB-0.44AC +0.68 5C +1514* +1.34B° +0.47C° 3)
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W,=819-0924+1.248 +0.83C —0.01545 -0.43AC +0.645C +1.084° +0.995% +0.4C* (4)

Table 1
Program and results of test quadratic rotation-orthogonal combination
NO Compressing rate Loading Shearing speed Shearing energy (J)
’ (%) direction (°) (mm/min) Internode W1 Node W>
1 -1 -1 0 7.071 10.100
2 1 -1 0 4.827 8.095
3 -1 1 0 10.802 12.457
4 1 1 0 7.089 10.390
5 -1 0 -1 6.062 9.277
6 1 0 -1 4.874 8.482
7 -1 0 1 9.172 11.721
8 1 0 1 6.204 9.206
9 0 -1 -1 4.623 8.046
10 0 1 -1 6.618 9.407
11 0 -1 1 4.844 8.480
12 0 1 1 9.552 12.406
13 0 0 0 4.386 8.196
14 0 0 0 4.315 7.871
15 0 0 0 5.204 8.595
16 0 0 0 4.860 8.319
17 0 0 0 4.227 7.973

According to Table 2, on one hand, the p-value ( < 0.0001) of the internode model indicated that the model
was highly significant. The p-value (0.3932) of the “Lack of fit” indicated that no other major factors affected
the indicators. The determination coefficient R2 (0.9787) indicated that this model can explain more than 97%
of the evaluation index. On the other hand, the p-value ( < 0.0001) of the node model indicated that the model
was also extremely significant. The p-value (0.6838) of the “Lack of fit” meant that no other major factors
affected the indicators. The determination coefficient R? (0.9879) indicated that this model can explain more
than 98% of the evaluation index. As a result, the model for internode and node can be used to evaluate the
influence of the law of various factors on the shearing energy of silage corn stalks.

Table 2
ANOVA of regression model for shearing energy of internode and node
Internode Node
Source Sum of Df F-value P-value Sum of Df F-value P-value
squares squares
Model 63.08 9 35.70 0.0001"" 37.66 9 63.54 0.0001""
A 12.78 1 65.12 0.0001"" 6.81 1 103.36 0.0001""
B 20.15 1 102.63 0.0001"" 12.35 1 187.37 0.0001""
C 7.21 1 36.74 0.0005"" 5.45 1 82.65 0.0001""
AB 0.54 1 2.75 0.1414 9.610x10* 1 0.015 0.9073
AC 0.79 1 4.03 0.0845 0.74 1 11.22 0.0122"
BC 1.84 1 9.37 0.0183" 1.64 1 24.96 0.0016""
A2 9.59 1 48.83 0.0002"" 4.90 1 74.28 0.0001""
B2 7.56 1 38.50 0.0004"" 4.14 1 62.81 0.0001""
c? 0.93 1 4.75 0.0656 0.68 1 10.35 0.0147
Residual 1.37 7 - - 0.46 7 - -
Lack of fit 0.67 3 1.29 0.3932 0.13 3 0.53 0.6838
Pure error 0.70 4 - - 0.33 4 - -
Total 64.46 16 - - 38.12 16 - -

Notes: ““Parameter coefficient significant at a 99% confidence level; “Parameter coefficient significant at a 95% confidence level.

Guo (2016) carried on longitudinal shear characteristics properties experiment of dried corn straw and
found that the influence of shearing angel on shearing force is greater than that of shearing speed, which is
consistent with the experiment results in this paper. The optimized regression model after eliminating the
insignificant factors in the interaction terms for internode and node are shown in Eq.5 and Eq.6 respectively.

W, =4.8-1.26A+1598 +0.95C +0.685C +1.534% +1.36 B2 (5)

W, =819-0.924+1.248+0.83C —043AC +0.64BC +1.08 A +0.995° +0.4C" (6)

Analysis of the effect of each factor on the response value
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The degree of influence of each factor on the model can be reflected by the size of the contribution rate
K-value, which is proportional to the size of the impact degree. The results (Table 3) showed that the sequence
of contribution rate of loading direction, compressing rate and loading speed on shearing energy for internode

was in decreasing order, while the compressing rate, loading direction and loading speed for node was in
increasing order. The calculation methods are shown in Eq. 7 and Eq.8

0 Fx<1
5=4 1 (7)
1-= F>1
F
Ky =0, +0.5(0p5 + ) +0,
Ky =y +0.5(S + 55 ) + 00 (®)
Ke =0 +0.5(0sc +gc) + 6,
Where:
0 is the assessment value of F-value; K is the sequence of the contribution rate.
Table 3
Analysis of the contribution rate of each factor for internode and node
Sample Response values Compressing rate Loading direction Loading speed Contribution rate
Internode Sheari 2.66 2.73 2.58 B>A>C
Node earng energy 2.43 2.46 2.83 C>B>A
Response surface analysis of internode

According to Table 3, the interactive item (BC) of the loading direction and loading speed had a significant
effect on shearing energy for the internode (p=0.0183). The effects of the other interactive items were not
significant.
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Fig. 11 - Influence of different factors on shearing energy for internode

Fig.11a showed that when the internode was compressed with the axis parallel or perpendicular to the
compressing head, the effect of the compressing rate was a little greater than other orientation. Especially, the
internode was split lengthwise with 0° loading direction and the internode became denser and easy to be cut
while compressed to some extent. Therefore, the compressing rate was 50% and the loading direction was
parallel to the compressing head, the shearing energy reached its minimum value (4.97 J). In this paper, the
effect of the reduction rate is consistent with that of other radial compressing directions studied by other authors

(Liu et el., 2014).
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Fig.11b showed the shearing energy increased slowly with increase of the shearing speed (Zhao et al.
2010). When the shearing speed was high, the impact of the moving blade was the main reason for the
increase in shearing energy. At the same time, the excessive impact caused the stalk to bend seriously and
break away from the clamp. The shearing energy decreased gradually with the increase of the compressing
rate. Therefore, it was helpful to reduce the shearing energy for internode by reducing the shearing speed and
increasing the compressing rate. The effect of shearing speed on crop shearing strength and energy is
consistent with Jiang’s research (Jiang et al., 2017).

Fig.11c showed the shearing energy changed little with the change of shearing speed at 0° loading
direction, while the effect of the shearing speed was greater at 90° loading direction. When the shearing speed
was high, the shearing energy increased rapidly with the loading direction from 0° to 90° loading direction. The
epidermis of the internode was punctured at 0° loading direction. Therefore, the shearing energy of the soft
pith was much less than that of the epidermis which was composed of cellulose and lignin, compressing at 0°
loading direction before shearing was helpful to reduce the shearing energy. lgathinathane (2010) explained
the nature of the cutting process of dried corn stalk by dividing the force-displacement into three identifiable
regions. Deviation from the reported general force-displacement characteristics will occur due to the high
moisture content of silage corn stalk, blade sharpness (Liu et al., 2011).

Response surface analysis of node

According to Fig.12, the influence of experimental factors on the shearing energy of the node was similar
to that of the internode. However, there were still some differences as the node was thicker than the internode
for the material difference between internode and node.

i
g
%
=t
7.

Fig. 12 - Influence of different factors on shearing energy for node

Fig.12a showed that the effect of the loading direction on shearing energy was greater than that of the
compressing rate. The shearing energy was more easily affected by the compressing rate and decreased
gradually with the increased compressing rate at 0° loading direction. At this time, the stalk epidermis was
more easily damaged.

Fig.12b showed the interaction between the compressing rate and the shearing speed for the node was
significant (p<0.05). The effect of the compressing rate was greater than that of the shearing speed, i.e., the
shearing energy quickly decreased with the increase in compressing rate and increased with shearing speed.

Fig.12c showed the interaction between the shearing speed and the loading direction on shearing energy
for the node was highly significant (p<0.01). The shearing energy quickly rose with the increase in shearing
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speed and the shearing energy reached its maximum (12.29J) at 90° loading direction with maximum shearing
speed.
Parameter optimization and validation test

Based on the principle of low shearing energy consumption, the multi-objective optimization was carried
out to obtain the optimal parameter combination of the compressing rate, the loading direction and the shearing
speed, so the objective functions and constraints can be obtained as Eq.9,

minW, (A,B,C), minW,(A,B,C); -1<A<1, -1<B<1,-1<C<1 9)

It was concluded that the optimal parameter combinations were 36.08%, 25.4° and 73.39 mm/min. To
verify the accuracy of the optimal results, ten parallel validations were carried out while the compressing rate,
loading direction and shearing speed were chosen as 36%, 25° and 73 mm/min. It can be seen from the
comparison of results (Table 4) that the experiment values were in good agreement with the theoretical
optimal values and the relative error was both less than 4%, which confirmed that the optimized results were
correct and credible.

Table 4
Comparison of average optimal and experimental value
Project Shearing energy for internode (J) Shearing energy for node (J)
Optimal value 3.82 7.55
Average experimental value 3.97 7.81
Relative error/% 3.95 3.43

CONCLUSIONS

1. From the compressing test, the compressing force increased with increasing the displacement
respectively at loading direction of 45° and 90°, while the compressing force decreased sharply as the
compressing head pierced the epidermis of the silage corn stalk at 0° loading direction. This lower strength of
the silage corn stalk at the loading direction of 0° can be exploited advantageously to develop feeding
mechanisms.

2. From the Box-Behnken central composite experiments, the overall shearing energy consumption for
shearing off the node was higher than that for internode due to different structural properties. The significant
effects on shearing energy in a decreasing order was the loading direction, compressing rate and loading
speed for internode and the loading speed, loading direction and compressing rate for node. The optimal
parameter combinations were 36.08%, 25.4° and 73.39 mm/min.

3. In general, compressing the silage corn stalk to some extent before shearing at 0° loading direction and
lower shearing speed were beneficial to saving energy during the process of shearing off the silage corn stalk.
The reduced energy requirements of the silage corn stalk could be exploited advantageously to present new
reference for the feeding and cutting mechanisms of silage harvester.
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ABSTRACT

The vacuum seed metering device absorbs seeds by using the negative pressure generated by vacuum air
flow. Therefore, it is of great significance to study the variation law of pyrolysis gas flow field to improve its
seed metering performance. In this paper, the common disc and composite disc were selected as the
research objects and tested on the indoor test-bed. The negative pressure was measured by U-type
barometer, and the effects of fan speed, suction hole size, seed hole structure and air chamber thickness on
the air flow field were studied. Firstly, the influence of fan rotation frequency on vacuum chamber negative
pressure is studied, and the variation law of negative pressure in vacuum chamber and fan port of common
disc and composite disc under the same frequency is compared. Secondly, the suction holes in the vacuum
chamber were numbered, the negative pressure distribution of the suction holes was measured, and the
influence of the number and diameter of the suction holes on the negative pressure of the vacuum chamber
was studied. Finally, the negative pressure was measured at the distance of 0 to 10 mm from the suction hole
to study the effect of seed hole structure on the air flow field. Moreover, increase the additional thickness of
the vacuum chamber from 0 to 40 mm to study the influence of the chamber thickness on the distribution of
the gas flow field. This paper makes a comprehensive experimental analysis on the influencing factors of air
flow field of air suction seed metering device, necessary for future design of air suction seed metering device.

WE

TR AHEF G IR B Z Ty DR RIRFE T T HE TR AN e R R I FIEFER G H L X A
KL FIR E i TEABI TN R, E 5 Wi & LA T, FIH O BIE it 0k il XML
B RIS FILETHY s TENI 2R TR 5B EA T TS . BB 75 0 TR #63%, B
TEMBIIFR] TE LRI FENT, XA ITAEE T i R & #19TE R RN 7 ERE M B, XD
E VLA HIR LG5 5 T TR AL GE I P 90 R TR L 195 28Rl XS T2 D 950
BRI A HI A E RS O F 10mm #1804 711k, BT FRALZE XS TIREIHI 0T - H 8012 B2
H 70 Z 40mm, BFFURE RN SR I AR . ASO SRHER 8 SR R R R AT 4 A e
o, W AE R SR AR S R BT A RS ME .

INTRODUCTION

The precision seed metering device (Yang et al., 2016) is the core component of the seeding machine,
which seeds at a certain soil depth according to the optimal row and plant spacing in the agronomic
requirements (Abdolahzare et al., 2018; Mao et al., 2015). The precision seed metering device can be divided
into the mechanical (Chen et al., 2021; Liu et al., 2015; Wang et al., 2017), vacuum and air-pressure (Yang et
al., 2016) type by the operating principle. Among others, the vacuum seed metering device features a simple
structure, easy operation and maintenance and high seed suitability, becoming the most widely applied device
(Liao et al., 2018). Such seed metering devices extract the air in the vacuum chamber with a fan, causing the
chamber to vacuum. Then, they utilize the negative pressure to absorb seeds through the suction hole and

1 Meng Zhang, M.S. Stud. Eng; Zegi Liu, M.S. Stud. Eng; Yajun Zhuang, M.S. Stud. Eng; Jie Han, M.S. Stud. Eng;
Yubin Lan, Prof. Ph.D. Eng.; Yulong Chen, Lecture Ph.D. Eng.
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complete the seed filling. Many researchers have studied the vacuum seed metering device and established
mathematical models of the vacuum seeding operation process (Cujbescu et al., 2019). They further took
advantage of cameras and photoelectric sensors to test the seeding performance and analyzed the
performance with the bench test (Zhao et al., 2015). The fluid simulation software has also been applied to
simulate (Yu et al., 2015; Zhang et al., 2015) and analyze the airflow field of the seed metering device (Liu et
al.,, 2013; Yu et al., 2014), thus optimizing the shape design of the suction hole and the seed disturbing
mechanism (Dylan, S. J. et al., 2013; Singh et al., 2007; Xing et al., 2020).

Based on the operating principle of the vacuum seed metering device, it can be found that the airflow
field can greatly affect the seed filling performance. The existing researches on the vacuum seed metering
device mainly focused on the seed-absorbing performance of the negative pressure airflow (Yu et al., 2015;
Zhang et al.,2020), but neglected the impact of the fan speed, component structure near the suction hole and
vacuum chamber structure on the airflow field. Therefore, in this paper, the above factors are applied in
research so as to deeply explore the airflow field characteristics of vacuum seed metering devices.

MATERIALS AND METHODS
Vacuum seed metering device

Two different types of seed discs are installed with consistent shells and covers to make thorough
experiment and study on the airflow field characteristics of the vacuum seed metering device. One of the
discs is a common round flat steel disc (Singh et al., 2007), 2 mm thick, with round suction holes evenly
distributed along the circumference. The other disc is a composite plastic round disc (Jia et al., 2018), 7 mm
thick, designed by the author in early preparations. Several churning and filling grooves are evenly distributed
along the circumference, and there are suction holes at the bottom of the filling groove.

a. Vacuum seed metering device with composite disc

b. Common disc c. Composite disc

Fig. 1 - Vacuum seed metering device and disc
1.Shell; 2.Disc; 3.Base; 4.Seed agitator; 5.Seed hole; 6.Suction hole

The common disc is further divided into soybean disc (SD) and corn disc (CD) as they differ in the
diameter and number of the holes. The SD has 40 suction holes and the CD 20 holes; the hole diameter for
the SD is 4 mm, and 5.5 mm for the CD. These two common seed discs are studied to find the impact of the
number and diameter of suction holes on the airflow field.
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Table 1
Design parameters of disc
Parameter SD CD
Diameter of disc[mm] 200.0 200.0
Thickness of disc [mm] 2.0 2.0
Number of suction holes [piece] 40.0 20.0
Diameter of suction hole[mm] 4.0 5.5

The vacuum chamber contained in the seed metering device is 20 mm deep and the coverage reaches
270° along the circumference. Suction holes are numbered from the lower-left corner, clockwise from left to
right. The SD contains 30 holes in the coverage of the negative pressure chamber, but the CD contains only
15 holes.

Fig. 2 - Distribution of suction holes on disc
Test plan
The experiment is carried out on an indoor bench (Zhang et al., 2015). The seed metering device is
driven by a 3-phase AC motor and the negative pressure is generated by the centrifugal fan with the pressure
value directly proportional to the fan speed. The fan speed is controlled by a frequency converter and the
pressure at the fan outlet is displayed on the digital screen (Fig. 3).

Panasonic

Fan frequency converter

Pressure display screen

Fig. 3 - Control cabinet of test bench

The vacuum chamber pressure of the metering device is measured with a U-type barometer (Fig. 4 a).
Then, the altitude difference of both liquid columns of the U-type barometer is applied to calculate the
pressure difference in accordance with the Formula (1).
AP=p-g-Ah/1000 1)
where: AP is the column pressure difference of the barometer, kPa; Ah is the column altitude difference, m,
twice the reading of the U-type barometer; p is the liquid density in U-shaped columns, water is applied in this
paper as the pressure measuring media and the p is 1000 kg/m3.
Punching is carried out at the side of the vacuum chamber outlet and the outlet pressure is measured
with the U-type barometer, as shown in Fig. 4 b.
As the circumference of the vacuum chamber is wide, different areas vary in the distance away from the
outlet and the air pressure differs consequently. The U-type barometer is applied to measure the pressure
values of suction holes at distinct sites respectively.
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a. Pressure of vacuum chamber b. Pressure of suction hole

Fig. 4 - Measure the negative pressure with a U-type barometer

A vacuum chamber adjustment disc is installed based on the original coverage of the vacuum chamber
to study the impact of vacuum chamber depth on the airflow field. The adjustment disc is composed of a5 mm
thick PMMA disc. With more adjustment discs added, additional vacuum chamber thickness will be modified
to 5, 10, 15...40 mm respectively, as shown in Fig. 5.

Fig. 5 - Adjustment of vacuum chamber thickness

RESULTS AND ANALYSIS
Fan speed and negative pressure of vacuum chamber

After adjustment of the fan speed and negative pressure with the frequency converter, the negative
pressure readings on the screen are adjusted to be 1, 2, 3 kPa respectively. The frequency converter
readings are recorded and the U-type barometer is applied to measure the outlet pressure. The results are
shown in Table 1.

Table 1
Fan frequency and negative pressure
Negative pressure Fan frequency / Hz
on display Common disc Composite disc
1.0 14.6+0.2a 14.4+0.3a
2.0 21.240.2a 21.0+£0.2a
3.0 26.0+0.3a 25.6+0.2a
4.0 30.240.2a 30.0+0.3a
5.0 33.8+0.4a 33.610.2a

Note: When small letters in two columns and the same row resemble, it means the difference is not significant.
However, when the small letters are different, the difference is significant.

Based on Table 1, it can be found that when the negative pressure values on the screen are the same,
the small letter in all rows is a, indicating that two digits in each row are not significantly different. The fan
frequencies corresponding to the common and composite discs respectively do not differ significantly,
showing that the seed disc structure does not affect the fan outlet pressure greatly.
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As the actual pressure value of the vacuum chamber changes according to the suction hole size and
number as well as the number of seeds absorbed in the hole, it is unable to accurately control the negative
pressure value of the vacuum chamber. Among multiple parameters related to the vacuum chamber pressure,
only fan speed can be accurately controlled with the frequency converter. Therefore, in this paper, the fan
frequency is adjusted to control its speed. The fan frequency values of the composite disc, 14.4, 21.0, 25.6,
30.0, 33.6, are applied as the benchmark for negative pressure regulation as mentioned below with the
corresponding negative pressures, 1.0, 2.0, 3.0, 4.0, 5.0 kPa respectively.

The fan frequency is adjusted and the U-type barometer is used to measure the fan outlet and vacuum
chamber pressure values of the common disc and composite disc. The results are shown in Fig. 6.

—=— Common disc —e— Composite disc —a— Fan outlet
5000

Negative pressure[Pa]
N w B
o o o
o o o
o o o
1 1 1

1000+

144 210 256 300 336
Fan frequency[Hz]

Fig. 6 - Relationship between fan frequency and pressure of vacuum chamber

From Fig. 6, the negative pressures of vacuum chambers for two seed discs are significantly lower than
the negative pressures at the fan outlet, indicating that air pressure is greatly reduced in the delivery pipeline.
The negative pressure of the composite disc is larger than that of the common disc. In addition, as the fan
frequency grows, the negative pressure difference is also enlarged, showing that the pressure loss of the
composite disc is lower than that of the common disc.

The following regression equation is obtained after conducting regression analysis of vacuum chamber
negative pressures of the common and composite discs:

— 2 _
{yl =416.23x, R*=0.9956 @)

y, =530.27x R*=0.9986

where:
y1 is the vacuum chamber negative pressure of the common disc;

Y2 is the vacuum chamber negative pressure of the composite disc and X is the fan frequency.
Negative pressure distribution in the vacuum chamber

For SD as the study object, the negative pressure value is measured with the U-type barometer at each

suction hole in the vacuum chamber. The results are shown in Fig. 7.

2200 —=— 1kPa
'@ 2000 4 —e— 2kPa
o —a— 3kPa

—v— 4kPa

—
8 10 12 14 16 18 20 22 24 26 28 30
Serial number of hole

Fig. 7 - Negative pressure of each suction hole within the air chamber
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The negative pressure at both ends of the vacuum chamber is relatively small. It increases as the
distance with the outlet is smaller; while the suction holes 13-16 opposite to the outlet are not equipped with
the maximum negative pressures, but slightly smaller than that of holes 12 and 17 nearby. The maximum
negative pressure is measured near the outlet and the pressure at the outlet decreases slightly.

Airflow in the U-shaped vacuum chamber flows to the outlet in both directions and gathers at the middle
position. Then, at the intersection, these airflows collide, forming cavitation where the airflow speed is slow.
Therefore, the negative pressure near the vacuum chamber outlet is smaller than the pressure on both sides.

The negative pressures of suction holes 1-12 on the left of the outlet are smaller than those of holes
17-30 on the right. The static pressure at the left end of the vacuum chamber is significantly larger than that at
the right end. Since the outlet is inclined by 45° on the left side, the air on the right side flows to the outlet
smoother. However, air on the left side may be reversed when it flows to the outlet, leading to the airflow being
obstructed.

Impact of suction hole parameters on the airflow field

The SD is taken as the research object to study the influence rules of hole number on negative pressure.
SD has 30 suction holes in the vacuum chamber. Tape is used to seal 5 holes evenly per time to reduce the
hole number in the chamber as 25, 20 and 15. Measured values of negative pressure of the vacuum chamber
with different hole numbers and the results are shown in Fig. 8.

7

—=—30——25—=—20—~-15

(o]
L
«

Negative pressure[kPa]
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14

144 210 256 300 336
Fan frequency[Hz]

Fig. 8 - Effect of the number of suction holes on the pressure of vacuum chamber

From Fig. 8, it can be found that the hole number significantly influences the negative pressure value.
Under the same fan frequency, the negative pressure of the vacuum chamber gradually increases with
reduction of the hole number. Besides, the larger the frequency is, the more significant the growing tendency
of the negative pressure is.

As the operation objects of the seed metering device vary, the hole diameter differs as well.

Generally, the larger seed size applies to larger hole diameter. SD and CD are applied to study the
impact of suction hole diameter on the airflow field. To ensure consistent hole humbers, tapes are used to
evenly seal 20 holes of the SD.

With the fan frequency adjusted as 14.4, 21.0, 25.6, 30.0 and 33.6 Hz, negative pressures of fan outlet
and vacuum chamber of SD and CD are measured. The results are shown in Fig. 9.
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Fig. 9 - Effect of suction hole diameter on macro negative pressure
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From Fig. 9, it can be found that the negative pressure of the SD fan outlet is larger than that of the CD
fan and the negative pressures at outlets of the vacuum chamber are similar. This means that as the hole
diameter increases, the vacuum chamber pressure decreases significantly and the decreasing tendency
grows when the fan speed enlarges.

The hole negative pressure in the vacuum chamber is measured. Fifteen suctions holes are in the
vacuum chamber and they are numbered clockwise. The U-type barometer is used to measure the hole
pressure one by one. The results are shown in Fig. 10.
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Fig. 10 - Influence of suction hole diameter on its negative pressure

From Fig. 10, it can be found that when the fan speed remains the same, the negative pressure of SD
always outweighs that of CD and the pressure difference is larger as the fan speed is higher. This means that
when the suction hole diameter is larger, the negative pressure grows as well.

Impact of seed hole structure on the negative pressure of suction hole

Common discs are flat and there is no other structure around the hole. On the contrary, outside the
suction hole of the composite disc is a filling groove, which affects the airflow motion near the suction hole.
When the negative pressure is 3 kPa, the pressures 0, 2, 4, 6, 8 and 10 mm away from the suction hole are
respectively measured. Represented by holes 1, 6, 11, 16, 21 and 26 selected, the results are shown in
Fig. 11.
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Fig. 11 - Effect of seed hole on negative pressure near suction hole
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It can be found that as the distance enlarges, the negative pressure surrounding suction holes of the
common disc decreases faster and the negative pressure changes at different areas of the vacuum chamber
are similar. When the distance increases from 0 mm to 2 mm, the negative pressure decreases greatly; with
the distance increasing from 2 mm to 4 mm, the pressure reduction slows down. The negative pressure
approaches 0 when the distance reaches 6 mm and above. Namely, with the vertical distance between a seed
and the hole being 6 mm, the suction force of airflow on the seed is negligible.

The negative pressure attenuation rate near suction holes of a composite disc is significantly slower
than that of a common disc. In addition, with the same distance, the negative pressure of the composite disc
is larger than that of the common disc except for individual holes. As the distance grows from 0 mm to 10 mm,
the negative pressure attenuation of each suction hole in the vacuum chamber changes linearly. the negative
pressure of each hole is larger than 0O when the distance is 6 mm and 8 mm. Namely, when the vertical
distance between a seed and the suction hole is 8 mm, the airflow can intake the seed as well and filling
operation is available. But the negative pressure approaches 0 when the distance reaches 10 mm. The
suction force is unavailable in filling operation.

When the distance is 0 mm, the negative pressure difference between the common and composite discs
is small. At holes 1 and 6, the negative pressure of the composite disc is slightly larger than that of the
common disc. However, at holes 11, 21 and 26, the difference is insignificant. At hole 16, the common disc
pressure is larger than the composite disc pressure. In addition, when the distance is larger than 0, the
negative pressures of the common and composite discs vary significantly. The negative pressure at each hole
of the composite disc is significantly larger than that of the common disc. As the distance remains 2 mm and 4
mm, the pressure difference increases. When the distance exceeds 6 mm, the difference narrows. As the
distance reaches 10 mm, the negative pressure of the composite disc approaches 0.

The filling groove of the composite disc broadens the range of action of negative pressure and increases
the air-suction filling performance of the suction hole, thus further improving the filling performance of the
seed metering device at low negative pressure.

Impact of chamber thickness on air pressure

SD is taken as a research object to study the impact of chamber thickness on the airflow field. Additional
thicknesses of the vacuum chamber adjustment disc are set as 0, 5, 10 to 40 mm. When the display screen
shows 1.0, 2.0, 3.0 to 5.0 kPa, the corresponding frequency converter values are recorded. The results are
shown in Table 2.

From Table 2, it can be found that as the additional disc thickness increases from 0 to 25 mm, the fan
frequency does not change significantly with the fan outlet pressure remaining the same. This means that
when the fan speed is fixed and the additional chamber thickness is not greater than 25 mm, the chamber
thickness changes do not significantly influence the negative pressure at the fan outlet.

Table 2

Fan frequency corresponding to additional thickness of vacuum chamber

0mm 5mm 10 mm 15 mm 20 mm 25 mm 30 mm 35 mm 40 mm

1 kPa l44c 14.3c 14.5¢ l4.4c 14.3c 14.5¢ 14.9b 15.4b 16.2a
2 kPa 21.1d 21.0d 21.4d 21.2d 21.3d 21.2d 21.6¢c 22.3b 22.8a
3 kPa 25.5d 25.6d 25.6d 25.4d 25.7d 25.4d 26.5¢c 26.9b 27.4a
4 kPa 30.1d 30.0d 30.3d 30.2d 30.4d 30.3d 30.8c 31.4b 32.1a
5 kPa 33.7c 33.6¢C 33.5¢c 33.6¢c 335¢c 33.4c 33.9b 34.3b 35.2a

However, when the additional thickness reaches 30 mm and above, the fan frequency required to
maintain the same negative pressure significantly enlarges with greater energy consumption. When the
additional thickness exceeds 30 mm, the air pressure loss is significant. Therefore, the additional thickness
may not exceed 25 mm.

When the additional thickness is from 0 to 25 mm and the negative pressure is 3 kPa, the negative
pressures of suction holes 1, 6, 11, 16, 21 and 26 are measured. The measured results are shown in Fig.12.

From Fig. 12, it can be found that with different additional thicknesses, the negative pressure changes
similarly at each suction hole. The pressure of hole 1 is relatively small, but as the hole number enlarges, the
negative pressure increases as well and reaches the peak at hole 11 or 16. Furthermore, as the number
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increases, the negative pressure decreases. So, the pressure at hole 26 is the minimum. The negative
pressure at different areas of the chamber changes the most when the additional thickness is 0 mm (i.e.,
original vacuum chamber). The pressure difference is 563.5 Pa between hole 1 and hole 16. Between hole 26
and hole 16, it is 671.3 Pa. As the additional thickness increases, the pressure difference between different
chamber areas is narrowed gradually. When the additional thickness is greater than 20 mm, the negative
pressure difference at different areas is relatively small and the pressure distribution in the vacuum chamber
is uniform. However, when the distance is 25 mm, the negative pressures at all suction holes are smaller than
pressure with a distance of 20 mm. To enhance the uniform distribution of negative pressures in the vacuum
chamber, the chamber thickness can be raised to 20 mm.
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Fig. 12 - Effect of chamber thickness on suction hole pressure
CONCLUSIONS

(1) In the comparison of fan frequency between the common disc and composite disc, it can be found
that the impact of seed disc structure on the fan outlet pressure is not significant. But the air pressure suffers
great losses in the delivery pipeline and the pressure loss of composite disc is smaller than that of the
common disc. At the same time, the regression equation between the negative pressure of the vacuum
chamber and fan frequency is established.

(2) Negative pressures at both ends of the U-shaped vacuum chamber are relatively small, but the
pressure value increases as the measured site is nearer the outlet. The negative pressures on both sides of
the outlet are the maximum, but the pressure of suction holes opposite to the outlet is slightly reduced.

(3) The number and diameter of hole significantly influences the negative pressure value. As the hole
number decreases, the negative pressure of the vacuum chamber gradually increases; with enlargement of
the fan frequency, the negative pressure growing tendency is more significant. The chamber pressure
significantly decreases with increase of the hole diameter and the decreasing tendency is enhanced as the
fan frequency increases.

(4) Regulating the chamber thickness with the adjustment disc can enhance the negative pressure
uniformity in the vacuum chamber. When the additional chamber thickness reaches 20 mm, the pressure
uniformity in the vacuum chamber is optimal with the best negative pressure value.
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ABSTRACT

When designing stripping headers, an important parameter is the value of the required strength of the stripping
tooth. A method and means for measuring the forces acting on the stripping teeth, necessary for strength
calculations, are proposed. To illustrate the application of the proposed method, an example of determining
the force acting on a tooth when stripping winter wheat of the “Luchezar” variety with a moisture content of
10.7% under specific conditions is given.

PE3IOME

lpu npoekmupoeaHUU OYECHIBAIOWUX XamOK 8aXXHbIM rapamempoM Sefissemcs eenuyuHa Heobxoodumou
npo4yHocmu oyecnigarouw,e2o 3yba. [lpednoxeHa memoduka u cpedcmea Ond U3MepeHus ycunul
B03HUKaKWUX Ha o4ecbigarowjux 3ybbsix, HeobxoduMmbix Oris MPOYHOCMHbLIX pacdemos. B kayecmse
unaempayuu  npuMeHeHusi npednoxeHHolU MemoOuKu rnpusedeH rpumep ornpedesieHusi ycunus,
B03HUKarowezo Ha 3ybe rpu o4dece o3umoli nweHuubl copma Jlydesap enaxHocmbio 10.7% 8 KOHKpEemHbIX
yCI108USIX.

INTRODUCTION

At present the technology of tow harvesting becomes more popular as there aren’t enough combines
in the farms because of their high cost. The adoption of No-Till technology promotes it too. Producers and
scientists in many countries work at designing and producing stripping reapers, validating their parameters
and modes of operation. The use of the towing technology for grain harvesting leads to reducing harvesting
time and increasing the productivity of machines by 1.5-2.0 times (Dridiger V.K. et al., 2020). In addition, it
allows reducing environment damage due to less emissions in the atmosphere since fuel consumption
decreases to 40% (Dridiger V.K. et al., 2020; Chegini G.R. and Mirnezami S.V., 2016; Milyutkin V.A. et al.,
2014; Siemens M.C. and Hulick D.E., 2007; Yuan J. and Lan Y., 2007).

There is no precise information for calculation of tooth strength taking into account safety factor
(Lizhang X. and Yaoming L., 2011). There are some works in which either the scientists of our institute or other
authors determine the stress for wheat ear stripping. But there has been determined only the stress per one
plant, drawn through the slit manually. In this case the speed of ear drawing was rather lower than if it took
place in the real process. The towing technology for grain harvesting is used not only for wheat harvesting but
also for other grain crops, which differ either by inflorescences forms and sizes or by other characteristics
(Aldoshin N.V. et al., 2016; Golpira H. et al., 2013).

Therefore, a number of scientists, who work at the adaptation of tow reaper for physical-mechanical
properties of different crops and varieties and who suggest new forms and sizes of the stripping teeth and the
stripping slit width, have to use the data about inflorescences destruction efforts that have been obtained by
indirect methods (Alabushev A.V. et al., 2020; Buryanov A.l. et al., 2018; Egorov G.A., 1985; Chegini G.R.,
2013). As a result, the construction of the stripping tooth has had either excess or insufficient strength. When
the stripping teeth with insufficient strength are used, they are bent or broken, depending on the metal they
are made of; this leads to harvesting loses as tooth angle of inclination has been changed.

1 Alexey Buryanov — d. tech. sc., professor, main research officer; lvan Chervyakov — junior research officer;
Alexey Kolin ko— junior research officer
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The using of the stripping teeth with excess strength leads to the increasing of reaper’s specific quantity
of metal, its weight and, consequently, to cost increasing. In emergency situation, the holding teeth
arrangement, including the stripping cylinder, may be broken because of the excess strength of the tooth. It
involves the expensive repair or replacement of the stripping cylinder. Probably, there are a lot of things on the
field that can lead to the damage of a reaper (Chegini G.R. and Mirnezami S.V., 2016; Savin V.Y., 2019; Savin
V.Y., 2020).

Safety tests of the reaper with the teeth made of “soft” metal that is able to change its shape if a solid
thing gets into the reaper have been performed. In this case their bending doesn’t cause the structural damage
of the stripping cylinder. In case when the teeth, made of excess strength steel 65G by 4 mm thickness, were
used, the teeth had been broken and their sections had been cut off from the stripping cylinder and the cylinder
itself had been partially broken. Moreover, neither the safety of the personnel nor that of the combine harvester
is supported. The tests were carried out at the trailed tow reaper and they were recorded with the stationary
video camera, fig.1.

— s st . = \ e -

Fig. 1 — Testing of the stripping unit safety using the excess strength tooth made of steel 65G

As you can see in fig.1, if the excess strength teeth collided with a solid thing, the integrity of the
stripping cylinder was damaged, a number of teeth were cut off the cylinder, they flew out of the reaper and
teeth parts could be reached at a distance of about 8 m. A deformation of the stripping cylinder was registered
after inspection of the reaper’s construction. One can say with certainty that using the excess strength teeth
at the tow reaper is dangerous both for the personnel and for the other working parts of the harvester. Methods
and means for measuring the stresses that appear on the stripping tooth, to further calculate the strength, are
suggested.

MATERIALS AND METHODS

The laboratory setup was made for the experimentations; it was made on the basis of a laboratory setup
for experimentations of grain stripping process which was patented as utility model (Buryanov A.l., et al., 2014),
fig. 2.

5 6 178
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Fig. 2 —The laboratory setup drawing for determination of stripping tooth strength
Legend: 1 — stripped winter wheat plant (or other crop); 2 — movable field; 3 — laboratory setup supports; 4 — fairing;
5 — guide channel for combined plants; 6 — stripping cylinder; 7 — stripping tooth; 8 — strain sensor, fixed at the stripping tooth;
9-12 — measuring complex ZetLab; 13 — power element; 14 —counterweight for stripping cylinder’s balancing;
15-18 — measuring complex ZetLab receiving the signal; 19 — personal computer (notebook); 20 — software package ZetLab
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Laboratory setup (fig.2) consists of supports 3, fairing 4 which is fastened on them, stripping cylinder 6
with guide channel 5, measuring complex ZetLab which consists of 9, 10, 11, 12 blocks, power element 13
and stripping tooth 7 with strain sensor section 8. A signal of measuring is conveyed through radio channel to
the ZetLab complex receiving part 15, 16, 17, 18 and then to the PC 19, where it is processed with ZetLab
software package. A guide channel 5 is necessary for the plants to be headed strictly to the slit between the
teeth after passing the tooth with the strain sensor 8. The channel is made of transparent material, which
makes it possible to watch the measurements and record them with a high-speed video camera. The camera
Sony DSCRX 100M5 was used in this case.

The sections of the measuring complex were adjusted before the experiment. The strain sensor had
been calibrated with the interval 5 N to 100 N. A dynamometer MEGEON-03020 and mechanical dynamometer
were used for calibration. The process of calibration was made using ZetLab software; it allowed getting the
signal recording in such units of measurement such as newton, at once. Update rate of the measuring channel
was 1000 Hz, which is the maximal one for the measuring unit.

There are four blocks in the measuring complex ZetLab, made by the company LLC “Electronic
technologies and metrology systems” (fig.3): autonomous recorder ZET 71733, smart strain sensor with
interface CAN ZET 7111, smart interface converter radio channel CAN ZET 7172-S, power converter ZETLab
7001. Lithium-ion cell, which is fixed on the cylinder, supplies with power all the blocks. Counterbalances were
used to decrease cylinder beating.

Fig. 3—The laboratory setup drawing for testing the stripping tooth strength
1 — power converter ZET 7001, 2 — smart sensor with interface CAN ZET 7111; 3 — autonomous recorder ZET 7173;
4 — smart interface converter radio cannel - CAN ZET 7172-S; 5 — guide channel

Autonomous recorder ZET 7173 (fig.3) makes it possible to record a signal in a file ".ana” during the
measuring; a signal is recorded to internal memory with update rate 1000 Hz. The file of signal recording was
copied on the PC for its further analysis in the software package “Statistica”, ZETLab, Excel.

For the experiment, the movable field 2 (fig.2) was filled with winter wheat plants. The plants of winter
wheat had been prepared before. The part of the field was chosen at a distance no less than 50 m from forest
belts and roads. Cut plants were shaped into a bundle; a nhumber of plants was counted according to the
number of tests and the quantity of plants needed to determine humidity.

Average humidity of grain was measured by means of “Willi 65” device right before the testing.

The field part length was 4 m. Plants have been chosen according to the fairing, stripping cylinder height;
there were 90 pcs per 1 movable meter.

The stripping cylinder driver was turned on till its steady-state regime, then recording camera and driver
of movable field were turned on, too.

It is possible to calculate the necessary tooth strength using the received data about the strength. Let
us use simplified tabular procedure (Anuryev V.l1., 1979) for this purpose, choosing the tabulated value for
working stress when using alloyed hot-rolled steel 40CrNi (Anuryev V.l., 1979) of commercial quality at variable
load from 0 to maximum and from maximum to O (pulsing) equal 6yeng = 235.4 N/mm?2,

Mpena = Enax * lse. » N-mm 1)

where:
Eqx 1S maximal strength at stripping tooth, N; [ is distance acting on a tooth, mm.
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b
Resisting moment W for a tooth, a load acting on the axis X is (Anuryev V.1., 1979):
a-b?

VVres. = Tv mm3 (2)
where a is tooth width, mm.; b is tooth thickness, mm.
Acceptable bending moment M, .4 iS (Anuryev V.l., 1979):
Mgcpena = Obena * Wres. » N-mm (3)
where oy,.,4 is Working stress, N/'mm?; W, _is resisting moment, mm3.

Load factor Kgyengen then is (Anuryev V.1., 1979):

_ Macbend
Kstrength Y . (4)
bend

The load factor must be greater than 1. Then the strength of the tooth will be sufficient for stable
operation.

RESULTS

Method of determination of the optimal strength on stripping tooth was tested under the following
conditions and modes of operation:

- movable field speed was 0.9 m/sec.;

- width of the combing slit 8.0 mm;

- winter wheat variety “Luchezar”;

- anumber of plants, placed on 1 m of the movable field, — 90 pcs;

- length of the field part, filled with plants, was 4+0.1 m;

- winter wheat grains’ humidity was 10.7+£0.5%;

- 1000 grains mass 42.3 gm;

- plants’ height up to ears was 0.77+0.03 m;

- average length of an ear was 0.083+0.004 m;

- height of the fairing low edge corresponded to the average height of plants to the ear 0.77 m;

- rotating frequency of the stripping cylinder — 40.1 sec.

Winter wheat plants were prepared before; the plants, having mentioned characteristics, were chosen
S0 as to get average amount of strength, appeared at stripping.

The movable field speed and cylinder rotating frequency were chosen according to the measuring
complex possibilities. Transit time of the stripped area — 4.3 sec. at the rotating frequency of the movable field
0.9 m/sec. and its length 4.0 m. Stripping cylinder performed 28 turns at rotating 40.1 sec., and stripping tooth
met stripped plants 28 times, meanwhile the number of measuring points of the strength directly was 7; then
the teeth moved the stripped heap. The length of the field’s part was chosen according to the time of the video
recording with the camera Sony DSC-RX100M5 at exposure 1/10000 and resolution (1920x1080 dpi). The
results of tooth strength measured at mentioned parameters and plants characteristics are shown in fig.4.

50,0 4 51.30

40,0 A

30,0

EEE L L

100 4+ L L i S

The result of strength measuring at stripping, N

0,0
1000 2000 3000 __ 4000 5000
Time, 1/1000 sec.

Fig. 4 — The result of stripping tooth strength measuring during winter wheat variety “Luchezar” stripping
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The number of stripped plants was different and had random character at every cycle. Frames of speed
video recording are shown in fig.5.

Fig. 5 — The frames of tow process
Legend: a — plants gripping with stripping teeth; b — winter wheat plants tow by teeth; c — stripped heap displacement by teeth

At maximal strength F,,,, = 51.3 N (fig.4), acting on a tooth at a distance l;; = 50 mm from a tooth,

assuming that a tooth is a straight beam which is rigid at one side, maximal bending moment Mpend is (1):
Mpena = Fnax * lse. = 51.3 50 = 2565 N-mm. (5)
Resisting moment W for a tooth with a section a=16 mm, b=2 mm according to the formula (2):
H2 22
Wyes, = 2= = 22 = 10.7 mm?. (6)
Acceptable bending moment M, ;.4 according to the formula (3):

Mac pond = Opena * Woes = 235.4-10.7 = 2518.8 N-mm. )

Then, the load factor is (4):
Macbhend _ 2518.8

= 0.98. 8)
Mpend 2565

As the calculation indicates, the strength of a tooth made of strip of steel 40CrNi with 2 mm thickness,
when a tooth width is 16 mm, will be insufficient. Considering almost equal meanings of acceptable bending
moment and maximal strength on a bend, one can say that, increasing tooth thickness to 3 mm, acceptable
bending moment elevation will be obtained and load factor will exceed 1.0.

If =76 mm, b=3 mm then:

Kstrength =

a-b? _ 1632

Wres, = == = —— = 24.0 mm?, C)

Macpena = Opend - Wyes = 235.4 - 24.0 = 5649.6 N-mm, (10)
M 5649.6

Kstrength = ;;'::Zd = Ze00 2.2. (11)

In terms of the above, a stripping tooth, made of steel 40CrNi with 16 mm width and 3 mm thickness, is able
to ensure the right working conditions. It should be noted that the strength of grain and ear bundle depends on
humidity and variety of the crop that time; besides, it is necessary to repeat tests at different conditions. The
suggested method and means of testing allow obtaining the necessary data to calculate the strength of the stripping
tooth in all modes of operation and under different conditions. It will make it possible to achieve the required reliability
and safety of the stripping unit without using the excessive solidity and metal intensity in the construction.

CONCLUSIONS

It is necessary to use a reliable information about occurring stresses on the stripping tooth making a
calculation of stripping devices strength for qualitative and safe work. The stress should be obtained under
different modes of operation and with different qualities of the harvested crops. The suggested methodology is
recommended for strength determination that occurs at the cylinder’s teeth of a reaper which is designed for a
certain crop or their set, considering zonal conditions.
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So, maximal stress on a tooth is 51.3 N when stripping winter wheat “Luchezar” with 10.7% humidity, feed

0.9 m/sec. rate, 40.1 sec cylinder rotary speed, and, for the effective process of stripping, a tooth can be made
of steel 40CrNi with 16 mm width and 3 mm thickness.
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ABSTRACT

A flame intra-row weeding robot, based on the Delta mechanism, was designed to solve the problems of high
labor intensity, low efficiency, easy-to-harm seedling and others. Simultaneously, the applicable robot
kinematics model was established. Moreover, the method of exhaustion enabled us to obtain the full-scale
robot workspace and analyze its smart workspace. When the nozzle diameter took different values, the
numerical simulation on the propane combustion process in the burner was performed by the Fluent
component transport model, analyzing the temperature distribution inside and out of the burner. The
experimental results showed that the flame intra-row weeding robot was required to work on the condition
that the radius of smart cylindrical space is @400 mmx359.8 mm — when the length of the driving arm is 300
mm, the length of the driven arm is 800 mm, the radius of the static platform is 150 mm and the radius of the
movable platform is 50 mm — the maximum temperature of propane flame reaches 1,830 K and the width of
the high temperature zone reaches 27 mm — when the nozzle diameter is 1.6 mm.

WE

EI XS B A PR IR A T7 5 K RTS8, 7] 7 —FrdE T Delta HLFIGHIH I K AGRR L%
N L TPl NE5)F R, FIH T7202 782 TN £ LFZ ], T RRITLIFA AT T 24
WG ELTE NIRRT 2T Fluent 2 70 i& B 7 A0 2 1 T B AAE L FE 1T T RCIE L, XS 1
PR LT P HAT T 70 23R, 2G50 BC/E 7 300 mm. My B K& 800 mm, F#7 GF1E
150 mm. z)FEF £ % 50 mm #f, HRIZTFZ)E % 400 mmx359.8 mm AIEFTE S, 250 ET
1.6 mm /A, PILEK NG5 i 24 1830 K, k#7511 it X 3274 27 mm, J5 2 # 1] K AG IR 1T 2K -

INTRODUCTION

Vegetables are one of the basic food sources for human being, providing vitamins, dietary fiber and
minerals necessary for human health (Deng et al., 2018). China's vegetable production and consumption
both rank first in the world, but the mechanization of vegetable production is still in the initial stage (Xiao et
al., 2017). Easy-to-spread field weeds compete with crops for water, fertilizer and space, leading to a decline
in the vegetable production. Therefore, field weeding is an essential part for vegetable production. Field
weeds can be divided into the inter-row weeds and the intra-row weeds (Chen et al., 2015; Liu et al., 2017).
The traditional cultivating implement is mainly applicable to the inter-row weeds, or when the distance
between weeds and seedlings is relatively short, which requires a high demand in the weeding accuracy and
thus improves the difficulty of weeding. The manual or the chemical method is often applied to the common
weeding. The former is labor-intensive and low-efficiency, while the later reduces labor intensity but improves
the weeding efficiency. Nevertheless, a large amount of herbicides not only cause the eutrophication of water
bodies and the environmental pollution, but also lead to the pesticide residues in vegetables (Wu et al.,
2019; Wang et al., 2018). Therefore, it is of great significance and urgency to develop the intelligent intra-row
weeding device to improve the production efficiency and cut down on the use of pesticide in the context of
the aging of the agricultural population, the reduction of labor force and the increasing demand for the quality
of vegetable.

Bing Xu, As Lec. M.S. Eng.; Decong Zheng, Prof. Ph.D. Eng.; Jiaxin Wang M.S. Stud. Eng.; Youzhi Yang M.S. Eng.
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Recently, researchers and scholars from various countries have done a lot of research on the
intelligent intra-row weeding for different crops under different production conditions. The relevant studies at
this stage mainly focus on the structure design, the recognition algorithm on the difference between weeds
and seedlings and other key technologies for the intra-row weeding and the end-effector. Hu Lian et al.
designed a claw-tooth intra-row weeding device that can kill weeds and get out of the way of seedlings by
controlling the trochoid motion of claw-tooth (Hu et al., 2012). Huang Xiaolong et al. optimized the design on
the end-effector and carried out the intra-row weeding robot experiment in vegetable field. The experiments
results proved that the weeding rate was 95.4% when the plant spacing was 350 mm (Huang et al., 2012).
The researchers also conducted the structural designs and had experiments on the intra-row weeding
devices for crops, such as rice, corn, soybeans and grapes (Jiang et al., 2020; Zhou et al., 2018; Han et al.,
2020; Reiser et al., 2019). Kumar Satya Prakash et al. presents development of a cost-effective mechatronic
prototype for intra-row weeding operation. Preliminary field evaluations showed this system to be effective for
intra-row weed (>65%) and plant damage control (<25%) (Kumar et al., 2020). For vegetable fields at the
seedling stage, it is natural that seedlings are weak and the grass is strong. The existing intra-row weeding
devices often kill weeds and get out of the way of seedlings by swinging or rotating weeding knives and
weeding teeth. Because the distance between weeds and vegetable seedlings is short, this method is easy
to harm the shallow root system of vegetable seedlings.

Some scholars tried physical methods to control weeds, such as electric, fire, microwave, steam and
others. Wang Jinwu et al. designed a water jet weeding device and carried out a bench test, whose
experiment results proved that the weeding rate is 90.62% when the water pressure of the device is 1.5 MPa
(Wang et al., 2021). A flame weeder was applied to the production of organic corns by Serbian scholar
Rajkovi¢ Milo$ (Rajkovic et al., 2021). Generally, by methods of electric, fire, microwave, steam and others, it
can reduce the damage to crop roots but can easily damage crop stems and leaves. Hence, it is urgent to
improve the weeding rate and precision but reduce the damage rate of seedlings (Raja et al., 2020a).

The Delta mechanism is featured with the fast speed and the high precision. Based on this advantage,
this paper designed a flame intra-row weeding robot in vegetable fields. It relied on the Delta mechanism and
took the burner as the end-effector and the propane as fuel. Equipped with the self-propelled high-clearance
platform and the Delta mechanism, it can meet the high-precision requirements of the intra-row weeding. The
analysis on the weeding robot workspace and the numerical simulation on the temperature distribution of
propane combustion flame by FLUENT confirmed that the Delta mechanism parameters and the burner
nozzle diameter meet the requirements of the intra-row flame weeding.

MATERIALS AND METHODS
Flame Weeding Operation Environment and Requirements

Field investigations and relevant literature (Trygve et al., 2018; Raja et al., 2020b; Kennedy et al., 2020)
inquiry enable us to know different vegetable cultivation modes, which help us determine the intra-row
weeding operation environment in vegetable fields. It requires that the plant spacing is 300~500 mm, the
plant height is 220~360 mm, and the row spacing is more than 200 mm. The flame weeding utilizes the fuel
to produce high-temperature flames and destroy the weed cells and tissues, causing them to quickly lose
water and die. The relevant studies indicate that the cytoderm of weeds will be destroyed when the flame
temperature reaches 100 °C (about 375 K), which can control the growth of weeds. However, there has been
a certain difference among and between different types of weeds and the same type of weeds at different
growth stages (Knezevic et al., 2014). In order to make the burner have a better effect on most of weeds, the
working temperature in the burner is above 600 K, namely the flame temperature is above 600 K. In addition
to the flame temperature, the flame form also has an effect on the weed control to reduce its effectiveness
and efficiency. The long and narrow flame can Kkill heat-sensitive weeds that grow in the vertical direction,
while the short and wide flame has a good effect on weeds that creep on the ground and have more growing
points to increase its weeding efficiency (Guan et al., 2019; Fu et al., 2016). On the whole, the flame width in
the high temperature zone should be above 25 mm in designing the burner. In addition, the flame weeding
should be performed in the condition of no wind or less wind, in which the wind speed is 0~0.2 m/s.

Structure and Principle of Flame Weeding Robot

The flame intra-row weeding robot is mainly composed of self-propelled high-clearance platform, Delta
mechanism, vision system, fuel tank, pressure gauge, hose, burner and so on. The Delta mechanism
includes mobile platform, driven arm, driving arm, motor and static platform.
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The schematic diagram of the field operation of the flame weeding robot is shown in Figure 1. The
Figure shows that L, represents the plant spacing and L, represents the row spacing.

1 9 5 4

Fig. 1 - The schematic diagram of the field operation of the flame weeding robot
1- self-propelled high-clearance platform; 2- vision system; 3- fuel tank; 4- pressure gauge; 5- hose; 6- burner;
7- mobile platform; 8- driven arm; 9- driving arm; 10- motor ; 11- static platform; 12-crop; 13-weeds

The Delta mechanism is fixed on the frame of the self-propelled high-clearance platform by the static
platform and the burner is fixed on the mobile platform. The burner is connected with the fuel tank fixed on
the frame through the hose. When the weeding robot is working, the walking wheels on both sides of the
self-propelled high-clearance platform respectively moved in adjacent crop rows, and the vision system
identify crops and weeds to direct the driving arms to place the burner at different positions, killing the weeds
and getting out of the way of seedlings.

Division of Intra-row Weeding Area

Vegetable seedlings divide the intra-row area into the intra-row weeding area and the protection area, as
shown in Figure 2(a). The circular area with a radius of | represents the protection area and the other circular
area with a diameter of (Li-2l) represents the intra-row weeding area. The weeding operation of the flame
weeding robot is composed of killing weeds and getting out of the way of seedlings. When the weeder is
working, the burner, located in the intra-row weeding area, sprays the flame at a position of h above the
ground. As shown in Figure 2(b), h is 50 mm. On the condition of getting out of the way of seedlings, the
burner extinguishes the flame and raises a certain height to cross the protection area and enter into the next
intra-row weeding area.
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intra-row weeding area

a) b)
Fig. 2 - Schematic diagram of division of intra-row weeding area

Due to the discontinuous intra-row weeding area, it is easy to miss the weeds or harm the seedlings.

Hence, the weeding rate and the damage rate of seedlings are two key indicators to measure the
effectiveness of intra-row weeding.
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The premise of increasing the weeding rate is that the end-effector, namely the burner workspace, can
cover the intra-row weeding area to reduce the miss rate, when the weeding robot stays at the intra-row
weeding area. To reduce the damage rate of seedlings simultaneously, the burner should be lifted above the
height of crops, when the weeding robot leaves the intra-row weeding to pass the protection area.

The Delta mechanism full-scale workspace has a bowl-shaped enveloping space. In practical
applications, it is generally applied to a cylindrical and smart workspace (Zhang et al., 2018). When the flame
weeding robot is working, the burner is located on the flat surface, that is, the target working platform of the
Delta mechanism and the bottom surface of the cylindrical smart workspace, at a position of h above the
ground. The diameter of the bottom surface is represented by D. To make the burner workspace cover the
intra-row weeding area, D should satisfy the formula (1). The maximum height that the burner can be lifted
from the target working platform, namely the height of the cylindrical smart workspace Hi, should satisfy the
formula (2) to help the burner cross the crops and successfully get out of the way of seedlings.

D= L;-2I 1)
Hi2 H-h 2)

To have a wider range, the plant spacing L: and the plant height H for the weeding robots are designed
to be the maximum values respectively, namely L1=500 mm and H=360 mm. Therefore, the bottom diameter
D of the cylindrical smart workspace should be equal to or greater than 400 mm and the H; should be
greater than 310mm to meet the operational requirements.

Kinematics Model of Delta Mechanism

The kinematic equation of the Delta mechanism should be established firstly, to obtain the workspace of
the weeding robot. The schematic diagram of the Delta mechanism is shown in Figure 3. A1A2As is the static
platform and C1C,C3is the mobile platform. AB; is the driving arm (i=1,2,3) and its length is presented by
Ly . The field angle between the driving arm and the static platform is marked by 6i. BiCiis the driven arm and
La represents its length. Taking the static platform center O as the origin of coordinate, establish the static
coordinate system O-XYZ and make sure that the Y axis is perpendicular to A1A,. Taking the mobile platform
center O' as the origin of coordinate, establish the static coordinate system. OA,represents the radius of the
static platform, and its length is R. O' Cirepresents the radius of the mobile platform and its length is r. The
included angle between OA;and the X axis is defined as n; .

Fig. 3 - Sketch of Delta mechanism

The origin O' of the mobile coordinate system is represented by (x,y, z) on the dynamic coordinate
system. In accordance with the geometric relationship, all parameters should satisfy the kinematic equation
(3) (Zhang et al., 2018):

[(R+L,sing —r)cosy — x| +[(R+L,sing —r)siny, -y +[-L,cos6 -2 =2 (3
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Substitute #; into the equation (3) to obtain the equation set (4).

J3 E 2
{7(R+ Lbsinel—r)—x} +[E(R+ Lbsinel—r)—y} +[—Lbcos¢91—z]2 =012
2 2
{—?(th L,sing, —r)—x} +E(R+ L,sing, —r)— y} +[-L, cos 6, —z]2 =012 @
X2 +[~(R+L,sin@, —r)—y] +[-L, cos6,—z] = 2
The parameters of Delta mechanism are shown in Table 1.
Table 1
The parameters of Delta mechanism
Symbol La/ mm Lp/ mm R/ mm r/mm m n2 n3
Values 800 300 150 50 30° 150° 90°

There are three equations in the equation set (4). The forward kinematics analysis is carried out to
obtain the workspace of the Delta mechanism. Taking the mobile platform center coordination (x, y, z) as
the unknown quantities, the mobile platform center coordination can be resolved when the given value of
each driving arm (81, 62, 63) is determined. Within the value range of 6, the set of points of the Delta
mechanism mobile platform can be obtained by the method of exhaustion (Liu et al., 2019; Zhang et al.,
2019). The set of points can be densified in the three-dimensional coordinate system to get the Delta
mechanism’s workspace.

Numerical Simulation of Propane Combustion

The burner, the key component of the flame weeding robot, is mainly composed of a base, a nozzle
and a burner tip, whose diagram of real products is shown in Figure 4(a). When it is working, the propane is
sprayed from the nozzle, which is mixed with air and burned in the burner. The burner tip diameter is
determined to be 30 mm and its length is 75 mm according to the structure and the size of weeding robot,
and its working environment. d represents the nozzle diameter and the two-dimensional model of burner is
shown in Figure 4(b).

OUTLET

15 mm

AXIS

c)

Fig. 4 - Burner model

The nozzle diameter directly affects the flame temperature distribution inside and out of the burner to further
influence the effectiveness of weeding. There are a variety of nozzles with different diameters on the market.
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To select the proper nozzle that is applicable to this weeder, the numerical simulation of propane combustion
is carried out by Fluent on two burners whose diameters d are 0.8 mm and 1.6 mm, respectively. The main
process is as follows. Firstly, the burner cross-section model is established by ANSYS ICEM CFD and is
divided by the gridding, which is shown in Figure 4(c). Read the gridding and set up the solver parameters on
the Fluent. Activate the option of Energy in the model settings (Tang et al., 2016). And then select the
standard k-epsilon model for the turbulence model. In the dialogue box of the compositional model, activate
the compositional transport and the option of the eddy-dissipation. Secondly, set up the boundary conditions
and make sure that the fuel inlet velocity is set as 2.5 m/s and the air inlet velocity is set as 0.2 m/s. Lastly,
the iterative computations is performed after the setting of iterative residual and the initialization of flow field.

RESULTS
Workspace Solutions and Analysis

The range of each field angle is determined to be 5°< 6i < 110° by the structure size of the flame
weeding robot. The method of exhaustion is performed to program and solve the equation, drafting the Delta
mechanism workspace in the three-dimensional coordinate system, as shown in Figure 5.
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Fig. 5 - Workspace of Delta mechanism

The full-scale workspace of the Delta mechanism is the three-dimensional space in the enveloping
surface, as shown in Figure 5 (a), and Figure 5 (b), (c) and (d) represent the projections of workspace on the
planes of XOY, YOZ and XOZ, respectively. It can be seen from Figure 5(b) that the minimum value of x is -
622.4 mm, the maximum value is 622.4 mm, the minimum value of y is -646.2 mm, and the maximum value
is 658.2 mm. It can be known from Figure 5(c) and 5(d) that the minimum value of z is -1089 mm and the
maximum value is -456.2 mm. The sectional view of XOZ plane is drawn by the full-scale workspace of the
Delta mechanism, as shown in Figure 6. It can be seen from Figure 6 that the smart workspace can satisfy
the formulas (1) and (2) simultaneously when its bottom surface diameter D is 400 mm and the height H; is
359.8 mm.
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Fig. 6 -Workspace section

Numerical Simulation Results and Analysis

The flame temperature distribution diagrams of two combust with nozzle diameters of 0.8 mm and 1.6
mm are shown in Figure 7 (a) and (b) by the numerical simulation of the propane combustion process. It can
be seen that the maximum flame temperature during the propane combustion is in or near the center of the
burner, and the maximum temperature is 1,830 K.

contour-2 contour-1
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1836403 b iy
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1.22e+03 1.22e+03
1.07e+03 1.06e+03
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4.53e+02 4.53e+02

]
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(k)
a) d=0.8 mm b) d=1.6 mm
Fig. 7 - Temperature distribution inside burner

The CFD-Post module is utilized to have the post-process on the numerical simulation results to obtain
the stereoscopic render effects of the flame temperature distributions in two burners, as shown in Figure 8 (a)
and (b).

a) d=0.8 mm b) d=1.6 mm
Fig. 8 -The stereoscopic render effects of the flame temperature distribution

To accurately obtain the burner outlet temperature distribution, it needs to take the center of the burner
outlet as the starting point and draw a line segment that is perpendicular to the wall surface. Thus, the
changing curve is displayed when each temperature on the output line segment changes with different
positions. As shown in Figure 9 (a) and (b), the minimum scale value on the abscissa should be 0.5mm in
accordance with the distance between the abscissa representative point and the center of the burner outlet,
and the ordinate represents the temperature.
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Temperature distribution (d=0.8 mm) Temperature distribution (d=1.6 mm)
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Fig. 9 - Burner outlet temperature variation curve

Comparing with Figure 9(a) and (b), it can be seen that the maximum flame temperatures are close at
the outlets of two burners whose nozzle diameters are 0.8 mm and 1.6 mm, respectively. Owing to the
symmetrical temperature distribution in the burner outlet, it can be deducted that the flame widths are 21.5
mm and 27 mm respectively when the temperatures at those two outlets are above 600 K, namely when the
nozzle diameter is 1.6 mm, the burner outlet has a wider high temperature flame, which meets the
requirements of the flame weeding.

CONCLUSIONS

(1) Taking vegetable seedlings as research object, a flame intra-row weeding robot was designed in this
paper based on the Delta mechanism. The analysis on the workspace of the Delta mechanism shows that
the smart workspace meets the weeding requirements on the condition that the length of the driving arm is
300 mm, the length of the driven arm is 800 mm, the radius of the static platform is 150 mm, and the radius
of the mobile platform is 50 mm.

(2) The numerically simulation on the propane combustion process in the burner was performed by the
Fluent component transport model. When the nozzle diameter took different values, the analysis on the
temperature distribution inside and out of the burner showed that it meets the flame weeding technical
requirements on the condition that the nozzle diameter is 1.6 mm, the highest temperature is 1,830 K, and
the width of the high temperature zone is 27 mm.
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ABSTRACT

This study aims to analyze the pivot type trailer operation with an ergonomic approach and the necessary
interventions required to minimize work risks. Data collection was carried out using questionnaires and video
recordings of the operators when the tractors as well as trailers were being operated at various conditions
such as track, load, speed, straight motion or turn. Based on the Range of Motion (ROM) analysis, it was
discovered that while operating this pivot type trailer, the upper body segments such as neck, shoulders,
elbows and back of the operator felt comfortable while he was controlling the tractor. Meanwhile, in the lower
body segments, such as the thighs and knees, the operator generally felt discomfort. Furthermore, the analysis
of the operator's subjectivity perception showed that discomfort was felt at several segments of the upper and
lower body, such as the hands and knees. Therefore, several ergonomic interventions are required to increase
the comfort of operating this pivot type trailer.

ABSTRACT

Tujuan dari kajian ini adalah untuk menganalisis pengoperasian trailer tipe pivot dengan pendekatan ergonomi
dan intervensi yang diperlukan untuk meminimalkan risiko kerja. Pengambilan dan pengumpulan data
rekaman video operator dan kuisiner saat pengopearsaian traktor dan trailer dengan berbagai kondisi lintasan,
muatan, kecepatan, gerakan lurus atau belokan. Hasil analisis natural Range of Motion (ROM) didapatkan
bahwa secara umum pada pengoperasian trailer tipe pivot ini segmen tubuh bagian atas yaitu leher, bahu,
siku, dan punggung operator dengan nyaman dapat mengendalikan traktor, sedangkan pada segmen bagian
bawah tubuh yaitu paha dan lutut secara umum operator tidak nyaman karena lutut cenderung tertekuk
sehingga perlu penyesuaian ketinggian tempat duduk. Analisis persepsi subjektifitas operator menunjukkan
beberapa segmen tubuh atas dan bawah yang dirasakan kurang nyaman yaitu tangan dan lutut. Beberapa
intervensi ergonomi diperlukan untuk meningkatkan kenyamanan pada pengoperasian trailer tipe pivot ini.

INTRODUCTION

Two-wheeled tractor is commonly used by farmers in Indonesia, both on paddy fields (wetlands) and
dry land. This is because it is suitable for agricultural activities in the country, which generally has relatively
small plots of land. Furthermore, from an economic point of view, it is relatively cheaper to purchase, operate
and maintain compared to other types of tractors.

The two-wheeled tractor is actually not only meant for land cultivation but also used for other purposes
when some parts are adjusted and added. For example, it is used in the fertilization process, by adjusting the
width of the wheels and fertilizer coupling, as well as spraying process. Furthermore, it is used as a means of
transporting the agricultural products.

The use of this tractor to tow conventional trailers as a means of transportation is widely applied. This
is achieved by attaching the hitch end of the trailer to the hitch point of the tractor behind the gear box, while
the operator sits a little backward on the trailer hitch. However, this conventional trailer has the disadvantage
of turning, where the tractor handlebar moves away from the operator's control position. This is because the
handlebars have turned to follow the body of the tractor, while the operator's seat is yet to turn. Consequently,
the position of the handlebar becomes out of the operator's reach, therefore the operator has to bend over to
get both control grips of the tractor handlebar.
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For turns, especially over large radii, the operator has to get out of the seat to control the tractor. This causes
fatigue, discomfort, difficulty, risk of injury and even work accidents for the operator.

Dhafir et al. (2019) modified the conventional trailer to be a pivot type. In this type of trailer, the axle is
behind the operator, therefore it is possible to fully control the tractor in a straight line or turn (Figure 1a). The
performance test results showed that it is better than conventional trailers, but it has never been tested on the
aspect of safety and operator comfort.

@ N (b)
Fig. 1 - The position of the operator when turning 90°
(a) pivot type trailer (b) conventional trailers (Dhafiret al., 2019)

Therefore, it is necessary to carry out an analysis of the operator's work motion, while operating a pivot-
type trailer to determine the ergonomic risks related to its operation and modifications in order to minimize the
risk of Musculoskeletal Disorder (MSD).

Musculoskeletal disorders (MSDs) are health problems involving joints, muscles, tendons, skeleton,
cartilage, ligaments and nerves (Van, 2016). The level of this disorder ranges from the mildest to the most
severe, which interferes with concentration at work, causes fatigue and ultimately reduces productivity
(Harcombe, 2014).

Barnes (1980) stated that motion study is a branch of ergonomic studies commonly used to design an
effective method, procedure or work method, with the least possible effort to obtain optimal results. Therefore,
motion study may also be interpreted as a work method design.

Furthermore, Syuaib (2015b) carried out a motion and posture study of manual oil palm harvesters. The
results of posture assessment using the Rapid Upper Limb Assessment (RULA) method showed that the work
is outside the safe range. Meanwhile, work motion simulations produced work procedures that are able to
minimize unsafe posture and musculoskeletal disorders (MSD). Yadaf et al. (2010) carried out a study of
strength parameters in the design of manually operated agricultural equipment. These strength parameter data
were very useful in designing equipment capable of providing the operator with comfort, safety and efficiency.
Furthermore, Toren (2001) investigated muscle activity and range of motion for back rotation when driving a
tractor in a sitting position. The results showed no significant difference due to the direction of back rotation
performed. Therefore, the posture of the back that is twisted while driving the tractor is suspected to be a risk
factor for low back pain.

This study aims to analyze the pivot type trailer operating activities with an ergonomic approach. The scope
studied was a motion analysis to determine the safety and ergonomic risks of trailer operation based on the
natural range of motion index and the operator's anthropometric suitability.

MATERIALS AND METHODS
Tools and Materials

The equipment used includes: (1) Yanmar two-wheeled tractor with Bromo DX model, a power of 8.5
HP, 2640 mm in length, 765mm in width, 1060cm in height, 250 kg in weight and a pivot type trailer, (2) a
Handycam, (3) computer, (4) meter and calipers and (5) 18 MP digital camera.

Furthermore, some of the data processing and analysis software used include computer-aided design
(CAD) 2013 software, spreadsheet and video to jpeg converter.
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Study Stages
This study is generally described in the flow chart shown in Figure 2.

Study Subject

The subjects involved were two-wheeled tractor operators consisting of 4 (four) adult males. The
selected subjects were quite close to the secondary anthropometric data of Indonesian society. Furthermore,
they represented the three operator percentiles, namely the 5th, 50th and 95th percentiles. The trailer
operation paths were paved roads and agricultural land on empty and full trailer load conditions with variations
in the tractor forward speed of 4 and 6 km/hour.
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‘ Field Data Collection ‘
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- Motion (straight and turn) Perception Asrlahrggglmet:jy;sﬁﬁrators a;_tlhe
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Vdeo Data Capture (Still Picture) Nordic Body Map (NBM) Anthropometry
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Range of Motion (ROM) Analysis Operator Subjective Complaints

l

Recommendations y
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Fig. 2 - Study flow chart

Preliminary observations

The preliminary stages carried out were field observations, including primary and secondary data
collection. Field observations include observing the operation of a two-wheeled tractor with a trailer. Primary
data includes measurement of dimensions of two-wheeled tractors and trailers, while secondary data includes
the anthropometric data of Indonesians according to Syuaib (2015a).

Data Collection

Data collection for the pivot type trailer prototype was carried out by 4 (four) male subjects with each
individual carrying out 4 repetitions. Furthermore, tests were carried out on operation in a straight and turning
line on (a) paved and (b) agricultural land with (a) empty and (b) full load and at a tractor forward speed of 4
and 6km/hour. Figure 3 shows the line of the pivot-type trailer operation test.

3 m—

[}

\ 90 '

10 m 10 m

(@) (b) ©

Fig. 3 - Line of trailer operation test
(a) straight (b) turn 45° and (c) turn 90°
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Video cameras were used to record every movement from operating the tractor to analyzing its motion
studies. The data obtained from these recordings were used as the main data source (quantitative data).
Meanwhile, for motion study analysis, the video data (motion picture) was converted into still picture parts to
be divided into motion elements. Furthermore, the range of motion data was obtained with the help of AutoCAD
2013 software.

The data collection design is shown in Figure 4. The data taken in this study were qualitative and
guantitative. The quantitative data was in the form of a video recording while operating the two-wheeled tractor
with a pivot type trailer. Meanwhile, the qualitative data was taken in the form of a questionnaire from the
Nordic Body Map and distributed to the study subjects.

Data Analysis
The description of data analysis in this study is explained as follows.

a) Range of Motion (ROM)

Range of Motion (ROM) refers to the angles in the joints that normal humans are able to carry out in
every segment of their body. The greater the range of motion angles carried out, the more the effort and risk
incurred. Therefore, the working interval data for each element was analyzed by dividing it into four zones,
namely the comfort, safe, alert and dangerous zone (Openshaw, 2006).

b) Nordic Body Map (NBM)
Nordic Body Map (NBM) is a method for obtaining complaints on Musculoskeletal Disorders (MSD) (Sofyan
and Amir, 2019). It was used in the form of a questionnaire consisting of complaints regarding 27 body parts
with four levels, which include no pain, mild, moderate and severe. The subjective perception of the operators
was analyzed to determine which parts of the body experienced the greatest MSD complaints in relation to
operation of the two-wheeled tractor. However, NBM cannot be used as a clinical diagnosis because it is
subjective and specifically based on the subject's perception, not on a health diagnosis (Suriyatmini, 2010).

RESULTS
Operator Anthropometry

Ideally, the operator anthropometry chosen was one capable of representing the three percentiles of
Indonesian society (5, 50, and 95%), but in reality, there were difficulties in fulfilling the proportional sample.
Therefore, an operator close to the size of Indonesian society was chosen.

The anthropometric data for the operators of the trailer are shown in Table 1. As shown in the table,
operator A represents the 5th percentile, operator B the 95th percentile, while operator C and D the 50th
percentile. Furthermore, operator C was chosen to represent fat operators. Therefore, anthropometric data is
very important as a basis in designing tools, equipment and work procedures in order for productivity
compatibility to be optimal.

Table 1
Operator anthropometry for study subjects

No | Body Dimensions | Gperlora | Cperalor | Cperalor | Operaor 9
1 | Body Weight (kg) 62 59 91.2 69.3

2 | Standing height 154 168.8 164 164.2

3 | Eye height 142.8 158 153.2 153.4

4 | Shoulder height 125.5 138.4 134.4 136.4

5 | Elbow height 94.8 107.9 103.1 103.3

6 | Wrist height 89.1 101.9 97.1 97.3

7 | Knuckle height 65.1 77 72.2 72.4

8 | Fingertip height 54.8 66.6 61.8 62

9 | Hand stretch length 156.5 175 169 170

10 | Elbow stretch length 78.4 93 87 88

11 | Vertical hand reach 179.9 197.6 193.6 195.6

12 | Horizontal grip reach 69 76 73 76
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Table 1

(continuation)

No | Body Dimensions | QpErslorA | Gperator® | Cperaor ¢ | Operator o
13 | Horizontal arm reach 80.2 87.5 84.5 87.5
14 | Sitting height 84.3 84.8 82.7 79.8
15 | Eye height when sitting 72.2 76.1 71.2 68.5
Shoulder height when
16 | sitting 52.9 57 55.8 52.2
17 | Elbow height when sittingd 20 23 23.6 19.7
18 | Knee height 45.8 515 51.3 52.3
19 | Upper limb length 53 55.5 55 52
Popliteal upper limb

20 | |enath 39 48 50 49
21 | Popliteal 18.9 18.2 24.4 22
22 | Chest width 36.1 44.2 54.9 47.2
23 | Shoulder width 25.2 325 43.2 35.5
24 | Hip width 29 35 32.2 33.7
25 | Upper sleeve length 41 47 44 47
26 | Hand length 16.7 18.2 17 18.7
27 | Palm length 8.8 10.6 10.5 111
28 | Hand width 35 4.2 4 4.7
29 | Grip diameter (inside) 22 255 24 26
30 | Foot length 8.4 10.2 9.3 13

Results of Work Motion Analysis in Pivot Type Trailer Operation

The work motion analysis was carried out by observing the working motion of the pivot-type trailer
operation with reference to the body's Range of Motion (ROM). An example is taken from operator B for motion
analysis as shown in Figure 4.

%

5

Fig. 4 - The work motion patterns of operator B on asphalt roads:

(a) go straight, (b) turn 45°, (c) turn 90°

Based on the results of the analysis of motion and natural range of motion (SAG) for each test element
as a whole for operator B, the ergonomic risk is analyzable based on the aspect of work motion as presented
in Table 2. It explains the risk of motion in each joint segment for each element of work accumulatively.

Zone-0 (white) and zone-1 (green) represent the safe zones for the subject's muscles and joints when
working, zone-2 (yellow) is a zone that is still allowed but with a short time, the load is neither too heavy nor
repetitive, but vigilance and care is required to work long and repetitive, while zone-3 (red) is a zone that should
be avoided because it is dangerous for joints and muscles (Openshaw, 2006).
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Table 2
Distribution of operator B Range of Motion for each body segment
Ef st ] Hf Kf
Test number R I 2 I Bf Nf 7 I 2 I

Bl 48 48 27 27 3 17 81 81

B2 41 25 28 43 6 13 75 84

B3 40 25 30 43 4 20 84 03

B4 46 46 27 27 2 19 86 86

B5 90 17 55 13 20 74 86

B6 73 33 11 14 16 78 20

B7 36 36 32 32 10 19 68 68

BS§ 60 2 16 30 10 17 70 84

BY 32 68 38 13 10 18 70 86

B10 45 45 27 27 3 19 68 68

Bl 50 50 18 27 10 18 69 86

B12 55 37 21 32 14 20 73 83

BI13 51 51 2 2 4 14 81 81

B14 53 47 26 30 3 19 80

BI5 29 67 2 15 6 20 85 04

B16 57 57 26 26 9 10 83 83

B17 46 63 2 14 10 17 80 86

B1§ 4 36 20 36 15 14 82 88

B19 56 56 18 18 9 18 62 62

B20 66 49 19 35 16 16 83 88

B21 45 66 2 17 13 11 81 86

B2 73 73 20 20 21 16 76 76

B23 74 55 19 38 24 18 76 88

BM4 75 60 33 20 24 18 76 85

Road Speeds . Speeds .
type Load (km/s)h Motion Road type Load (km/s)/h Motion

Bl Bitumen | Empty 4 Straight B13 | Farm road Empty 4 Straight
B2 Bitumen | Empty 4 Turn 45° | B14 | Farm road Empty 4 Turn 45°
B3 Bitumen | Empty 4 Turn 90° | B15 | Farm road Empty 4 Turn 90°
B4 Bitumen | Empty 6 Straight B16 | Farm road Empty 6 Straight
B5 Bitumen | Empty 6 Turn 45° | B17 | Farm road Empty 6 Turn 45°
B6 Bitumen | Empty 6 Turn 90° | B18 | Farm road Empty 6 Turn 90°
B7 Bitumen | Full 4 Straight B19 | Farm road Full 4 Straight
B8 Bitumen | Full 4 Turn 45° | B20 | Farm road Full 4 Turn 45°
B9 Bitumen | Full 4 Turn 90° | B21 | Farm road Full 4 Turn 90°
B10 | Bitumen | Full 6 Straight B22 | Farm road Full 6 Straight
B11 | Bitumen | Full 6 Turn 45° | B23 | Farm road Full 6 Turn 45°
B12 | Bitumen | Full 6 Turn 90° | B24 | Farm road Full 6 Turn 90°

Observing the analysis results from the motion ergonomics perspective for operator B on the pivot type
trailer operation, it is seen that that upper body segments, which include elbows (EF), shoulders (SF), back
(BF) and neck (NF), of the operator were safe and comfortable while he was controlling the tractor. Meanwhile,
the lower body segments, which include the thighs (HF) and knees (KF), were uncomfortable because the
knees tend to bend.

To detect operator discomfort while working, the ROM method is applicable (Table 3). Therefore, for all
operators (A, B, C, and D), the distribution of the operator's Range of Motion is summarized in Table 4.

Range of Motion on several zones

Table 3

Range of movement zone (in®)
Movement
Zone 0 Zone 1l Zone 2 Zone 3
Neck (NF) * Flexion 0-9 10 -22 23-45 46+
Shoulder (SF) * Flexion 0-19 20— 47 48— 94 95+
Elbow (EF) ** Flexion 0-28 29-62 63-124 125+
Back (BF) * Flexion 0-10 11-25 26— 45 46+
Thigh (HF) ** Flexion 0-22 23-50 51-99 100+
Knee (KF) ** Flexion 0-21 22-48 49-94 95+

Source: *) Chaffin (1999) and Woodson (1992) referred to in Openshaw (2006)

**) Processed based on data sourced from Houy 1983 referred to in Sanders and McCormick (1993)
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The results of operator ROM analysis on pivot type trailer operation
Parts of Movement Summary of ROM values
body A B C D
Neck Flexion (NF) 8 — 24° 10-20° 15— 420 10 — 49°
Shoulder Flexion (SF) 11 — 59° 11 —55° 6 —53° 5-70°
Elbow Flexion (EF) 21-113° 17 —90° 11-78° 8 —95°
Back Flexion (BF) 0-—32° 3 —24° 0-17° 8-31°
Thigh Flexion (HF) 43 - 80° 62 —100° 57 — 93° 51 — 840
Knee Flexion (KF) 29 — 92° 92 —118° 79 —118° 76 —115°

Tables 3 and 4 show the results of the analysis of potential risks of operator motion. The Range of
Motion (ROM) analysis shows that in general, the upper body segments such as the neck (NF), shoulders
(SF), elbows (EF) and back (BF) are in the safe zone for operators A, B and C. This implies that the upper
body segment of the pivot-type trailer operation makes the operator comfortable while controlling the tractor.

However, operator D was an exception since the neck (NF) is often in the danger zone. This is because
it is necessary to look down when turning to get the position of the auxiliary wheel which assists in turning and
the D operator needs to adjust it longer for the use of this pivot type trailer. Therefore, some exercises and
adjustments are needed for the operator in using this pivot type trailer.

Furthermore, the lower body segments of operator A such as thighs and knees (which represent the 5th
percentile) were shown to be in a comfortable state, because the foot was well rested on the footrest and the
knee was not bent. Meanwhile, operators B, C and D were generally in an uncomfortable condition, due to the
tendency of the knee to bend during operation, especially for operator B (representing the 90th percentile) that
always need to bend the knee during trailer operation because it has a different longer leg size.

The lower part of the body was influenced by the operator's seat height and foot seat. This is because
when it is too high, it causes the foot to not tread properly and hang, while when it is too low, it causes the
knees to bend and feel uncomfortable. Therefore, a mechanism capable of adjusting the operator's seat height
(seat) is needed.

Operators Subjective Analysis Results

Subjective assessment was carried out in the form of filling out a questionnaire to obtain the complaints
of the operator on body parts, pain, or discomfort, which is mostly felt when operating a pivot type trailer.

Figure 5 shows the distribution of musculoskeletal discomfort, and it was discovered that the operator
experienced fatigue or musculoskeletal discomfort especially in the upper limbs which include the hands,
forearms and upper arms by 42%. Furthermore, it was discovered that all operators felt pain in the right and
left hands. According to the information obtained from the operators, these pains were due to the stiffness of
the clutch lever, which consequently requires a lot of force to press it. Therefore, it is necessary to repair and
maintain the clutch in order to solve the problem.
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Fig. 5 - Operators subjective perception of complaints on body parts on the pivot type trailer operation
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For the lower limbs, which include the thighs, knees, calves and feet, the percentage of discomfort felt
by the operators was 33%.

Meanwhile, operator A did not experience any feeling of discomfort, while operators B, C and D
experienced it, which may be due to the bending of the knee in other to adjust the seat height. However, this
relatively short seat height was comfortable for Operator A, which represents the 5th percentile.

For the limb (waist) which includes the waist, and buttocks, the percentage of discomfort felt was 9%.
This was due to the twisting motion on the back when the trailer is in a turning motion. Furthermore, the
discomfort felt at the neck and back was 4 and 3%, respectively, due to the turning movements.

In general, the operators had the correct perception of the most uncomfortable body parts. Therefore, it
can be used as a basis for making ergonomic interventions to reduce work risks which leads to increased
productivity.

Ergonomic Intervention
According to Syuaib et al. (2015), ergonomic interventions is carried out to reduce work risks and also

increase productivity, by improving work procedures, improving tool design and using personal protective
equipment/clothing.

Therefore, based on the analysis of motion and subjective perceptions above, to improve safety and
comfort in operating a pivot type trailer, some ergonomic interventions are needed, namely:

1. Repairing and maintaining the clutch rotary lever to make it more comfortable for use.
2. Operator seat height (seat)

To increase the comfort during pivot type trailer operation, the seat height should be adjustable to the
operators’ anthropometry because of their different sizes. Therefore, an adjustable seat height mechanism is
needed.

According to Nurmianto (2008), seat height based on anthropometric measurements of knee height
(popliteal), is carried out by adding up the height of the shoes. According to Bendix (1987), the recommended
seat height is about 30 to 50mm above the popliteal height. Therefore, the recommended adjustable seat
design based on Table 5 is a minimum and maximum height of 410 and 490, respectively.

Table 5
Fold height in knee (popliteal) and height seat design
L High(mm)
Description Fold height in knee (popliteal) High seating design
Percentile 5 365 410
Percentile 50 405 440
Percentile 95 445 490

The recommended adjustment mechanism is shown in Figure 6. The mounting posts were connected
to the mounting frame, while the fastener was fixed at the meeting point of the mounting post and frame.
Furthermore, to adjust the seat height, the lock lever was relaxed. Therefore, it is possible to pull or press the
seat posts axially with the seat frame to adjust the height as desired.

seat

( T
~ —_—
I — ‘.;I

’ T
seat post ‘
>
N | :h;\ " SEaEY
frame | | |\ fastener '1

| ]

Fig. 6 - Adjustable mechanism on the operator's seat
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CONCLUSIONS

1.

The results of the motion hose operator analysis showed that in general the operation of the pivot type
trailer for the upper body segment, namely neck, shoulder, elbows and back, is in a safe zone for all

operators. Meanwhile, for the lower body segment, operators B, C and D's thighs and knees were
uncomfortable, while operator A, representing the 5th percentile, was in a comfortable area.

The results of the subjective perception of the operators regarding complaints on the most uncomfortable

pivot type trailer operating body parts were 42% and 33% for the upper and lower limb, respectively.
Ergonomic interventions that are capable of increasing safety and comfort during the operation of the
pivot-type trailer include improving the clutch rotating lever, as well as the addition of a mechanism
capable of adjusting to the seat height settings of operators.
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ABSTRACT

In view of the problems of long coating time, complicated manual operation, high multi-seed rate of coated
seeds, low qualified rate, and low degree of automation of control equipment in traditional rotary coating
machine, a new type of rotary coating machine was designed while using LabVIEW with a complete electric
control system, which can effectively improve the speed and quality of coating. The system uses single-chip
microcomputer as the lower computer, LabVIEW as the upper computer, and uses programming electronic
control technology to set seed coating parameters in advance, precisely control each part and achieve
precise supply. Batch supply of powder and liquid greatly improves the automation and intelligence of the
operating system, improves the coating efficiency, reduces the multi-seed rate and the seedless rate, and
increases the coating pass rate. In order to improve the coating quality and the supply accuracy of the
coating machine, the error analysis and calibration test of the seed supply system, powder supply system
and liquid supply system were carried out. After the test verification, the supply error was controlled within
2% to meet the demand for precise supply. The test results show that the pass rate of the seeds coated by
the new rotary coating machine is increased by 15% to 20% compared with the seeds coated by the
traditional manual coating.

HE
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SN, i T EER A C AL AR, B LabVIEW Wit T BRI s RS, WA A A
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SIERIEGEIL, 205 T CLRBCFMI NS, BT T ZFPR AR, 380 T UG N m EL i RTEL
VUG TR R R G AR PR R Zd T IRZE S LA RS il B, Bl TSl 47 iR 2
TERHIEE 2% LU, I ARG ) i Ko i G 2 R : L B R EF A AR P ARATFE T I TGN LR
FEKAIFE T E R G FLET 15% 2] 20%.

INTRODUCTION

Seed coating technology is to use a specific coating process to make the surface of the seed and the
coating agent evenly contact, and wrap it to form a smooth and firm film. Through mechanical processing,
small spheres of uniform size and regular shape (including circle, ellipse, oblate, etc.) are made. The coating
agent can contain a variety of components (Shao, 2018; Wu, 2017). According to specific environmental
factors, proper adjustment of the dosage components can improve the ability of seeds to tolerate drought,
cold, salt and alkali, and prevent soil-borne diseases. In addition, the coating technology achieves a uniform
increase in seed particle size. The increase in particle size not only improves the fluidity of seeds in terms of
physical properties, but also facilitates mechanized and precise seeding, thereby achieving the purpose of
improving seeding efficiency and reducing seed waste. Therefore, how to use high-quality coating
technology to achieve the diversity and functional specificity of coated seeds is an urgent and realistic
demand (Qiu, 2017; Bai, 2020). Seed coating technology in China started in the 1980s, which is relatively
late compared to some countries in the West. At present, the coating machine independently designed and
produced in China has a low degree of intelligence and a relatively simple control system. The coating
experience and operating proficiency of the operator directly affect the quality of the seed coating.
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Considering how to optimize the coating process, select coating parameters, enrich the operating
system to reduce the multi-seed rate and the seedless rate, and to increase the single-seed rate and the
coating pass rate are the current mainstream research directions (Wang, 2021).

Aiming at the problems of uneven supply of powder and liquid in current seed coating technology,
sticking pan, inconsistent coating formula, insufficient theoretical research of coating machine, low degree of
automation, poor coating quality, etc., a new type of rotary type was researched and designed (Shu, 2017).
The seed coating machine uses STM32 single-chip microcomputer as the lower computer, and the LabVIEW
control system is designed as the upper computer to intelligently control the seed coating part, the powder
supply part and the spray part. The automation of the coating machine is improved, and at the same time the
precise supply of seeds, powders, and sprays is realized (P.T, 2016; Zhu, 2012). The modules operate in a
coordinated and orderly manner to reduce the multi-seed rate and the seedless rate, increase the single-
seed rate and the coating pass rate, and improve forming quality of coated seeds.

MATERIALS AND METHODS

OVERALL STRUCTURE

The seed coating machine designed this time consists of a seed supply system, a powder supply
system, a liquid medicine supply system, a coating pot adjustment system and a host computer control
system. The three-dimensional and two-dimensional diagrams of the overall structure are shown in Fig.1.

a b

Fig. 1 - General structure
1-Seed supply system; 2-Liquid medicine supply system; 3-Coating pot adjustment system;
4-Host computer control system; 5-Powder supply system

Working principle of seed supply system

The seed supply system is mainly composed of seed charging barrel, load cell, pneumatic valve and
solenoid valve. In this design, a high-precision piezoelectric weighing sensor with a range of 0-10 kg and an
accuracy of less than 1 g is selected. After calibration, its combined error is <0.05%. It has the characteristics
of high precision, easy operation, simple structure and strong anti-interference ability. Among them, the AD
module uses HX711, which has 24-bit AD conversion and the accuracy level is C3. The specific seed supply
process is as follows: fix two piezoelectric load cells on the tray of the seed hopper, real-time detection of the
seed weight in the hopper, the weight information is converted from Digital-Analog Convert and transmitted
to the single-chip microcomputer, then transmitted from the single-chip microcomputer to the upper
computer. The weight is real-time display in the control system. First select the seed drop value in the control
system, and then the system records the initial weight in the hopper. After starting to run, the single-chip
microcomputer controls the relay to pull in, the solenoid valve opens, the pneumatic valve opens under the
action of air, and the seeds begin to fall. During the falling process, the load cell detects the weight change in
real time, and the control system calculates the weight loss in the hopper.
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When the loss reaches the initial selected drop value, the microcontroller control relay will be
disconnected, the solenoid valve will be closed, and the pneumatic valve will be closed to complete the entire
drop. During the seed supply process, the seeds will fall into the coating pan and wait for coating. When the
initially selected planting value is less than the weight value in the hopper, it prompts to add seeds. The
system realizes accurate seed supply and continuous multi-batch operation. The three-dimensional and two-
dimensional diagrams of the seed supply system is shown in Fig.2.

a b

Fig. 2 - The three-dimensional diagram of the seed supply system
1- Seed charging barrel; 2- Load cell; 3- Pneumatic valve; 4- Solenoid valve

Working principle of the powder supply system

The powder supply system is mainly composed of charging barrel of powder, a stepping motor and an
impeller metering disc. In order to realize the synchronous supply of powder and the precise amount of
falling, a 42-line geared motor with a reduction ratio of 30 is selected to drive the impeller metering disc. This
device can effectively improve the metering accuracy. The impeller metering disc is composed of 4 blades,
and each blade has an angle of 90°. The volumetric method is used to control the powder supply weight. The
right-angle volume between the two blades is calculated as 100 g by design. During the coating process,
initially select the parameters in the control system, and set an appropriate seed-powder ratio according to
the weight of the seed dropping. After starting and running, the stepping motor starts to rotate under the
control of single chip microcomputer, and the impeller metering plate starts to rotate. The supply is
completed every 90° rotation. The powder falls into the coating pan through the pipe under its own weight.
The number of powder supply is calculated in the control system, and the cycle runs until the end of the
powder supply. In order to prevent the powder from sticking and causing supply errors, the powder box is
made of acrylic material, and the blade and shell of the impeller metering disc are 3D printed with PLA
(Polylactic acid) material. When the shell and the impeller rotate, a large torque will be generated. The joint is
designed with a fixed bearing to reduce the friction caused by rotation and reduce the error caused by the
angle deviation. The three-dimensional and two-dimensional diagrams of the powder supply system is shown
in Fig.3.

Fig. 3 - The three-dimensional diagram of the powder supply system
1- Charging barrel of powder; 2- Stepping motor; 3- Impeller metering disc

93



Vol. 65, No. 3/2021 INMATEH — icultutal

Working principle of the liquid supply system

The liquid supply system consists of a clear water barrel, a liquid medicine barrel, a peristaltic pump, a
nozzle and pipeline. The working process of the liquid supply system is as follows: initially select the
appropriate seed-liquid ratio in the control system, and according to the seed weight provided, the ratio 1g
corresponds to 1 ml. After selecting the parameters, it starts to run, and the single-chip microcomputer
controls the peristaltic pump to start working. The clean water and the liquid medicine are mixed through the
water pipe and sprayed from the nozzle under the action of pneumatic force. The system calculates the
required amount of liquid medicine through the seed weight provided and the selected seed-liquid ratio, and
obtains the working time of the peristaltic pump through calculation, and performs timing in the system until
the peristaltic pump stops running at the specified time. The liquid medicine is finally sprayed from the nozzle
through the pipeline. The atomization nozzle chooses a gas-liquid two-phase flow nozzle, one end is
connected to the air pump, one end is connected to the pipeline, and the nozzle position is aligned with the
drop position of the seed in the pot. Under the action of air flow, the liquid medicine floats in the coating pan
to form a moist mist environment, which is convenient for full contact with the seeds at the bottom and
effective mixing to achieve an ideal coating state. According to the query atomization nozzle parameter table,
when the flow rate is 9 L/h, the air flow rate is 45 L/min, which meets the atomization requirements required
by the experiment. The three-dimensional and two-dimensional diagrams of the liquid supply system is
shown in Fig.4.

a b

Fig. 4 - The three-dimensional diagram of the liquid supply system
1- Clear water barrel; 2- Nozzle; 3- Pipeline; 4- Peristaltic pump; 5- Liquid medicine barrel

Coating pot adjustment system

The coating pot adjustment system is composed of a coating pan, a frame, a driving motor and an
inclination adjustment mechanism (Rogovskii I.L., 2020). Among them, the driving motor controls the rotating
speed of the coating pan, and the rotating speed ranges from 0 r/min to 90 r/min, which meets the rotating
speed requirements of normal rotary coating. The inclination adjuster is controlled by a NMRV turbo-worm
gear stepper motor. The subdivision number is 3200.

The inclination angle is composed of the horizontal ground and the parallel line of the pot opening.
When the pot opening is perpendicular to the ground, the inclination angle is 90°. The theoretical angle
range is from 0° to 360°, but when the inclination angle exceeds 90° and is less than 180°, considering that
the drive motor is placed above the rotating rod, long-term operation can easily cause the rotating rod to
break and cause damage. When it exceeds 180°, the mouth of the pot is facing downwards, and coating
cannot be carried out.

Usually, it is more appropriate to select a range between 20° and 60° for coating. The coating pan
adjustment system satisfies the adjustment of the coating pan inclination and the coating pan rotation speed.

The three-dimensional and two-dimensional diagrams of the coating pan adjustment system is shown
in Fig 5.
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Fig. 5 - The coating pan adjustment system
1- Coating pan; 2- Driving motor; 3- Rotating rod; 4- Inclination adjustment mechanism; 5- Frame

Control System

Considering the low automation of domestic coating machine, a complete control system is designed by
using LabVIEW. The control system is shown in Fig.6.
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b #|Electric control system of automatic vibrating rotary coating machine
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Fig. 6 - The control system

The control system consists of a front panel graphical user interface and a rear panel block diagram.
The front panel is the control surface, which has functions such as sending operation instructions, parameter
input, and data display. The block diagram of the rear panel uses graphical language to realize the logic
control of the control system (Gulden, 2020).

The control system mainly realizes the precise control of the amount of seed supply, powder supply
and liquid supply, as well as the adjustment of the inclination angle of the coating pan. At the same time,
real-time detection of the weight change in the hopper to observe the margin.

Considering that the amount of coated seeds in a single time is too large, the function of supplying
powder and liquid in batches is set up, which improves the intelligence of the system.

The specific control flow chart is shown in Fig.7.

First, the equipment is powered on, initialization adjustment and serial port selection are carried out. The
appropriate single-chip serial port, baud rate, parity check, data bit and stop bit are adjusted. The default
data can be adjusted to facilitate the next direct power on. During normal operation, the current seed and
powder allowance will be displayed in real time, and the replenishment will be prompted if the allowance is
insufficient. Before coating, select the parameters such as the ratio of seed to powder and the ratio of seed

to powder liquid, adjust the dip angle of the coating pan, and adjust the rotary frequency converter to the
appropriate speed of the coating pan.
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If the supply is too much, batch supply can be selected. In the coating process, seed supply is carried
out first, the valve of seed feeding system is opened, seeds in the seed charging barrel start to fall, and the
weight information is transmitted by the load cell of seed feeding system to single chip computer in real time.
After being converted by the Single Chip Microcomputer, the weight value is displayed in the upper computer
control system in real time. Before operation, the system records the total weight of seeds in the seed
charging barrel. During the seed feeding process, the system calculates the weight difference in real time.
When the difference value reaches the set seed dropping value, the valve of seed feeding system closes, so
as to complete the seed supply.
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M 4
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— ~—
- .
- — -
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—. . ~ N _—
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Fig. 7 - The specific control flow chart

After the seed supply is completed, the system records the supply amount, and calculates the single
powder supply and single liquid supply by setting the seed powder ratio, seed liquid ratio, powder feeding
batch, and liquid feeding batch. The single supply rotation angle of the stepping motor of the powder supply
system is calculated through the calculation of a single supply of powder. After the calculation is completed,
click Determine to start supplying. During the powder supply process, the indicator light will be on, indicating
that the powder supply system is working. When the powder is supplied, the stepping motor of the powder
supply system starts to rotate, and the powder in the powder container begins to fall. When the rotation angle
of a single supply is reached, the number of powder supply increases by one. When the initial set powder
supply batch is not reached, the powder supply system timer 3 starts to time, and when the set powder
supply interval time is reached, the powder supply process is repeated. When the number of feeding times is
equal to the initially set powder supply batch, the entire powder supply process is completed.

When supplying liquid, click Determine to start liquid supply, peristaltic pump starts to run, the liquid
supply system timer 1 starts to time, during operation, indicator light is on, indicating that liquid supply is in
progress. The system calculates the single working time by the spray amount per second of the nozzle and
the single supply quantity of the setting. When the liquid supply system timer 1 reaches the single working
time, the peristaltic pump stops running, and the number of liquid supply is added 1. At this time, the system
compares the number of liquid supply and the initial set batch of liquid supply, and completes the whole
liquid supply process when the batch reaches the liquid supply batch. When the batch of liquid supply is not
reached, the liquid supply system timer 2 starts to time. When the liquid supply system timer 2 reaches the
set liquid supply interval, the peristaltic pump starts to run and repeat the liquid supply process.

The upper computer communicates with the lower computer all the time to realize the functions of data
transmission and module operation (Xiong, 2019). When the operation conditions are met, serial port
communication is conducted through USB data line to control the high and low level of the CPU pin, so as to
control the switch of relay and realize the switch control of specific modules. Finally, the whole coating
process of rotary seed coating machine is completed. The circuit diagram of the system design is shown in
Fig.8.
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Fig. 8 - The circuit diagram of the system design

RESULTS AND DISCUSSIONS

ERROR ANALYSIS AND CALIBRATION TEST

u * G )
Ll

In order to realize the precise supply of each module and meet the precision requirements during
coating work, error analysis and calibration experiments were carried out on the seed supply system, powder
supply system and liquid supply system. The physical picture of the coating machine is shown in Fig.9.

L

Fig. 9 - The physical pict

Calibration of seed supply error

The seed supply system uses a pneumatic valve to control the start and stop of the seed supply. The
start and stop of the valve send instructions from the serial port to the microcontroller through the host
computer. After the microcontroller receives it, the pin level is changed in real time, and the relay connected
to the pin is used as a switch to control the pneumatic valve. The solenoid valve is turned on and off, and
finally the valve opens and closes in real time. Considering that there is a time difference between the start
and stop of the pneumatic valve, a small amount of excess seed drop is caused, which affects the precise
supply of seeds and causes errors. In summary, choose the supply values of 100g, 500g, 1000g, 1500g and
2000g, and conduct multiple tests for comparison. The test results are shown in Table 1.

|

ure of the coating machine

Test value of feeding error

Table 1

Supply values (g) Number of tests Average value of seed drop (g) Standard deviation
100 20 128.3 1.26
500 20 528.9 1.32
1000 20 1027.8 1.28
1500 20 1527.9 1.30
2000 20 2028.1 1.28
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The error is calculated from the data in the table, and the average of the results of five times can be
obtained. According to the experimental data, the error caused by the difference between the start and stop
time of the pneumatic valve is about 28g, which is independent of the seed supply weight. Before coating,
the system initially records the weight of seeds in the hopper. During operation, when the weight loss value
in the hopper is equal to the selected value, it sends an instruction to close the valve and stop the seed
supply. Taking into account the error value brought by the valve, when the weight loss value is set equal to
the selected value minus 28g, the control system will stop the seed supply. Several tests were performed to
analyse the errors, and the test results are shown in Table 2.

Table 2
Calibration test value of seed supply

Supply values Number of tests Average value of seed drop Standard deviation
(9) (9)
100 20 101.1 1.26
500 20 500.0 1.08
1000 20 1000.8 1.22
1500 20 1500.9 1.26
2000 20 2001.3 1.28

According to the data in Table 2, the error value of the seed supply after calibration is stable within 2%,
which meets the design requirements.

Powder supply calibration design

During the coating process, the upper computer calculates the required powder supply amount

through the weight of seed supply and the seed-powder ratio, and sends instructions to the lower computer

through the upper computer. Each instruction controls the stepping motor to rotate 90°. At this time, the

impeller metering disc rotates 90°, 100g powder supply, complete one-time powder supply. Times of powder

feeding is calculated in the upper computer control system, and the cycle runs until the powder supply ends.

In order to detect the error of the powder supply system, a number of tests were performed to analyse the
error. The test results are shown in Table 3.

Table 3

Powder supply system error
Supply values Number of tests Average powder drop value Error rate

) @) (%)
100 20 100.56 0.56

According to the experimental data, the error of the powder supply system is within 1%, which meets the
design requirements.

Liquid supply calibration design

The amount of liquid supply depends on the operating time of the peristaltic pump. In order to achieve
the effect of accurate liquid supply, the peristaltic pump needs to be accurately sprayed. The working voltage
of the peristaltic pump selected in this design is 12 V, the rated current is between 4 and 6.5 A, and the spray
volume depends on the current, which is 7 to 9 litres per minute. In the actual running process, the timing
function is set on the upper computer, and the duration is calculated according to the liquid supply amount,
and the liquid supply is completed by the arrival time. In order to accurately calculate the amount of sprayed
liquid, choose to electrify for 10 s, 30 s, 60 s and 120 s, and perform multiple tests. The test results are
shown in the Table 4.

Calculated value of liquid supply flow Table 4
Liquid supply time Average value of liquid supply Liquid supply per second
Number of tests
(s) (ml) (ml/s)
10 25 1063.2 106.3
30 25 3180.4 106.0
60 25 6390.6 106.5
120 25 12744.6 106.2
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After calculation, the average value of multiple results can be obtained. The spray volume is 106 ml/s.
When the actual liquid supply is 100 ml, it takes 0.94 s. In the control system, the cycle time is adjusted from

1000 ms to 940 ms, and 100 ml liquid is provided after one cycle.

Experimental results and analysis

In order to test the coating pass rate after the actual coating by the machine, the Agropyron seed are
selected for the test. The powder is selected from soybean powder and diatomaceous earth mixed in a ratio
of 4 to 6, and the pass rate of the coating after the traditional manual operation is used as the contrast, 50
sets of experiments were performed. Each group of seeds weighs 100g, choose the seed-powder ratio of 1:3
and the seed-liquid ratio of 1:2. When the seed coating agent is completely coated on the outer surface of
the single seed is recognized as qualified as the coating, the qualified rate is calculated as the percentage of
the number of qualified seeds in the total number of seeds tested. The test results are shown in Table 5.

Table 5
Coating qualification rate comparison table
Traditional Instrument Traditional Instrument
Number | coating pass | coating pass | Difference | Number | coating pass coating pass | Difference
rate (%) rate (%) rate (%) rate (%)
1 71 89 18 26 69 88 19
2 69 88 19 27 72 89 17
3 70 89 19 28 70 90 20
4 70 86 16 29 68 86 18
5 68 85 17 30 66 85 19
6 68 86 18 31 71 89 18
7 71 89 18 32 72 87 15
8 68 85 17 33 69 88 17
9 70 88 18 34 70 88 18
10 72 87 15 35 73 88 15
11 71 90 19 36 71 86 15
12 67 86 19 37 67 83 16
13 69 84 15 38 66 84 18
14 70 87 17 39 69 86 17
15 67 85 18 40 70 85 15
16 71 86 15 41 71 87 16
17 74 90 16 42 73 90 17
18 66 83 17 43 69 84 15
19 65 82 17 44 66 86 20
20 69 85 16 45 68 87 19
21 71 89 18 46 70 88 18
22 68 83 15 47 68 85 17
23 72 89 17 48 69 84 15
24 73 90 17 49 66 82 16
25 70 88 18 50 71 86 15

The results show that the coating pass rate of the new type of rotary coating machine designed this
time is 15%-20% higher than that of the traditional manual coating.
The difference of qualified rate of coating is shown in Fig.10.

Fig. 10 - Contrast curve of coating success rate

Coating success rate difference

Traditional coating pass rate
Instnmment coating pass Tate

% 1113 15 17 12 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Number

99




Vol. 65, No. 3/2021 INMATEH — icultutal

CONCLUSIONS

This paper introduces the design structure of a new type of rotary coating machine, designs the
electric control system of the coating machine by LabVIEW software, and controls it by MCU and other
hardware modules. The automatic operation of coating process is realized, which can effectively improve the
speed and quality of coating. On the premise of achieving the required function of coating process, the error
calibration of each module was carried out, and the coating test of Agropyron seed was carried out.

The conclusion is as follows:

1) The error of seed feeding system, powder feeding system and liquid feeding system is controlled
within 2% to meet the demand of precise supply.

2) Compared with the traditional manual coating, the qualified rate of the seeds coated by the new
rotary coating machine increased by 15% to 20%.
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ABSTRACT

Modelling the threshing and separation process involves the application of a method of description, analysis
and analytical determination of system performance: threshing apparatus - working process. The modelling of
the process of separating the seeds passing through an axial flow threshing device was performed taking into
account that the separation function ss(x) is given depending on the length of the threshing apparatus. Then,
models were made to describe the variation of the percentage (cumulative) of separated seeds ss (x=L),
corresponding to the modification of the threshing apparatus functional parameters (depending on the
peripheral speed of the rotor, the flow of straw parts and the moisture of straw parts).

REZUMAT

Modelarea procesului de treier gi separare presupune aplicarea unei metode de descriere, analiza gi
determinare pe cale analitica a performantelor sistemului: aparat de treier - proces de lucru. Modelarea
procesului de separare a semintelor ce trec printr-un aparat de treier cu flux axial s-a realizat {indndu-se cont
céd functia de separare ss(x) este daté in functie de lungimea aparatului de treier. In continuare s-au realizat
modele care sé descrie variatia procentului (cumulat) de seminte separate ss (x=L), corespunzator modificarii
parametrilor functionali ai aparatului de treier (in functie de viteza periferica a rotorului, de debitul de parti
paioase si de umiditatea partilor paioase).

INTRODUCTION

The harvesting of straw cereals has been a major human activity throughout the history of civilization,
and increasingly complex tools designed and made to facilitate this activity have given the process of creating
them a significant place in all human activities (lvan, 2014).

In general, the harvesting process of a cereal combine integrates the processes of harvesting, cutting,
threshing, separation and cleaning, etc. (Hanna et al., 2013; Unakitan and Aydin, 2018). The threshing process
represents an essential role in the operation of the combine, the seed losses occurring during harvesting being
significantly influenced by the theory and technology of threshing (lvan et al., 2015a; Ivan et al., 2015b; Fu et
al., 2018; Khir et al., 2017). Natural losses are determined by weather conditions such as wind and rain
(Audilakshmi et al., 2007; Gobbett et al., 2017). The degree of injury is another direct index of cereal threshing
that negatively affects their market value and storage (Mirzazadeh et al., 2012; Khazaei et al., 2008) and
depends on several factors, including the sieve separation regime (Pruteanu et al., 2018), the most common
being the mechanical damage due to the impact of the seed kernel on the rigid surface of the threshing unit
(Agelet et al., 2012; Zhu et al., 2016).

Modelling of the threshing and separation process emerged as a necessity to improve the quality of
the threshing process. In the case of axial flow threshing apparatus, this was done later because of the fact
that combines with longitudinal threshing apparatus appeared only after the 1970s. Shortly after this, the first
researches in this field were made, continuing to this day when a sufficiently good modelling of the separation
process has been reached (Li et al., 2017; Liang et al., 2017; Miu et al. al., 1997; Qirui et al., 2020; Sheychenko
et al., 2018). This is also supported by the very good results obtained in operation with this type of threshing
apparatus, the percentage of separated seeds often exceeding 99%. Experiments were performed in order to
determine the constructive and functional characteristics of the combine based on a mathematical model of
the displacement of the seed heap on the shaker (lvan and Nedelcu, 2010).
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The objective of this paper is to present a mathematical model that was made taking into account the
input and output parameters of a working process carried out by an axial threshing apparatus.

MATERIALS AND METHODS
Input and output parameters of the system

The working process carried out by the threshing apparatus, regardless of its type, is very complex,
being influenced by a series of parameters defined by:

e the material to be threshed;

e material feeding system of the threshing apparatus;

e its construction and working regime.

The mathematical model of the separation process developed in this paper takes into account the
following input parameters:

o Material characteristics, represented by: seed moisture, Us; moisture of the straw parts, Up;

e Feeding system parameters: feeding width, la; the height of the material layer when feeding takes place,
ha; feeding speed, va; feeding direction at angle yi; material flow, g and the flow of straw parts, Qp.

e Construction of the threshing apparatus, characterized by: type: tangential or axial; beater (rotor) radius, R;
beater (rotor) length, L; length of the concave’s arc, |; number of rails of the beater (rotor), z; size on the
radial direction of a rail, dr; angle of the rails on the rotor to the generators, f1; angle of the helical rails on
the housing to the generators, f».

e Operating regime, depending on: speed (angular speed, w); peripheral speed of the beater (rotor), v; beater
(rotor) — concave (counter-rotor) spacing at the inlet &; beater (rotor) — concave (counter-rotor) spacing at
the outlet o.

Experimental installation and equipment used

The experimental researches performed on the axial flow threshing apparatus were carried out at
INMA Bucharest on an axial flow thresher B-90 which is equipped with a threshing apparatus with a length of
2,000 mm. The thresher is actuated from the tractor’s power take-off by means of a Cardan shaft which is
coupled by a spring to the beater drive scutch.

The collection of the material heap separated by the concave was carried out using a matrix (10 x 5)
of collecting boxes, a box having the dimensions: 200x200x100 [mm x mm x mm] (fig. 1).

Fig. 1 — Block of collecting boxes

Figure 2 shows a part of the constructive scheme of the experimental installation with axial flow
threshing apparatus and Figure 3 a cross section of the threshing apparatus, under which the block of collecting
boxes is mounted. Each line of boxes collects the material separated between two consecutive crossbars of
the concave. The last line of boxes collects the heap separated in the transition area to the concave extension
area.
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Fig. 2 - Constructive scheme of the experimental installation with axial threshing apparatus

The collection of the material evacuated at the outlet of the threshing apparatus (fragmented straw,
unthreshed ears, unseparated seeds, chaff, etc.) was made on a tarpaulin with the dimensions of 2x3 sqg. m,
by means of two movable panels. Strain gauges were mounted on the beater shaft in order to measure the
moment of resistance, by means of a specialized equipment.

The axial threshing apparatus has been fed tangentially in an area where the rotor is equipped with
rails. In the same area, the housing of the threshing apparatus is provided with spiral rails, mounted at an

angle of 60° to the axis of the rotor, which has a diameter of 560 mm. These rails are arranged on the housing,
at an angle of 180° (Fig.2).

Fig. 3 - Cross section of the threshing apparatus

Figure 4 shows the constructive scheme of the axial flow threshing apparatus.
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Fig. 4 — Constructive scheme of the axial flow threshing apparatus
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The counter-rotor, with a winding angle of 110° has a construction similar to that of an ordinary
tangential threshing apparatus, in the threshing area the rails are three in number and parallel to the rotor axis,
in the separation area, on the same generators that the rails are mounted, the rotor being provided with three
rows of separating plates, mounted inclined at an angle that can take the values of: 0°, 22.5° and 45°.

The housing of the threshing apparatus is provided entirely with holes measuring 20x40 mm, the active
separating surface of the housing representing about 55% of its total surface. Helical rails 30 mm high and 500
mm long are mounted on the sides of the housing; they can be mounted at different angles: 60°; 75°.

The main adjustable and measurable parameters taken into account, which influence the performance
of the working process, were:

e beater speed N [rpm], adjustable within the limits of 600+1200 rpm; corresponding to this speed range, the
peripheral speed of the beater being in the range 22+32 m/s;

e the material flow q [kg/s], was determined by weighing the sample of plant material and measuring the
time in which the uniform feeding of the threshing apparatus was performed. The mass of material
introduced into the apparatus was checked for each test with the mass of the components collected
following the threshing process. During the tests the material flow corresponding to the width of the
threshing apparatus was changed within the limits of 1.5+4 kg/s;

¢ the distance & between the rails of the beater and the concave is variable, measured in the direction of

material advance. Thus the distance & can be varied as follows: & = 12+24 mm at the inlet and &% = 3+7
mm at the outlet;

o the material feeding speed can be varied continuously by means of a speed variator, within the limits:
3.1+4.65 m/s;

o the material supply angle can vary within 15+35° and a clinometer is used to measure it.

Testing method

During the experiments, the values of several parameters were varied one by one, namely: the
peripheral speed of the beater, the material flow, the S/PP ratio, the feeding speed, the distance between the
beater and the concave.

The block of boxes for collecting the separated material is placed separately in the support guides on
the chassis of the threshing apparatus module.

To collect the straw parts discharged, a tarpaulin and the movable panels for directing the material were
properly placed so that it would not spread over the seeds.

The plant material required for the test was weighed and then placed on the feed conveyor belt, mainly
with the ears positioned forward relative to the movement direction.

The thresher is put into operation by starting the tractor engine, the threshing apparatus being actuated
from its power take-off, where the speed is checked and adjusted.

At the end of the experiment the material from the collecting boxes was then weighed separately as:

e separated seeds;
e unthreshed and separated seeds, namely seeds for the return circuit.

Samples were taken from the amount of separated seeds to determine the moisture of the seeds as
well as to determine the percentage of damaged seeds.

The mass of material separated on the tarpaulin was weighed and recorded and then the block of
collecting boxes was detached. The content of the 50 collecting boxes were placed in 50 numbered plastic or
paper bags.

The material on the tarpaulin was processed manually, with great care, being separated in unthreshed
ears (threshing loss), threshed and unseparated seeds (separation loss), discharged straw parts. A sample
was taken from the discharged straw parts at each test to determine the moisture of the straw parts.

The separated material, from the 50 bags, was processed as follows: the material from each bag was
separated after weighing into unthreshed but separated ears (seeds for the ear-return-spice circuit of the
combine), separated seeds, separated straw parts. After manual separation of these components, the seeds
separated in each collecting box were weighed with an electronic balance. Amounts of seeds were taken from
the entire quantity of separated seeds, by the method of fractionation into quarters, to determine the moisture
content of the seeds and to separate them into fractions of whole, broken and damaged seeds, which were
weighed with the electronic balance.

The moisture of the seeds and the straw parts was determined by drying them in an oven at 105°.
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The processing of the material separated in an experiment was done on the day of the experiment
and during the following day. All data were entered in preliminary measurement tables.

Fig. 5 - Linear function of seed

Fig. 6 - Logarithmic function of

Fig.

Table 1
Separated seeds [g]
Den. A B Cc D E Sum
no.
1. 12.4 23.4 27.5 16.5 4.9 84.7
2. 18.9 41.0 48.9 32.9 13.8 155.5
3. 23.3 43.9 51.1 33.9 12.4 164.6
4. 17.2 34.1 43.2 26.1 7.7 128.3
5. 16.6 34.6 39.5 29.5 8.1 128.3
6. 12.1 27.4 35.7 24.1 6.7 106.0
7. 10.4 22.2 27.2 24.6 6.4 90.8
8. 10.3 20.2 23.2 20.6 5.5 79.8
9. 7.6 16.2 23.7 15.2 3.8 66.5
10. 1.5 2.9 3.0 2.6 0.8 10.8
Sum 130.3 265.9 323.0 226 70.1 1015.3
The graphical representation of these data is shown in Figures 5-10.
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Fig. 8 — Third-degree polynomial
function of seed separation

Fig. 9 - Power function of seed
separation
modelled function
real function

Fig. 10 - Exponential function of
seed separation

Through the mathematical equations that compose it, the general mathematical model - in the case of
the axial apparatus - describes mainly: the detachment of seeds from ears; separation of seeds by counter-
rotor and housing; the size of losses at threshing and separation; separation of the straw parts.

On the length of the rotor X e (X takes the maximum value), the calculation expressions of the
gualitative indices that characterize the threshing process of an axial device are obtained. The values of the

coefficients ffand A used in this model, implicitly express the influences of all constructive, functional factors
such as the physical and mechanical properties of the processed material.

Analysing the functions that model the separation process it can be observed that the polynomial
functions of second and third degree best approximate the real function resulting from the data measured after
performing the tests.

Thus, for seed separation, the second-degree polynomial function is of the form:

y=-ax’+hbx-c (1)
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where: a = 17.499+26.752;
b =88.322+104.87;

C= 3.7228+10.525,
and the third-degree polynomial function is:

y=mx’—nx’+ px—( )

where: M =-6.512+3.7352;
N = 6.858+48.162;

p = 80.897+124.62;
q= 5.5671+10.488.

The second-degree polynomial function approximates well the real function, the correlation coefficient
varying between 0.9985+0.9996, while the third-degree polynomial function has a correlation coefficient
between: 0.9991+0.9998.

Considering that the third-degree polynomial function approximates the real function better than the
second-degree polynomial function with a maximum of 1.1 per thousand, it is considered that the second-
degree polynomial function (1) approximates the real function well enough.
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Fig. 11 — Seed separation depending on rotor length

In the case of this type of function, the range of values of @, b, and C is much narrower than in the
case of the third-degree polynomial function, this highlighting the fact that the deviation from the real function
is relatively small.

In the case of the axial apparatus, the separation of the seeds along the length of the threshing
apparatus (threshing and separation areas) is described by:

- the cumulative frequency distribution function that quantifies the cumulative percentage of separated
seeds for Xe [0, L];
- seed separation density function that quantifies the frequency of seed separation over the length
xe[0, L].
Next, models that describe the variation of the percentage (cumulative) of separated seeds Ss (X = L),
corresponding to the modification of the threshing apparatus functional parameters are proposed.

a) Seed separation depending on the peripheral speed of the rotor

The separation of seeds along the length of the axial threshing apparatus (threshing and separation
areas) is described by a second-degree polynomial function of the form:

s,(v,)=-av; +bv, —c (3)

where: @, b, and C are experimentally determined values.
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This function describes well the phenomenon of seed separation on the two areas (threshing and
separation), taken separately or together.

100 ¢
995 £
g o4 //
2 985 +
Q 9
] ] /
g 98 + — .
2 ] U _+ CRJOrie - Al Real separation function;
8 975+ =0.
] 1
(% 97 + / Modelled separation function;
96.5 + /
96

95.5 + ' ' ' ' ' ' ' '
275 28 285 29 295 30 305 31 315 32 325 33

Peripheral speed [m/s]

Fig. 12 — Seed separation depending on the peripheral speed of the rotor

The graph of this function (fig. 5) shows that at high peripheral speeds, the curves tend asymptotically
towards a maximum separation of 100%.
It results that the dependence of the percentage of seeds separated by the peripheral speed of the
rotor is described by a second-degree polynomial, whose maximum is obtained for:
b
2
The detachment from the ears and the separation of the seeds through the counter-rotor and the
housing take place due to the energy transmitted from the active elements (rails, plates, etc.) of the rotor, by
impact. The higher the transmitted energy, the greater the separation of the seeds.

v 4)

b) Seed separation depending on the flow of straw parts

In the case of the axial threshing apparatus tested for the variation of the flow of straw parts, there is
a maximum of seed separation and with the increase of the flow of straw parts, the seed separation decreases
continuously.

At low flow rates of straw parts, the distribution of the material in the space between the rotor and the
housing is made in a thin layer, the material is more easily moved and therefore insufficiently processed; that
is why the percentage of separated seeds decreases. At relatively high flow rates of straw parts, separation is
hampered by the thick layer of material.
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Fig. 13 — Seed separation depending on the flow of straw parts
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s,(q,)=a+bq, —cq’ (5)

where: @, b, and C are experimentally determined coefficients.

It results that the dependence of the percentage of seeds separated by the flow rate of straw parts is
described by a second-degree polynomial, whose maximum is obtained for:

_b
2C

c) Seed separation depending on straw parts moisture

Seed separation through the concave decreases with increasing the flow of straw parts almost linearly;
at higher moisture, the percentage of separated seeds is higher. In the axial apparatus, seed losses
(unseparated seeds) are higher when the material has a higher moisture content.

Data analysis suggests another way of interpreting the influence of moisture on seed separation. Due
to the relatively long period of material remaining in the axial threshing apparatus, the moisture of the straw
parts influences the separation of the seeds in two contradictory ways.

Thus, it can be said that at a low moisture of the straw parts, the detachment of the seeds is easy but

the pronounced fragmentation of the straw prevents the separation of the seeds through the counter-rotor and
the housing, which means that:

a, (6)

s, = f(u,) ()

where: Up represents the moisture of the straw parts.
At a high moisture of the straw parts, threshing the material becomes more difficult, so

1
S, =
f2 (up)
A function that simultaneously describes the two modes of moisture influence can have the following
form (fig. 7):
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Fig. 14 — Seed separation depending on straw parts moisture

I ds, 4 ©)
du,
the value of the straw parts moisture for which the function (8) admits a maximum, respectively Up = /&, is
obtained.

The function that best models the separation of seeds according to straw parts moisture also has a
polynomial form of second-degree and is of the following form:

s,(u))=-au’ +bu_ +c (10)
which has a maximum separation for: u = 3 (12)
p
2C
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CONCLUSIONS
This paper presents a general mathematical model used to model the process of separating seeds from
ears depending on the length of the threshing apparatus, seed separation being described by:

e the cumulative frequency distribution function for xe [0, L];

 seed separation density function over the length xe [0, L].

Then, models were proposed to describe the variation of the percentage of separated seeds ss(x),
corresponding to the modification of the threshing apparatus functional parameters (seed separation
depending on: peripheral speed of the rotor, the flow of straw parts and the moisture of straw parts).

Analysing the separation process, depending on these factors, the following observations can be
distinguished:

e the separation of the seeds increases with the increase of the peripheral speed of the rotor, up to
a limit speed of 32+33 m/s; above this limit, the percentage of damaged seeds increases greatly;

e the separation of the seeds is done very well (reaches a maximum), for an average flow of the
combine; at the limit (low or very high flow rates), the separation process is not performed satisfactorily;

o the moisture of the material entering the threshing apparatus and especially the moisture of the
straw parts has a very big influence in the separation of the seeds; at a moisture higher than 18+20%, the
percentage of separated seeds begins to decrease.

To obtain these results, mathematical modelling was performed using the comparison of the results
of the most used functions in the literature: linear, exponential, polynomial, power and logarithmic function,
taking into account the function that best approximates the real separation function.
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ABSTRACT

Aiming at the field management of plum grove in Inner Mongolia of China, taking the dense planting plum
groves in Bikeqi town of Hohhot City as the research object, this paper proposed a visual navigation path
detection algorithm for plum grove. By processing the video image information of plum grove, comparing RGB
and HSV color space model, HSV color model was selected to separate the plant and background in V channel.
Homomorphic filtering was used to highlight the region of interest in the image, Otsu was selected to segment
the image, the intersection of plum trunk and ground was extracted as feature points, and the least square
method was used to fit the navigation path. Through the comparative analysis of detection rate under different
detection conditions in one day, the verification test of route accuracy was carried out. The experimental results
show that: for dense planting plum grove, the average path detection accuracy of the algorithm is 70% and
73.3% under the condition of front light and weak light, respectively. The detection accuracy and real-time
meet the requirements of plum grove field management, and the navigation baseline can be generated more
accurately, which provides a preliminary basis for the realization of mechanical vision navigation in plum grove
field management.
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INTRODUCTION

Plum tree, also known as cherry plum, which can be planted in a variety of soil types because of its
low requirements for climate and soil, is widely planted in Inner Mongolia of China. With the improvement of
agricultural and forestry machinery, the planting and production efficiency of agricultural and forestry products
has been greatly improved, and the agricultural and forestry products have been developed rapidly. However,
for many reasons, most of the planting, management and harvesting operations in the dense plum grove were
completed by manpower and a small part of machinery, which did not fully realize the mechanization of forestry
equipment, which was time-consuming and laborious, and the cost was high. In the period of plum field
management, the operators operated the machinery, which would expose them to dangerous pesticides, and
their health was vulnerable to great threat. At the same time, working for a long time may reduce the operator's
concentration, produce visual fatigue, and affect the observation and judgment.

1 XiaoDan Ren, M.S. Assoc. Prof.; Haichao Wang, Ph.D.; Xin Shi, B.S.

111



Vol. 65, No. 3/2021 INMATEH — icultutal

Visual navigation has been widely used in various fields because of its high precision, wide signal
detection range, good autonomy and real-time. With the continuous development of visual navigation, some
scholars have developed automatic navigation systems for Kiwi (Li, 2017), citrus (Liu, 2019), jujube (Peng et
al., 2018) and other plants.

According to the characteristics of orchard standard specification row planting, Zhang used image
processing methods such as threshold segmentation, edge detection and centroid extraction to identify fruit
trees from aerial top view of orchard, extracted fruit tree coordinate information and created orchard feature
map. Hough transform and random sampling consistency algorithm were used to extract the straight line
features of tree line, and the feasibility of the design was verified by simulation and field experiments (Zhang,
2016). Ye et al. used the offset algorithm to cluster the pixels of the original image to eliminate the diversity of
pixels in the image, and then used the image segmentation algorithm based on graph theory to segment the
processed image. On the basis of the binary image after edge detection, Hough transform was used to extract
the boundary line between the tree and the ground, so as to obtain the robot's route (Ye et al., 2017). Hou et
al. put forward a robot navigation system based on VC + + in 2008, which can carry out weed recognition
application software. Camera was installed on the robot, and the perspective transformation principle was used
to make the weeding robot carry out different pose changes (Hou et al., 2008). An took the lead in applying
color constancy theory to machine vision navigation, so as to realize autonomous navigation of field agricultural
robot (An, 2008). Liu et al. designed a navigation path generation algorithm based on the machine in the fruit
tree grove in winter, which had good anti-interference and high robustness (Liu et al., 2019). Zhang et al.
identified the tomato plants planted in the greenhouse from the complex background, extracted the navigation
path feature points through the tomato position, and obtained the navigation path by using Hough transform,
thus inventing a robot mainly used for timely image processing in the greenhouse (Zhang et al., 2018). Peng
et al. used MFC (Microsoft Foundation Classes) and Opencv to create a visual navigation path extraction
software for dense jujube garden (Peng et al., 2018). Montalvo et al. used the second Otsu method to segment
images in high weed environment. Set the template in advance before the experiment, extracted the green
pixels, separated the crops from the surrounding environment, and then compared it with the template to get
the navigation center line after removing the noise (Montalvo et al., 2012). Gu used the combination of linear
transformation and least square method to detect the navigation path when extracting the visual navigation
parameters. This method can fuse the set of near distance points detected by the transform to fit the navigation
path. The experiment showed that the false detection rate of this method was about 30% lower than that of
using only transformation to detect the navigation path (Gu, 2012). According to the complex orchard
navigation environment, Feng proposed an orchard navigation baseline generation algorithm based on image
processing, which used two-dimensional Otsu algorithm to obtain the optimal segmentation threshold,
binarized the color difference R-B component image, and used the least square method to fit the left and right
boundary lines, extracted the center points of each line on the boundary line to generate the orchard navigation
baseline (Feng et al., 2012). Yang et al. used the least square method to obtain the navigation line between
rows of corn on the chassis of high gap plant protection machine. Experiments showed that the algorithm had
good anti-jamming performance and could adapt to the more complex field environment (Yang et al., 2020).
Zeng et al. used the least square method to fit the harvester operation navigation line to solve the problems of
low contrast between the harvested area and the non-harvested area of mature wheat under strong light. The
proposed method can accurately extract the wheat harvest sideline and get the harvester operation navigation
line (Zeng et al., 2020). Peng et al. proposed an image processing method based on "row threshold
segmentation” to segment the tree trunk and background for the complex environment of dwarf and dense
planting jujube garden. According to the vertical gray distribution of the trunk, the floating window gray vertical
projection method combined with morphological open close operation was used to extract the trunk region,
and the left and right edges were fitted according to the principle of least square method, and the geometric
center points of each line on the edge line were extracted to generate the navigation baseline of jujube garden.
Many experiments showed that this method was feasible in a variety of complex environments (Peng et al.,
2017).

The key to the accuracy of visual navigation is path recognition, which is always a difficult problem in
unstructured environment. Therefore, according to the characteristics of inter row image of plum grove, an
accurate path extraction algorithm is proposed to increase the safety of planting personnel and the production
efficiency of plum plant, which lays a foundation for the realization of forestry equipment mechanization in plum
grove.
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MATERIALS AND METHODS
MATERIALS

Taking Bikeqi plum grove in Hohhot City as the research object, Canon EOS 6D digital camera was
used to collect video image information. It mainly collected video information under different light conditions
from April to May. The collected information was placed in the memory card to prevent the subsequent video
image loss and facilitate the search for the required information.

Chose ASUS laptop with Intel Core i5 processor, 64 bit Win10 operating system, 2.50GHz main
frequency and 4G memory. The software was mainly Matlab R2014a.

IMAGE PROCESSING

COLOR SPACE

RGB model is a color space often used in daily life, and there are many kinds of color description
models in image processing. However, the three-dimensional coordinate form adopted by RGB color space
model makes it very easy to understand, so it is widely used. R, G, B correspond to red, green, blue three
color components, three different colors superimposed in RGB color space show different colors. RGB color
space can be seen as a unit cube in a rectangular coordinate system. The color of any point is the accumulation
of three color components.

" T T ™~

<

Fig. 1 - Image collected in plum grove

HSV (Hue-Saturation-Value) color model is different from RGB color space model, which is
generally represented by inverted cone. Although the visual effect of RGB color space model is better, it
cannot reflect well the specific color information of the object, and HSV color space can very intuitively
express the brightness, hue, and brightness of the color, which is convenient for color contrast and more
conducive to image processing in later stage. Therefore, this paper chooses HSV color model for image
processing based on the comparison of RGB and HSV color space models. The relation between them is
shown in formulas (1) and (2).

y { 0 B <G
2t -0 B >C
¢ _ max R, G, B) — min(®, G, B) O
max(® + ¢ + B)
y _ Mmax (R, G, B)
- 255
6=arccos{ (RZ_G)+(R_B) — )
2[([R-G)"+(R-G)(G-B)]
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HOMOMORPHIC FILTERING

In order to make the image clearly visible, highlight the key information, and make the image more
conducive to observation and analysis, the image is enhanced. Image enhancement is generally divided into
two parts according to its scope: spatial processing and frequency processing.

Homomorphic filtering combines gray-scale transformation with frequency filtering, takes the
illuminance in the image as the basis of frequency-domain processing, and uses contrast enhancement and
brightness range compression to improve image quality. In the homomorphic filtering, the gray value of the
pixel is regarded as the result of the reflectivity and the illuminance. Therefore, if we deal with the relationship
between the illuminance, the gray value of the pixel and the reflectivity well, the shadow area which is invisible
to the naked eye can be shown.

Homomorphic filter makes the low frequency drop and the high frequency rise. It can reduce the
illumination change and sharpen the edge details. At the same time, itis also a nonlinear filter. This technology
is mainly based on the illumination reflection imaging in image formation, changing the gray range of the image
to adapt to the new situation, so as to reduce or even disappear the uneven illumination in the image, eliminate
the noise in the signal, protect the details in the image, and highlight the things in the beneficial area for the
research.

In this paper, the dynamic Butterworth filter is selected, the expression is shown in formula (3).

Hu,v) = (¥, —7,) /{]_ + g/ D" (u, v) ]2}+ v, ©))
In this formula, y, and y, represent high and low frequency gain respectively, and their value ranges

are, y4 >1, 0<y_ <1; m and n are dynamic operators; C and D, are constants, which are used to control the
slope of transition section of filter function and represent cut-off frequency respectively.
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Fig. 2 - Processing rendering and histogram

Image segmentation

Image segmentation means that according to the characteristics of image gray, color, spatial texture
and geometric shape, the image is divided into multiple regions by using appropriate image segmentation
algorithm. The same region has the same property, and different regions are differentiated. In short, image
segmentation is to separate the object from the background in a given image. As for the gray image, the pixels
in the region generally have the property of gray similarity, and the pixels in the region edge or the outside
show more gray discontinuity.

Image segmentation requires high level of technology and occupies a very large part in image
processing, so many researchers have been studying and developing it since 1960s and 1970s.
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But up to now, although there is not a perfect method for the problem of image segmentation, there are many
methods and results that can be directly used, and these knowledge and rules about image segmentation have
reached a consensus.

Threshold segmentation is an easy and efficient method in image segmentation. If the information
needed in the image is obviously different from other information, threshold segmentation is often used. The
guiding idea of Otsu is clustering idea, which divides the image into two parts: target and background according
to the gray level. The variance of the same region is the smallest, and that of different regions is the largest.
At present, the simplest algorithm in threshold segmentation is Otsu algorithm, which is easy to calculate and
understand, and image contrast and illumination have little effect on it.

The image of threshold segmentation obtained by Otsu is as follows, which can be seen in Fig.3.

Fig. 3 - Otsu segmentation rendering

FEATURE POINT EXTRACTION

In the acquired image, the plum trunk was separated as the target, and then the feature points were
extracted according to the segmented image, and the navigation path algorithm was designed according to
the feature points.

Feature refers to the fact that a specific object in the part is different from other parts or is a collection
of multiple features, which can be obtained by measurement and observation. For different images, each
image has its own unique characteristics, which can be distinguished from other images. In an image, the
brightness, color, spatial relationship, and edge and so on, which can be directly seen here, are called natural
features, while the moment, histogram and other feature information of the image need further processing.

Generally speaking, the gray level on the edge of the image changes slowly, but the change on both
sides is obvious, and the edge is the basic feature of the image. It mainly exists in the target, background and
region. Therefore, it is the most important basis of image segmentation. The basic idea of edge detection is to
first detect the edge points in the image, and then connect the edge points into a contour according to a certain
strategy to form a segmentation region.

The edge of an image can be said to be the most basic feature. The main purpose of edge detection
is to identify which brightness change is most easily seen in an image. At present, Sobel operator and Prewitt
operator are widely used in edge detection. It can not only locate the boundary accurately, but also suppress
the noise.

Sobel operator has better edge effect on the image with gradual change of gray level and noisier,
simple calculation and fast operation speed. Therefore, this paper selects Sobel operator to detect the edge
of plum grove image, as shown in Fig. 4.
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Fig. 4 — Otsu feature point extraction

NAVIGATION PATH ALGORITHM GENERATION

After the image is processed by the above operations, the linear equation is obtained by path fitting.
At present, the commonly used line fitting methods include least square method, Hough transform and its
improved algorithm or vertical projection method (Guan et al., 2020). Because Hough transform is more robust,
it is widely used. But the path algorithm fitted by the least square method is more accurate and faster.
Therefore, in this paper, the least square method is used to fit the path information after obtaining the feature
points.

In fact, the least square method fitting is that there is a corresponding Y under a given m sequences
X. These corresponding sequences can be regarded as m points, and the coordinates of each point are (X,
Y). The least square method is to find a straight line with y =kx+b, so that the sum of squares of the distance
between the m points and the straight line y = kx+b (residual error is Y| yi-f (xi) | * 2) is the minimum. The
solution of each coefficient is obtained by its derivation. The above m (X, Y) point sets are brought into the
overdetermined equations, and the values of each coefficient are solved. The final equation expression is
determined by the obtained coefficient values. The navigation baseline generation effect can be seen in Fig. 5
below.

Fig. 5 - Navigation baseline generation effect
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EXPERIMENTAL RESULTS AND ANALYSIS

The resolution of the selected image was 3648 x 2432. The image was collected at different times of
one day, and a total of 120 images were obtained. In these images, the plum trunk was used as the recognition
target to process the images, and the results were sorted out as shown in the table below.

Table 1
Plum trunk recognition results
Images number Accurate detection Accuracy
Test conditions
[sheet] [sheet] [%]
Strong light 30 19 63.3
Weak light 30 22 73.3
Front light 30 21 70
Back light 30 17 56.7

From the analysis of the results in the above table, it can be seen that the detection rate of the algorithm
is low under strong light and back light, while the detection rate can reach 70% or more under both front light
and weak light. Under the strong light, the intensity of light in the plum grove is high and the light distribution
is uneven, so the shadow of the image is large, and the difficulty of using the algorithm increases. In the case
of back light, the image is not clear due to the influence of light, and the characteristic of plum trunk cannot
protrude well. In conclusion, the algorithm performs better in weak light and front light environment, but the
detection accuracy needs to be improved in strong light and back light environment, so the algorithm needs to
be further optimized on the basis of the original research.

CONCLUSIONS

This paper took Bikeqi plum grove in Hohhot City as the research object to study the algorithm of
visual path navigation in plum grove. After image acquisition in plum grove by camera, Matlab R2014a
was used to process the image. The intersection of plum trunk and the ground was taken as the feature
point, and the extracted feature points were fitted to obtain the main information about the navigation path.
This paper mainly studies the following parts:

(1) The HSV color model was used to separate the plant from the background in the three HSV
channels. The V channel was selected, and then homomorphic filtering was used to enhance the image.

(2) Otsu was selected to segment the image, and the intersection of plum trunk and ground was
determined as the feature point of the image. So the feature information of intersection point can be
extracted.

(3) According to the information of the feature points, the least square method was selected to fit
the data to get the navigation algorithm, and the navigation algorithm was tested. The results show that
the proposed algorithm can generate the navigation baseline more accurately. The detection rate of the
algorithm is low under strong light and back light, and the detection rate can reach 70% or more under
front light and weak light, which can provide a certain foundation for realization of mechanical vision
navigation of plum field management.
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ABSTRACT

In the abandoned mine area with Karst landform in China, soils are few and thin but rocks are common,
traditional planting hole diggers are unequal to work in rocks for vegetation restoration. A reamer bit with
variable lateral drilling radius was designed based on the PDC (polycrystalline diamond compact) bit
technology and metamorphic mechanism. Two lateral camber blades with PDC teeth were installed inside the
bit body, a screw mechanism was employed as the actuation and a spatial double triangle mechanism was
taken for the transmission. The curve of the camber blade was specially defined thus the reaming load was
decentralized to 85.7% teeth on the blade. The kinematics of the lateral reamer bit was analysed, the mapping
models from the actuation to the reaming radius and speed were established. Concrete samples were reamed
indoors from 240mm to 407mm in diameter, the reaming cutting load and time length were measured and
analysed. The lateral reamer bit was approved with the experiment results, this study provided equipment
support for digging the planting hole in rocky abandoned mine areas and also expanded the PDC bit
application.

BE

FEEBHXEFT IRE LEEOAERRE, (CRENETY T AT SO FETEN, LEREEEX,
BEGHECHAZTY. BT POC X RARR TV, Kif 78R T EHHFIEY L.
HXAXIFFHE T 2 1% PDC toat/a i) 2, IXBREEapI 9 Z1EH ), X B =BT 2 73]
Y, HEGEYT A BT EREX T HET]EENK . 2 TEL THEY 7L AE5FRE, #-F T Bz ENEE]
BHY A FERERHIRIEE, LORREL RN, H#Hi7 T ZER#E R 240mm E407Tmm E7E497 7Lt 5,
AT T AL FEFHI BT R AT 6], il T e/ a aRasy AL IZH T 1714, KX A7 K 5 5 X &
FH UIFIZEYTERIEHE T K X 75, [EI17 KX T PDC # BRIV R

INTRODUCTION

The abandoned mines affect and even destroy the regional ecosystem, making the ecological
restoration of abandoned mine area an inevitable step of social civilization (Zhang J.D. et al., 2020). The
abandoned mine in southwest China, combined with the landform of Karst stony desertification, brings serious
challenge in vegetation restoration and commercial crop growing (Dai Q.H. et al., 2018). The soil layer is thin
and few, whereas the rocks of big area are common, and the heavy rainfall washes the soil away yearly. The
planting hole for vegetation, forestry sapling even fruit tree in this rocky area is not feasible to be dug by the
traditional digging mechanism (Yoshida T. et al., 2013), as the rock is quite different with soil in material
behaviour such as hardness and strength. The hole inside the rocks are drilled mostly by the PDC bit, which
has a market share of about 85% (Scott D., 2015), the digging mechanism for the planting hole in rocky
abandoned mine area is thus supposed to be constructed as a PDC bit type. The PDC bit for rocks is often
with two or more blades, and the PDC teeth (shorten as tooth and teeth in the following text) are welded along
the edge of the blades in a manner that all the teeth can cut the rock material one by one when the bit rotates
and feeds forward. The shape and diameter of the holes made in the rock are directly determined by the bit
blades and teeth on them, the existing blades on the bit are mostly fixed structure. The hole is thus a single
straight cylinder shape with a constant diameter, which is equal to the cutting dimension of the bit teeth (Tang
Q.Q. et al., 2018; Wang S.N. et al., 2014; Yang Y.X. et al., 2019). The hole in rock can be reamed by another
bigger size bit which is installed behind the guiding bit, in the axis direction of hole and extends a long depth
(Sun R.J. et al,, 2017; Yang Y.X. et al., 2020).
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Another type of drill bit for foundation stake in the civil engineering of rocky area is basically constructed
with a metamorphic triangle blades, the hole with a cone shape for the stake is reamed by the teeth on the
hypotenuse of triangle blades (Hu Z.H., 2020). The existing digging mechanism and PDC bit found in the
literature are not competent in digging the planting hole directly in the rocky abandoned mine area.

A lateral reamer bit for digging the planting hole in rocky abandoned mine area was designed based
on the PDC bit technology (Huang Z.Q. et al, 2017) and metamorphic mechanism (Wang R.G. et al., 2019),
the blade of the reamer bit was evolved from traditional type (Akbari et al, 2016) to a camber shape. The curve
of the blade was studied mainly with two relevant angles, a spatial double triangle mechanism was employed
as the transmission mechanism for turning the blades. The resistance cutting load of the reamer bit were tested
indoors with a lateral reamer bit prototype and concrete samples.

MATERIALS AND METHODS
Materials

In the rocky abandoned mine area with Karst landform, the soil is precious to grow vegetation, and it
is more possible to be washed away by the heavy rainfall. The expected planting hole is preferred to have a
big intra-rock space but a small neck channel to protect the soil from losing, as shown in Figure 1, which has
an improved shape compared with the common planting hole in the rich soil area. The intra-rock planting hole
is also able to contain more soil to improve survival rate of the sapling for forestry or even fruit tree. The variable
diameters of the neck channel and intra-rock space demand a metamorphic structure for the new PDC digging
bit (Wang R.G. et al., 2019). The new bit is expected to drill a hole with small diameter inside the rock first, and
later ream the small hole to an intra-rock space, as indicated in Figure 1.

Fig. 1 - Planting hole in rock

1. Sapling; 2. Neck channel; 3. Rock; 4. Root; 5. Sail; 6. Intra-rock space

Methods
Mechanical structure of the reamer bit

To dig the intra-rock planting hole, the drill bit is expected to dig a straight hole of small diameter, and
later the small hole is reamed laterally to a big space. The first step can be done by the existing drill bit without
difficulty, the second step is the research target in this study. Figure 2. a shows the mechanical structure of
the lateral reamer bit for digging the intra-rock planting hole. Two symmetrical camber blades are installed
inside the main body via rotation joints R shown in Figure 2. c, the teeth are welded on the external surface of
the camber blades to cut the side material of the small inner hole. The internal distal of the camber blade is
drove with an universal joint pin (cross axis B and B’), which is further motivated by the upper push bar and
lower push bar at joint B. The upper push bar and lower push bar are vertically connected to the upper slider
and lower slider through joints A and C, which are further drove by the push rod and pull rod, the push rod and
pull rod are linked to a screw joint D outside the guide column. The fixed handle is attached to the push rod,
the drive handle and fixed handle are the actuation components to drive the screw joint D and following parts
to unfold or withdraw the camber blades relative to the main body.
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The transmission of a single lateral reamer bit is simplified and shown as Figure 2. b and c, the
actuation triangle AABC is comprised of upper push bar (1,;) and lower push bar (I, |,z=l;.) at the side

view, joints A and C are with a distance r, to the main body axis O and are drove symmetrically by the screw
joint D. And the height h of the triangle AABC is the virtual part that actuates the camber blade through the
universal joint B’ at the top view. The unfolding triangle AORB' for the camber blade is formed by OR (|,

structure distance of joint R to axis O), RB’(I__., structure distance of joint R to joint B’) and OB’ (I, distance

RB ’
of joint O to joint B, I, =h+rt,). The displacement of joint A and C are labelled as s, and s, ([s,|=[s,|). The

final unfolding angle displacement of line RB’ at joint R is marked as @ . With the spatial double triangle
transmission mechanism, the actuation displacement s, from the screw joint D is transformed to the rotation

angle @ of the camber blade, the reaming structure and related cutting radius of the reamer bit is thus varied

and controlled.
7 /?
1
3

12

™~
6\
—

Fig. 2 - Metamorphic lateral reamer bit
a) Mechanical structure; b) Actuation triangle (side view); c) Unfolding triangle (top view)
1. Push rod; 2. Main body; 3. Upper slider; 4. Universal joint pin; 5. Lower slider; 6. Guide column; 7. Drive handle;
8. Fixed handle; 9. Upper push bar; 10. Camber blade; 11. Lower push bar; 12. Pull rod

With geometric model of the reamer bit shown in Figure 2. b and c, the height h of the actuation

triangle AABC can be obtained as:
2 2
h= % —s (1)

In the unfolding triangle AORB it has:
2 2 2
cosf = (lgg +10, —12) 1 210l 2)

And the unfolding joint angle & is thus:

IéR + IZRB' _(’\II,ZAB _512 + ro)2 3)

2l el

OR'RB

@=acos

Curve of the camber blade

The teeth are welded on the surface of camber blade, the cutting characteristic of the lateral reamer
bit is directly determined by the curve of the camber blade. To decentralize the cutting load averagely to each
teeth, the reaming cutting is designed to be started from the proximal tooth to the distal tooth on the camber
blade. The curve of the camber blade is defined as following steps as shown in Figure 3. B, (i=12,...9) is

the typical point on the camber blade curve RB, , the tip of teeth T, is welded and overlap with point B, .
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Step 1: an auxiliary line RK is defined through joint R, with an angle ¢, relative to the minus of OR. A

series of concentric arcs with radius of r. (r,, =T, +5) are intersected with line RK at points B, B, is the
reference cutting point of each cutting radius of T, ;

Step 2: at the beginning of the anti-clock wise unfolding for the camber blade curve RB,, the tooth T,
on point B, is the first one to be rotated out and to cut the material, with the cutting point B, on line RK and a
radius of r,. The cutting radius r, of other teeth T, on B, (i=1) is less than r,, the reaming cutting around
radius of r, is done by the tooth T,;

Step 3: the curve RB, is then unfolded with an angle #/KRC, (£ZKRC,=ZCRC,, =4, i=2,..9), the
tooth T, on point B, is rotated to the position B, on line RK, the cutting radius is increased to r,. Tooth T,
on the position B, is rotated to the radial line RC,, the cutting radius r, of other teeth T, (i # 2) is less than
r,, the reaming cutting around radius of r, is done by the tooth T,;

Step 4: the curve RB; is unfolded step by step with an angle ZKRC,, each tooth T, on point B, is
rotated to the position of B, on line RK, the related cutting radius becomes r,. B, is rotated to the radial line
RC,.,,, the cutting radius r, of other tooth T, on B, (j=1i)isless than r., the reaming cutting around radius
of r, is done by tooth T, on point B;;

Step 5: as the last point B, is unfolded to the line RK, the curve RB; is formed mainly by the points
B, (i=L2, ...9). The precise position of each B, can be obtained from above steps.

Fig. 3 - Camber blade curve

Take point B, as an example, in the triangle AORB, it has:

lo _ r 4)
siny, sina,
. log -Sina
It deduces: V,=asin % (5)
4
For Irss of RB, in the triangle AORB, it also has:
(.
w4 ©)
sin(r—a,-y,) Sina,
r,-sin(z—a,-7,)
— _ s 0 /4
Thus: lre, = Re, = 7

sina,
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With the lzs, and ZORC;=7z+7-(a,+(9-4)-B) /180, the present coordination of B, are:
XBi = IR84 -COS(7T+7[-((10 +(N-i).B) /180)+|OR
Y = |R54 -sin(z + 7 -Ca, +(N-iD-B) /180)

The position of each point B, (i=1...9) on the curve RB, in Figure 3 can be obtained similarly with

N=9,i=4 @)

equation (8), and the shape of the camber blade is thus determined. The curve RB; is then rotated clock-wise
with an angle of (N—1)/ to withdraw it inside the initial radius of I, . The coordination of each point B; can be

further deduced when the camber blade is unfolded again with a smaller step angle of £/2 in the normal
reaming process as:

x'Bij =g, -C0S(7 + 77+ Coty —(N-1)- B+ (N-i )- B+j- 8/2)/180)+l o

, 9
Yo, = e, -SIN(7+ 7 Coty = (N-1)- B+ (N - B+ 5/2)/180) ®)

Here N=9,i=1.9, j=1..16, ] is the serial number of step unfolding rotation for the camber blade,

the cutting radius of each tooth T, on B, (i=2,...9) relative to the step rotation is thus:

Ly = )% + (¥ (10)

And the max cutting radius of the camber blade on each step unfolding rotation is obtained as:
i (o, B)=maxr, ,i=12.N, j=12..16 (11)
The parameters for camber blade curve RB, can be further increased to N =21 j=40,

I, =100, r,, =200, the reaming cutting radius is thus varied from 100mm to 200mm. The instantaneous max
reaming cutting radius I; of each step unfolding rotation is related to a certain tooth T;, and the relation
between I; and T, is affected by the angles «, and B . The preferred parameters of them are determined as

a,=88° f=3.4° finally to decentralize the cutting load to majority of teeth. And the reaming cutting radius I

and related tooth number T, are calculated with equation (10) to (11) and shown in Figure 4. a. Not exactly as
expected, the camber blade cuts from tooth T, to T,, as it is unfolded, it means 85.7% of the teeth are

functional in the reaming process, and each tooth T, cuts about two or three step rotations of £/2 for the

camber blade. The actual simplified camber blade curve and structure in this study is shown in Figure 4. b, 75
teeth are assembled row (7 teeth) by row (8 teeth) on one camber blade totally, to ream the rock hole from

220mm to 400mm in diameter. The back angle of each tooth T, is set as 12 degrees relative to the curve

normal at point B; to ream with a low resistance load (Huang Z.Q. et al, 2017).

207
—e— Tooth number 200
—e— Cutting radius
180 €
- 15 )
2 £ ’
= Koy N
= 160 2 C
o i
1 S
= 2
= 140 o
g = tooth Ti
S g
il 120 O
0 . . , . , ) 100
02 0 0.2 0.4 0.6 0.8 I 1.2
Step rotation/rad Camber blade curve
a) b)

Fig. 4 - Cutting characteristic of camber blade
a) Cutting radius and related tooth; b) Preferred camber blade curve and actual structure
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Reaming cutting radius of the reamer bit
Joint the equations (11) and (3), the relation between the displacement s, of the actuation triangle

AABC and the cutting radius I; of the camber blade is deduced as:

12
.sin(r — o, -asiny; +5+B- - or T 1oy — (g =7+
u sin(z —ay asmy,)C()S(JHW()L0 S+p-i B+ac — (e 0)’ T
(<) sina, 180 2ol o
r(s) = max
- .sin(zr — a.-asiny. R R OV W
JsinGr—a, asmy,)sin(”+ﬂ.ao+5+[3| B 1acos — (e )
sina, 180 2ol o
12)

Where i=12...21, and §=2.93° is the structure angle between RB’ and auxiliary line RK in Figure 2.
c. The variation of reaming cutting radius r(s;) of the bit is calculated with equation (12) and shown in Figure
5. a. The reaming radius r(s,) is increased rapidly at the beginning of the actuation displacement (S,-S, ,S, is

the original position of S, ), and slows down in the latter process. Differentiating the equation (12) to time t, the

reaming speed of the camber blade V, ) can be deduced as:

_dr(s) _dr(s) ds, _ .
v =—L.—Lor(s)v 13
r(s) — dt dSl dt (Sl) s ( )

The r'(s,) is the derivative of the reamer radius r(s;) to S, which is determined by the transmission

parameters of the reamer bit, and the relationship between the actuation speed Vs and reaming speed V,

is reflected with it. As the reaming radius r(s,) is increased with a constant bit rotation speed, the relative
speed of the tooth to the rock material will increase linearly. To maintain a constant cutting volume of the rock
material in a time period for a tooth, the actuation speed V; of the camber blade should be controlled as

shown in Figure 5. b. The time length is calculated as about 3 hours, and the expected actuation speed V, is
increased from about 0.002mm/s to about 0.012 mm/s.

200 0.012
G o
@ '310.008
2 160 9
= §0.006
£ 140 =
= .2 0.004
E 120 =
é E 0.002

100 1 1 1 1 1 1 O 1 1 1 1 1

0 10 20 30 40 50 60 70 0 2000 4000 6000 8000 10000
So-S; /(mm) Time/(s)
a) b)

Fig. 5 - Reaming radius and actuation speed for camber blade

a) Reaming radius to actuation; b) Expected actuation speed to time

RESULTS
Prototype and indoor experiment

The prototype of the lateral reamer bit has been built and assembled as shown in Figure 6, and the
reaming cutting experiments are carried out with it indoors. The max reaming dimension is designed as 400mm
in diameter and 130 in height one time to ease the initial test process. The main body of the reamer bit is
arranged to be still but the reaming target sample is drove to rotate by motor relative to the bit axis.
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The reaming sample is made of concrete with small rocks around 10mm in dimension, as the standard
cylindrical rock sample of 450mm in diameter is difficult to get. The concrete sample is rotationally installed on
the frame under the reamer bit, four side supporters are arranged around it to improve the rotation precision
of the sample, and also to make the concrete sample being coaxial with the reamer bit. The reamer bit is
installed on a lifting board, which is drove by manual lift screw mechanism and guided with the guide rail, to
land the reamer bit to the inside of the concrete sample. As mentioned above, this study puts emphasis on the
reaming process, the concrete sample is constructed as a tubular shape with an inner hole of 240 mm in
diameter. The reaming cutting torque of the bit is transformed to the pressure from the measure arm to the
pressure sensor on the lift board. A displacement sensor is installed to the fixed handle to measure the motion

of the push rod ('S, ). A pump circulation system is employed to provide water flow to cool the reaming tooth

and take away the drill cuttings made inside the concrete sample.

7
8
6
5 9
4 10
3 11
2 12
1
13
14

Fig. 6 - Experiment setup for lateral reaming bit
1. Frame; 2. Camber blade; 3. Main body; 4. Lift screw; 5. Pressure sensor; 6. Measure arm; 7. Fixed handle; 8. Drive handle;
9. Guide rail; 10. Lift board; 11. Displacement sensor; 12. Concrete sample; 13. Side supporter; 14. Motor

The parameters of the parts employed in the indoor reaming experiment are listed in Table 1. The
experiment was firstly carried out with the concrete sample being rotated at speed of 24 rot/min (Dai X.W. et
al., 2020; Zhu X.H. et al., 2020), and the initial actuation speed of the screw mechanism for the reaming of the
camber blade was set as about 0.001 mm/s, as shown in Figure 5. b. The signals of the pressure sensor and
displacement sensor, and the time length for a whole reaming process were both recorded, the speed for
rotating the concrete sample was improved for each sample.

Table 1
Parameters of experiment parts
I_nner hole Diameter of Height of Range of Precision of
diameter of concrete . . Pump flow
Item concrete displacement | displacement 3
concrete sample [m3/h]
sample [mm] | sensor [mm] sensor [mm]
sample [mm)] [mm]
Parameters 240 450 450 300 0.2 8
Range of Precision of Power of Speed of R_eamlng_ Mln_ reaming
Item pressure pressure motor [KW] motor[rot/min] height of bit diameter
sensor [N] sensor [N] [mm] [mm]
Parameters 1000 1 3 0-60 130 220
Max reaming | Diameter of | Total number | Back angle of Strength of Number of
Item . concrete concrete
diameter[mm] | tooth [mm)] of teeth tooth [degree]
sample [MPa] samples
Parameters 400 134 150 12 32 4

Experiment result and analysis

Four concrete samples were reamed in the indoor experiment, and the reaming result of the fourth
concrete sample was shown in Figure 7. The concrete sample was constructed with an inner hole of 240mm
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in diameter, as shown in Figure 7. a and b, and the inner hole was a little larger than the initial reaming diameter
220mm of the prototype bit to ease the preparation of experiment. The inner hole of the concrete sample was
finally reamed to 407mm in diameter, as shown in Figure 7. c. The side face of the reamed hole was cut with
corrugated shape, as shown in Figure 7. d and e, the corrugated shape was made by the serried teeth rows
on the camber blade. The enlarged view in Figure 7. e for the corrugated side face of the reamed hole indicated
that the small rocks in the concrete sample were tightly fixed in the sample without breakage in the reaming
process. And the small rocks are reamed layer by layer to the corrugated shape under the reaming cutting of
the teeth, the concrete sample was considered to be qualified for the reaming cutting validation. The
dimensions of the reamed inner hole in the fourth concrete sample was measured and shown in Figure 7. g,
the max diameter of the reamed hole was measured as 407mm, and the height of the reamed hole was 195mm,
which was combined with a whole height reaming and a half height reaming of the bit, and the height of the
reamed hole could be further increased if the reamer bit was fed more along the height direction by the lift
screw mechanism. During the reaming process of the concrete sample, no slag had been generated by the
bit, all the materials in the cutting area were transformed to fines and then mixed with water into slurry, as
shown in Figure 7. c. The transmission mechanism, camber blades, teeth were in good condition after reaming
the four concrete samples, no macroscopic wear was found at the cutting edge of the teeth. As the flow
magnitude of the pump was not powerful enough, the bit balling was found on the camber blades, as shown
in Figure 7. f, which should be improved in the future.

slur
& Rotating

w:

B 407mm N

195mm

Reamed area v

|_— Concrete
240mm

450mm

A

9)

Fig. 7 - Reaming process of concrete sample
a) Sample before reaming; b) Inner hole before reaming; c) Reaming the sample; d) Reamed sample; e) Inside of reamed sample;
f) Max reaming radius of the bit; g) Profiles of reamed sample

The displacement of the actuation screw mechanism for reaming the fourth concrete sample was
measured and shown in Figure 8. a, the time length was totally about 6000s (1.6h). Due to the material fragility
of the concrete sample, the reaming cutting was accompanied by the vibration between the tooth and the
concrete sample, the signal of the displacement sensor was disturbed by the vibration of prototype machine,
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as the impulse shown on the displacement curve. The actuation speed for the screw mechanism was further
calculated with the displacement signals and shown in Figure 8. b, the actual actuation speed was increased
from about 0.002 m/s to 0.025 m/s for the fourth concrete sample, it was about two times relative to the curve
value in Figure 5. b., which had a similar curve shape but longer time period. The axis speed for the fourth
concrete sample was set at about 60 rot/min.

The reaming cutting resistance load for the fourth concrete sample was measured and recorded as
shown in Figure 8. c, the resistance torque for single teeth row on the camber blade waved around 10N.m due
to the vibration of the reamer bit. The reaming cutting load and time length for reaming the four concrete
samples were combined in Figure 8. d. As the rotation speed of the concrete sample was improved from
24rot/min to 36 rot/min, 48 rot/min and 60rot/min, the reaming cutting torque for single teeth row was reduced
from about 20.5Nm to 13.3Nm, 11.3Nm and 9.6Nm as expected (Abugharara et al., 2019; Rostamsowlat et
al., 2018), but the rate for torque decline became smaller. The time length for concrete sample reaming was
also reduced from 4.1h to 3h, 2.3h and 1.6h, it was more efficient to ream the rock with higher rotations speed
under the circumstances of device safety.
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£ 2 o002
= £
s 60 < 0.015
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£ 40 & 001
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320 0.005
0 \ | O L L
0 2000 4000 6000 0 2000 4000 6000
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g1 314 | £
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Fig. 8 - Reaming cutting parameters
a) Displacement of actuation; b) Speed of actuation; ¢) Resistance load; d) Resistance and time to actuation speeds

CONCLUSIONS

(). To dig the planting hole in the rocky abandoned mine areas, a lateral reamer bit which integrated
the PDC bit technology and metamorphic mechanism was proposed in this study. The mechanical structure of
the lateral bit was designed mainly with two symmetrical lateral camber blades drove by the spatial double
triangle transmission mechanism.

(2). The kinematics model for the transmission mechanism was established, to decentralize the reaming
cutting load of the teeth on the camber blade, the curve of blade was defined mainly considering the angle ¢,

of the auxiliary line RK and the step rotation angle S of the camber blade.
The preferred parameters were determined as «,=88° and £=3.4°, with a utilization rate of 85.7% of

the teeth on the camber blade. The mapping models from the actuation screw mechanism to the final reaming
radius and speed were deduced.
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(3). Four concrete samples were employed to test the lateral reamer bit indoors. The inner holes of the
concrete samples were reamed from 240mm to 407mm in diameter. The concrete samples were reamed with
lower resistance load and shorter time length as the rotation speed of the concrete sample was improved. The
experiment result approved the lateral reaming method and bit design, and the planting hole was feasible to
be dug with it for the vegetation restoration in abandoned mine area. Improvement is need for the present
design of the lateral reamer bit to obtain better reaming cutting effect.
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ABSTRACT

The paper presents theoretical research conducted for the optimization of the working process of variable
width ploughs. Thus, were determined multivariable regression functions for the traction force of the plough
with variable working function of the control parameters: working depth, working width and working speed. The
use of these theoretical considerations of the optimal points sought lead to the opportunity of making
assessments on the possibilities to conduct their experimental validation. Conditions for an experimental plan
were formulated to highlight such optimal points and the theoretical results were validated through
experiments.

ABSTRACT

Lucrarea prezinta cercetéri teoretice realizate pentru optimizarea procesului de lucru al plugurilor cu latime
variabila. Astfel, au fost determinate functiile de regresie multivariabila pentru forta de tractiune a plugului cu
latime de lucru variabild in functie de parametrii de control: adancimea de lucru, latimea de lucru si viteza de
lucru. Utilizarea acestor consideratii teoretice ale punctelor optime cautate duce la oportunitatea de a face
evaludri cu privire la posibilitétile de efectuare a validarii lor experimentale. Conditiile pentru un plan
experimental au fost formulate pentru a evidentia astfel de puncte optime, iar rezultatele teoretice au fost
validate prin experimente.

INTRODUCTION

Tillage is the primary and most energy consuming operation in farming operations. The purpose of
tilling the land is to ensure favourable soil conditions by cutting and turning the soil for further seeding or
transplanting (Mouli et al., 2018). Tillage involves the operations starting from cutting and breaking, followed
by turning or moving the top layer of soil, this normally being performed in a single pass. The aim is to create
a desired final state from the initial conditions of the soil by mechanical manipulation. This mechanical
operation requires a significant amount of energy, not only because of the large amount of the soil mass that
must be moved but also because of the selection of the tillage tool and the fixation of its depth and speed of
work (Ibrahimi et al., 2017).

The mouldboard plough is normally the most used tillage equipment in the world. The variable width
plough is a very useful farm equipment for performing the tillage work, being directly mounted on the tractor’s
PTO. It works on both the left and right side having a bilateral turnover mechanism that automatically reverses
the plough position (Yin et al, 2018). The mechanical function of ploughs is to cut the soil layer and turn it to
the side. Thus, it is possible to incorporate and mix fertilizers and plant residues in the soil. The use of ploughs
in wet seasons will prepare the soil for good ventilation, will help retain water and create furrows resistant to
erosion (Luo et al., 2019, Zhu et al., 2016).

Researches were conducted by numerous researchers in the field, regarding the optimum working
conditions for soil processing machinery (ploughs, chisels, loosening equipment) in the last years, from 2007-
20186, studying the use of ante-mouldboard in the construction of ploughs (Biris S.St. et al., 2007), soil particles
kinematics during the tillage working process using ante-mouldboard tools (Biris S.St. et al., 2008), determining
the stress distribution that appears on the lamellar surface of the mouldboards for modelling and optimization
(Bungescu S. et al., 2008), nonlinear friction and resistance, generating sources of optimal points in the energy
field of agricultural aggregates working process (Cardei P. et al., 2017), or the determination of subsoilers drag
force influenced by different working depths and speed (Croitoru St. et al., 2016).
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Many attempts have been also made to have a better understanding of the complex nature of the
tillage process using conventional or reversible ploughs (Abbaspour-Gilandeh M. et al., 2020; Akbarnia et al.,
2014; Godwin et al., 2007; Irshad Ali et al., 2015; Lortz et al., 2021).

MATERIALS AND METHODS

The processing of experimental data is made in order to obtain multivariable regression functions of
polytropic or polynomial form that allow the appreciation of the functional, energetic and qualitative indices of
the plough with variable working width. During the experimental tests, independent variable elements were
modified: travel speed, working depth and working width.

It was set out to determine the multivariable regression functions for the traction force of the plough with
variable working width, dependent of slippage of the tractor's drive wheels, variation of working depth, variation
of working width and variation of the working speed.

For their calculation, the analytical expressions of some multivariable functions will be determined,
defined as a function of the type:

y=f(xy,a0,a,aj;,aj) (1)

expressing the dependence of the function y on the independent variables x; and on the constants ay, a; ai; aj..
Due to the complexity of solving the problem, it is necessary to go through several stages: drawing up an
adequate program for organizing experiments; determining the values of the constants; testing the significance
of variables, testing the adequacy of the function’s form (Constantinescu I., 1980).
The stages of a statistical program for organizing experiments are:
« formulating the problem and establishing the objectives of the experimental program;
« choosing independent variables that influence the dependent variable;
« establishing the range of variation (possible technologically) for each independent variable;
« choosing, in certain intervals, some values (called levels) that the independent variables will have;
« determining the size of the experimental error by repeating several experiments in the central point;
« execution of specific experiments in the program in a random order;
« measurement of the dependent variable for each experiment;
« statistical analysis of data and obtaining functional relationships between independent and dependent
variables;
« interpretation of results of the statistical analysis.
The experimental research programs used to determine the function y are structured according to the
following elements:
« the number n- of experiments performed for different values of the independent variables, necessary
for determining the regression coefficients;
« the number of experiments performed for identical values of the independent variables, necessary to
determine the experimental error;
« levels of independent variables;
« the content of the experiments.
The total number of experiments is:
n=ns+n, (2)
where no is the number of identical experiments required to determine the experimental errors.
The number of levels is calculated using the relation (Constantinescu A., 2011):

N="{/n. 3)

where m; is the total number of independent variables contained by the function.

Following is presented the calculation algorithm used to determine the regression coefficients using
the least squares method.

To determine the values of the unknown regression coefficients, denoted generically with ki, through
linear mathematical regression, the functionals of the form T(aj;,x;) were formed, as a sum of the squares of the
differences between the values obtained by applying the mentioned equations and the real values measured
in experiments where i = 1 =+ n, n being the number of unknown coefficients and j = 1 =+ m, m being the number
of measured quantities.

=X x)-y)’ (4)
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where yi is the vector of the independent variable measured in the experimental tests, and y(xi) is the vector
of the independent variable calculated.

To determine the coefficients by mathematical regression, the least squares method was used,
imposing the condition that the function T be minimal.

The minimum of the function T in relation to ai is obtained by cancelling the partial derivatives of Tq

with respect to the same coefficients, namely Z—: =0

The partial derivatives of the functional T were determined according to each of them and the unique
determined system was created, of n equations with n unknowns:

{a—T =0, i=1+n (5)

031 -
To solve it numerically, the equations of the system were explained and the constants were eliminated
to obtain the equivalent form that can be written as a matrix product:
ZY=X (6)

where: Z is the matrix of the system, X is the matrix of free terms and Y is the matrix of unknown coefficients
ai, Y=(ai).

The determination of the vector Y formed by the unknown coefficients, was done by the numerical
solving by mathematical regression of the equation (6) through the inverse matrix method, using the data
strings obtained from the experiments.

Y=7"1X (7)

To solve equation (6), a matrix calculation program in Mathcad was used. By replacing the coefficients
in the analytical formulas, resulted the numerical forms of these functions.

Testing the significance of the coefficients is done using the Fischer Test which is a parametric test
that verifies the equality of the dispersions of two normally distributed independent variables. To test the
significance of the coefficients using the Fisher test, the sum of the squares of the experimental errors is
calculated:

2
Se = Z?:nﬁl (Yi + Z?:nﬁl r}:_(l,) (8)

The sums for the coefficients are:

Sozn'bg 9)
S=a’ YL, X},j=1,23,.m

The ratios are calculated:

S, (1a-1)
F,- S (10)
j =200 1= 123,.,m,

e

F

If Fo > F(1-0,1,n0-1) and F; > F (1-a, 1, no - 1) coefficient ao respectively coefficients a; are significant. If this
condition is not met, for one or more coefficients, the respective coefficients are equal to zero. Critical values
F(P=1- o, ki=1, ke=n,-1) are given (Reich R., 1978) for a level of significance o = 0.95.

To test the adequacy of the form of the function with the Fisher test, the ratio is calculated:

— (S=Se)(no—1)
Se(n—ng—my)

<F(1-an,—myny—1) (11)

where n* represents the number of different experiments, and m: is the number of function coefficients (without
the coefficient ao). If the condition is met then the form of the function is adequate (Popescu & Badescu, 2000).

RESULTS

Expression of traction force by multivariate polynomial functions

In order to determine the coefficients of the multivariable functions, the independent variables that
influence the dependent variable and their variation interval were chosen:

e Working depth: a=0.1- 0.3 m;
e Working speed: v=0.9 - 1.9 m/s;
e  Working width: B=0.8 — 1.2 m, which corresponds to a working width of the plough body, b =0.2...0.4 m.
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The experimental test program for determining the multivariable functions for the traction force is
presented in table 1.

Table 1
Experimental results for determining the traction force
Sample Slippage Working Working depth ai Speed v; Average traction

no. coefficient &; [%)] width B [m] [m] [m/s] force Ft[N]
1 13.80 0.80 0.10 0.938889 17150
2 15.20 0.83 0.12 1.569444 17560
3 16.70 0.83 0.13 1.886111 17590
4 14.40 0.83 0.20 0.908333 20960
5 16.50 0.83 0.22 1.347222 21170
6 17.70 0.83 0.23 1.816667 22100
7 15.80 0.82 0.30 0.886111 23530
8 17.20 0.83 0.33 1.25 23850
9 18.80 0.83 0.32 1.469444 24130
10 14.60 1.01 0.10 0.891667 18240
11 15.80 1.04 0.12 1.472222 19150
12 17.90 1.03 0.13 1.861111 19970
13 15.20 1.04 0.20 0.877778 21760
14 17.70 1.04 0.21 1.294444 22060
15 18.30 1.04 0.23 1.733333 22950
16 16.20 1.04 0.30 0.805556 23560
17 20.40 1.04 0.31 1.188889 24320
18 23.70 1.04 0.32 1.597222 24480
19 15.70 1.20 0.10 0.869444 20980
20 18.00 1.23 0.12 1.447222 21160
21 19.10 1.23 0.11 1.741667 21440
22 16.80 1.23 0.20 0.875 24280
23 18.90 1.23 0.21 1.269444 24320
24 19.80 1.22 0.20 1.694444 24720
25 17.40 1.23 0.30 0.797222 26240
26 21.20 1.23 0.31 1.138889 26840
27 24.20 1.23 0.30 1.744444 28130

The matrix of the correlations of the process parameters measured during the experiments is given in
Table 2. It was constructed by calculating the correlation coefficient for each pair of data strings representing
the columns of Table 1.

Table 2
Matrix of correlation coefficients of the parameters measured during the experiments
F[N] a[m] b [m] v [m/s] Sv [%0]
F [N] 1.000 0.839 0.486 -0.073 -0.717
a[m] 0.839 1.000 0.000 -0.223 -0.504
b [m] 0.486 0.000 1.000 -0.061 -0.449
v [m/s] -0.073 -0.223 -0.061 1.000 -0.487
Sv [%0] -0.717 -0.504 -0.449 -0.487 1.000

The values of the elements of the correlation matrix led to very important conclusions for the analysis
of experimental data.

e The traction force is strongly correlated (directly) with the working depth and is significantly

correlated (directly) with the working width, and strongly correlated (inversely) with the skidding;

e The traction force is not significantly correlated with the working speed, at least in the

experimental interval.

The first form of the traction force function is the Goreachkin function (12), in which the values of
coefficients f, k and €, which are considered to be constant, will be numerically determined. Also, G, the weight
of the plough-tractor unit used in the experiments, is constant.

F.=fG + kaB + aBv? (12)
where: Ft the draft force, f is a coefficient of friction between metal and soll, k is a coefficient that characterizes
the specific deformation resistance of the soil, a is the working depth, B = nb is the plough working width where
n is the number of mouldboards, € is a coefficient that depends on the surface of the active shape of the
mouldboard and to the soil properties, and v is the working speed.
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To determine the values of the coefficients f, k and ¢ by linear mathematical regression, the functional
T(f k, €, G, ai, By, vi) was formed as a sum of the squares of the differences between the values obtained by
applying equation (1) and the real values measured during experiments a;, B;, vi from Table 1.

T= Z (F'Fi)z = Z(fG+kaiBi+£aiBiViz-Fi)2—>mir1 (13)

To determine coefficients f, k and €, by mathematical regression, the condition was imposed that T
expressed by equation (13) be minimal.
The minimum of the function T in relation to f, k and ¢ is obtained by cancelling the partial derivatives

of T in relation to the same coefficients, namely Z—:zo, Z—E:o and Z—Izo.

The partial derivatives of the functional T were determined according to each of them and the unique
determined system was created, of 3 equations with 3 unknowns:

{ % = 2 Y(fG + ka;B; + €a;B;v;> = F))G =0
Z_’]I(‘ =2 Z(fG + kaiBi + SaiBiViz — Fi)aiBi = 0 (14)

';—: = 2 Y(fG + ka;B; + £a;B;v;* — F))a;B;v;? = 0

For the numerical solving of the system, the constants were eliminated and the equivalent form was
obtained which can be written as a matrix product:

fz G2 + kz GaiBi + SZ GaiBiViZ = Z GFI
f¥ Ga;B; + kY a;?B;® + £ ¥ a;°B;*v;* = ¥ F;a;B; o ZY =X (15)
fz GaiBiViz + kz aiZBiZViZ + EZ aizBi2V14 = Z FiaiBiViZ
where:
> G? Y GaB; X Ga;Byvy?
Z=| XGa;B; Ya’B®  Ya;’Bi’vi’ (16)
Y GaBivi* Ya®Bi’vi? Y a;’Bi’vi*

The determination of the vector Y formed by the unknown coefficients (f, k, €) that need to be calculated,
was done by numerical solution through mathematical regression of equation (16), obtained from the matrix
equation (15) by the inverse matrix method, using the data strings obtained from experiments.

Y=7"1X (17)

Table 1 shows the values of the independent and dependent variables used in the mathematical
regression operation performed using a calculation program in Mathcad.

The weight of the plough-tractor unit G was constant, 49830 N, corresponding to a mass of the tractor
of 4480 kg and of the plough of 600 kg.

Using a calculation program in Mathcad, from equation (12) and the experimental data from table 1,
coefficients (f, k, €) were determined, resulting in the mathematical model (13) of the function.

Ft = 0.317G + 27850aB + 1188aBv? (18)
where Ft represents the traction force.
The deviations of the calculated values from the experimental ones for the traction force are calculated
with the relation:
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A

= EiFeil 100,  [%] (19)

Fij

where Fci is the vector of traction forces calculated using relation 13
Table 3 shows the values of the traction force measured during the experiments and the values of the
traction force calculated using relation (19) and the deviation.

Table 3
Deviations of the calculated values from the experimental ones for the traction force
Sample Average measured Average calculated Deviation
no. traction force, Fi [N] traction force, Fci [N] A [%]
1 17150 18108.655 5.59
2 17560 18862.062 7.415
3 17590 19257.692 9.481
4 20960 20582.413 1.801
5 21170 21275.614 0.499
6 22100 21861.364 1.08
7 23530 22876.921 2.776
8 23850 23932.717 0.347
9 24130 23874.419 1.059
10 18240 18705.061 2.55
11 19150 19593.696 2.317
12 19970 20076.665 0.534
13 21760 21779.665 0.09
14 22060 22313.546 1.149
15 22950 23311.649 1.576
16 23560 24725.883 4.949
17 24320 25316.234 4.096
18 24480 26072.942 6.507
19 20980 19246.519 8.263
20 21160 20274.505 4.185
21 21440 20052.263 6.473
22 24280 22871.204 5.802
23 24320 23484.382 3.436
24 24720 23423.814 5.243
25 26240 26351.243 0.424
26 26840 27002.596 0.606
27 28130 27406.275 2.573

The maximum deviation thus determined between the experimental data and the calculated data was
9.481%, resulting in a good accuracy of the proposed model. The correlation coefficient calculated using
formula (12) in which the string X was replaced with Fi and the string Y with Fci was 0.946, demonstrating a
very strong correlation between the two strings.

If conditions are imposed that include some of the variables of the traction force, conditions from which
a variable is removed, then, in some cases, functions that have extreme values depending on some of the
remaining variables result. This was achieved using as an objective function the traction force (Goriachkin
variant) and the condition to reach a given productivity.

Thus, we have the traction force resulting from the interpolation of the experimental data using the
least squares method, as well as function (18) and the additional condition:

W = B-v = const (20)

By eliminating the working speed between relations (18) and (20), a traction force function is obtained
depending on the working width of the plough with variable width and on the working depth.

2
Ft = 0.317G + 27850aB + @ (21)

Figure 1 shows the variation of the traction force depending on the working width, for three fixed
productivities and the working depth a = 0.3 m in the case of the plough with variable working width.
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Fig. 1 - Variation of traction force with working width, for three productivities

It is observed that the minimum points of the traction force move with the increase of the programmed
productivity, in the sense of increasing the optimal working width and, obviously, the optimal force.

The values of the optimal widths of the traction force and of the working width of the plough are
calculated with relations:

Fopt = fG + 2aWvke (22)
Bopt = W\/E (23)
For the three productivities used (fig. 1), the optimal points are obtained with the coordinates given in table 4.
Table 4
Coordinates of the optimal points of the curves in Fig. 1
Productivity Optimal width Optimal traction width
w [ha/h] Bopt [m] Fopt [N]
0.75 0.596 19391
1.00 0.794 20453
1.25 0.993 21516

Figure 2 shows in an orthogonal coordinate system the variation of the traction force as a function of the
working width for the required working productivity.

Traction force, kN

Working width, m
Fig. 2 - Variation of the traction force depending on the working width for the required productivity

As can be seen, the dependence of the traction force on the required productivity is not linear. It can
also be seen see that there is a linear dependence between the working width and the traction force.

Further, the traction force is presented as a second-degree polynomial function, dependent on working
depth and width, working speed and slippage:

Fi = co + cra+ 3B + c3v + 48 + ¢12aB + ¢y3av + ¢14a8 + C23BV + €24 BS + ¢34v8 + ¢cq1a% + €35B2 + c33v2 + 4082 (24)
where:

co, ..., C44 are the regression coefficients;
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a=0.1- 0.3 mis the working depth;

B = 0.8 — 1.2 m is the working width;

8§ =13.8 - 24.2 % is the coefficient of slippage of the tractor's drive wheels;
v =0.9 - 1.9 m/s is the working speed.

Table 1 shows the values of the independent variables and the dependent variable used in the
calculation program in Mathcad, to determine the regression coefficients. After calculating the regression
coefficients, the following multivariable polynomial function was obtained:

Ft = 39949.216 + 20545.854a — 37064.489B — 13259.116v — 102.2925 — 77361.486aB — 23654.742av +
10539.344a8 — 6712.583Bv + 2861.022B8 + 1512.639v6 — 143852.709a% + 10965.706B2 — 136v2 —
205.41182 (25)

Next, the deviation of the traction forces calculated using relation (25) in relation to the traction forces
measured in the experimental tests was calculated. Table 5 shows the values of the traction force measured
during the experiments, the values of the traction force calculated using the relation (25) and the deviation.

The maximum error between the experimental data and the calculated data was 2.442%, thus resulting in
a good accuracy of the proposed model. The correlation coefficient calculated in which the string Xwith F7 and
the string Y'with Fciwere replaced is 0.998, demonstrating a very strong correlation between the two strings.

The coordinates of the optimal point of the interpolation function (22), isolated (which is not located on
the boundary of the definition domain), were identified by solving the linear system of equations obtained by
cancelling the partial derivatives of the function.

Table 5
Measured traction forces, calculated traction forces and deviation
Sample |Average measured traction |Calculated average traction —
noF.) force Fi[N] force Fci [N] Deviation [%]
1 17150 17109.91 0.234
2 17560 17475.559 0.481
3 17590 18019.533 2.442
4 20960 21005.634 0.218
5 21170 20997.827 0.813
6 22100 21958.025 0.642
7 23530 23400.92 0.549
8 23850 23815.723 0.144
9 24130 24261.806 0.546
10 18240 18406.683 0.914
11 19150 19015.664 0.701
12 19970 19567.746 2.014
13 21760 21938.222 0.819
14 22060 21813.508 1.117
15 22950 23081.479 0.573
16 23560 23831.905 1.154
17 24320 24358.785 0.159
18 24480 24502.542 0.092
19 20980 20762.76 1.035
20 21160 21512.473 1.666
21 21440 21371.511 0.319
22 24280 24278.629 0.006
23 24320 24424.82 0.431
24 24720 24821.678 0.411
25 26240 25983.627 0.977
26 26840 26867.11 0.101
27 28130 28055.923 0.263

The second-degree polynomial function for the traction force, which interpolates the experimental data,
can, however, be minimized in order to find an optimal point through a constraint minimization operation.

The function arguments are restricted in the experimental working range or at most in a slightly wider
range, in the vicinity of an experimental point (sample 14: a=0.21 m, B=1.04 m, v=1.29 m/s, 6 = 17.7 %). The
optimal coordinate point is obtained: aspt = 0.2 M, Bopt= 1m, vopt= 1.7333 mM/s, Sopt = 18.33, Fopr = 20380.55 N.
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This optimal point is acceptable, but moving the starting point away from the experimental points may
cause unacceptable results.

For the skidding of the tractor’'s motor wheels of 15%, the working speed v=1.4 m/s and three values of
the working depth, were calculated the traction forces with relation (25), the data being presented in table 6.

Table 6
Values calculated for the traction force
Working width Traction force [daN]

B [m] a=0.1m a=0.2m a=0.3m
0.8 16238.6 20286 21456.4
0.85 16579.1 20239.7 21023.3
0.9 16974.4 20248.2 22655
0.95 17424.6 20311.6 22499.4

1 17929.6 20429.8 22398.6

1.15 19773.6 21113.4 22425.2

1.2 20497.9 21450.9 22543.8

Using the data from Table 6, the graph of the variation of the traction force, depending on the working
width of the plough was represented (fig. 3).

27000
= 25000 y = 6812,5x? - 6146,6x + 21853 ®
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Fig. 3 - Variation of the traction force depending on the working width B, for the speed v=1.4 m/s
and for three values of the working depth: a = 0.1m (series 1), a = 0.2m (series 3) and a = 0.3 m (series 4)

Figure 3 shows that the traction force increases when increasing working depth and working width of
the plough. The relations shown in figure 3 allow the calculation of the traction force for one of the working
depths for any value of the working width B=0.8 - 1.2 m.

CONCLUSIONS

The main results obtained consist in demonstrating that there are own optimal points in the working
process of the tractor — plough with variable working width aggregate. In addition, the optimal points found
have as abscissa not only the working speed, but also the working width, a parameter whose control defines
this type of ploughs. Also, the optimality criteria used are natural, namely they have an intuitive meaning. From
a physical point of view, the parametric structure of the coordinates of the optimal points leads to interesting
conclusions, facilitated by the fact that these coordinates were found analytically and not numerically. Optimum
points are confirmed in terms of working speed and working width in reference works in the field of agricultural
machinery operation.

It is noted that of the four optimal operating points found, only one has an optimal working width as an
abscissa, which minimizes the traction force (22) under conditions of a fixed productivity (21).
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ABSTRACT

Aiming at solving problems that the variation of tillage depth between rows and within rows caused by the
surface undulation was great, the lateral stability of tillage depth obtained by the method of adjusting at the
three-point suspension was poor, and lack of subsoilers with the function of accurate detection and adjustment
of single row tillage depth, a method of independent control of single row tillage depth based on ultrasonic
sensor detection and hydraulic adjustment was proposed. And the tillage depth monitoring and control
subsoiling assembly and the subsoiler equipped with subsoiling assemblies were designed. The key structural
parameters of the hydraulic cylinder and the model of the three-position four-way magnetic exchange valve
were determined. The subsoiling quality and performance comparison tests were conducted, and the results
showed that the mean value of the variable coefficient of soil hardness, looseness of soil and coefficient of soil
disturbance were 52.23%, 32.55% and 62.15%, respectively, and the stability coefficient of tillage depth was
92.43%, which all met the subsoiling operation requirements. The standard deviation of tillage depth belonged
to the method of independent adjustment of single row and unified adjustment of each row were 38.315mm
and 51.521mm, respectively. The subsoiler equipped with tillage depth monitoring and control subsoiling
assemblies designed in this paper was capable of significantly improving the stability of tillage depth between
rows and within rows.

ABSTRACT
2 T ERA T ZE K ELITRIIITIE. TTRARREFRRA, AEVA DT ZEII R T E R Z,
RZ LI BT ARG ER ISV T HIREBIRI I, KXIEL T —FE TE R REas 1o W SR %08 PRI s
R EITRHRAITT %, R8I TR B IEFIRLE IR B Z T ERALHIRIY, FE TRIEFHIX B
SR = (I TEE G NGRIES, TR TRMIR G MEEXT L IR E, R WRI T EEREILFHK
19165 52.23%, LREFHELIEN 32.55%, LR FFHIGEN 62.15%, FRFEEMFE Y 92.43%, &
TIELHERIREWBR, EENETSEYFTHIFREZ S 5% 38.315mm #751.521mm, A X747
REBITHRIB LTSI YIFEHI RV EE B EEIES T/, TTAHFRRE

INTRODUCTION

Cultivated land is the important basis and guarantee of crop production, as well as the foundation to
ensure food security (Poehlitz et al., 2019). However, due to continuous ploughing and compaction, the soil
compacted hardpan is formed, which prevents the roots from extending to the deeper soil, reduces the
absorption of water and fertilizer by roots, hinders the flow of moisture and air, and thus decreases the crop
yield (Somerville et al., 2018; Hargreaves et al., 2019; Kristoffersen et al., 2005). Conservation tillage is
capable of significantly improving soil properties, reducing wind and water erosion as well as surface runoff,
and thus protecting the soil effectively (He et al., 2018). The subsoiling technology is one of the key techniques
of conservation tillage, which applies subsoiling machines to loosen the soil without turning over the soil (Singh
et al., 2019). Especially the loosening quality on the deeper layer is remarkable. Compared to the plough and
rotary tillage, the subsoiling has several advantages, including breaking the soil compacted hardpan, reducing
soil bulk density, improving soil porosity, enhancing water storage capacity, increasing soil fertility and water
use efficiency, and thus improving crop yields (Feng et al., 2018; Zhang et al., 2015).
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The subsoiling depth is a significant index affecting the subsoiling quality and energy efficiency, while
it is also an important consideration basis for the government to carry out subsoiling subsidies in China. In the
process of operation, subsoiling with insufficient depth cannot break the compacted hardpan completely, and
thus the soil properties still need to be improved. Meanwhile, subsoiling with excessive depth increases power
consumption and operation cost, resulting in the reduction of energy efficiency. Therefore, it is of prime
importance to develop a subsoiler with the function of on-line detection and control of tillage depth.

At present, sensors used to detect tillage depth mainly include tilt sensors and ultrasonic sensors
(Suomi et al., 2015; Yin et al., 2018; Mouazen et al., 2004; Gao et al., 2013), and the adjustment of tillage
depth is mainly realized by applying the hydraulic mechanism or motor mechanism (Lee et al., 1998; Zhao et
al., 2015; Ayiding et al., 2013). The method, applying tilt sensor to measure the angle change of profiling
mechanism and calculating the mathematical model to get the tillage depth, results in the mismatch between
the adjustment completion point of tillage depth and the detection point, which caused by the profiling
mechanism is generally placed behind the tillage component. While the ultrasonic sensor is commonly installed
in front of the tillage component to complete the measurement of the distance between the soil surface and
the frame, which avoids the inaccuracy caused by the profiling lagging. This method aims at adjusting the
tillage depth of the whole machine or a group of tillage components of the combined scarification equipment,
which is the same as the objective of mounting the tilt sensor on the three-point suspension to detect angle
change of the lifting arm or drawbar. However, due to surface relief or soil resistance variation, there exists the
problem of lateral instability of tillage depth of the machine with several shanks, which leads to the
inconsistency of soil conditions in the lateral distribution. Therefore, it is necessary to develop a special
assembly structure of subsoiling components that is capable of independently adjusting tillage depth of each
row.

Hence, in order to avoid undesirable tillage depth of each shank and improve consistency of tillage
depth between shanks during the subsoiler operation, in this paper, we proposed a method for independent
adjustment of single row tillage depth based on ultrasonic sensor detection and hydraulic adjustment. And the
single subsoiling assembly capable of monitoring and controlling tillage depth and the subsoiler equipped with
subsoiling assemblies were designed. Furthermore, the subsoiling performance of the tillage depth monitoring
and control subsoiler was evaluated by testing the qualified indexes, and the improvement effect of this
subsoiler on the stability of single row tillage depth was verified by conducting the performance comparison
test.

MATERIALS AND METHODS
Structure and working principle

The overall structure of the subsoiler is shown in Fig.1a); it consists of a frame and four tillage depth
monitoring and control subsoiling assemblies. The tillage depth of each shank is independently detected,
displayed, recorded and adjusted.

a) Overall structure of the subsoiler b) Structure of the single subsoiling assembly
Fig. 1- Structure of the subsoiler equipped with tillage depth monitoring and control subsoiling assemblies
1. Lower suspension point; 2. Upper suspension point; 3. Frame; 4. Hydraulic linkage,” 5. Hydraulic cylinder; 6. Magnetic exchange

valve, 7. Ultrasonic sensor; 8. Sensor bracket; 9. Fixed mount; 10. Swing rod; 11. Connect plate of the shank; 12. Subsoiler shank
The length, width and height of the subsoiler are 2200mm, 1130mm and 1492mm, respectively. The

spacing of two lower suspension points is 982mm, the vertical spacing between the upper and lower
suspension point is 624mm, and the range of operation row-spacing is 550~650mm.
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The structure of the single subsoiling assembly is shown in Fig.1b); it is composed of a fixed mount, a
hydraulic cylinder, two hydraulic linkages, four swing rods, a connect plate of the shank, a subsoiler shank, an
ultrasonic sensor, a sensor bracket, and a magnetic exchange valve. The fixed mount was installed on the
frame, other parts of the subsoiling assembly were fixed on or connected with the fixed mount, and the main
body of the subsoiling assembly was integrated with the frame. The hydraulic cylinder was vertically fixed on
the plant between the plates on both sides of the fixed mount. Swing rods were used to connect the fixed
mount and the connect plate of the shank, and hydraulic linkages were used to connect the hydraulic cylinder
and the connect plate of the shank. The subsoiler shank was fixed on the connect plate of the shank. This
combined structure enables the shank to lift or lower in the vertical direction when the hydraulic cylinder is
extended or shortened, and thus the tillage depth is reduced or increased to reach desirable value. The sensor
bracket was mounted on the side of the connect plate of the shank, and the ultrasonic sensor applied to
measure its distance from the soil surface was installed at the front of it, which ensures the synchronous up
and down movement of the sensor and the shank. The magnetic exchange valve was fixed on the frame.

In addition to the ultrasonic sensor and magnetic exchange valve, the hardware of the control system of
the subsoiler also included an analogue input module, a controller and an interactive touch screen. The
analogue input module (S7-200SMART EM AI04, China) was applied in this study, which was used to convert
the analogue signal outputted from the ultrasonic sensor into digital signal. The programmable logic controller
(S7-200SMART, CPU ST40, China) and interactive touch screen (MT6071iP, China) were applied in this study.
The PLC outputted control signal to the drive circuit of the magnetic exchange valve to adjust the tillage depth
within the set range, which was inputted via the interactive touch screen. The real-time tillage depth was
displayed via the interactive touch screen and recorded on a USB flash disk. The block diagram of monitoring
and control system was shown in Fig.2.

A/D
RS485 conversion| Analog input Ultrasonic
S module sensor
CPU
Interactive Ry Magnetic
touch screen ™ exchange value
USB flash disk| Hydraulic cylinder Fi

Fig. 2- Block diagram of monitoring and control system

The circuit elements, analogue input module, PLC and interactive touch screen, were placed in the
tractor cab, which were powered by the on-board battery. The hydraulic cylinders of the tillage depth monitoring
and control subsoiling assemblies were supplied by the tractor’s hydraulic system, the hydraulic oil of which
was transported through multiple hydraulic output ports. The driving circuit of the three-position four-way
magnetic exchange valve controlled the valve position of the magnetic exchange valve to determine the flow
direction of hydraulic oil. The desirable tillage depth was set via the interactive touch screen according to the
local required depth value. During the subsoiling operation, ultrasonic sensors respectively detected their
distance from the surface and sent corresponding signal to the control system. The magnetic exchange valves
responded to the output signal of the control system, opening left or right valves or holding in middle position,
to make the hydraulic cylinder complete the telescopic movement or remain unchanged. And thus, the tillage
depth of each subsoiler shank was independently detected and adjusted to match the set range.

Design of key component parameters
Design of the subsoiler shank

The chisel subsoiler is adaptive for equipping with tillage depth monitoring and control system, so the
subsoiler designed in this study initially adopted the common chisel shank, of which the optimization design
had been conducted to achieve the purpose of reducing tillage resistance in the process of upper and lower
adjustment. The chisel shank is composed of the handle and tip, and there are three kinds of handle that are
commonly used, vertical column type, curved type and arc type. The first two type shanks are not suitable to
be used in conservation field with more straw and stubble, while the arc type handle with front edge is capable
of cutting on the stubble, so the object of optimization design of shank in this study is the chisel shank with arc
type handle. Aiming at decreasing resistance of the shank during the subsoiling operation as well as lifting or
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lowering adjustment, the force analysis of the shank in the process of operation was carried out, and the
equivalent stress were analysed by the finite element method. Based on these, the sources increasing the
tillage resistance caused by the structural parameters of the shank tip and shank handle were found out, and
the optimization design of shank was conducted to reduce the tillage resistance. The resistance of the shank
(F) was given by Eq.(1). The resistance of the shank tip was derived by the Egs.(2)-(4), and the resistance of
the shank handle was calculated by the Eq.(5) (Yu et al., 2007).

F=F +F Q)
where:

F1 is the resistance of the shank tip, [N];
F2is the resistance of the shank handle, [N].

_G b
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" t, t,(sin B+ cos B) @)
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.o (04
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where:
F1is the resistance of the shank tip, [N];
F - resistance of the shank handle, [N];
G - gravity of soil on the shank, [N];
o - cutting edge inclination, [°];
,B - inclination of the front failure surface, [°];
O - penetration angle of the shank, [];
d - tillage depth, [cm];
b - shank width, [cm];
M, - friction coefficient between the surface of the shank tip and soll;

1L, - friction coefficient between soils;
C - unit cohesion of soil, [N-cm-2;
N, - normal load on the front bevel of the shank handle, [N];

N3 - normal load on the side of the shank handle, [N].

The soil bulk density was selected to be 1.45x10°% kg-m3, the angle between the lower surface of the
shank tip and the horizontal direction was 10°, the penetration angle of the shank was 23°, the width and length
of the shank tip was 50mm and 165mm, respectively, the friction coefficient between the surface of the shank
tip and soil was selected to be 0.6, the friction coefficient between soils was selected to be 0.3, and the unit
cohesion of soil was selected to be 2 N-cm™.

Aiming at obtaining tillage depth within the set range during the subsoiling operation, undesirable depth
should be adjusted to meet the requirement. Setting that the desirable tillage depth was from 250 mm to 450
mm, and the initial tillage depth was selected as 350 mm. When the field surface was flat, the tillage depth
remained roughly the same, and the system controlled the shank position unchanged. The F; calculated by
the Egs.(2)-(4) was 816 N when the tillage depth was 350mm, the F> calculated by the Eq.(5) was 3004 N,
and the F calculated by the Eq.(1) was 3820 N. When the field surface was uneven, the tillage depth suddenly
increased to about 500 mm, which was greater than the set maximum value, the shank needed to be raised,
and until the tillage depth was about 250 mm, the maximum amount of lifting was achieved. When the tillage
depth was about 500 mm, the calculated F1was 927 N, the calculated F2 was 4021 N, and thus the calculated
force Fwas 4948 N. When the tillage depth was about 250 mm, the calculated F1was 534 N, the calculated
F> was 2680 N, and thus the calculated F was 3214 N. While when the tillage depth suddenly reduced from
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350 mm to about 200 mm, which was less than the set minimum value, the shank needed to be lowered. Until
the tillage depth was about 350 mm, the calculated F1was 850N, the calculated F2 was 3147 N, and thus the
calculated F was 3997 N.

The three-dimensional model of shank was imported into the finite element analysis software to solve
the equivalent stress. The method of Fixed Support was used to add fixed constraint on the installation position
of the shank, and the force was applied on the shank tip and handle according to the above calculated values.
The results of solution showed that the maximum stress and deformation of the shank was 244.83MPa and
4.213mm, respectively. With the increase of tillage depth, the maximum stress of the shank increased with the
raise of tillage resistance. Therefore, it is necessary to optimize the structure of the shank to reduce the tillage
resistance during subsoiling operation, and slow down the stress increase of the shank in the process of
lowering adjustment. According to Egs.(2)-(5), the decrease of F1 and F; is enabled by respectively reducing
the value of G and N.. The width of the shank was optimized from 50mm to 40mm, as well as the length was
optimized from 165mm to 155mm, to reduce the area of soil acting on the shank tip, which was capable of
reducing the value of G. The bottom side of the shank handle was designed as a rhombus to decrease the
value of N, and thus reducing the force of the soil on the bottom of the shank handle. The finite element
analysis was also carried out to solve the equivalent stress of the optimized shank, and the results showed
that the maximum equivalent stress of the shank was 214.38 MPa, which is less than the 244.83 MPa. The
equivalent stress and deformation distribution diagram of the unaltered shank and optimized shank were
shown in Fig.3 and Fig.4, respectively.

A: Static Structural

Equivalent Stress
Type: Equivalent ivon-Mises) Stress 5
Unit MPa I' (von-Mises) Stress
244,83 Max 21430
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190.43 3
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54412
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Fig. 3 - Comparison of equivalent stress distribution between the unaltered shank (a) and optimized shank (b)
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Fig. 4 - Comparison of deformation distribution between the unaltered shank (a) and optimized shank (b)

Design of the fixed mount and connect plate of the shank

The fixed mount and connect plate of the shank are the major components to fix the subsoiling assembly
on the frame and enable good match between parts. The stability and reliability of these two components is
the key to ensure efficient operation of the subsoiler. Two parallel four-bar mechanisms was respectively
composed of a fixed mount, two swing rods and a connect plate of shank, which was capable of converting
the telescopic movement of the hydraulic cylinder into the vertical up and down movement of the subsoiler
shank.
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According to the above structural and functional requirements, the basic structure of the fixed mount
was designed, and its schematic diagram and force was shown in Fig.5. F1 and F, were the support reaction
of the swing rods, M; and M; were the flexural moment at the position of the hinge pins, P was the support
reaction of the hydraulic mechanism, M, was the flexural moment at the mounting hole of the U-bolt used to
fix the hydraulic cylinder, F was the supporting force of the frame to the subsoiling assembly, and M was the
flexural moment of the subsoiling assembly fixed on the frame. The fixed mount is made of No.45 steel, the
elastic modulus of which is 2.09x1011N/m and the yield strength is 355 MPa. The total weight of the subsoiling
assembly was about 55 kg, and the support reaction of the swing rods was about 5460 N. The diameter of
each hole and the distance between the hole and the boundary of the fixed mount were determined by Egs.(6)-

(7).
r:% <[7] (6)
where:

7 is the shear stress, [MPa];

F - the shear force, [kN];
A - the shear area, [mm?].

O,=—"""5 [0'] (7

where:
M is the flexural moment, [kN-m];
T is the torque, [N-m];
W is the section modulus in bending, [mm?].

F1

M: ¢

el
¢
v

p
Fig. 5 - Schematic diagram of structure and force

The diameter of the hole for passing through the hinge pin used to install the swing rod was 20mm,
and the distance of the hole from the boundary of the fixed mount must be greater than or equal to 16mm.
Meanwhile, the diameter of the hole for passing through the hinge pin used to fix the hydraulic cylinder was
25mm and the diameter of the hole for inserting the u-bolt was13mm, while the distance of the hole from the
boundary of the fixed mount can’t be less than 20mm. Furthermore, the overall dimension of the fixed mount
was determined, including length, width and height.

Taking structural parameters and operating parameters into consideration, the distance between the
front beam and the back beam of the frame was 400mm, the operation spacing ranged from 500mm to 700mm,
and the maximum vertical displacement of the shank in the adjustment process was 200mm, the length, width
and height of the fixed mount should not be larger than 250mm, 200mm and 360mm, respectively. In order
to improve stiffness of the fixed mount, topology optimization was carried out using OptiStruct software, and
the initial model in topology optimization was shown in Fig.6. The flexibility of the fixed mount was taken as
the target response, the optimization region was taken as the design variable, and the volume ratio was set
as the constraint. The volume ratio of 80%, 85% and 90% were selected as the upper limit for trial operation,
and up to 85% of the volume belonging to the three-dimensional model was retained, which depends on the
overall maximum stress that was considered as comparison parameter.

The positions of hinge holes and pin holes were changed, and the topology optimized model, the stress
of which was reduced and the stiffness improved, was shown in Fig.7.
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Fig. 6- Initial model Fig. 7- Topology optimized model

The connect plate of the shank was stressed at the hinge holes and bolt holes, which were respectively used
to connect the swing rods and fix the shank. It is made of No.45 steel, its material properties are the same as
those of the fixed mount. The thickness of the steel plate used for the connect plate of the shank was 10 mm,
and the diameter of the hinge hole was 25mm as well as of the bolt hole was 15mm. Static analysis results
of the connect plate of the shank showed that its maximum stress was much less than the allowable stress,
and the maximum deformation was 0.137mm. The material and structure of the connect plate of the shank
met the request for utilization.

Design of the hydraulic linkage and swing rod

Each subsoiling assembly had four swing rods and two hydraulic linkages. One side of the swing rod
was hinged with the fixed mount, and another side was hinged with the connect plate of shank. While one
side of the hydraulic linkage was hinged with the hydraulic cylinder shaft, the other side was hinged with the
lower swing rod. In this study, the stroke of the hydraulic cylinder was required to be 200mm, and the
displacement of the upper and lower adjustment was 100mm, respectively. The relationship between the
stroke of the hydraulic cylinder, the length of the swing rod and hydraulic linkage was presented in Eq.(8).

2
L:r(l—c050)+ff(1—c0520) ®)

where:
L is the stroke of the hydraulic cylinder, [mm];
r the length of the swing rod, [mm];
| - the length of the hydraulic linkage, [mm];

@ - the rotation angle of the swing rod, [°].

The required stroke of the hydraulic cylinder was 200mm, the rotation angle of the swing rod ranged
from 45° to 125°, and the range of the rotation angle of the hydraulic linkage was 26°~35°. After calculation,
the length of the swing rod and hydraulic linkage was 140mm and 383mm, respectively. The swing rod and
hydraulic linkage were made of No.45 steel, and the thickness of the swing rod and hydraulic linkage was
determined to be 10mm.

Determination of the hydraulic cylinder and magnetic exchange valve
The effective working area of the piston was derived by the Eqgs.(9)-(10) (Cheng et al., 2008).
F=F +F +F 9)
where:
F is the total load applied on the hydraulic cylinder, [N];
F,. - workload applied on the hydraulic cylinder, [N];
F, - frictional resistance applied on the hydraulic cylinder, [N];

F,- inertia load applied on the hydraulic cylinder, [N].

A=— (10)

where:
A is the effective working area of the piston, [mm?];
F is the total load applied on the hydraulic cylinder, [N];
P is the working pressure of the hydraulic cylinder, [MPa].
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D= /ﬁ (11)
T

where D is the diameter length of the effective working area.

The subsoiler designed in this study had four rows of shanks, and each shank was separately equipped
with a group of hydraulic transmission mechanism, the working pressure of which was determined to be 12MPa.
The effective working area of the piston was calculated to be 583.33 mm?, so the D was equal to 27.25mm.

According to the standard table, the inner diameter of the hydraulic cylinder was selected to be 32mm.
Besides, the rod diameter of the hydraulic cylinder was 20mm, the outer diameter of the hydraulic cylinder was
55mm, and the stroke of the hydraulic cylinder was 200mm.

The type of the magnetic exchange valve was determined according to the working parameters and
motion state of the hydraulic cylinder. In order to reduce the tillage depth when it's larger than the desirable
value, increase the depth when it’s less than the desirable value, and keep the depth unchanged when it’s at
the desirable value, the hydraulic cylinder needs to complete three actions, elongation, shortening and
remaining unchanged. So, the three-position four-way magnetic exchange valve (DSG-03-3C60-DL-DC24)
was applied in this study, which was controlled to open the left and right valves or keep the middle position to
complete the telescopic movement of the hydraulic cylinder, and thus the desirable tillage depth was obtained
by lifting or lowering the shank or keeping the position of the shank unchanged. The rated flow of this type of
magnetic exchange valve is 60L/min, the maximum flow is 100 L/min, and the maximum working pressure is
24 5MPa.

Design of the sensor bracket

During the subsoiling operation, the speed of the tractor was about 3~5km/h, while the monitoring and
control period of the system was 1s and the response time of the system was 0.4s. Within the response time,
the advance distance of the subsoiler was given by Eq.(12).

S =vxt (12)
where:
S is the advance distance of the subsoiler, [m];
Vv - the speed of the tractor, [m/s];
T - the response time, [s].

Therefore, the range of advance distance in response time was 0.33~0.56m. In order to avoid profile
lag, the ultrasonic sensor on the sensor bracket should be installed in front of the shank tip in the forward
direction, and the distance between them basically enabled the same as the displacement of the subsoiler
from current position to the detection point within the response time. The sensor bracket was fixed on the one
side of the connect plate of the shank, which was capable of moving up and down synchronously with the
shank, and the ultrasonic sensor was installed at the end of the forward extension part of it, as shown in Fig.8.
To avoid the negative impact of vibration on the detection accuracy of tillage depth during the subsoiling
operation, the forward extension distance of the sensor bracket was set as 500mm.

500

Fig. 8- Structure of the sensor bracket with the ultrasonic sensor
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Evaluation experiment
Test arrangement

The field experiments were conducted to evaluate the subsoiling quality and operation performance of
the subsoiler equipped with tillage depth monitoring and control subsoiling assemblies, and test indexes
included the variable coefficient of soil hardness, looseness of soil, coefficient of soil disturbance and stability
coefficient of tillage depth. Meanwhile, the comparison test of two adjustment methods was carried out,
including independent adjustment of single row and unified adjustment of each row. The field experiments
were carried out in Shenze County, Hebei Province, North China. Maize straw was returned to the field, and
the soil type belongs to fluro-aquil soil. The mean value of the soil moisture and soil bulk density was 15.4%
and 1.45 g/cm3, respectively. The subsoiler equipped with tillage depth monitoring and control subsoiling
assemblies was driven by the Levo TG series M1254-G tractor. The field experiment was shown in Fig.9.

Fig. 9 - Field experiments
1. Fixed mount; 2. Hydraulic cylinder; 3. Frame; 4. Magnetic exchange valve; 5. Sensor bracket; 6. Tractor; 7. Hydraulic linkage;
8. Ultrasonic sensor; 9. Swing rod; 10. Connect plate of the shank; 11. Subsoiler shank

Subsoiling quality test
Soil hardness is one of the important physical properties of soil. Comparing between subsoiled soil and
unsubsoiled soil, the larger the variable coefficient of soil hardness is, the greater the change of soil hardness
will be, and thus better subsoiling quality is obtained. The variable coefficient of soil hardness was given by
Eq.(13). Looseness of soll, coefficient of soil disturbance and stability coefficient of tillage depth are significant
indexes to evaluate subsoiling quality. Looseness of soil and coefficient of soil disturbance was respectively
obtained by Eq.(14) and Eq.(15), and stability coefficient of tillage depth was derived by Egs.(16) - (19).
C= % x100% (13)
where: C represents the variable coefficient of soil hardness, [%];
H represents the soil hardness before subsoiling, [kg/cm?];
H, represents the soil hardness after subsoiling, [kg/cm?].

p= A 00w (14)

Y= % «100% (15)

where: P represents the looseness of soil, [%];
Y represents the coefficient of soil disturbance, [%];
A, represents the section area between the theoretical curve of the furrow bottom and the surface

curve of the subsoiled soil, [cm?];
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Aq represents the section area between the theoretical curve of the furrow bottom and the surface
curve of the unsubsoiled soil, [cm?];

A, represents the section area between the actual curve of the furrow bottom and the surface curve of
the subsoiled soil, [cm?].

a= % (16)

_ 2(a -a)’ 17)

n-1
S
V ==x100% (18)
a
Uu=1-V (19)

where:
a represents the average value of the tillage depth, [mm];

a, represents the tillage depth of each measuring point, [mm];

N represents the number of the selected points measured manually;
S represents the standard deviation of tillage depth, [mm];

V represents the variation coefficient of tillage depth stability, [%0];

U represents the stability coefficient of tillage depth, [%].

Three points were randomly selected from a row within the 50m length of the subsequent subsoiling
operation section, and the soil hardness of each point at three soil layers was measured by the soil hardness
instrument, including depth of 0~15cm, 15~30cm and 30~45cm. The position of each point was marked, the
soil hardness data were recorded and the average soil hardness of each depth layer was calculated.

The subsoiler equipped with tillage depth monitoring and control subsoiling assemblies advanced
50m at the speed of 5 km/h, and the tillage depth range was set at 350~450 mm. After subsoiling, the soil
hardness of three depth layers at three marked positions were measured and recorded, and the average soil
hardness of each depth layer was obtained.

Therefore, the variable coefficient of soil hardness was solved by substituting the relevant data into
Eq.(13). A part of the subsoiling area was selected to dig out the soil and show the furrow cross-section, and
the surface curve of the unsubsoiled soil, the surface curve of the subsoiled soil and the curve of the furrow
bottom were drawn with the same horizontal line in the furrow cross-section. An, Aq and As was calculated,
and thus looseness of soil and coefficient of soil disturbance was respectively obtained by substituting the
relevant value into Eq.(14) and Eq.(15).

Along the subsoiling operation route, 30 points were selected every 1.4m from the starting position
and their tillage depth was measured manually. Substituting the relevant data into Eqs.(16)-(19), stability
coefficient of tillage depth was calculated.

Performance comparison test

Performance comparison test was carried out on the subsoiler equipped with subsoiling assemblies
under two adjustment modes of tillage depth, including automatic detection and adjustment of single row
tillage depth controlled by the system and adjustment at three-point suspension by the tractor, to verify the
improvement effect of the subsoiler equipped with tillage depth monitoring and control subsoiling assemblies
on the stability of single row tillage depth. The tillage depth range was set at 250~450 mm. The subsoiler
advanced 50 m at a speed of 5 km/h under the system operation state and the system stopped operation
state, respectively. After the subsoiling operation, 10 measuring points were selected at equal distance from
each operation route for manual measurement of tillage depth, and then these data were analysed and
compared.
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RESULTS AND DISCUSSION
Results of subsoiling quality test

Mean value of soil hardness of each soil layer at three marked points, and the variable coefficient of
soil hardness of each soil layer before and after subsoiling were shown in Tablel, while looseness of soil and
coefficient of soil disturbance were given in Table 2.

Table 1
Soil hardness and variable coefficient of soil hardness before and after subsoiling

Soil depth Soil hardness before subsoiling | Soil hardness after subsoiling Vanabl_e coefficient
> > of soil hardness
[cm] [kg/cm?] [kg/cm?]
[%]
0~15 15.88 5.78 63.60
15~30 20.13 10.21 49.28
30~45 27.85 15.65 43.81
Mean value 21.29 10.55 52.23
Table 2
Looseness of soil and coefficient of soil disturbance
Set depth range An Aq As Looseness of soil scs:i?g];gfﬁg;r?ée
[mm] [cm?] [cm2] [cm2] (%] %]
350~450 42.74 32.31 20.06 32.55 62.15

According to the data in the Table 1, the mean value of the variable coefficient of soil hardness among
the three depth layers was 52.23%, which illustrated that the soil hardness was significantly reduced after
subsoiling operation of the subsoiler equipped with tillage depth monitoring and control subsoiling assemblies,
which met the requirements of subsoiling operation. Meanwhile, the data in Table 2 showed that looseness
of soil was 38.17% and coefficient of soil disturbance was 63.84%, and it indicated that the subsoiler designed
in this paper was capable of obtaining good subsoiling quality and the soil which had been subsoiled met the
standard requirement. Manually measured tillage depth at 30 selected points along the subsoiling operation
route was shown in Fig.11, and the stability coefficient of tillage depth was 92.43% based on the derivation
of Egs.(16) - (19), which was more than 85% and met the requirement of depth stability in subsoiling operation.

500 7

100 4

v W\NVW\ |
|

Manually measured tillage depth (mm)

300 T T T T T 1
5 10 15 20 25 30
Selected point

Fig. 10 - Manually measured tillage depth at 30 selected points

It was obvious in Fig.10 that the tillage depth between the first point and the 22nd point and between
the 24th point and the 30th point basically remained unchanged. However, the tillage depth of the 23rd point
was much smaller than that of the 22nd point. This might be due to the fact that there was depression on the
surface, which made the tillage depth decrease greatly and led to the large difference of the tillage depth.
Fortunately, the tillage depth monitoring and control system played a significant role in adjusting the tillage
depth from 329mm to 430mm in time, which made the tillage depth meet the set range and improve the
stability of tillage depth.
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Results of performance comparison test
The tillage depth of 10 points selected equidistantly along each subsoiling route, which was respectively

generated under the system operation state and the system stopped operation state, were shown in Fig.11.
The standard deviation of tillage depth obtained by the method of adjusting the single shank was 38.315mm,
while the standard deviation of tillage depth obtained by the method of adjusting the whole machine was
51.521mm, which indicated that the discreteness of the data obtained by the second method was greater than
that by the first method. It was shown in Fig.11 that the minimum tillage depth was 221.5mm and the maximum
tillage depth was 332.8mm, which were obtained by adjusting the single shank.

= Adjust the single shank
[—*— Adjust the whole machine

<
2320
o

Manu
O

T T T T T
0 2 1 6 8 10
Selected point

Fig. 11 - Comparison of tillage depth under two adjustment methods

The tillage depth of the first point to the fourth point was almost equal, and so was the tillage depth
from the sixth point to the tenth point. These data were all within the set range of tillage depth. Nevertheless,
due to the sunken surface between the fourth and fifth point, the tillage depth was reduced to 221.5mm and it
was less than the minimum value of the set range, which was 250mm. The system controlled the hydraulic
cylinder shortening to lower the shank so that the tillage depth was adjusted from 221.5mm to 317.5mm in
time to make the tillage depth within the set range. Meanwhile, the minimum tillage depth was 207.4mm and
the maximum tillage depth was 370.2mm, which were obtained by adjusting at the three-point suspension
depending on the tractor driver, and tillage depth of four points were all outside the set range. The tillage depth
at the first point was 207.4mm and at the second point was 243.1mm. It was obvious that when the tillage
depth was outside the set range, this adjustment method was incapable of accurately adjusting the tillage
depth to the desirable value. Besides, cross-section of partial subsoiling furrows belonging to these two
adjustment methods were shown in Fig.12, which illustrated that compared with the method of adjusting the
single shank, the variation of tillage depth obtained by the method of adjusting at the three-point suspension
was larger. Hence, the stability of tillage depth obtained by this method was poor and the depth difference was
great. It was proved that the subsoiler equipped with tillage depth monitoring and control subsoiling assemblies
was capable of improving the tillage depth stability of single row.

T
s sy

(b)
Fig. 12 - Cross-section of partial subsoiling furrows belongs to the method of adjusting the single shank (a)
and adjusting at three-point suspension (b)

150



Vol. 65, No. 3/2021 INMATEH — icultutal

CONCLUSIONS

(1) A method for independent control of single row tillage depth based on ultrasonic sensor detection
and hydraulic adjustment was proposed. The tillage depth monitoring and control subsoiling assembly and the
subsoiler equipped with such assemblies were designed.

(2) Key structural parameters of the hydraulic cylinder were determined via the force analysis of
subsoiling assembly. The inner diameter, rod diameter, outer diameter and stroke of the hydraulic cylinder
were 32mm, 20mm, 55mm and 200mm, respectively. The three-position four-way magnetic exchange valve
was applied to meet the requirement of three operation states of the hydraulic cylinder, including elongation,
shortening and remaining unchanged.

(3) The subsoiling quality test was conducted and the results showed that the mean value of the variable
coefficient of soil hardness, looseness of soil and coefficient of soil disturbance were 52.23%, 32.55% and 62.15%,
respectively. The stability coefficient of tillage depth was 92.43%. The subsoiling quality of the tillage depth
monitoring and control subsoiling assembly was good and all indexes met requirements.

(4) The performance comparison test was carried out, and the results indicated that the standard
deviation of tillage depth belonging to the method of adjusting the single shank and adjusting at the three-point
suspension were 38.315mm and 51.521mm, respectively. It was verified that the stability of single row tillage
depth was significantly improved by applying the subsoiler equipped with tillage depth monitoring and control
subsoiling assemblies.
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ABSTRACT

In this paper, taking compound air-suction seed metering device as the subject, the effect rule of seed filling
angle and seed releasing angle on the performance of seed filling and seed metering is studied. An indoor test
was conducted with a JPS-12 metering test bench and a high-speed camera system. The starting and ending
angles of the air chamber were changed by adjusting the regulating plate, that is, the angles of seed filling and
seed releasing, and the filling and seed metering performance was taken as evaluation indexes. The test
results show that: the seed filling angle has significant effect on the seed filling effect, and the miss fill index
decreases with the increase of the quality of fill index. When the seed filling angle exceeds 50°, they will
stabilize gradually ending at the multiple fill index of 0%. The negative pressure and operating speed are
interactive and have a significant effect on filling performance. The seed releasing angle has significant effect
on the metering performance. With the increase of the angle, the quality of feed index increases firstly and
then decreases. The multiple index and miss index are opposite to the quality of feed index which is the max
at the seed releasing angle of 39.5°. The negative pressure and forward speed are interactive and have a
significant effect on metering performance. The quality of feed index under the same condition is lower than
that of fill index.

HE

KX LI TR GHFRas XS R, BT 7RI BER A XS 7R BERIAEFI L BERTSENTARE . FIJH JPS-12 FEFf:
9 & P E I IRR R AT RN S U B O T ENIE LA JE S T FRRIEE I LTS
BETIHEFIHEBENE R TP O 15 e 2 RZEH] : FEFI A XS T PR R LD, TN IE F A, WA FE
s TR AT 80°J7, —FIFHASE s TTEIEFIGAETy 0%, TEFIF AV SEXS T BER A 2 2 70,
H =HZFELTIFEA: S XS HEFIE GER A Z 5T, BEE NI, a5 F T Era FEIG,  H Ak
FRINGIE 7T G157 E HRATEIEE, E 15 F RN HIIEFA N 39.5°, D1 /KT HIH BNt R A
SEETEN, H ZHZ LT HASFE TR 16 F IR TR a5 7o

INTRODUCTION

The seed metering device is a core part of precision seeding which is the main development direction
of seeding technologies. By the principles, the seed metering devices can be divided into mechanical and
pneumatic type devices, among which, the air-suction seed metering device is a research hotspot at present
(Dylan et al., 2013; Jia et al., 2018; Singh et al., 2007; Wang et al., 2017; Yang et al., 2016). Most studies on
air-suction seed metering device focus on the effect rule of the design of physical dimension of the seed-
picking mechanism (Cujbescu et al., 2019; Liao et al., 2018), negative pressure value and forward speed and
working parameters on the metering performance, or on optimizing seed metering devices for different seeds
(Zhang et al., 2015; Zhang et al., 2020), such as corn, sunflower seeds, peanuts, rape seeds and millet seeds
(Ding et al., 2018;Yu et al., 2014, Yu et al., 2015; Zhang et al., 2014).

! Zeqi Liu, M.S. Stud. Eng.; Meng Zhang, M.S. Stud. Eng.; Jie Han, M.S. Stud. Eng.; Yajun Zhuang, M.S. Stud. Eng.;
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At the same time, some researchers focused on the process of seed falling and touching soil, and
optimized the seed releasing angle and the shape of seed tube to improve the consistency of seed spacing
(Abdolahzare et al., 2018; Karayel et al., 2006; Zhao et al., 2016). In the early stage, the author designed a
compound air-suction seed metering device, optimized the seed hole mechanism, and reduced the negative
pressure of the air-suction seed metering device (Chen et al., 2021).

However, there are few in-depth studies on seed filling and releasing angles. The seed filling angle has
significant effect on the filling effect and subsequent seed clearing, and the seed releasing angle has a
significant effect on the height, speed and direction when seeds are released from the disk. The design of a
suitable seed releasing angle is of great significance to improve the seed-metering performance. Therefore,
the seed filling and releasing angles will be studied deeply in this paper by taking the compound air-suction
seed metering device as the subject.

MATERIALS AND METHODS
Vacuum seed metering device

The compound air-suction seed metering device (Chen et al., 2021) is equipped with an innovative disk
which is a 7 mm thick plastic disk with several seed-stirring slots and seed-picking slots evenly distributed on
the periphery (Fig. 1). There is a suction hole at the bottom of the seed-picking slot. The seed-picking structure
of the disk is composed of seed-stirring slots, seed hole and suction hole. The seed-stirring slots are used to
stir seeds to increase the dispersion degree of seed groups and to guide the movement of the seed hole.
When the seed hole passes the seed group, seeds will enter the seed hole under the gravity and the internal
force of the seed group, and the suction hole at the bottom of the seed hole will suck seeds under the negative
pressure to fix seeds at the bottom of the seed hole. The structure can effectively improve the success rate of
seed picking and reduce the negative pressure required during operation.

R~

a. Structural diagram of vacuum seed metering device with composite disc b. Physical diagram of composite disc

Fig. 1 - Vacuum seed metering device and composite disc
1. Shell; 2. Disc; 3. Base; 4. Seed agitator; 5. Seed hole; 6. Suction hole

Test plan
The test was carried out on the JPS-12 test bench (Fig. 2), which has been widely used in studies of
seed metering devices (Zhang et al., 2015; Zhao et al., 2016).

in light
High speed camera Laptop
) o
Fig. 2 - Indoor test system Fig. 3 - Adjustment of vacuum chamber thickness
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By recording the position of seeds falling on the seed belt, the seed metering rule was calculated by
image processing. However, due to the changes in the position and speed of seeds when they were released
from the disk and in the process of falling, the seed metering information recorded by the test bench could not
accurately reflect the filling performance of the seed metering device. To study the effect of seed filling angle
and working parameters on the filling performance, a high-speed camera was used to record and count the
seed filling information of the disk (Zhang et al., 2015).

Previous studies have shown that the thickness and range of the air chamber can be changed by
installing a regulating plate in the range of the original air chamber (Fig. 3). When the thickness of the regulating
plate is 20 mm, the pressure uniformity of all parts within the air chamber is the best and the pressure drop is
not obvious. Therefore, the 20 mm-thick regulating plate is used to change the starting and ending angles of
the air chamber, then regulating the seed filling and releasing angles during seed metering, and studying the
effect rule of seed filling and releasing angles on the seed-metering performance. The seed filling angle is set
as 0° in the negative direction of the horizontal line and positive in the downward direction, and is increased
by 10° from 0° to 90°. The seed releasing angle is set as 0° in the positive direction of the horizontal line, and
positive in the downward direction, and is increased by 10° from 0° to 90°.

Studies at home and abroad have shown that the working parameters have an important effect on the
metering performance. The main working parameters of the seed metering device include forward speed and
negative pressure. Their effect on the filling and releasing performance was studied at the speed of 6, 8, 10
and 12 km/h, and the negative pressure of 1, 2, 3, 4 and 5 kPa.

Evaluating indicator

In accordance with GB/T 6973-2005 Testing Methods of Single Seed Dirills (Precision Drills), each test
shall be performed with 250 seeds and be repeated for 5 times, with the metering performance evaluation
indexes of quality of feed index A, multiple index D, miss index M and precision index C. At the same time, to
intuitively evaluate the effect of seed filling, the quality of fill index (FA), multiple fill index (FD) and miss fill
index (FM) are set as the evaluation indexes of filling performance (Table 1).

Table 1
Evaluation index of working performance of seed metering device
Seed metering performance Seed filling performance
A=n,/N X100 FA = hy/H X100
D = ny/N X100 FD = hy/H X100
M=100—A—-D FM=100—FA —FD
C=0X%100

In Table 1: A; is the number of seed holes with a seed; 4, is the number of seed holes with two or more
seeds; H is the total number of seed holes counted; #; is the number of seeds with the seed spacing greater
than 0.5 times the theoretical seed spacing and less than 1.5 times the theoretical seed spacing (the theoretical
seed spacing herein is 10 cm); N is the number of seeds determined through test; n: is the number of seeds
with the seed spacing less than 0.5 times the theoretical seed spacing; o is the standard deviation of seed
spacing.

RESULTS AND ANALYSIS

Effect of seed filling angle on filling performance

At first, the seed filling angle was tested, with the original seed releasing angle remaining unchanged.
The test was conducted at the negative pressure of 3 kPa and forward speed of 8 km/h. The test results were
recorded and counted by a high-speed camera (Table 2).
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Table 2
Effect of seed filling angle on seed filling performance

Seed filling angle [°] FA [%] FD [%)] FM [%]
0 83.54 0 16.46
10 85.36 0 14.64
20 89.73 0 10.27
30 91.78 0 8.22
40 95.32 0 4.68
50 98.64 0 1.36
60 99.67 0 0.33
70 99.05 0 0.95
80 99.32 0 0.68
90 99.83 0 0.17

With the increase of the seed filling angle, FA increased continuously to approximately 100%, and FM
decreased continuously to approximately 0%. When the seed filling angle increased from 0° to 50°, FA and
FM changed significantly. After the seed filling angle exceeded 50°, FA and FM became stable gradually. By
increasing the seed filling angle, the filling performance can be improved effectively to reduce the misses. In
the change process of the seed filling angle, FD remained at 0% all along, indicating that the combined
structure of seed hole and suction hole had a very obvious quantitative effect on seeds, and there were no
multiple seeds filled into the seed hole at the same time, therefore, the clearing parts can be removed to
simplify the seed metering mechanism.

After the regression analysis of FA, the mathematical models of FA and seed filling angle are obtained
as below:

y. =7.19In(x)+68.6, R*=0.96 (1)

The effect of working parameters on the filling performance

As FA tends to be stable when the seed filling angle is greater than 50°, the forward speed and negative
pressure were performed with the dual-factor test at the seed filling angle of 50°. The test results were recorded
by a high-speed camera as well (Fig 4).

0772 1KPalo] 2KPafEE) 3KPa— 4KPal[[[[ 5KPa a
h a 354 a
2

rzaa o
ofH0 0

o
N ®

8 10 1
Forward speed [km/h] Forward speed [km/h]

Fig. 4 - Effect of working parameters on seed filling performance

The upper and lower lowercase letters at the top of each group of data in the column chart represent
the results of significance analysis of the data. Wherein, the upper letter represents the result of significance
analysis of five negative pressures at each speed. If the two groups of data do not contain a same letter, it
indicates that the two groups of data are significantly different. The lower letter represents the result of
significance analysis of 4 speeds at a negative pressure, the same below.
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The negative pressure and forward speed had no significant effect on FD. FD remained at 0% all along
with the change of negative pressure and forward speed, further indicating that single seed quantitative seed
picking can be achieved with the seed hole in an appropriate size without additional seed cleaning device.

At different speeds, negative pressure has a significant effect on FA. FA increases with the increase of
negative pressure, with the increased amplitude changing with the increase of speed. At 6 km/h, the FA is
95.48% at 1 kPa and 99.60% at 5 kPa, with the increase ratio of 4.3%. At 12 km/h, the FAis 66.30% at minimum
at 1 kPa and 91.86% at 5 kPa, with the increase ratio of 27.8%.

Under different negative pressures, FA decreases significantly with the increase of forward speed, which
is the most significant at 1 kPa. FA is 95.48% at 6 km/h, and 66.3% at 12 km/h, with the decrease ratio of
30.6%. FA decreases slightly with the increase of negative pressure. Under the negative pressure of 5 kPa,
the change of FA is the minimum; the FA is 99.67% at 6 km/h and 91.86% at 12 km/h, with the decrease ratio
of 7.8%, indicating that the negative pressure is interactive with the forward speed.

Since FD is 0, FM is 100%-FA. Therefore, the change rule of FM is completely opposite to that of FA.

The effect of the seed releasing angle on the metering performance

The effect of the seed releasing angle on the metering performance was studied at the seed filling angle
of 50°. The test was performed at the negative pressure of 3 kPa and forward speed of 8 km/h firstly. The data
acquisition and processing system of JPS-12 metering test bench was used to record the test results
automatically (Table 3).

Table 3
Effect of seed releasing angle on metering performance
Seed releasing angle [°] A [%] D [%] M [%] C [%]
0 81.61 13.14 5.25 21.85
10 86.32 11.27 2.41 21.12
20 92.03 6.95 1.02 18.65
30 93.65 5.67 0.68 15.48
40 98.48 1.01 0.51 11.05
50 97.53 1.34 1.13 13.62
60 92.61 2.96 4.43 19.84
70 85.42 9.48 5.10 21.22
80 76.33 16.37 7.30 24 .87
90 73.12 18.28 8.60 25.32

At the seed releasing angle of 0°, A is 81.61%, which is low. When the seed releasing angle increases
to 40°, A gradually increases to 98.48%. When the seed releasing angle is greater than 40°, A decreases
gradually to 73.12% at 90°.

After the regression analysis of A, the regression equation of A about seed releasing angle is obtained.

y, =—0.01¢ +0.79% +80.60, R?=0.95 )

Through the derivation of the regression equation, the seed releasing angle is 39.5° when A is at its
maximum.

Different from FD, D is no longer 0%, and decreases first and then increases with the increase of the
seed releasing angle. D is 18.28% (maximum) at 90° and 1.01% (minimum) at 40°.

The change rule of M is similar with that of FD. M decreases first and then increases with the increase
of the seed releasing angle. D is 8.60% (maximum) at 90° and 0.51% (minimum) at 40°.

To further analyze the effect mechanism of the seed releasing angle on the metering performance, the
states of motion of seeds when they are released from the disk at the seed releasing angles of 0, 39.5 and 90°
were recorded with a high-speed camera (Fig.5).
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Front view

Side view

0° 39.5° 90°

Fig. 5 - High speed photos of seed separation

At the seed releasing angle of 0°, when the speed is 6km/h, the initial speed of seed is vertically
downward, and the gravity and speed are in the same direction after the negative pressure disappears. The
acceleration of seed is large and the seed speed is greater than the linear speed of the disk. Therefore, the
seeds collide with the front wall of the seed hole, and the seeds roll, resulting in the forward deviation of the
falling track of seeds. As the front wall is inclined, the seeds have a large axial displacement, which reduces
the metering performance and increases the precision index of seeds. With the increase of the speed, the
linear speed at the edge of the disk increases, the collision between seeds and the front wall of the seed hole
decreases gradually; the falling track of seeds shifts backward gradually, and the axial displacement decreases
gradually. At the speed of 10 km/h, the linear speed of the disk is greater than the releasing speed. The seeds
contact with the back wall of the seed hole, and then the back wall pushes seeds, resulting in backward
deviation of the falling track of seeds. As the back wall is vertical, the axial deviation of seeds is small.

At the seed releasing angle of 39.5°, seeds can be released from the seed hole rapidly as the initial
speed of the seeds is oblique to the lower left; the component of the acceleration of gravity in the speed
direction is small; the horizontal component of velocity of the seeds is close to the linear velocity at the edge
of the disk and the distance that the seeds move with the seed hole simultaneously before the seeds are
released from the seed hole is short, after the negative pressure disappears, so that they will not contact with
the front wall of the seed hole when being released from the seed hole, resulting in a small axial displacement
of the seeds. When the speed varies from 6 to 10 km/h, the seeds don’t contact with the front or back wall of
the seed hole. Therefore, at the seed releasing angle of 39.5°, the metering performance is better and the
precision index is lower.

At the seed releasing angle of 90°, the horizontal component of speed of seeds is theoretically consistent
with the linear speed at the edge of the disk after the negative pressure disappears. Seeds will not contact
with the back wall of the seed hole when they are released from the seed hole. However, actually, the horizontal
component of velocity of the seeds is slightly less than the linear seed at the edge of the disk under the impact
of friction with the wall of seed hole, air friction and other factors. Therefore, the seeds contact with the back
wall of the seed hole. When being pushed by the back wall, with the seed hole moving upward, the seeds
contact with the back wall at different points as they are not a standard sphere. As a result, the horizontal
displacements of seeds are different when being pushed by the back wall, which reduces the metering
performance and increases the precision index. At 6 km/h, the contact time between seeds and the back wall
is short, and the difference of falling trajectory of seeds is small. With the increase of the speed, the thrust of
the back wall on seeds increases, and the difference in the releasing trajectory of seeds increases. At the same
time, as the back wall is vertical, the axial deviation of seeds in the falling process is small.
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Effect of working parameters on the metering performance

At the seed releasing angle of 39.5°, forward speed and negative pressure were performed with the dual-
factor test; the data processing and variance analysis were conducted; and a column chart was made (Fig.6).

The negative pressure has a significant impact on A, and A increases with the increase of the negative
pressure. At the speed of 6 km/h, the negative pressure has no significant effect on A, which remains at about
95%. With the increase of speed, negative pressure has a more and more obvious effect on A. At the speed
of 12 km/h, the negative pressure has the most significant effect on A. A is 60.88% at the negative pressure
of 1 kPa. A increases significantly with the increase of the negative pressure. A is 81.62% at 5 kPa, with an
increase ratio of 34.1%.

The forward speed has a significant effect on A. The lower the negative pressure is, the more significant
the effect of forward speed on A is. Under the negative pressure of 1 kPa, A is 94.85% at 6 km/h and decreases
with the increase of the speed. A decreases to 60.88% at 12 km/h, with the decrease ratio of 35.8%. When
the negative pressure is large, the effect of forward speed on A becomes smaller. At the negative pressure of
5 kPa, A is 95.83% at 6 km/h and decreases to 81.62% at 12 km/h, with the decrease ratio of 14.8%.
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Fig. 6 - Effect of working parameters on the metering performance

The negative pressure has a significant effect on M, i.e., M decreases with the increase of the negative
pressure. At the speed of 6 km/h, M is 3.16% at the negative pressure of 1 kPa.

When the negative pressure is greater than 2 kPa, M does not change significantly and tends to 0%.
The effect of negative pressure on M becomes more and more significant with the increase of the speed.

When the speed increases to 12 km/h, M is 37.06% under the negative pressure of 1 kPa. M decreases
significantly with the increase of negative pressure, and is 9.62% at 5 kPa, with the decrease ratio of 74.0%.

The forward speed has a significant effect on M, i.e., M increases with the increase of the forward speed.
The miss index is the largest under the negative pressure of 1 kPa. M is 3.16% at 6 km/h and increases to
37.06% when the speed increases to 12 km/h, increasing by 10.7 times. With the increase of the negative
pressure, the effect of the forward speed on M decreases. Under the negative pressure of 5 kPa, M is 0% at
6 km/h and increases to 9.62% at 12 km/h.

The negative pressure has no significant effect on the precision index. The precision index does not
change significantly when the negative pressure changes in the range of 1-5 kPa. The forward speed has a
significant effect on the precision index. Researchers at home and abroad have come to a similar conclusion
that the precision index increases significantly with the increase of the speed.

Comparison of the filling performance and metering performance

The filling performance represents the seed picking capacity of the disk, and the metering performance
represents the distribution rule of seeds in seeding ditch. FA and A under the same negative pressure and
speed are compared (Fig.7).
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Fig. 7 - Comparison of the filling performance and metering performance

FA is obviously greater than A under the same negative pressure and speed. The difference between FA
and A becomes more and more obvious with the increase of the forward speed.

a. Seed A detachment b. Seed B detachment

c. Seed dropping d. Seed landing
Fig. 8 - High speed picture of seed falling process

The state of motion of seeds in the process of falling and touching soil after they were released from the
disk was observed with a high-speed camera (Fig.8).

When the seeds on the disk are released from the seed hole, the location and time of releasing of
different seeds are different, and the releasing point, initial speed and angle of releasing cannot be kept
completely consistent. In the process of falling, the position between seeds changes; the seed spacing in the
seedbed decreases or expands, and the positions even change, resulting in the increase of multiple and miss
seeds, and the decrease of A.

In order to improve the metering performance of the compound seed metering device, the seed releasing
location shall be studied next to improve the consistency between the releasing position and time.
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CONCLUSIONS

(1) The seed filling angle has significant effect on FA and FM, which are completely opposite in the change
rule. With the increase of the seed filling angle, FA increases gradually, while FM decreases gradually. After
the seed filling angle exceeds 50°, both of them tend to be stable gradually. In the change process of the seed
filling angle, FD remains at 0% all along, indicating that a significant effect of single-seed picking can be
achieved with the combined structure of seed hole and suction hole.

(2) The negative pressure and operating speed are interactive and have a significant effect on FA and
FM. FA increases with the increase of the negative pressure and drops significantly with the increase of the
forward speed. FA and FM are completely opposite in the change rule, while D remains at 0% all along.

(3) The seed releasing angle has a significant effect on the metering performance. A increases first and
then decreases with the increase of the seed releasing angle, and reaches 98.48% (maximum) at 40°. The
change rule of D and M is completely opposite to that of A. Through the regressive calculation, the seed
releasing angle is 39.5° when A is at its maximum. Under different seed releasing angles, the positions of
seeds colliding with the seed hole when they are released are different, which changes the state of motion of
seeds when releasing and has effect on the metering performance.

(4) The negative pressure and forward speed are interactive and have a significant effect on the metering
performance. With the increase of the negative pressure, A increases and M deceases; with the increase of
the forward speed, A decreases and M increases. The negative pressure has no significant effect on the
precision index, while the forward speed has a significant effect on the precision index. With the increase of
the speed, the precision index increases significantly.

(5) Due to the differences in the time and position of seeds when they are being released from the seed
hole, A is lower than FA under the same conditions. The releasing process shall be further studied next to
improve the consistency between the releasing position and time.
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ABSTRACT
Taking the lubrication system of rotary tillage engine as the research object, this paper makes a three-

dimensional simulation study on the oil flow characteristics in the lubricating oil passage. The oil supply of the
oil pump shall be greater than the circulating oil required by the lubrication system to ensure the lubrication of
the rotary cultivator. Lubrication system is an important part to ensure the reliability and durability of rotary
cultivator. The key component to achieve its performance is the oil pump. The geometric model of lubricating
oil flow field in rotary tiller lubrication system is established by using FLUENT software. The results show that
the pressure drop in the lubricating oil passage of the main bearing is the largest under the same working
conditions. In the oil passage of the cylinder head, the pressure drop of the front main oil passage is the largest
and the oil discharge is the largest. Add 1.6 mm oil pump rotor on the basis of the thickness of the original oil
pump rotor, the oil flow at the connecting rod nozzle reaches the flow index of the original rotary cultivator, and
there is no cylinder pulling phenomenon of the rotary cultivator.
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INTRODUCTION

At present, agricultural land resources are extremely rich, and there are many rural farmers. Promoting
the stable development of agriculture is closely related to the improvement of the living standards of rural
population. At the same time, the improvement of the quality of life of the rural population will also promote the
prosperity of various industries (Savitska S., et al., 2020). The key task of the whole process of agricultural
mechanization development is to focus on improving the comprehensive quality and benefit of agricultural
mechanization of potato, corn, rice, soybean and other food crops. The core direction of the development of
agricultural machinery industry is the intelligence and mechanization of agricultural machinery, which is also
the main direction of realizing agricultural modernization (Bukhtiyarova T.I. et al., 2021; Handler A.M. et al.,
2020). Rotary tiller, as an important tillage machine, it is one of the important equipment to improve the tillage
quality when it is used in field operation. Although some achievements have been made in the research and
development of average depth control of agricultural machinery in the world, there is still a big gap compared
with developed countries, and it is still in a relatively backward stage.

In the development project of rotary tillage engine, in order to better achieve the strategic goal of
sustainable development, reducing oil consumption should be the first problem to be solved in the development
and research of rotary tillage engine (Siddique M. et al., 2021). Under any working conditions, the oil supply
of the oil pump should be larger than the circulating oil required by the lubrication system to ensure the
lubrication of the rotary tillage engine.
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If the oil supply of the oil pump is insufficient, the main bearing and connecting rod bearing of the rotary
tiller will be worn, and the cylinder of the rotary tiller will even be damaged. At the same time, lubricating oil will
deteriorate and fail quickly, which will seriously affect the normal operation of equipment and agricultural
production efficiency. Therefore, the rational and effective design of lubrication system is of great significance
to improve the power, economy and reliability of crusher (Mukhametshin I. et al., 2020; Shevchenko A.N. et
al., 2018).

Due to the complex structure and limited working environment of rotary tillage engine, we can't directly
measure the lubrication parameters (such as crankshaft oil passage pressure, oil leakage, etc.) of some parts
of the lubrication system through experiments. Using FLUENT simulation method to calculate and analyze the
lubrication flow field of the lubrication system can not only get more accurate calculation results, but also save
a lot of time and money and shorten its cycle (Anand R. et al., 2021). Based on this, this paper will optimize
the performance of engine lubrication system for rotary tillage based on FLUENT software, ensure the
lubrication of piston and other parts, and ensure the oil supply of oil pump is sufficient, thus effectively avoiding
the occurrence of cylinder pulling phenomenon, greatly shortening the development cycle of oil pump products,
reducing product cost and improving product quality.

Through the three-dimensional fluid simulation analysis of Aprilia diesel engine oil pump, the three-
dimensional fluid simulation software pmpplix is used to simulate, and the cavitation phenomenon of relevant
fluid in the calculation is considered (Chiavola O. et al., 2021). They compare the experimental data obtained
from the hydraulic test-bed with the simulation analysis results, and find that there is a good correlation
between them. It can be proved that the oil pump can be simulated by 3D fluid simulation software when
selecting or optimizing the oil pump. Flowmaster software can call models with different complexity in different
internal combustion engine lubrication systems, and build and show the interaction of diesel engine fluid
systems through these models, and then use one-dimensional fluid simulation software to complete different
design tasks (Samiezadeh S. et al.,, 2021). When studying the oil pump and lubricating oil circuit, the
researchers used the three-dimensional model of external gear pump and flow pulsation for experimental
evaluation. (Corvaglia A. et al., 2021). Through the three-dimensional simulation model of oil pump, the internal
structure of oil pump is optimized, the phenomenon of trapped oil and cavitation is improved, and the pressure
loss at the corner and joint of complex casting oil channel is accurately predicted, which provides an important
basis for the setting of oil pump (Li D. et al., 2021).

With the improvement of computer level, the numerical simulation method was used to study the flow
characteristics of square section elbow, which provides a new method for the study of fluid in the pipe. In
reference (He M. et al., 2020), the flow characteristics of gas-liquid two-phase flow in a 180° bend were studied
by numerical simulation. The numerical results are in good agreement with the experimental results, which
proves the correctness of the numerical method. The lubrication of crankshaft bearing in internal combustion
engine lubrication system is deeply analyzed and studied, and put forward a complete set of software
implementation scheme from mathematical modeling, analysis and calculation to simulation results, but
unfortunately, only the crankshaft bearing was analyzed (Zhang Y. et al., 2020). With the development of a set
of simulation analysis software for internal combustion engine lubrication system, Simisinov et al. put forward
a brand-new graphical modeling method for internal combustion engine lubrication system by using modular
programming idea (Simisinov D. et al., 2020). Singh et al. used FLUENT software in CFD tool to solve and
analyze the pressure of sliding bearing, and calculated and analyzed the influence of bearing distribution and
the size of upper and lower bearing slots on sliding bearing (Singh R. et al., 2020).

MATERIALS AND METHODS
Brief introduction of FLUENT solution process

Computational Fluid Dynamics (CFD) is a systematic analysis method and tool for simulating fluid flow,
heat transfer and related transfer phenomena by computer. Because of complicated partial differential
equations, most problems in fluid mechanics and heat and mass transfer cannot be solved accurately, and
can only be dealt with by experience or experiment, which makes the application of fluid mechanics in
engineering technology very limited. Among commercial CFD software packages, Fluent is the most popular,
and its utilization rate is very high in countries with high design level such as America and Europe. FLUENT
has developed a variety of flow simulation software, which can simulate various complex physical phenomena
and meet the needs of various users. It is precisely because of its powerful function that greatly facilitates
users and is welcomed by users.
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The process of CFD simulation solution is complex. The solution process of different problems is
roughly the same and can be divided into several steps. The solution process can be represented by flow chart
as shown in Figure 1.

Establish the Determine initial Dividing computing
; i grids and generating
governing equation oondltlongn%ngoboundary compuﬂﬁg g

I ; Discrete initial : .
Given the solution Establish discrete
control parameters m”d“'oggn%”{l’oﬁg“”daw equations

Solving djscrete Does the solution Dlevelllag and outgut
Satiations comerge calculatlon resuts

Fig. 1 - Flow chart of FLUENT analysis

Establishment of mathematical model of oil pump

Circulating oil quantity of oil pump is an important parameter of oil pump performance, and its size
depends on the lubrication system of rotary tillage engine and the structural arrangement of rotary tillage
engine. In the modern internal combustion engine, the circulating oil quantity of the oil pump is generally
calculated by the heat transferred from the rotary tillage engine to the engine oil namely:

Qo
y-C-At 1)
in which: V¢ is the circulating oil quantity of oil pump, L h%; y is the density of engine oil, kg-L?; ¢ is the specific
heat capacity of engine oil, k-J (kg-°C)?; At is the temperature between the inlet and outlet of engine oil, °C;
Qo is the heat absorption of engine oil, kJ-h™. When there is no piston cooling nozzle, Qo is 1.5% ~ 2.0% of
the total fuel heat; piston cooling nozzle, Qo is about 6.0% of the total fuel heat, where the total fuel heat is:
3600 N,

Q= 77e 2)
in which: Ncis the calibration power of internal combustion engine, kW; #e is the effective efficiency of internal
combustion engine.

Actually, the calculation of oil supply of the oil pump is determined according to the layout structure of
the rotary tillage engine and the parts to be lubricated, that is, the oil supply of the oil pump is the sum of the
lubrication flow required by each part.

¢ =

Pipeline model

The flow of engine oil in pipeline belongs to viscous flow, and there are two different flow patterns in
viscous flow: laminar flow and turbulent flow. These two flows have different natures and manifestations, and
their velocity distribution, shear stress size and distribution, energy loss and diffusion properties are different
under various specific boundary conditions. Therefore, first of all, it is necessary to determine the flow state of
oil in the pipeline.

The along-way loss of engine oil is expressed by h,, which is caused by the along-way resistance, that
is, the frictional resistance along the flow path. The characteristic of loss along the route is that the loss is
evenly distributed along the process, and its size is proportional to the length of the process. Along-way loss
analysis is to calculate the pressure loss of engine oil after passing through the pipeline according to the
extracted structural parameters of the pipeline and the flow rate of engine oil in the pipeline.

When the fluid flows through various local obstacles, the movement pattern in the obstacle zone
changes sharply, such as vortex, liquid flow deformation, velocity redistribution, impact and secondary flow,
etc., and then the force hindering the fluid movement is generated, which is called local resistance.
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The resulting energy loss is called local loss. Usually, the spoon is used to express the local head loss per unit
weight of fluid, and its calculation formula is:

hfzgga )

in which:

& -- local resistance coefficient;

ht -- local resistance loss.

It can be seen from this formula that the key to calculate the local loss lies in how to determine the
local resistance coefficient & Generally speaking, ¢ depends on the geometry of local obstacles and the
Reynolds number Re of flow. The relationship between the former and the latter is different in different areas
divided by flow pattern, and its relationship is as follows:

(1) Laminar flow area, at this time, =A/Re; The A value needs to be determined by experiments, and
it depends on the specific types of local obstacles.

(2) Smooth area, at this time, c=B/R¢%-°3; the value of B is determined by experiment.

(3) The resistance square area, in which the local loss coefficient has no relationship with Re, but is
only determined by the geometric shape of the local obstacle.

In this paper, according to the actual measurement of structural dimensions of related parts of rotary
tillage engine, the oil circuit is simplified into a through pipe of corresponding size for convenience of drawing.
The simplified oil circuit model of the engine lubrication system for rotary tillage is established by FLUENT
(Figure 2). For the oil radiator and oil filter, because the internal structure is too complex, they are built into
solid entities, and porous media are used instead in the calculation process. Because of the special structure
and complicated flow, the bearings, intake and exhaust valves and lubricating oil passages of single pump are
equivalent to oil drain holes.

(@) U-shaped tube structure {b) Outlet of oil pump to cooler
Fig. 2 - Special pipeline model

Calculation model of flow resistance of valve

There are two pressure limiting valves in the lubrication system of rotary tillage engine studied in this
paper. The primary pressure limiting valve is installed at the outlet of the oil pump, and the secondary pressure
limiting valve is installed at the outlet of the filter, which is connected in parallel with the whole lubricating oil
circuit to limit the maximum oil pressure of the lubricating system. In the hydraulic valve, the influence of gravity
is negligible. Because of Hi=H,, the influence of gravity potential energy is not considered. At the same time,
the flow of fluid at the valve port is turbulent, and the kinetic energy coefficient is a;=a,=1.

Therefore, Bernoulli equation of flow sections 1 and 2 is:

P v P, V2
D, %

——=—=4+—=+h 4)
y 29 vy

29 °
in which:

P1, P2 -- pressure of sections 1 and 2, MPa;

V1, V2 -- the velocity of sections 1 and 2, m/s.

The energy loss hs can be expressed by the product of the resistance coefficient £ of the valve port
and the speed, i.e.:

V.
hy=¢_% (5)
29
2 2 2
i_,.vilzi_kviz_;’_gviz (6)
vy 20 y 29 "29
According to the principle of fluid continuity
Q=Av,=AV, 7

where: A; is the area at the overcurrent section 1, m?;
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A; is the area at the overcurrent section 2, m2.

Available:
2
ﬁ(lJrez)_ﬁ[ﬁj _R_R (8)
29 29\ A 7oy
Solving equations:
v,=C, 2AR-R) (9)
o)
1
in which, C = T - Cyis the velocity coefficient, and it is determined by experiments that C,=0.96-
V1+E-(AIA)

0.98. It can be approximated as 1 in calculation. Add a shrinkage coefficient Co=A>-A1, where A is the flow area
at the valve port, then:

Q=AV, =CAV, = Q/COA\/Z(Pl - PZ) = CA\/Z(Pl - PZ)
P P
In this formula, C=C,\Co is called flow coefficient. The flow coefficient is different for different orifice
shapes. In hydraulic valves, slide valve type sliding port and cone valve port often appear. The flow coefficient
C = 0.65 of the slide valve port is determined by experiments. Flow coefficient C = 0.77-0.80 of conical valve
port. The cross-sectional areas in front of and behind the valve port are equal, so the relationship between
pressure drop and flow rate of the valve is:

AP=Pl—P2=(g) L (12)

(10)

CA) 2

RESULTS
Analysis of lubrication system in cold start

At cold start, the rotational speed of the rotary tillage engine is 609r/min, and the measured pressure
of the engine oil at the outlet of the filter is 0.15MPa. Fig. 3 shows the overall pressure nephogram of internal
oil from the main oil passage to each outlet, and fig. 4 shows the oil pressure values of the main parts between
the main oil passage and each oil injection point.

Fig. 3 - Pressure diagram at cold start

Engine speed is 609 r/min

At oil supply camshaft I 0.053
At the rear value camshaft I——————— 0.055
At the front value camshaft INEEE—————— 0.071
Piston oil injection position I—————— 0.043
Atthe big end of connecting rod I 0.108
At the main bearing I 0.144
Filter cutiet I 0.15

0 002 004 006 008 01 012 0.14 0.16
Oil pressure /Mpa

Fig. 4 - Pressure value of main parts
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It can be seen from the data in the figure that the oil reaches the main bearing through a vertical elbow
in the accessory bracket, and the oil pressure is 0.144 MPa. Part of the engine oil passes through the wetting
place at the big end of the connecting rod connected with the main bearing, and the engine oil pressure is
0.108 MPa. At the nozzle of piston cooler, the pressure is 0.043 MPa. The engine oil passes through the
nearby bracket and reaches the oil passage of the front valve camshaft, and the pressure is 0.071 MPa. In the
oil passage of the rear valve camshatft, the pressure is 0.055 MPa. The pressure at the oil supply camshaft is
0.053 MPa.

According to the design experience, the circulating oil quantity of the rotary tillage engine with engine
oil cooling piston, that is, the lubricating oil flow of the main oil passage, should meet V=(0.42-0.57)Nk,

where Ne represents the power of the rotary tillage engine. Therefore, the circulating oil quantity of rotary tillage
engine should be between 28-38L/min, while the oil supply quantity of oil pump is 54.3128L/min and the
lubricating oil flow of main oil channel is 39.61L/min, which proves that the oil supply quantity of oil pump and
the flow of main oil channel meet the design requirements. Fig. 5 shows the optimization process of engine
lubrication system for rotary tillage.

S G o

Fig. 5 - The optimization process of the engine lubrication system for rotary tillage

Fig. 6 is a graph showing the variation of lubricating oil distribution with rotating speed in several key
parts, which lists the distribution of oil supply of oil pump, main oil passage flow, total flow of five main bearings,
total flow of four connecting rod big end bearings and total flow of four cooling nozzles.
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Fig. 6 - Variation diagram of lubricating oil distribution with rotating speed

Its distribution law has the following points:

(1) Generally speaking, the oil distribution of each part increases with the increase of rotating speed;

(2) In the medium and small speed range, the oil supply of oil pump increases linearly with the increase
of speed, and its outlet flow all flows through the main oil passage without valve leakage.
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In the middle and high speed region, the oil supply of the oil pump continues to increase linearly with
the increase of the speed, but the oil supply of the main oil passage increases very little, because the pressure
in the lubrication system has increased to the pressure of opening the safety valve at this time, and a large
part of lubricating oil leaks back to the inlet of the oil pump through the safety valve when the safety valve is
opened.

(3) Most of the lubricating oil after passing through the main oil passage is distributed to the main
bearing, the rest is the connecting rod bearing and the piston nozzle again.

Optimization of lubrication system

Due to the complex structure, high manufacturing cost and high price of the raw oil pump, it cannot
meet the economic requirements of the main oil passage, so a new pump is needed to replace the old one.
The outlet pressure of the new oil pump is required to be greater than 2bar at the lowest speed. The minimum
speed of oil pump is 425 r/min, and the maximum speed of oil pump is 1277 r/min. After improvement, it is
required that the pressure in the main oil duct should be increased, and when the rotational speed of the rotary
tillage engine reaches 1500 r/min, the pressure should be close to 0.7MPa. In this way, sufficient lubrication
effect can be ensured, which not only reduces the friction between parts and the work lost due to friction, but
also can better take away heat and adjust the temperature.

In normal operation, the engine oil inlet temperature for rotary tillage is 87.9-94.5°C, at which time the
oil viscosity is 90-100SSU, 45-49SSU at 125.7 °C and 3600-8600SSU at 10 °C. There are two kinds of oil
pumps that can be selected according to requirements: APV-5295-3 and APV-5183-3. These two kinds of oil
pumps are respectively brought into the lubrication system model for simulation. For convenience of
comparison, APV-5295-3 oil pump will be referred to as oil pump 1 and APV-5183-3 oil pump will be referred
to as oil pump 2 hereinafter. Input the data of two new oil pumps into the model and run the module. The ratio
of loss coefficient to Reynolds number of the introduced new oil pump is shown in Figure 7.
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Fig. 7 - Ratio of oil pump loss coefficient to Reynolds number

The change of oil pump outlet pressure with rotary tillage engine speed is shown in Figure 8.
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Fig. 8 - The change of oil pump outlet pressure with rotary tillage engine rotational speed

The change of oil pump flow rate with rotary tillage engine speed is shown in Figure 9.
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Fig. 9 - The change of oil pump flow rate with rotary tillage engine rotational speed

It can be seen from Figure 8 and Figure 9 that the changes of pressure and flow rate of both oil pumps
increase with the increase of rotating speed. The increasing trend is approximately linear. This shows that the
oil pump has good responsiveness, and can satisfy the lubrication of rotary tillage engine at various speeds,
with corresponding changes. The No.1 oil pump is higher in pressure and flow than the No.2 oil pump, which
is more effective and increases the amount of lubricating oil entering the main oil passage of the lubrication
system. The analysis results are shown in Figure 10 and Figure 11.

Figure 10 is a comparison chart between the oil pressure test data of the main oil passage of the new
rotary tillage engine using the new oil pump 2 and the simulation data. The error between the two is within 4%,
and the maximum deviation is 0. 02 MPa, which confirms that the simulation calculation model of the new
rotary tillage engine is accurate.
0.7

06

e
o

o
n

New engine test data

Pressure / MPa
o
w

New engine simulation
data

o
)

o
-

o

0 2000 4000 6000
Engine speed (/ min)

Fig. 10 - Comparison of pressure test and simulation data of main oil passage of rotary tillage engine

Figure 11 is a comparison between the flow rate of connecting rod nozzle produced by new rotary
tillage engine at different speeds and the flow rate produced by original rotary tillage engine with original oil

pump.
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It can be seen from Figure 11 that the flow rate of the connecting rod nozzle of the new rotary tillage
engine is slightly lower than the original reference index at medium and low speed, which is mainly reflected
in the three operating points of 1700 r/min, 2300 r/min and 3100 r/min. Therefore, according to these three
speed operating points, the nozzle flow of the new oil pump connecting rods is simulated and calculated, and
the results are shown in Table 1.

Table 1
Comparison of simulation results of nozzle flow of two new oil pump connecting rods

Rotation speed Connecting rod Connecting rod Connecting rod

(min) nozzle flow rate nozzle flow rate nozzle flow rate
(L-min) (L-min) (L-min)

(Original pump) (New pump 1) (New pump 2)
1700 0.624 0.617 0.571
2300 0.775 0.779 0.736
3100 0.862 0.893 0.852

It can be seen from table 1 that the flow requirement of connecting rod nozzle is higher when the
rotational speed of rotary tillage engine is 1700 r/min, because 1700 r/min is the low-speed torque point, and
VVT (Variable Valve Timing) requires higher oil pressure at the low-speed torque point. Under this rotational
speed of rotary tillage engine, the oil pump pumps less oil and the leakage at VVT is large, resulting in lower
flow at connecting rod nozzle. For the new oil pump 2, when the rotational speed of the rotary tillage engine is
1700 r/min, the flow rate of the original oil pump connecting rod nozzle cannot be reached, but the new oil
pump 1 meets the requirements.

CONCLUSIONS

In this paper, the lubrication system of rotary tillage engine is studied, and the lubrication system model
of the engine is simulated by FLUENT software. According to the calculation results, the working condition of
the engine lubrication system for rotary tillage was analyzed, and the optimization scheme was put forward.
The research results show that: according to the data of the new oil pump, the curves of pressure and flow
changing with rotating speed are made. The result is approximately linear, which indicates that the new oil
pump has better response. The flow rate of engine oil at the connecting rod nozzle reaches the flow index of
the original rotary tillage engine, which meets the requirements of the rotary tillage engine lubrication system
and solves the cylinder pulling problem. The analysis and test results achieved by this optimization method
are consistent, which provides a theoretical basis for the performance optimization and engineering application
of the rotary tillage engine lubrication system, and reduces the production cost and development cycle.

In this paper, the simulation optimization of engine lubrication system for rotary tillage mainly focuses
on the analysis of pressure and flow rate of main structure, and there is still some work to be further studied.
For example, the branches of lubrication system, such as camshaft rocker arm and tappet, need to be studied.
The lubricating oil flow of these components is small, so it is necessary to analyze the influence of its tiny flow.
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ABSTRACT
In order to improve the quality of modern dairy industry, it is an inevitable trend to implement intensive control

feeding of dairy cows, which is also the development direction in the future. Different feeding methods have
different important effects on the health of dairy cows. For example, calves grow and develop rapidly during
lactation, their physiological structure changes rapidly, and their digestive function is not perfect. In the
production of dairy farms, the scientific feeding mode of calves indirectly affects the overall benefits of dairy
farms. Therefore, aiming at the above problems, this paper studies how to accurately control the quality of
dairy cows. A cow precise feeding control system based on wireless communication technology and cow
information management technology is studied, which solves the problems of wireless information
transmission, automatic and accurate cow identification and dual-mode operation of feeder, and ensures the
accurate supply of cow concentrate.
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INTRODUCTION

Agricultural production is the foundation of national economy in agricultural countries, which is related
to the security of national economy and social stability. (Tian H. et al., 2020). The proportion of agriculture as
the primary industry in the national economy has gradually declined (Minakov I. A. and Nikitin A. V., 2019). In
the modern agricultural industrial structure, dairy industry is the most efficient industry, especially in the
agricultural developed countries, the output value of dairy industry accounts for about 20% of the total
agricultural output value (Rosa L. et al., 2020). In order to realize the healthy and rapid development of dairy
industry, the implementation of dairy fine feeding technology is an inevitable trend, and it is also the main
development direction of modern dairy industry (Pe'Er G. et al., 2019). From the perspective of system
structure, the dairy industry structure is mainly composed of raw milk production, dairy products processing
and marketing (Dong C. Y. et al., 2020). As the dairy industry is a part of the raw milk production system, the
development of dairy industry is the basis for the development of dairy industry (Storm H. et al., 2020). The
automatic feeding system of dairy cattle is one of the earliest and most effective fields in the application of
advanced electronic technology in agricultural production. As the basis of automatic information management,
cow automatic number recognition device was successfully developed in the mid-1970s and became a
commercial product (Doss C. R., 2018). The reserve group of adult lactating cattle in dairy farm is calves.
Different feeding methods of calves not only affect the healthy growth of calves, but also have an important
impact on the later growth of calves and the performance of adult milk production. Therefore, it is very important
to grow calves for the development of the whole dairy farm and even the whole dairy industry (Maleko D. et
al., 2018).
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With the development of agricultural science and technology, precision agriculture will become the
development direction of modern agriculture. The per unit area yield of dairy cows has not increased
significantly, and the development of dairy industry is still in the initial stage of extensive quantitative expansion
(lglinski B. et al., 2020). Calves in the lactation stage have rapid growth and development, rapid changes in
physiological structure, strong plasticity, and incomplete digestive function (Van Damme M. et al., 2018). With
the rapid development of breeding industry, the feeding mode of calves is too simplistic, which affects the
growth and development of calves (Qin Y. et al., 2020). The reserve group of adult lactating cattle in dairy farm
is calves. Different feeding methods of calves not only affect the healthy growth of calves, but also have an
important impact on the later growth of calves and the performance of adult milk production (Costa J. H. C. et
al., 2021). Because the healthy growth of calves and low calf mortality can lay a solid foundation for the growth
and development of dairy cows, calf feeding has become the primary task of dairy cattle production, and it is
also an important link to create a high yield of cattle (Goulart R. S. et al., 2020). For a long time, with the
development of animal husbandry and beef cattle industry, people did not adopt a relatively strict calf culture
method, which was more random and affected the normal growth and development of calves (Humer E. et al.,
2018). There is a large space for the development of dairy industry. Under the new situation of vigorously
developing dairy industry, especially in the process of large-scale dairy farming, fine breeding based on
individual information of dairy cows is the main research direction of modern dairy scientific breeding (Jensen
M. B. et al., 2017).

There is a large space for the development of dairy industry. In the new situation of vigorously
developing dairy industry, especially in the process of large-scale dairy farming, fine feeding based on
individual information of dairy cows is the main research direction of modern dairy scientific feeding. It is difficult
to develop dairy farm automation equipment and computer integrated management system. At present, the
development and application personnel of dairy automatic identification system pay less attention. Dairy farm
equipment generally has the problems of single function, low efficiency and high failure rate. Most of the dairy
farm management is still at the level of manual management. The self-propelled cow precise feeding
technology provides the feed needed by individual cows according to the physiological characteristics of cows,
implements the "distribution according to demand and quantitative milk" of cow feeding, and realizes the
automation, refinement and intellectualization of cow breeding. With the rapid development of Internet of things
technology, its application fields are penetrating into all fields of social life including agriculture. Internet of
things technology refers to the use of local network or Internet and other communication technologies to
connect sensors, controllers, machines, people and things together in a new way, forming a network of people
and things, things and things, realizing informatisation, remote management and control and intelligence. This
paper studies a self-propelled precision feeding control system based on wireless communication technology
and cow information management technology, which solves the problems of wireless information transmission,
automatic and accurate identification of individual cows and dual-mode movement of feeding machine in
precision feeding technology of cows, and ensures the accurate supply of concentrate for cows.

Literature suggested that due to the improvement of internal nutrients and physical processing
characteristics, and combined with the implementation of group feeding mode, the total mixed ration (TMR)
feeding mode promoted the increase of per unit area yield of dairy cows in different degrees. However, the
characteristics of feeding behaviour still adapt to the new feeding mode and management concept needs to
carry out behavioural observation and research after the change of conditions in order to explore the new rules
of feeding. In reference, a new design method is proposed. The intelligent precise feeding system of dairy
cattle, combined with the corresponding mechanical structure, becomes a feeding robot, which is hung on the
track, runs according to the designed program, runs along the track, automatically identifies the dairy cows,
accurately proportions and mixes the feed for each dairy cow, realizes regular feeding for many times every
day, and can change the feeding curve, memorize and download the delivery records. In reference, a self-
propelled accurate feeding control system for dairy cows was proposed, which solved the problem of automatic
identification of individual dairy cows, and the measurement error was controlled at about 2%. The
measurement error of the latter has been improved obviously, but it is not enough to identify individual cows
and record feed intake for further study of the feeding behaviour of cows. Under the automatic control of
computer technology, calf feeding machine can accurately feed many calves. It can not only ensure the
nutritional needs of different individual calves, but also find out the abnormal condition of calves in time, saving
a lot of labour. In large-scale dairy farms with increasing workload and rising labour costs, such automatic calf
feeding machinery is needed to ensure the operation and expansion of the pasture.
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MATERIALS AND METHODS

With the transformation of dairy industry from scale and quantity type to quality type, it has become
the development direction of cattle owners to improve individual milk yield and overall economic benefits of
cattle, and it has become an inevitable trend for dairy farms to introduce computer management. The MCU
control system receives the data sent by the information management software and stores the data in the
external memory. When feeding, the SCM control system controls the dual-mode traveling mechanism to move
forward. When the RFID card reader of the feeder identifies the tag installed on the cow's ear, the SCM control
system receives the cow tag number sent by the card reader and controls the feeder to stop traveling. A PC is
installed in the operator management office to realize the functions of man-machine conversation, data storage
and processing, and given control commands. The feeding station includes milk storage tank, milk box, milk
tank, electromagnetic valve, heater, ear tag reader, weighing scale, single chip microcomputer control box,
etc. Single-chip microcomputer integrates microprocessor, random access memory, read-only memory,
various I/O ports, interrupt systems and other input and output interfaces, and has been widely used in the
field of industrial control, with strong functions, fast processing speed and low power consumption.

The designed MCU is the core part of the lower computer of calf feeding control system, which is
responsible for communicating with the upper computer and controlling the action of the actuator and even the
whole feeding process. Its performance stability, application field, self-contained resources, scalability, cost
and compilation complexity, development environment and so on are several conditions that must be
considered in the selection process. As shown in Figure 1, the whole feeding control system consists of six
modules or systems: identification system, feeding console, weighing quality system, feeding system, feeding
behaviour data cache system and data storage management and analysis system.

Weighting
system

Identification Central feeding
system control system

Feeding system

Feeding behaviordata
caching system

Storage management and
analysissystem of feeding behavior
data

Fig. 1 - Feeding control and data acquisition system structure

Before feeding, the upper computer runs the cow information management software, and uses the
software to call the physiological characteristic information data of the cow and process the information. The
processed feeding data and the cow ID are sent to the MCU system through wireless transmission, and the
MCU system receives and saves the data. The single chip microcomputer control system analyses the
identified tag number to determine whether to feed. If the received tag number is a valid tag number, the single
chip microcomputer control system controls the accurate feeding device to feed the cow through the stepping
motor. When a calf with an ear tag comes to the milk trough to eat milk, the card reader in the feeding station
recognizes the electronic ear tag worn by the calf, and transmits the electronic tag to the microcontroller. At
the same time, the electronic scale begins to weigh the calf, and transmits the obtained ID number of the calf
identification and the data of the weighing sensor to the upper computer through the RS-485 bus. The calf
feeding control system is mainly composed of identification system, temperature control system, upper
computer control system, peristaltic pump precise feeding system and communication system. When calves
wearing ear tags approach the identification system, the machine matches the information of calves imported
into the control system by identifying the ear tag ID, calculates the feeding amount, and sends the feeding
amount to the MCU, which converts the feeding amount into pulses and transmits them to the servo motor
driver to drive the peristaltic pump to feed accurately. The overall schematic diagram of the system is shown
in Figure 2.
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Fig. 2 - Feeding control system

Reader, i.e. radio frequency tag reading and writing equipment, is one of the two important components
of radio frequency identification system. Generally speaking, the reading and writing equipment of radio
frequency tags should be designed according to the reading and writing requirements and application
requirements of radio frequency tags. When feeding, adjust the feeder to the manual control mode, manually
operate the feeder to the tower of the cattle farm for feeding, and then drive the feeder to the pen to be fed,
and adjust the feeder to the automatic control mode. Calves are sensitive to the changes of external feeding
environment, and the most suitable temperature for feeding is 39°C. Too high or too low temperature is not
conducive to the digestion and absorption of nutrients by calves. Excessive milk temperature will damage the
intestinal mucosa of calves, reduce absorption capacity, cause nutritional diarrhoea and anorexia. If the
temperature of milk is too low, the milk will be discharged in intestines and stomach, and the nutrition will not
be absorbed completely, which cannot meet the needs of calf growth. With the development of radio frequency
identification technology, some typical system realization modes have been formed for radio frequency tag
reading and writing equipment. From the most basic principle point of view, radio frequency tag reading and
writing equipment generally follows the basic mode. The main factor affecting the communication between the
electronic tag and the reader is the working frequency, so the working frequency is determined according to
the application requirements and the standards of various countries and regions.

The upper computer software control system calculates the milk feeding amount according to the
formula of calf milk feeding amount, and converts the milk feeding amount into the required milk height in the
milk box. The actual driving process of the automatic electromechanical control system is analysed, and a
unified visual and behavioural model is formed, as shown in Figure 3.

Sport training External environment

Visual and behavioral
models

| Obiect detection | _
- Motion command

— sequence
| Action detection |

Fig. 3 - Vision and behaviour model

As the upper computer, PC stores, processes and analyses the data transmitted from the lower
computer, and transmits various control commands to the lower computer through RS232/485 bus structure
to realize centralized management and optimal control. Figure 4 is the flow chart of control system fault
diagnosis algorithm.
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Fig. 4 - Control system fault diagnosis algorithm flow

The upper computer transmits the required milk height to the lower computer through the serial port,
and starts the MCU control system to control the opening and closing of the solenoid valve and heater, thus
realizing the scientific control of the temperature and milk quantity of feeding calf milk. When cows wearing
electronic tags enter the reading range of reading and writing equipment, the recognition system can recognize
that many cows wear electronic tags, but for cows, in order to ensure the correct supplementary feeding
amount, the reader-writer is set in the fence of the channel, and the channel within the setting range in this
direction is determined. The channel can only accommodate a single cow to eat, and the identification system
can identify the information data of individual cows, thus avoiding confusion caused by multiple cows wearing
electronic tags eating at the same time within the reading and writing range of the reader. In order to ensure
the cleanness and hygiene of the normal milk processed by the equipment, water bath heating is designed,
but there is a delay when the energy is transferred from water to the normal milk during heating, so the
temperature control equipment system has great lag, the temperature is too high or too low to be accurately
controlled, and even the pasteurization process is changed. The feeder automatically travels along the feeding
trough under the control of the single chip microcomputer. When the feeder travels to the feeding area of dairy
cows, the wireless radio frequency card reader identifies the tags worn on the ears of dairy cows in advance,
and sends the identified tag numbers to the single chip microcomputer control system.

RESULTS
System function analysis

The foundation and key of the research and development of precision feeding control system for dairy
cows is to identify individual dairy cows accurately and quickly. Only after accurately and quickly identifying
the individual dairy cows who are taking food can the reasonable feeding amount of the individual dairy cows
be determined according to the preset feeding strategy, and the feeding control of concentrated feed can be
carried out on this basis. There are strict rules on the feeding amount of calves. At this stage, overeating calves
will lead to over nutrition and diarrhoea, and in severe cases, the calves will suffer from diseases and die. If
calves eat too little, they will not develop well, which will affect their later growth and development. In the case
of a small number of animals, it is relatively easy to identify individual animals by these methods, and the
identification process is relatively effective and intuitive. However, many of these traditional animal
identification methods have shortcomings, which will cause discomfort or damage to individual animals, so
these methods are difficult to be widely used in automatic management, so it is difficult to realize the scale of
animal production. The MCU control system controls the feeder to stop moving forward, compares the
identified tag number with the ID number in the memory, and after finding the corresponding ID number, calls
the feeding data of dairy cows, starts the spiral feeding device, and puts the concentrated feed needed by
dairy cows.

When working, the host computer circularly scans all data collectors to collect data, circularly scans
the control mechanism to collect real-time feeding amount, displays timely data on the console, and sends
information to the management platform to run the management software in real time. Figure 5 is the structure
of the control system agent node.
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Fig. 5 - The structure of the intelligent body node of the automatic electromechanical control system

Data acquisition, visual positioning and data receiving modules transmit data through interfaces. The

data format is shown in Table 1.
Table 1

Data format

Name Length
Start flag 4
Data length 6
Command word 7
Data part 12
Termination code 7

In the working environment of RFID system, if there are a lot of metals, water and other substances,
the identification accuracy of electronic tags will be affected. Figure 6 shows the consistent distributed control

state of agents.

Fig. 6 - The state of consistent distributed control of the agent

Choose a 3-layer 5-input 5-output BP network controller, including 5 input nodes, 5 output nodes, and

1 hidden layer.
The calculation formula for the error of the p-th sample:

E, :{Z(tpi—opi }/2 (1)

i
In the formula, t,i is the expected output value, and Oy is the actual network output value. The input of
the input node is x;, and the output of the hidden node is:

Yi= f(zwijxj _‘9i) @)

In the formula, Wj; is the connection weight, and 6; is the node threshold. The output node output O; is:
OI = f[ZTijyi _HIJ (3)
In the formula, Tjj is the connection weight, and 6, is the node threshold.
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The speed response of the motor in the dynamic process is an oblique straight line, which shows that
the motor is basically started with the maximum torque. When the speed reaches the target speed of 200rad/s,
it stabilizes, and the motor torque stabilizes accordingly. The motor torque waveform is shown in Figure 7.
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Fig. 7 - Motor torque waveform

The system administrator can run the management software from the management platform to input
the basic information and various parameters of cows, and the computer can automatically calculate the
concentrate feeding amount and feeding times according to the weight, stage, parity, pregnancy, physiological
cycle, milk yield, milk quality and environmental factors of cows. The system uses PC as the feeding
management platform to run the information management software. The information management software
collects the physiological characteristic data of cows by calling the cow farm database, analyses and calculates
these data, and finally sends the valid data to the MCU control system through the wireless transmission
device. When working, all kinds of electrical equipment will radiate electromagnetic waves with different
frequencies, and the RFID module will be interfered by electromagnetic waves, thus affecting the normal
reading and writing recognition rate. In addition, other radio equipment will send out the same frequency
wireless signals in the working environment, which will occupy the bandwidth of the radio frequency
identification communication module, seriously affect the radio frequency identification module, and may even
cause the system to fail to work normally.

System structure analysis

When in the state of system debugging, setting and correcting control parameters, and sending
commands by the upper computer, the upper computer is always in the state of active communication, and
the method used is query method, with sending before receiving. In practical work, with the application of radio
frequency technology, it will be greatly affected when absorbing electromagnetic waves or hindering the
transmission of electromagnetic waves. When the cow approaches the concentrate feeding trough, the cow
identity automatic recognizer recognizes the identity of the cow and sends the information to the computer
management system. After the computer processes the information, it sends a control command to the
automatic feeder according to the preset value, and the automatic feeder accurately feeds according to the
command. When feeding, the SCM control system controls the dual-mode traveling mechanism to move
forward. When the RFID card reader of the feeder identifies the tag installed on the cow's ear, the SCM control
system receives the cow tag number sent by the card reader and controls the feeder to stop traveling. Figure
8 shows the automatic feeding system of dairy farm.

Fig. 8 - Fully automatic feeding system for dairy farms
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The whole communication process is in the form of polling, and the slave machine can send out a
reply signal only when the PC accesses it. The slave is always waiting for the serial interrupt, and as soon as
it receives the data, it immediately enters the serial interrupt to process the data. Establish a multi-mode
cooperative working environment by using the existing technology. Collaborative work support platform with
integrated multimedia mode. The operation flow of cooperative design is shown in Figure 9.
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Fig. 9 - The operation process of mechanical processing cooperative design

According to the operational capability of power factor, each control strategy is different. Under the
condition of constant resistance load resistance, the simulation results of each control strategy are shown in
Figure 10(a). The simulation result curve under the condition of constant power load resistance is shown in
Figure 10(b).
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Fig. 10 - The power factor operation capability of each control strategy

When transmitting data, the ports of each MCU are inquired by the PC, and all the lower computers
are always in the monitoring state, waiting for the upper PC to send instructions. The single chip microcomputer
control system analyses the identified tag number to determine whether to feed.
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If the received tag number is a valid tag number, the single chip microcomputer control system controls
the accurate feeding device to feed the cow through the stepping motor.

In practical work, we should consider as much as possible to ensure the accessibility of reading and
writing equipment and electronic tags, adjust the reader-writer distance, reader-writer power parameters and
reduce the influence of working environment on the normal work of RFID module. The basic function of the
system is to automatically identify the cow's identity, and automatically feed each cow with concentrated feed
several times according to the set value. In addition, it can also realize the functions of milk cow yield
monitoring, milk cow weight monitoring, milk cow activity monitoring, oestrus monitoring, output of various
reports, analysis of milk cow conditions, etc., or expand other functions as required. When the upper PC sends
instructions, all the lower PCs can receive and compare their addresses with the received address frames. If
the two addresses are the same, the instructions or data will continue to be received, and if they are different,
they will be ignored. After receiving the reply from the lower computer, the upper computer starts to prepare
for receiving data, otherwise, it interrupts the line and continues to query the port of the next single-chip
microcomputer until the end of receiving.

CONCLUSIONS

Self-propelled precise feeding technology for dairy cows is an advanced feeding technology for feeding
dairy cows according to individual physiological information of dairy cows, and the corresponding feeding
equipment has the characteristics of simple operation and high automation. The system uses PC as the feeding
management platform to run the information management software. The information management software
collects the physiological characteristic data of cows by calling the cow farm database, analyses and calculates
these data, and finally sends the effective data to the MCU control system through the wireless transmission
device. When transmitting data, the ports of each MCU are inquired by the PC, and all the lower computers
are always in the monitoring state, waiting for the upper PC to send instructions. When working, all kinds of
electrical equipment will radiate electromagnetic waves with different frequencies, and the RFID module will
be interfered by electromagnetic waves, thus affecting the normal reading and writing recognition rate. On the
basis of large-scale data analysis, we can obtain more general rules of dairy cows' feeding behaviour, and
even refine the feeding behaviour characteristics of different lactation stages. With the continuous development
of agricultural refinement, dairy cattle precision feeding technology will continue to promote the application in
modern dairy farming.
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