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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]
3
x10 — Y - Position of center of mass of biomass particle [mm] Imn]
2.0
| - 600
1.8 —| | nimmnann L
1.6 - — 500
— 1.4 - I —
& 1 - a00 E
g 12 I =
- (0]
§ -
1.0
§ | — 300 ‘_%
& &
a 0.8 B a
® | 5
.| 200
0.4 —
4 — 100
0.2 |
0.0 T T T T T T T 0
0 10 20 30 40 50
Time [s]

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.

15
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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).
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(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)

0 ! 500 T T T T T )
0 100 200 300 400 500 600 700 100 150 200 250 300 350 400 450 500
(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.
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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.

W=

AT G AR BRI TS TR ol [ 4 BT O BE 7B LA AL KBRS L iR B9 T F
ZHLUFICTEAWFEFE . 1RIGEI TR FTFTHIZEFHF 1, 2 X AR FH ] e 2 BT Ui 2, 731t T 5 39 )i 2
THFEHT LB ZF R T =R E =KV & i 2 R - T el Y BT LI BEFEE A T T 15 9 BT L) EFE -
LLO° Tr a0 G IR R A FdE T IR LB B V)38 78 7T B )7 7 R B KR I BEFE »

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.

Fig. 2 - Stalk compressing schematic diagram

Moving kaife

U-shaped grooves
clamp

Slide 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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