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ABSTRACT

The paper investigates the performance of an optimized version of a novel heating equipment that is
based on a top lit updraft (TLUD) gasifier. The system uses the bioenergy potential of residues from
agriculture, in order to increase the energy independence of greenhouses and hothouses. It also produces
10 to 15% biochar that can be subsequently used as fertilizer in the same greenhouse or hothouse. A
Computational Fluid Dynamics analysis on an improved model of a previous design was performed, in order
to evaluate the flow and temperature of the heated air to the outlet of the system. Also, the total mass flow of
air to be used for greenhouse heating is calculated.

REZUMAT

Lucrarea analizeaza performantele unei versiuni optimizate a unui model de echipament de incélzire
care are la baza un gazeificator TLUD. Echipamentul utilizeaza potentialul energetic al reziduurilor agricole,
pentru cregterea independentei energetice a serelor si solariilor de mici dimensiuni. Ca produs secundar, se
obtine 10-15% biochar, care poate fi utilizat ca fertilizator in aceeasi serda sau solar. Procesele
termodinamice si performantele sistemului sunt determinate cu ajutorul analizei CFD, iar in baza rezultatelor
obtinute se propune o solutie optima. De asemenea, este calculat debitul total maxim de aer cald care poate
fi furnizat de echipament pentru incélzirea serei.

INTRODUCTION

Exploitation of the full potential of biomass is a strategic aspect of the EU renewable energy policy, as
stated in Directive 2009/28/EC on the promotion of renewable energy sources (EUParliament, 2009). In the
framework of the EU Directive, 20% improvement in energy production and 20% greenhouse gas emissions
(GHG) savings should be achieved. These targets can be reached by means of a strategy that, among
others, should establish efficient supply chains and technology paths.

In this respect, the lignocellulosic residual biomass generated by agricultural and forestry related
activities represent an economically and environmentally convenient bioenergy resource. Critical aspects
such as abundancy, land competition with food crops, or GHG emmisions, render residual biomass as being
advantageous when compared with dedicated energy crops (Ayhan, 2008) (Paiano & Lagioia, 2016).
Moreover, unlike wind or solar energy, biomass can be easily stored and constantly supplied when required.

In the framework of this legislative context, scientific research aims to achieve these objectives
towards a strategical implementation of efficient biomass based energy solutions. It is therefore mandatory to
overcome the current specific technical and economical impediments. Disadvantages like biomass low bulk
density, its dispersion over territory, water content, and its low energy density versus fossil fuels, significantly
increase the collection and transportation costs per unit of energy produced from residual biomass. From this
point of view, a viable solution for rural areas consists of using small scale solutions for heat generation. It is
therefore possible to use the locally available biomass resources, and thus to reduce or eliminate
transportation costs.

Heat production through biomass burning has however low efficiency and generates problems related
to air quality, due to emissions of N,O, CH,, particulate matter (PM) and polycyclic aromatic hydrocarbons
(PAH) (Devesa-Rey, et al.,, 2011). Thermo-chemical biomass conversion through gasification is an
alternative of higher efficiency. Gasification reactors demonstrated many benefits depending on their type,
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such as high carbon conversion, ability to scale-up, or low tar production. Apart from these advantages, they
also pose disadvantages like sensitivity to biofuel moisture, complexity, low production of H, and CO,
resilience, ash deposition on the reactor walls that lead to bed sintering, or maintenance costs (Molino, et al.,
2016), (lovane, et al., 2013), (Wang, et al., 2008).

To improve the gasification sustainability, researchers oriented towards the use of biochar product
from gasification mainly as soil amendment. Up to 80% of biochar composition is unreacted carbon. It has
increased capacity to hold water, and demonstrated the capacity to improve soil fertility, to reduce its acidity,
and to mitigate the process of pesticides leaching to groundwater (Patuzzi, et al., 2016), (Fowles, 2008).
Negative aspects related to gasification char are also encountered in terms of potential contaminant content,
such as furans, heavy metals, dioxins, or PAH. Yet it has been demonstrated that higher pyrolysis time and
temperature decrease PAH concentrations below the existing environmental quality standards (Hale, et al.,
2012). Having a highly porous structure, biochar can also be used to adsorb heavy metals or organic
pollutants in filtering processes, such as for water and air filtration (Shen, 2015), (Acharya, et al., 2013).

The TLUD gasification process is more convenient when compared to regular gasification types. TLUD
reactors are also known as inverted downdraft gasifiers. They have durable and simple designs, an aspect
that positively contributes to the initial investment cost and to the maintenance costs. The gasification
process is tolerant to biomass moisture and size, and auto-adaptive. It demonstrated good operation when
fuels with up to 30% moisture content were used (Reed, et al., 2000). If both streams of air involved in the
process (called primary and secondary air) are properly adjusted, very low emissions of CO and PM are
recorded. Efficiencies of up to 93% were demonstrated on a forced draft equipment, depending on the used
fuel (Mukunda, et al., 2010). The biochar produced by TLUD reactors has a microporous structure with high
adsorption capacity. It proved find emissions to be an efficient soil amendment, and showed very good
performance when used for wastewater treatment and nutrient recovery (Huggins, et al., 2016).

MATERIALS AND METHODS

A TLUD reactor (Fig.1) can use pellets or biomass chopped at 10 — 50 mm, usually dried naturally at
20% or less. The process starts with the ignition of the top layer of biomass. Primary air flows upward,
through the biomass bed. Partial oxidation of biomass takes place in the presence of oxygen from the
primary air.

Combustion
| I ] of synthesis 1
Combustion of Secondary air gas

—

g e TN [+t ¢ ¢ t 7

| Biochar |

-~ | Pyrolysis
layer

Pyrolysis
layer

—_—

4 —"| Biomass
| Biomass %

—— Secondary air

a) b)
Fig. 1 - Diagram of a TLUD reactor
(a) with secondary air preheated from the reactor walls; (b) without preheating the secondary air

Due to the heat generated by the oxidation process, the biomass in the proximity will decompose
through pyrolysis, thus generating synthesis gas with a lower heating value (LHV) of 3.5 — 4.5 MJ/Nm®.
Adding the enthalpy of the hot gas at 500°C, the total energy will be 1.2 — 1.5 KWhg/Nm?® (Mukunda, et al.,
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2010), (Murad, et al., 2015). The secondary air flow is mixed with synthesis gas and burned at approximately
900°C. When passing through the incandescent layer, tars are cracked and reduced, and the pyrolysis layer
progressively moves downward. At the end of the process, up to 15% char with some incorporated ash will
remain. As previously calculated (Murad, et al., 2015), a TLUD reactor that uses 13.44 t/lyear biomass as
fuel, generates 1.78 t of biochar, which corresponds to a negative CO, balance of -6.2 tlyear if it is
incorporated into the soil. To reduce the PM, 5 concentration in the exhaust gas below 2.4 mg/MJ (the limit
established by the current EU legislation), the superficial velocity of the syngas should be less than 0.1 m/s
(Burkhard & Albrecht, 2008).

Based on these principles, as well as considering the affordability, the minimalistic design, and
maintenance simplicity, an equipment using a TLUD reactor was proposed by the authors in a previous
paper (Maican, et al.,, 2016), to heat small greenhouses during cold weather, using as fuel the residual
biomass obtained from local agricultural activities (branches, vines, other lignocellulosic debris). Figure 2
presents the TLUD module, while Figure 3 shows the heating system which includes the TLUD module.
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Fig. 2 - TLUD module (a) isometric view; (b) section view (simplified model for CFD analysis)
1 - biomass feeding door; 2 — cover for adjusting secondary air flow; 3 — grate; 4 — primary air inlet and biochar evacuation chamber;
— lateral exhaust outlet; 6 — removable plate; 7, 11 — mixing system for primary and secondary air (7 — holes; 11 — annular gap);
8 —biomass bed; 9 — pipe for secondary air; 10 — layer of biochar and pyrolysis front; 12 — approximation of the initial combustion volume.

@) (b)
Fig.3 - Greenhouse heating equipment (lateral wall hidden): (a) original design;
(b) simplified design, for CFD simulation;
1 - steel frame; 2 — TLUD module; 3 — heat exchanger; 4 — insulated exterior wall;
5 — flue gas evacuation; 6 — pipe for hot fresh air evacuation

In operation, hot flue gases are evacuated through the TLUD module’s exhaust outlets 5. Due to a fan
mounted inside pipe 5, gases flow from the upper part of the equipment towards the pipe. Heat is transferred
from hot gases to the fresh air from inside the heat exchanger 3. Hot fresh air evacuated through pipe 6 will
be mixed with cold air until the mixture reaches 22°C ... 28°C, and then will be used to heat the greenhouse
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or hothouse. Because the target of the subsequent CFD analysis is to assess the flow and temperature of
the fresh air to the heat exchanger outlet, the mixing system is not represented here.

The results that were obtained in previous research after performing a preliminary CFD analysis to test

the functionality of the system, showed the following performance parameters:

The optimum flowrate ratio was Qsa/Qpa = 2.62, where Qg, is the volumetric flow of secondary air,
and Qp, is the volumetric flow of primary air. Scientific data (Sundblad, 2014), (Supramono & Inayati,
25-28 June 2013) show that flowrate ratio should be in the interval 2.44 ... 3.3 for best results.

The superficial velocities of synthesis gas range between 0.03 m/s and 0.04 m/s, below the upper
threshold of 0.1 m/s where the specific concentration of PM, 5 increases above 2.4 mg/MJ.

At the outlet of the reactor, flue gas has a flow of 0.007 m%s and an average temperature of 694°C.
Temperature of flue gas at the outlet of the equipment varied between 130°C and 244°C, depending
on the flow of fresh air that receives heat from flue gas.

Temperature of fresh air at the outlet of the heat exchanger varied between 78°C and 243°C, also
depending on fresh air flow.

The major target is to obtain the highest flow of warm air to be sent inside the greenhouse or

hothouse. Therefore, in this paper the following improvements on the design of the TLUD module are made
in order increase the performance of the system:

An array of 49 small-size outlets were drilled into the TLUD’s top wall, in order to allow hot flue gas
to reach the horizontal section of the exchanger.

Thickness of the upper section of heat exchanger was increased to 2 mm, for better resistance to
flame action.

The top refractory wall thickness was thinned out, from 35 mm to 15 mm.

The lateral and rear walls of the TLUD module were also thinned out from 35 mm to 15 mm.
Thinning of top, lateral and rear walls reduced the total weight by 28 kg. Inside the heating
equipment, flue gas flows at the exterior of the TLUD module. Therefore, thinning the walls positively
improves heat transfer from the exterior of the TLUD module towards the biomass bed and primary
air. It is expected that a hotter primary air will and a drier and hotter biomass bed will improve
pyrolysis, further reducing emissions of GHG and PM, 5.

The simplified CAD model (Figure 3 b) is equipped with the improved TLUD module. To evaluate the

performance of the new system, a CFD analysis is made by means of SolidWorks Flow Simulation, in the
same conditions as described earlier for non-improved equipment (Maican & Dutu, 2017), namely:

The options for buoyancy effects and heat conduction in solids were activated.

Turbulence intensity at the inlets was considered to be 5%. This is a medium turbulence and is found
in ventilation flows, flows at low speeds, or in large pipes. Because it is difficult to provide a value for
the inlet turbulence length Lt, the default Lt=0.01 m (as predetermined by the analysis software) was
used.

Ambient temperature was set to 51°C.

The Reynolds number, the effective wall length, as well as the equivalent hydraulic diameter, are
automatically calculated by the simulation software and then used to find the thickness of the default
boundary layer.

The 70% porosity of the isotropic biomass bed corresponds to biomass chips of 40-50 mm (Karaj, et
al., 2011).

In a previous research (Maican, et al., 2016), the pressure gradient variation of the biomass bed was
calculated as a function of air speed:

VP = 2495.9v% + 159.43v 1)

Mesh refinement was performed in areas prone to high temperature and flow gradients. The global
mesh size was adjusted after three runs that provided grid independent results.

RESULTS

Best results in terms of emissions from the pyrolysis process, and of operating time with a charge of

biomass, were previously obtained (Maican, et al., 2016) when the total gas flow at the outlet of the TLUD
module was Qi = 0.007 m®s. Thus, four CFD simulations were performed, for each of them keeping a
constant flow of gasses (0.007 m®/s), and changing the flow of fresh air Q;, through the heat exchanger:



Vol. 53, No. 3/2017 INMATEH — 7 ineeti

m3
Qfo = {0.007;0.014;0.021; 0.028} (—)

Figure 4 shows temperature distribution for Qg = 0.028 m®s, on two vertical planes: one that cuts
through the middle of the hot air outlet pipe, and the other through flue gas outlet pipe.

Temparaturs 'C]

CutPlot1: contours

3

@ (b)
Fig. 4 - Temperature distribution on two vertical planes cutting throusgh both system outlets;
Fresh air flow through heat exchanger: 0.028 m/s.

Average flows and temperatures of hot air from heat exchanger and flue gas at the outlet pipes were
recorded. The hot air from the heat exchanger outlet will be mixed with fresh cold air until the temperature of
the mixture drops to 28°C. The warm air is then used to heat the greenhouse or hothouse. In order to
achieve the maximum efficiency of the system, it is necessary to find the maximum flow of warm air that can
be delivered considering the four simulation cases. Also, results will be compared with those from previous
research, where the non-optimized TLUD module was used.

The required mass flow of cold air to be mixed with the hot air provided by heat exchanger can be
calculated with the following equation:

mca = mha ?:naix—ig 2
where: m.,— mass flow of fresh cold air;

my,— mass flow of hot air from the heat exchanger outlet;

Ty, — hot air temperature;

T., — temperature of fresh cold air (in this case, 5°C);

Tix — air temperature after mixing hot air with cold air.

Both mass flow rates, as well as the temperature of hot air are provided by the simulation software. The
total mass flow m,,;, to be delivered for greenhouse heating will be:
. e . . Tha=Teca

Mpix = Meq + Mpq = Mpg T <

3

mix _Tca

These values as well as equations (2) and (3) are used in an Excel spreadsheet to calculate the total
mass flow for each of the four simulations, both in case of the improved TLUD module and for the former,
non-improved model (Table 1).

One can notice that the highest flow of warm air at 28°C is m,,;, = 0.109 kg/s, and it resulted for the
improved version of the TLUD module. It corresponds to a volumetric flow of 0.028 m*®/s of hot air exiting the
heat exchanger at a temperature of 98°C. Compared with the calculated flow of 0.086 kg/s warm air for the
non-improved TLUD module, an increase of about 27% of total mass flow delivered to the small hothouse or
greenhouse was achieved by means of simple changes to the initial design.
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Table 1

The main parameters of fresh air and flue gas at the outlets, and calculated mass flow
of warm air for greenhouse heating, for improved and non-improved TLUD module

Air 1] Hot ai Air flows to be mixed for
ir tlow otar Flue gas greenhouse heating Total flow of warm
Type of through | temperature at the temperature| Mass flow at the air for greenhouse
TLUD heat heat exchanger at tf?e outlet| outlet of heat Mass flow of h?aatin
module | exchanger outlet fresh cold air 9
' exchanger
(m’/s) Q) Q) (kg/s) (kg/s) (kg/s)
- 0.007 249 246 0.0047 0.045 0.050
% 0.014 138 142 0.012 0.057 0.069
E— 0.021 101 133 0.02 0.063 0.083
- 0.028 98 129 0.027 0.082 0.109
0.007 243 249 0.0048 0.045 0.050
°©
= %’ 0.014 172 208 0.011 0.069 0.080
= E 0.021 99 141 0.02 0.062 0.082
a 0.028 78 130 0.028 0.061 0.089

In figure 5, the variation of air temperature at the heat exchanger outlet is plotted against the volumetric
flow of fresh air at the heat exchanger inlet, and a reciprocal logarithmic trendline is added. As expected, one
can notice that a further increase of volumetric flow will continue to reduce the temperature of the air at the
heat exchanger outlet, but at a progressively slower rate. Thus, in a further research it would be interesting to
evaluate the performance of the heating system at an air flow through the exchanger above the value of
0.028 m®s, and to recalculate and maximize the total flow of warm air to be used for greenhouse or
hothouse.

240
20] ‘\\ ]
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80 I
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Volumetric flow (m?/s)
Fig. 5 - Variation of air temperature at the outlet of heat exchanger,
with volumetric flow at the inlet of heat exchanger

0.025

CONCLUSIONS

CFD simulations were performed on a system for heating small greenhouses or hothouses with an
improved design of a TLUD module. Four cases were considered, each of them with a different flow of air
through the heat exchanger (from 0.007 to 0.028 m3/s), while the primary and secondary air flows through
the TLUD module were kept constant, at 0.007 m%s. In a previous research (Maican, et al., 2016) it was
demonstrated that this value produces the lowest emissions in terms of GHG and PM, s, for the proposed
TLUD design.

Results were compared with those from a previous research (Maican & Dutu, 2017), where an initial,
non-improved TLUD design was used. Also, the total mass flow of warm air to be used for greenhouse
heating was calculated.

It was found that the highest flow of warm air was delivered when the air flow through the heat
exchanger was 0.028 m?s, for the improved TLUD design. This represents an increase of 27% when
compared to the previous one.

10
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The plot representing the variation of air temperature at the outlet against its flow suggests that there

is further room for improvement, by means of slightly increasing the air flow through the heat exchanger
above 0.028 m®/s. This aspect will be the subject of further research. A secondary effect of the design
improvement was that the total weight of the equipment was reduced by 28 kg.
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ABSTRACT

The mathematical model for substantiation of engineering factors of machineries for centrifugal type
mineral fertilization is developed.

It is proposed the design of the disk application for which one could improve evenness of mineral
fertilizers spreading by centrifugal type spreaders. Simplified formulas for agricultural engineering usage,
givingthe opportunity to explain the construction of the fertilizer spreader which provides qualitative
spreading for the given bandwidth, are also presented.

PE3IOME

Po3pobneHo mamemamu4Hy mMolernb Ornsi 0brpyHmMysaHHsI MexHOMo2iYHUX napamempie MawuH Ons
B8HECEHHSI MiHeparibHUX 00bpue 8idueHMpPo8o20 murly.

BanpornoHosaHa KOHCMpyYKUisi OucKa, 3acmocyBaHHs SIKO20 MOXe [oKpawumu pPieHOMIPHICMb
poscieaHHsi dobpus poskudadamu eidueHmposoz2o mury. BueeleHi crpoweHi Ons IHXeHepHOo20
3acmocysaHHs ¢hopmynu, Wo Garme MOX/uUgicmb 0BrpyHmMosysamu KOHCMPYKUito AUCKO8020 po3kudaya
dobpus, skul 3abesreyye sKicHe po3cigaHHs1 Ha cMyay 3adaHoi WUPUHU.

INTRODUCTION

The uneven distribution of fertilizers on the surface of the field determines the variability of crops
management, yields, the different periods of maturation of crops, debris, deterioration of product quality
(Kravchuk et al., 2004; Ning et al, 2015, Velychko, 2015; Vasylieva and Pugach, 2017). More than 90% of
modern machinery for fertilizer application equips centrifugal spreaders that successfully transfer granular
and crystalline fertilizers to the soil (Petcu et al., 2014; 2015; Tijskens et al., 2008).

Consequently substantiation of design and options of fertilizer distributor’s centrifugal tool is very
relevant (Allaire and Parent, 2004; Biocca et al., 2015; Nukesheva et al, 2016). The composition of the
spreaders includes a disk with blades. This disk is placed under the spout and is rotationally driven around
the vertical axis. In this case the fertilizer, which is uniformly distributed by the spout from the hopper, is
received on the working surface of the rotating disc. Here it is captured by the vanes and forced into a rotary
motion. Under the action of centrifugal forces particles of fertilizer are moving with acceleration on the
working surface of the disc along the blades (from the disk centre to the periphery). The fertilizer particles are
much faster after the disappearance of the disk (Antille et al., 2013; Simaet al., 2013). The velocity vector is
directed horizontally or at a certain angle to the horizon upwards.

The theory of single part movement on horizontal disk which turns around vertical axis as well as on
disk with straight or curve blade was developed in numerous studies (Petcu et al., 2015; Vilette et al., 2005).
However, despite the fundamental surveys in the theory of granule and disk interaction and numerous
improvements of the working body design, evenness of mineral fertilizer spreading is far from perfect
(Reumers et al, 2003).

Centrifugal machines are characterized by a significant separation of unilateral fertilizer to fractions
and mixed components (Hofstee, 1992).Significant uneven distribution of fertilizers in width of the spreaders
centrifugal type is due to the ballistic properties of the fertilizer particles. The list of ways to improve
centrifugal devices include the following: a) the use of conical disks (Ancza et al., 2009; Dong et al., 2013),

13
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b) blades with different length and tapered pointed shape, c) the discs installed in several tiers with
inclination to the horizontal and at a considerable height above the ground (Hijazi et al., 2014); d) create a
windproof device-specific profile (Fulton, et al.,2001).

MATERIALS AND METHODS

The process of granules distribution on the field surface is multivariate probabilistic in nature. In the
general case this process cannot be normal. Meanwhile, the distribution of the granules may be close to
normal if we can provide a sufficient number of variants of the granules original climbing from the disk
surface. Graphical interpretation of this situation is shown in Fig.1.

Fig. 1 - Graphical interpretation of fertilizer granules distribution on the field surface in the presence of other
(a) two (b) three and (c) vanishing points from a disk surface:
1 - single distribution law; 2 — a plot of the normal distribution

The amount of distributions on the type 1 allows obtaining plots of the type 2, which are close to a
normal distribution. Thus, it is necessary to provide the gathering from disk multiple streams of pellets with
different initial speeds. It is necessary also to avoid overlapping of flows during the flight.

One of the significant reasons of spreading unevenness is explained in fig.2, where is shown the
possible distribution of granules which are thrown by disk in ideal conditions: all granules are thrown with
equal speed and evenly (the same amount thrown in a sequence of time), the granules have equal size and
as a consequence drop out at the same distance B from the centre, in the case when the machine-tractor
aggregate doesn’t move.
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Fig. 2 - Scheme for analysing the uneven fertilizer spreading along the working width
if centrifugal working body rotates evenly

If all granules, while disk unloads, are thrown at the equal distance B from the centre, in case the
aggregate doesn’t move, then while the aggregate is moving the compaction spreading on the periphery of
working width becomes more obvious. Based on accepted idealized schematic layout of spreading, it may be
concluded that granules amount is attributable to Ax by working width, proportional to appropriate length of
semi-circular arc As. It gives an opportunity to define intensity of spreading area, which is being processed,
in ratio As/Ax = w. In other words, the ratio of arc length to the working width is corresponding to it. This

14
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gives the opportunity to characterize the intensity of the sowing area, which is being processed, the ratio
As/AX.

During the work of the spreader, the upper disk will sow three lanes, the second two and the third -
one. It was established that for providing spreading uniformity, it is necessary that materials amount which
will drop out from the middle disk additionally on second and third lane be 53.56% of the amount spread by
the upper disk. On the first lane from the bottom disk will drop 11.24% fertilizers from the same amount. That
way, spreading materials between bands can be evaluated by equation:

V=X+0.5366X+0.1124X (1)

V — Total fertilizers outlay, X- delivery, provided by the upper disk.

Eq.1 gives an opportunity to estimate that the upper disk should provide delivery 0.61V; middle —
0.325V; nether — 0.065V.

The spreader three-tier design was proposed for spreading evenness improving (fig.3).

7777]

S R \ A I Y“L
s

Fig. 3 — Design of spreader’s construction

RESULTS

According to the proposed spreader design, it was estimated the distribution of materials flow provided
by conical feeder with disks which turns around. The cross section of the feeder is divided by vertical
partitions into separate sectors, the area of which is correlated in accordance with the weight of material to
prepare separate discs. To ensure the desired distribution of fertilizer flow, it is necessary to determine
diameters of three disks of the spreader.

The dependence between disk diameter and flying distance with assigned angular velocity is
established. For estimation of escaping velocity of separate granule from a disk, its relative motion is
considered.
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The design model for movement analyse is shown in fig.4.
Ly

Fig. 4 - Scheme of forces distribution that influences the granule during disk rotation

Vector equation of the granule relative motion has the following form:
mW, = F" + Fpp + Frq + " + N, + N, + P 2)

According to the known granules weight —m, angular velocity of the disk w and friction

coefficient f, forces that influence the granule in relative motion along the axis OX (fig. 2) are defined as:

Fin- inertia transfer, F"=mw’x;

FE™- Coriolis’ inertial force, Fi* =2mwx;

Fy, — frictional force during interaction with edge; Fq,=2fmwx;

N, — edge pressure; N,=F™;

N, — disk reaction; N;=P;

P — weight; P=mg;

F — frictional force when granule is interacting with disk, Fiy =fmg;

W, — relative acceleration W,=X; x - relative velocity.

According to the above written, the differential equation of granule relative motion can be written in the
form:
m>'<'=mw2x-2fmw>'<-fmg,
or X+2nx-w>x=fg (3)

where n=fw

Solving of the differential equation (3) looks like:

x=c,e@ V1200, o oW (124 % @)
Whence
x=eiwV (14 f2)e” " f2 — f)fcyw (1+f2)+He ™ 2 + fit 5)

Given that the initial relative velocity is zero from the equation (5) we get: ¢; = C; (w/l +f2+ f)2
Taking that at the time t=0, X = r3 equation (4) we have:

r= cz(\/rfz+f))2 +c, —%,

2 / 2 2
than € = rw'+fg : and € = rw +fg)2( 1+2f )
(1240 )W VI

Thus, formulas (4) and (5) make it possible to determine at any time not only the position of a granule,
which moves along the edge, but also its relative velocity. Absolute velocity of the granule can be found as a
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vector sum of relative (5) and portable velocity. The vector sum of velocities is determined for the current

value of coordinate x by the formula (4), as V, = wx.

The graphical dependence between the current coordinate of the granule on the disk and the absolute
speed is made using a table processor Excel (fig.5).

In the example above, it was assumed that the relative motion begins at the time when x=r, where r —

feeder radius (r = 0.05 m); angular velocity W =56.7 rad/s; the friction coefficient during granule sliding by

disk f=0.1.

scaping velocity, m/s

Disk radius. m

Fig. 5 - The dependence of granule escaping velocity on the disk radius

As shown in Fig. 5, for real values, the length of the edge is within range: 0.05< x< 0.4. Under these
conditions, dependence of the absolute velocity on granule coordinate on the disk is close to the linear one.
It is clear that the given dependence (for given output values) can be used when assigning the diameter of
the disk to provide the required granule escaping velocity from the disk.

To determine the range of flight it is necessary to investigate the movement of a granule that will fly
from a spreader with a horizontal initial velocity Vg

In the coordinate system XOY differential equations of flight have the form (Fig.6).

m%=Q cosa; my=P — Q sina,
where

Q - air resistance, which we consider like proportional to the flight velocity, i.e. Q=uV;
P — granule weight; a — angle that formed by velocity vector and axis x.

Taking into account that V= X%+ yz cosa=————= and sina=————=— instead of equations (6)

x<+y x“+y
and (7) we will get

MX=-pX; (8)
my=mg-yy )
R
Vo
i X
S .
h P
[+R
y

Fig. 6 - Diagram of granules flight analysis
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dx
From the differential equation (8) we will get f:-i dt, i.e. Inx=- £ t+c
X m m
Given that the escaping velocity is known V, we will get:
InX=--t + InV,
m
X m _it
Than In— = ——1{¢ from here x=\,€ m
VO m

_B
Than x=—V0% e m 4 Cy, or taking into account, that the flight began at the edge of disk, where x,=R

m By
X=Vo— (1 —e m ) (10)
u
While integrating the differential equation (9) we will get:
dy
M . :dt
a—-y

Whence In (q—%)'f) = —%t + C,.

o . . a5y m
Taking into account that y,=0 we will get In p = — . t
_*
Whence l-Ly =em'
qm
)
i.e.Ly =1—em".
qm
_K®
Whence dy = %f (1 —e mt)dt
_B
Thany="—t + 5. Dot 4+ (4
U Loon
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Formula (11) allows determining flight time of granule depending on height of disk placement (fig. 4).
Formula (10) allows determining the initial escaping velocity of granule, which provides required range
of flight (bandwidth) I.
x=R)u

_K
m(l—e mt)

Vo

Thus, the initial velocity, which should provide the disk rotation, can be found from the flight analysis of
the granule. The diameter of the disk is determined based on developed dependence shown in fig. 5.

A diagram that qualitatively describes the distribution of granules at the simultaneous screening of
three edges is shown in fig.7.

AS/AX

a\ -
| —

Distribution
intensity
h

Conditional width ofthree lanes

Fig. 7 - The distribution of the three streams
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Square curve limited distribution intensity. On each of the three units, the width of the swath is

approximately equal. Each strip has approximately the same number of pellets. Given the distribution
pattern is idealized. All the pellets fly up from the surface of one of the ribs at the same distance. The reality
is that the granules are not the same in shape and volume. They have different aerodynamic characteristics
that provide a different range and improve the uniformity of their distribution.

CONCLUSIONS

The distribution of fertilizer granules on field surface is a multifunctional dependence. Taking into
account all input parameters, for an analytical study it is too complicated by mutual influence of
factors one to other.

The three-tier mineral fertilizer spreader designed to provide high-quality spreading without the
intersection of streams that escapes from the current tier is substantiated.

The mathematical model of the process of granules interaction with disk and subsequent spreading
of granules is provided. Air resistance affects the final distribution of fertilizer granules on soil
surface. Basically, the influence is shown in changing the flight range of individual granules.

The calculation diagram of spreading disks diameters is shown. Analysis of possible variants of
centrifugal working body constructions for mineral fertilizing allowed accepting the spreader scheme,
construction of which involves the formation of granules streams location during loading.
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ABSTRACT

On the basis of the research results it is established that to increase the productivity and quality, as
well as to reduce the work intensity of planting machines it is necessary to unite the metering and timing
system on one principle — the principle of discrete action. The rational basis for this is using of control and
power fluidic devices, and active distribution of pneumatic devices and pneumatic power systems. On this
basis, pneumatic seeding systems on the row and one grain sowing were developed, which also allows
distributing seeds differentially when this seeding technology is used for precision farming.

PE3IOME

Ha nidcmasi pesynbmamie OocridxeHb 8CmaHo8rneHo, wo O0ns nid8uWeHHs npodykmueHocmi i
SAKOCMI, 3HUXEHHS eHep20eMHOCcmi pobomu rocieHUX MawuH HeobxiOHO 06'e0HaHHSI 8ucigHO20 anapamy i
cucmemu CUHXPOHI3auii Ha odHoMy npuHyuUni — GuckpemHoi Oii, a payioHasIbHOK OCHOB0K Os1s1 Ub020 €
3acmocy8aHHs1 Kepyrqux | Culmosux CmMpyMEHesux efleMeHmi8, a MmakoX aKmUBHUX MHe8Mamu4yHuXx
po3ModinbHUX [pucmpoig i MHesMamuy4HOi cucmemu XuefeHHs. Buxodsyu 3 ubo2o, po3pobrieHo
MHEe8MOCMPYMUHHI 8uciearodi cucmemu Ornd psdoeoi i 00HO3epHOBOI cigbu, WO makox 00380/15H0Mb
ougbepeHuitiosaHo po3rnodinisimu HaciHHS rpu ciebi Mo mexHonoaii mo4YHo20 3eMnepobemea.

INTRODUCTION

The traditional methods of agricultural technique production do not provide the increase of the labour
productivity in proportion to expenses already, and also return of capital investments, and, at the same time,
reduce efficiency of agricultural production. The state of Science and Technique presently allows finding
principally new technical decisions.

At the same time, some systems of mechanization control and automation are working under trying
conditions exploitations (at temperatures, different from normal, high accelerations, intensive oscillation and
shock loadings, in the conditions of heavy dustiness, etc.). Therefore, search for the new technological and
technical decisions, based on modern achievements of Science and Technique and proper socio-economic
requirements, is required.

«Pneumonic» is a new direction in agricultural machinery. Pneumonics or pneumatic automation is an
area of automation, based on the use of gas streams operation. A stream technique is analogical electronics
in regard to both basic principles of construction and practical application. Devices and systems of stream
technigue do not have mobile details and are utilized in computers, pumps of heart-lungs, control the system
rockets, submarine boats, metal-cutting machine-tools, etc. Jet elements are working on in relation to small
overfalls of pressure. Jet techniques have a number of advantages before electronic. Its technique is
maximum simple, lasting, cheap and reliable (Kassimov A., 2010). It is more reliable at high and low
temperatures, and also at the high levels of radiation and steadier to the mechanical loadings and vibrations,
which is very important in a mobile technique (Aulin V.V. et.al, 2016).

Jet techniques are a new direction of automation, but the perspective of its application in industrial and
in agricultural engineering is great enough. In this connection there are many interesting questions yet to be
solved, namely — possibilities of wider use of Jet elements and devices.
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As generally known, the mortgage of high harvest at the low expenses of labour and facilities is timely
and high-quality implementation of technological operations on agricultural crops tillage in accordance with
agro technical requirements, in particular case sowing. For this purpose, the reliable, productive, high-quality
working sets of technique are needed for all of operations in tillage technologies.

The study of the general state and prospects of the development of food stuff production technical
providing shows that the extensive approach in relation to traditional facilities and mechanization process is
unable to provide rationally the increase of amount and quality of products and works in the future, and also
to the capacity requirement, adequate making progress capital investments, circulating cost and power
expenses. The scopes of extensive growth are already obvious in the processes of traditional mechanization
(Kashubo N.D., 2007).

The analysis of existing sowing machines and systems shows that the scientific thought was aimed at
the original principles of sowing machines work. It allows improving the quality of the sowing process (Firsov
A.S. and Golubev V.V., 2013). Lately, the decision on sowing process automation and its control has begun
to appear (Kobchenko S.N. and Medvedev E.Yu., 2015). However, analysing the algorithmic models of
technological processes of existing constructions of seed meters and systems for the different types of
sowing and seeds, it is possible to draw a conclusion, namely that the operative algorithm of these
constructions requires much more energy to overcome the friction of the materials, though less energy is
required to fulfill the elementary operations of sowing.

Existing constructions of sowing machines still have high intensity, which results in using a lot of
energy. It entails a high cost, insufficient reliability of machines, relatively large labour intensiveness of
tuning, adjusting and maintenance of machines, and also restrains creation and applying in industry of new
kinds of machine constructions. The analogical position is technique automation in agriculture.

The stake of the automated agricultural machines in the general volume of their output does not
exceed 30%, the simplest means of control and management are used, together with hydraulic, mechanical
and mixed devices. The application, for example, of microelectronics in the systems of automation of
agricultural machinery separate groups is within the limits of 16%.

Further development of agriculture, its concentration, and consequently, the possibility of its
intensification was put on an order-paper by new requirements to form the material and technical base of
machine constructions.

Therefore, presently there is a question of development and applying in industry new, universal
agricultural machines, including sowing, with minimum energy of production and exploitation, high reliability,
automation of working process and possibility of its durability on every area of machine moving (Garbers H.,
2015; Alt V.V. et. al., 2008).

To accomplish the set tasks, new direction is offered for creation of seed meters and devices on the
basis of Jet elements. They are appropriate both for the ordinary sowing and for vegetable crops sowing, and
also for the one seed sowing of the cultivated crops.

In agriculture, the information of Jet device on the basis of power Jet elements (Fig.1) can be used in
seed sowing, the main new sowing systems being created as a result.

Fig. 1 - Power jet elements for sowing devices
a — for controlling, b - executive power elements
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Hereupon, the task is to research the possibility to apply power Jet elements in devices for sowing
different crops seeds.

Here we used the special tasks associated with the area of aeromechanics, the solution of which has
led to the use of fluidic elements for sowing.

These tasks study the impact of economies of scale and modes of air movement in the development
of fluidic devices that are designed to work in specialized seed devices.

To optimize the operation of the jet elements the dimensions of the cameras, the duct and the ratio
between the values of pressure and flow control channels have to be rational (Chernovol M.I. et.al., 2015).

In addition, application of power stream elements restrains a device for a number of reasons - by their
insufficient efficiency, by absence of the developed model standards as dimension, rows type etc. Therefore,
for the removal of these retentive factors additional researches are required.

MATERIALS AND METHODS
During the research the following materials were used:

- models of seeding machines with elements of fluidics (look at Fig.2, 3, 6) and existing sowing
machines N 126.13.000 (from planter SUPN-8);

- devices for flow measurement (G6PJ1 meter, rheometer-indicator, T-2-80) and instruments for
measuring pressure (NWO-100Y3) and rarefaction (TMP-100¥3 and the manometer and U-shaped
manometer); - stand “sticky tape” (see Fig. 3b);

- seed material: seeds of wheat, sunflower and sugar beet; - sowing machine to the tractor MTZ-80
(see Fig. 5). In the course of research designed planters used hydrostatic and hydrodynamic methods of
determining pressure, flow and air velocity in seeding devices and systems as well as standard test methods
of seeding machines and systems for dotted seed sowing in terms of seeding reliability and its conformity to
the agronomic indicators. It is envisaged the definition of the following indicators:

- the uniformity of seed distribution and the measurement of the intervals between the seeds on the
sticky tape and in the groove on the germination of seeds;

- - seed damage by its visual inspection after sowing;

- the stability and uniformity of sowing by weighing portions of seeds, which are sown at a distance of
100 meters;

- the presence of twins near the seed and omissions of the individual seeds in the process of planting,
visual inspection of seed number on the tape and germination after sowing.

RESULTS

Jet sowing system consists of sowing jet apparatus and the device for sowing synchronization with
seeders’ speed. A stream technique can work both in the power mode and in the mode of control.

Development of the given direction gives positive results presently. The standards of seed meters are
created without mobile details on the basis of power elements and devices of stream pneumatic automation
for ordinary crops sowing (Fig.2, a, b, Fig.3), (Scheglov A.V., 2010; Scheglov A.V., 2011).

It is also set (Burkov Y. et.al., 2009; Kassimov A., 2010) on the basis results of conducted analysis of
the systems, that for the high-quality sowing of ordinary and cultivated crops the association of seed meter
and system of synchronization is needed on one principle — discrete action, and rational basis for them is the
pneumatic feed system. On this basis, the Jet sowing system is also developed including a seed meter with
the drive of sowing drum (Fig.3).

In comparative tests of the new device ATV-7.02 and serial device N126.13.000 it was found that in
the new apparatus the uniformity of seeding was better and the injury of seed was missing. Laboratory and
field tests on the sowing system showed the high quality of seeds distribution and a perfect agreement with
the seeders’ agrotechnical requirements.

Comparison of apparatuses’ operative quality shows that evenness of seed distribution (Ac) is 2.7cm
(for sunflower seeds) and 4cm (for sugar beet seeds, Fig.4).

Exactness of intervals at the developed and serial apparatus was: for the beet seed - 100 and 83%,
for the sunflower seed - 100 and 85.4%. In addition, during the researches on the developed apparatus,
unlike serial, there was not injuring of sowing material, as air stream fully purged suckers from seeds.
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a)
Fig. 2 - Seed meters based on pneumatic automation elements for ordinary crops sowing:
a - without moving details, for application in the systems of the centralized sowing (look at Fig.6),
b - for a layout chart there is an “apparatus — plowshare”

¢

Fig. 3 - Seed meters based on pneumatic automation elements for one seed sowing:
a - an apparatus is testing the sowing stability,
b - a device is testing the uniformity of seeding on the sticky tape

Laboratory stand and production testing show high quality of seed distribution (the variation coefficient
is 18.2-25.4% and exactness of intervals between plants growth is 86.7-85%), which conform to the
agrotechnical requirements for precision seeding machines (Belodedov V. et.al, 2013).

The sowing systems also allow carrying out the differentiated seed sowing and distributing on an area
in the technologies of exact agriculture.

In agriculture, sowing devices based on Jet elements can be also used for sowing of seed and
distribution of mineral fertilizers; the creation of new universal planters appears as a result.

Seed meters and sensor-based systems based on stream pneumatic automation elements can work
in the laboured external environments (at high accelerations, intensive oscillation and shock loadings).
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Fig. 4 - Dependence of rejection o on intervals from the upcasting height “h” of seeds
1 and 2 - sugar beet and sunflower for the developed apparatus,
3 and 4 - sugar beet and sunflower for a serial apparatus

There are some other advantages of the sowing systems based on stream pneumatic automation
elements, namely: high reliability and longevity; rather low cost of stuff details; simplicity of making
technology (casting, unsealing on a 3D-printer); firmness to aggressive influences of environment; small
resource-demanding, diminutiveness and fast-acting; a minimum of mobile mechanical and ground detalils;
absence of individual regulations during setting of sowing norms; absence of driving mechanisms and gear
boxes; absence of lubrication points; simplicity of tuning on the required sowing norm; simplicity of alteration
on different sowing norms and charts; there is a high quality of sowing in all ranges of movement norms and
rates; the sowing system requires a relatively small amount of energy; possibility of working process
complete automation and control.

To further detail let us consider indexes related to process energy, namely to the power necessary for
performing the working process. The comparative power analysis of seed meters and systems operation
shows that on driving to the action and working process of Jet seed meters far less power expenses are
required (Table 1). Comparison was made for the sowing machine of the ordinary sowing with the width of
capture B = 3m and number of plowshares n, = 24.

Table 1
The energy costs of sowing systems operation

Type of seeding Power Ns Available Fuel equivalent System efficiency
svstem summed up, power Na, n
y (Watt) (Watt) (I/h) (Ilyear)*
Spool-type 440 2200 0.22 33.0 0.20
Pneumatic centralized 4272 12491 1.25 187.5 0.34
Sukhin sowing system 125 329 0.03 4.5 0.38
With elements of fluidics 144 421 0.04 6.3 0.34
Tilled seeder 1300 4632 0.46 69 0.28

*-when loading the planting machine 150 hours per year

It is known that for the proper culture, not including harvesters, it is necessary to have at least four
separate machines, which have considerable steel intensity and cost, although they work during a limited
period of the year. For example, the annual load of different planters reaches 50-160 hours, cultivators —
270-350 hours, etc. It is thus set that there is 116.1MJ of the materialized energy per one kilogram of
agricultural machine mass, which corresponds to a heating value of approximately four litres of fuel.

It's obvious that a great deal of material energy which is paid for, doesn’t do any work. The search of
ways and possibilities is therefore required if not avoidance, minimization of such non-productive expenses
of labour and facilities.

Also, one of the possible directions in researches is the creation of universal machines, due to the
stream sowing systems which are considered better.
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A machine (Fig.5) can have a frame of cultivator with add-on sections, pneumatic station the drive of
which can be hydraulic or mechanical from a tractor, general control of the seed sowing or fertilizer
distribution system and removable working knots, set on it; containers with sowing devices and devices
covering seed with earth; plowshares, cultivation paws and rolling up wheels set on the add-on sections of
the cultivator.

Thus, effectiveness of circulating costs, consisting in the decline of high power consumption of sowing
process, takes place here. Also, as a result of replacing two machines by one, universal, the possibility to
reduce expenses of the materialized energy or fixed assets is obtained.

It is necessary to point out that this is only one of the variants to apply Jet seed meters and systems.
There are other possibilities of development in this direction:

— application in «precision» agriculture is easy enough adaptation to changing the line of sowing norms,
— possibility to create not only universal machines of type «seeder - cultivator» but also universal module
which facilities the mechanization of corn and cultivated crops tillage.

Also, one of perspective directions is the development of the pneumatic centralized sowing systems
(PCSS). Their application allows promoting labour productivity on sowing and reducing sowing machines
resource-demanding. But in terms of sowing quality, in particular the unevenness of sowing between
plowshares, they do not always conform to the agro technical requirements.

One of reasons for such a position is that the dividing devices of known PCSS do not provide the
required evenness of the sown material. At sowing machine inclinations and vibrations, under field
conditions, there is the displacement of seed stream from the divisor axis of symmetry, so there is an
increased unevenness as a result, while plant productivity largely depends on seed evenness on the sowing
area. It is known that for this reason up to 20% of potential harvest is lost. The increased unevenness is due
to an equal degree to the mechanical sowing machines with spool-type seed meters, which do not provide
the high-quality sowing and distributing of seed, especially during work on slopes because of sowing material
moving, which results in uneven distribution of plowshares.

From the review and analysis of literary sources it results that the most applied distributors - both
vertical and horizontal type - are passive, which means that the negative effect of gravity, aerodynamic and
the inertia forces on the seeds are not compensated. From here, their high technological “sensitiveness”
results in external and internal influences, namely inclinations, vibrations, air pressure in the system, seed
distribution, concentration of mixture etc. Besides, the distributors of horizontal type have a drawback which
appears because of the effect of the so called “Galton board”, which means that the main part of the seeds is
in the center of the distributor. It is therefore necessary to create and improve distributive devices, providing
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a high evenness of seeds on plowshares and possessing a sufficient technological “rudeness”, mostly
eliminating negative influence of external and internal factors.

It is set that this requirement can be achieved by applying the seed active distribution on sowing boots.
The constructions, where the active mechanical distributing, untwisting of seed stream is used on sending,
under the influence of centrifugal forces, are already known. But in them there are failings - presence of
mobile details and regulations, considerable resource-demanding, difficulty in making.

Therefore, for Jet of seed meters for ordinary sowing a divider pneumo-jet device is provided for the
process of seed distribution in which takes place the rotation of materials — there is an air current with
permanent speed into a cylinder under act of air-blast (Fig.6).

Fig. 6 - Jet sowing apparatus with the Jet distributor for centralized sowing systems:
a - distributor assembled; b - mounted on sowing apparatus

Seeds from a seed distributor are going to the cylindrical body 1 of the dispenser through the input unit
nozzles 2. Air under pressure is fed tangentially into the cylindrical enclosure through the diffuser 3 and
interacts with the seed, rotating them within the cylindrical body 1. As a result of exposure to centrifugal force
which presses the seeds against the case, they fall into the outlet nozzle 4, where the air flow transports
them to the coulters and the bottom of the furrow. The radius of the cylindrical housing 1 is selected so that
the centrifugal force acting to the seed was greater than the force of gravity, which affects the seed and
negatively affects the uniformity of distribution, particularly on the slopes of the fields. Thus, due to
compensation of the force of gravity by centrifugal force, the uniformity of distribution of seeds increases.

On the lateral surfaces of cylinder, along its axis, ducting of seed input, chart of feed pressure and
output ducting are located. Such distributor chart makes it active, compact and without locomotive parts.
Thus, the particles of material under the action of centrifugal force reach the cylinder wall (vertical chamber)
and move on it to the output. For distributor normal work, centrifugal forces must be stronger than gravity,
displacing seed at inclinations, which reduces the degree of redistribution of sowing material because of
inclinations and vibrations.

CONCLUSIONS

The new seeding system machines and their components can be built on entirely new principles, the
basics of which are laid in fundamental research in hydraulics, pneumatics and aerodynamics.

Efficiency of seed technological sowing process rises with the use of seed meters based on executive
and managing elements of stream pneumatic automation and also stream distributive devices.

Laboratory bench and production test showed high quality seed distribution (coefficient of variation is
18.2 to 25.4% and accuracy of the intervals between plant emergence — 86.7-85%) for the developed
devices. For existing devices, these values are 25-30% and 80-82% respectively. The improved designed
machine is due to a forced reset of the seeds on the bottom of the furrow and consequently the lack of seed
rolling from the preset position.

The planting was sustainable. The uneven formation of the original flow on the devices and between
the devices was less than 2% for developed, and 3% for existing machines. This is corresponding to the agro
technical requirements for sowing machines.

27



Vol. 53, No. 3/2017 INMATEH — 7 ineeti

Evenness of sowing or distribution of seed and plants is thus improved on an area in the same time

with sowing machines decrease in energy - and resource-demanding (Table 1).

The use of the new sowing systems based on elements and devices of Jet technique opens the

possibility to create universal multi-purpose machines (Fig.5).
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ABSTRACT

Soil tillage is one of the main points in agricultural application in plant production. It is defined as
mechanical actions applied to the soil to change soil conditions in order to grow plants. Rotary tillers are a
kind of soil-working machines that are used to mix soil and work by rotating their active parts. Nowadays,
due to its simple structure and high efficiency, the potential for use is increasing day by day. In this study, a
static analysis of a new type of blade, designed with 3 different material selections, was carried out using a
solid modeling design program. As a result, it has been observed that the rotary tiller blade, which performs
static analysis using different materials, can work well under the boundary conditions determined during the
design stage.

OZET

Toprak igleme, bitki lretiminde ki tarimsal uygulamalarda temel esaslardan biridir. Bitkisel (iretime
uygun toprak kosullarinin olusturulmasi amaciyla topraga uygulanan mekanik eylemler olarak tanimlanir.
Toprak frezeleri topragin karistirimasinda kullanilan ve aktif organlari dbnerek caligan toprak igsleme
makinalaridir. Ginimlizde, basit yapisi ve yliksek verimliliginden dolayi kullanim potansiyeli giin gegctikgce
artmaktadir. bu calismada, bir kati modelleme tasarim programi kullanilarak 3 farkli malzeme seg¢imi ile
dizayn edilmis yeni tip bir bigagin statik ¢Ozimlemesine calisiimistir.Sonug olarak, farkli malzemeler
kullanarak statik analizi gergeklestiren Rototiller bigaginin, tasarim asamasinda belirlenen sinir kosullari
altinda caligabilecegi gbriismustiir.

INTRODUCTION

Soil tillage is one of the essential points of agricultural application in crop production. It is defined as
mechanical or soil-stirring actions exerted on soil to modify soil conditions for the purpose of nurturing crops
(Koller, 2003). The tillage literature classifies soil tillage implements into two types as primary and secondary
according to their impact on the soil and seedbed preparation. Although many studies have suggested that
rototillers can be used as primary tillage tools (Bowers., 1992; Srivastava et al.2006; Cloutie et al. 2007), it
can be seen as an advantage of this implement that primary and secondary tillage applications can be
conjugated in one stage. It is a specialized mechanical tool used to plough the land by a series of blades
which are used to swirl up the soil (Mandal et al. 2013). It has a huge capacity for cutting, mixing to topsoil
preparing the seedbed directly and also it has more mixing capacity seven times than a plough (Shindeand
Kajele, 2012).

It may be noticed, within the recent years, that the increasing number of the tools used for
agrotechnological processing in the farms are not individual machines but multifunctional aggregates (e.g.
tooth harrow and cage rollers). Their main function is to provide the crop cultivated with the best possible
growing conditions, with the lowest number of machinery passes over the cultivated soil (Tucki and Sikora,
2016).

Despite of their high energy consumption, since rotary tillers have the ability of making several types of
tillage applications in one stage, the total power needed for this equipment is low (Culpin., 1981). Because
rotary tillers’ power is directly transmitted to the tillage blades, the power transmission efficiency in rotary
tillers is high. Moreover, the negative traction existence in rotary tillers causes the required tractive force to
be decreased and consequently, smaller tractors could be used with this type of tillage implements for land
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preparation (Zareiforoush et al. 2010). Although they are produced in different shape blades (L, I, C, J, etc.),
usually L type blades are more common in rotary tiller because of its effectiveness especially over ‘C’ and ‘J’
type (Figure 1).

Fig. 1 - A Sample of L type blades

On the other hand, soil tillage applications require high energy inputs. As a consequence, producers
tend to have less energy-cost systems and implements, especially due to increases in energy prices in
recent years.

Thus, increasing the effectiveness of tillage tools, even by a small fraction, would amount to a huge
saving in energy. It would be rather more economical to increase the productive rate of each machine than to
increase the number of machines indiscriminately (Saimbhi et al., 2013). Due to these considerations, the
design of tillage tools and especially the optimizations related to the design of the active parts become the
priority subjects. The CAD (computer aided design) systems can enable simultaneous engineering
applications and can have impressive roles on time, final product cost and labour saving considerably.

The objectives of this study are:

1. To prepare a new geometric solid model of rotary tillers blade by using CAD- software

2. To make a principle and Von Mises stress analysis of rotary tiller's blade

MATERIALS AND METHODS

A tractor of 60 hp was selected to be used in the calculations to perform the design of the blades.
Prime mover forward speed (u) was selected 1.5 m/s while traction efficiency (1)) and the coefficient of
reservation (I],) were 0.85, 0.75 respectively. A rotary tiller with 100 mm active work depth and 3000 mm
width was selected for this study. The total power of the machine is distributed between the blades. The
blade parameters affect the performance of Rotary tiller. 30 blades are used in this design to connect a blade
to a flange. The blade was designed in 3 D CAD software and analysed with ANSYS for static solution and
optimization. The shape and related parameters and values of the blade designed for this study are as
follows (Figure 2; Table 1).

L—" o

Fig. 2 - Blade shape and measurement
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Table 1
Blade parameters and values

Nr Parameters Notations Units Values
1. w Blade span mm 60
2. L Effective vertical length mm 200
3. h Vertical length of winglet mm 50

. Body blade 12
4, r Blade thickness mm -

! Winglet blade 6
5. Q Angle between winglets ° 90
6. € Clearance angle ° 20

The new design of the blades assembled with rotary shaft is shown in Fig. 3

Fig. 3 - General view of blades arrangements and shaft

Based on the geometrical configuration of the designed blade, three different types of material were
selected. Material properties used in the analysis are presented in Table 2.

Table 2
Material properties
Young’s module Poisson’s Compressive Density (t/m®) Ultimate tensile
(Pa) ratio yield strength (Pa) strength (Pa)
Structural Steel 2.00xe™ 0.3 25e°® 7.85xe” 4.60xe”
Stainless Steel 1.93xe™ 0.3 207e’ 7.75xe” 5.86xe’
Mild Steel 210xe™ 0.3 25e° 7.87xe” 4.40xe’

The rotor shaft should be able to withstand the maximum force value. The maximum tangential force
(Matani et al 2015; Mandal et al. 2015) occurs at the minimum of blades tangential speed, calculated using

the following relation
75.Nc.Mc.
S c.lc.n)z
u

Ks =C (1)

where:
Ks is the maximum tangential force (kg)
N, is the prime mover tractor power (HP)
1], is traction efficiency
17, is reservation coefficient of tractor power
Csis the reliability factor that is equal to 1.5 for non-rocky soils and 2 for rocky soils
U is prime mover forward speed (m/s)

The parameters used for static analysis are as follows.
Rotor rpm: 250, blade peripheral velocity: 6.56 m/s.

The soil force acting on each of blades (K.) (Mandal et al. 2015) is calculated using the following
equation:
Ks.Cp

Ke = i.Ze.Ne (2)
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Where:
Ke is the soil force acting perpendicularly on the cutting edges of each of the blades,
C, - the coefficient of tangential force,
| - the number of flanges,
Z. - the number of blades on each side of the flanges,
N, - the number of blades with joint action on the soil.

As a result of the calculations and selected parameters given above, Ks and K, are calculated as 2151
kg and 573.7 kg respectively. These values were used in the analysis by ANSYS. The results of the analysis
performed by the ANSYS are given below.

When Using FEM software ANSYS Workbench 16.0, “Fixed support” method to fix two surfaces which
contact with frame and use the “Frictionless support” method to fix locating hole on the shovel.
Force along the z direction is -5737N, and, as shown in Fig. 4, the number of nodes and elements were
15199 and 8022 respectively. Also, the element size was 4mm.

0,000 0,050 0,100(m)
I .

0,025 0,075

Fig. 4- Boundary constraint of Rotary tiller blade

RESULTS

Topakgiet al. (2010) worked on the optimization of the subsoiler. They used finite element method
(FEM) to simulate stress solutions on the subsoiler tine.

According to the tines material yield stress point (355 MPa), plastic deformation was evident.

As a result of the optimization, they have achieved a reduction of 27.62% in the weight of the subsoiler
platform.

Birigset al. (2016) studied on stress and strains distribution in the frame of agricultural cultivators using
the finite element method. They found that from the analysis, equivalent stress observed that under the effect
of the applied external loads and finally, the structure of the frame does not deform in the plastic domain.

We studied the effect of different materials on blade and stress solution.

The meshes of the blades designed using different materials and the stress solutions of blades are
given separately in the following tables.
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Table3

Meshes and deformations of blades

i

Structural Steel Mesh

Total Deformation Total Deformation

e

Shear Stress (XY Plane)

-

O L ‘ a7

Equivalent (Von-Mises) Stress

A

Maximum Principal Stress Maximum Principal Stress ~ Maximum Principal Stress

The analysis results according to different materials are given in Table 4.

Table4
Blade material properties
Total Deformation, Shear Stress Equivalent (Von- Mises) Max.
(mm) (XY Plane), (Pa) Stress, (Pa) Principal Stress, (Pa)
Structural Steel 0.1331 1.621x10’ 1.3529x10° 7.6387x10’
Stainless Steel 0.1382 1.624x10" 1.3493x10° 7.6429x10’
Mild Steel 0.1331 1.663x10" 1.3517x10° 7.7082x10’

The results showed that the maximum deformation (0.1382 mm) was achieved on the blade where the
stainless steel was used. On the other hand, no significant changes were observed between the results on
the basis of the parameters, despite the use of different materials.
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These results may be due to the fact that the compressive vyield strength (Pa) and density values of
the selected materials are very close to each other. The total deformations were between 0.1331-0.1382
mm. The maximum principal stress (77 MPa) was achieved at mild steel material.

This stress value is less than the yield stress of blade material i.e. 250 MPa. Max. Von Mises stress
found was between 134.9 MPa-135.3 MPa.

CONCLUSIONS

Finite element is a highly effective method of solving complex engineering problems with controllable
components. It can be used efficiently in static analysis of soil processing tools as well as in many other
areas. Integration of this method with a solid modeling program provides designers with advantages in terms
of time, labour and material savings. The analysis of the rotary blades is reliable in terms of mechanical
strength.

The selection of the cheaper material in market conditions will provide an economic advantage
because each of the 3 materials used is below the limit values in terms of mechanical strength.
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ABSTRACT

The article presents the main application trends of the resource-saving agriculture and its
implementation on the principles of crop forecasting. To intensify sowing operations a new pneumatic
and mechanical seeding device with a peripheral layout of cells on the sowing disk and a passive device
for removing excess seeds by a centrifugal method which ensures even seed distribution on the sowing
area was proposed. This sowing device increases the technological efficiency of sowing tilled crops and
reduces energy intensity. The research carried out on sugar beet seeds, soybean, sunflower and corn
allowed asserting the versatility of the proposed sowing device. It has been found that one sowing disk
can measure out in doses all the above-mentioned seeds of the tilled crops with a sufficient precision.

PE3IOME

B cmammi HagedeHi ocHO8Hi meHOeHUii 3anposadXXeHHsT mexHosoeili pecypco3bepiearoyoz2o
3emniepobcmea ma Uioeo peari3ayisi Ha OCHO8i rpoz2paMy8aHHs 8pOXal 3 ypaxy8aHHSIM MPUHUUNI8
npoepamyeaHHsi  epoxaro. [na  iHmeHcugikauil  nocigeHux  onepauili  po3pobrieHo  Hosul
nHeeMomexaHiqyHull sucieHull anapam 3 nepughepiliHuM po3mauly8aHHsIM KOMIPOK Ha 8UCi8HOMY OUCKY
ma nacusHUM npucmpoem 011 sudarneHHs 3alie020 HaciHHSA 8idueHmposum criocobom, w,o A0380ss€E
3abesneqyumu pi6HOMIpHUU po3no0isl HacCiHHA 3a MIoWer XUueJieHHs. 3arnporioHogaHul 8ucigHUl
arnapam 36inbWwye MeXHO02iYHy eeKmMuUBHICMb 8UCI8Y HAaCIiHHS fpocarnHux Kynbmyp ma 3MeHWye
eHepzoeMHicmb nipoyecy. posedeHi AocniOXeHHs Ha HaciHHi uykpoeux OypsiKig, COI, COHAWHUKY ma
KyKypy03u 0oseonunu cmeepdxysamu fpo yHigepcanbHiCmb 3arnpornoHO8aHO20 8UCIBHO20 arnapama.
BcmaHoeneHo, wjo 00uH sucieHul duck 0o3eosisie o3ysamu 6cCi rnepepaxogaHi 6uOU HaCiHHS rpocanHux
Kynbmyp 3 docmamHbO MOYHICMIO.

INTRODUCTION

The basis for the effective implementation of productive technologies in agriculture is crop
forecasting based on the system of soil fertility recovery and soil-protective technologies, quality
preparation of highly-productive seeds, resource-saving mechanization and automation, effective
protection of plants from diseases, pests and weeds.

It is well-known that fertility is the ability of soil to feed plants during vegetation with necessary
guantity of nutrients, water, warmth and air (Sydorchuk O., 2014). Without proper care of the human, the
agro-ecosystem will inevitably have a gradual impoverishment and degradation of its important part
which is soil (Sysolin P.V., 2001).

Artificial agro-ecosystems differ from the natural range of specific features. They have sharply
reduced the species diversity of organisms. Since the fields are grown alone, rarely - several species of
plants, the species composition of animals and microorganisms in biocenosis is considerably
impoverished and requires constant energy revenues from the human side, which creates conditions for
the cultivation of cultural plant species (soil cultivation, fertilization, weed control, pests, diseases,
etc.).Grown crop is removed and does not fall further in the food chain and energy exchange in
agricultural ecosystems. Without proper care (return) of the human agro-ecosystem inevitably a gradual
impoverishment and degradation of important part - soil occurs (Zlobin Yu.A., 2012).
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Nowadays, the soil degrades in Ukraine as a result of intensive agricultural production, growing
of monocultures and crop rotation supply with green crops which deplete the soil and pollute the
environment reducing the amount of organic matter in the tilled layer. Another problem is the application
of erosion-hazardous agricultural tools, etc. (Sviren M.O., 2012; Primak 1.D. 2010).

Therefore, the search for new technologies and mechanization methods in order to preserve soil
fertility and save energy, to improve the sustainability of agro-ecosystems, to preserve the environment
will contribute to the cultivation of environmentally safe products and ensure sustainable harvests in
future.

Productivity forecasting is an important and promising trend of production technologies, including
tilled crops which allow efficiently using material, labour and energy resources for maximum vyields of
good quality (Vasylkovska K.V., 2016). Today, there are several trends of crop forecasting which, at
different stages of the life cycle, help analysing and evaluating the quality of tilled cropsgrowing, but
they only partially fulfil the task of ensuring the quality and productivity (Osadchij S.I., 2014; Sviren
M.O., 2016). The full application of crop forecasting techniques in the real economic conditions is
restrained by a number of problems that require complex solutions.

One of the key problems is the choice of cultivation tools which will ensure the implementation of
resource-saving and soil-protective technologies in the cultivation process. Another problem is the
application of precision sowing as a uniform seed distribution is the basis of high yields in the future.

In order to apply crop forecasting in economic conditions there should be carried out gradual
stages. The first stage towards crop forecasting is the choice of water-retaining, soil-protective and
energy saving tillage (Vasylkovska K.V., 2016). The second stage is seed preparation for sowing and
the third stage is to ensure a uniform seed placement on the sowing area (Salo V.M., 2014).

Tilled crops significantly change their productivity depending on predecessors with high edificatory
properties such as perennial legumes. The mass and quality of postharvest root residues affect the
processes of their transformation in soil, i.e. the formation of its fertility. The most valuable are the
remains of leguminous perennial grasses and legumes (Primak 1.D., 2010).

In the area of risk farming where moisture is the key factor of plant productivity, the main impact
of predecessors is determined by water in the soil. The moisture remaining in the deeper layers after
harvesting some crops has a positive effect on the productivity of the following crop rotation, and the
deficiency of water leads to a significant harvest shortfall.

To improve seed germination there should be conducted qualitative cultivation which ensures the
preservation of water by breaking compacted subsoil layer and stimulates efficient d evelopment of plant
roots due to qualitative loosening of the cultivated layer.

In the technology of most tilled crops growing, an important role is played by the incrustation of
seeds that contains some kind of pesticides, plant growth regulators and micronutrients. They improve
the penetration of moisture through the cell membrane into the cell cytoplasm, accelerate their entry
with water to the germ and stimulate the biochemical processes in tissues and enhance its field
germination and livelihood, stimulate the growth of aboveground mass and root system of plants.
Micronutrients can increase plant resistance to adverse environmental conditions (low temperatures,
drought, etc.), stimulate the activity of most enzyme systems, improve the absorption of nutrients from
soil and fertilizers and ultimately stimulate the growth of productivity and improve the quality of the
received (grown) products.

The sowing of crops should be carried out at the optimum time. This affects the conditions of
seedlings emergence, their further development and the depth of sowing that is related with humidity
and temperature of the soil. Sowing into the insufficiently heated soil causes not only the extension of
the period of "sowing - emergence" but leads to the loss of some seeds in the soil and uneven plant
development. Applying optimum sowing time provides the highest germination energy and field
germination of seeds that stimulates a uniform plant development and high performance of agrocenosis
in general.

Sowing uniformity and evenness of its location in the line is the key to not only get good
emergence, but to have excellent harvests in future. Moreover, the increase of seeds even distribution
on the sowing area leads to a reduced level of weed-infested crops.
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So, the issue of improving technical appliances for sowing may be the initial step of crop
forecasting and the practical solution of the above-mentioned problem will increase competitiveness of
crop production and will lead to soil-protective and resource-saving agriculture.

MATERIALS AND METHODS

Sowing machines that are used in mass production have insufficient dispensing capacity caused
by limited seed disk rotary velocity and random uncontrolled redistribution of spacing between seeds in
the furrow because of the high relative velocity of the seeds (Voytyuk P., 2005; Vasylkovska K.V.,
2014). To increase the efficiency of precision seeding of cultivated crops the Department of Agricultural
Engineering of Central Ukrainian National Technical University designed and manufactured a prototype
of the new pneumatic and mechanical disk for sowing device (Fig.1l) (Vasylkovska K., 2015;
Vasylkovska K.V., 2016).

The main feature of the new sowing device is the application of sowing disk 1 with peripheral
layout of cells 2. Behind the cells there are blades 3 on the inner surface of the disk for enforced seizure
of seeds by the disk 9 in the chamber and their further transportation to the release place.

To remove excess seeds from the cells of seeding disk 1 at the top of the cylindrical surface of
the body there is passive device 7 in the form of cavity which gets excess seeds and separates them
from the disk and transports the seeds back to the filling zone. In the lower part of the housing surface
there is seeding hole 6 which provides free release of the seeds to the furrow.

The design of the pneumatic and mechanical disk sowing device, due to the enforced seizure of
seeds by blades 3, ensures the reliability of the process of filling the sowing disk cells and increases the
efficiency of excess seeds removal by using the passive device 7. It makes reliable the process of
releasing seeds from the cells in the sowing area. This ensures an even seed distribution in the furrow
by dispensing process stabilization and seeds releasing from the sowing disk.

c)

Fig. 1 — Pneumatic and mechanical sowing device

a — scheme; b — 3D model of the sowing device; ¢ — 3D model of sowing disk fragment
1 — sowing disk; 2 — cell; 3 — blade; 4 — drive shaft; 5 — housing; 6 — seeding hole;
7 — passive device (container) for removing excess seeds; 8 — vacuum chamber; 9 — seeds
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RESULTS

To prove the versatility of the suggested sowing device we performed the research on the seeds
of sugar beets, soybeans, sunflower and maize. We received the dependences of the cell sfilling
coefficient of the sowing disk K on the degree of thinning in the vacuum chamber AP for the
corresponding types of seeds (Fig. 2).
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c) d)
Fig. 2 —Dependence of the cells filling coefficient of the sowing disk K on the thinning degree in the
vacuum chamber AP for the seeds:

a — sugar beet; b — soybean;
¢ — sunflower; d — maize
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Having verified the versatility of the experimental sowing device we found that the disk with the
cell hole radius r = 6.0 mm enables effective dispensing of sugar beets, soybeans and sun flower seeds.

The optimum value of the cells filling coefficient (K = 100 %) while dispensing the above-
mentioned crops is achieved under the following parameters:

— sugar beets - AP =0.2 ... 0.3 kPa, V,=2.0... 2.5 m/s;
— soybean - AP =0.4 ... 0.5kPa, V,=1.5... 2.0 m/s;
— sunflower - AP =0.4 ... 0.5 kPa, V,=1.5 ... 2.5 m/s.

The analysis of the dependence of the cells filling coefficient for maize seeds with the hole radius
r = 6.0 mm is complicated by the big size of the seeds, so the maximum value of the cells filling
coefficient K = 88 % is achieved if AP = 2.6 kPa, V.= 1.5 m/s. Therefore, a separate sowing disk with a
bigger radius of the cell hole should be used for this kind of crop.

CONCLUSIONS

A consistent application of the developed technical tools in the processes of growing crops will
practically implement some basic aspects of crop forecasting techniques in the system of soil-protective
and resource-saving agriculture.

A special attention should be paid to ensure quality seed distribution on the sowing area while
introducing soil-protective technologies, quality preparation of tilled crops highly productive seeds and
resource-saving mechanization and automation of agricultural production.

The design of the new pneumatic and mechanical device increases the angular velocity of cells
and reduces their number on the sowing disk and significantly reduces thinning in the vacuum chamber.
Therefore, the proposed sowing device increases technological efficiency of seeding tilled crops and
reduces energy intensity.

Also, having checked the versatility of the sowing device it was found that the disk with the cell
hole radius r = 6.0 mm allows dispensing sugar beet seeds, soya and sunflower. The cell filling
coefficient K = 100% is achieved by setting the following parameters: for sugar beet -AP = 0.2 ... 0.3
kPa, V. = 2.0 ... 2.5 m/s; soybean -AP = 0.4 ... 0.5 kPa, V. = 1.5 ... 2.0 m/s; for sunflower -AP =0.4 ...
0.5kPa, V. =1.5... 2.5 m/s.

Sowing maize seeds with the cell hole radius r = 6.0 mm is complicated because of the big size of
the seeds, so the maximum cellsfillingcoefficient K = 88% is achieved at AP = 2.6 kPa, V. = 1.5 m/s.
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ABSTRACT

The stages of improvement, structure and modes of digging tools of root harvesters’ transport-
technology systems have been described in this paper. The main ways of improvement, development
principles and construction algorithm of combined digging machine for chicory root crops harvesting have
been considered on the basis of research objects identification (conventional types of diggers). It was found
that the construction algorithm of chicory roots combined harvester functional design must be based on
mono block technological-transport systems development where digging tools are supposed to perform
related technological operations simultaneously, namely: preliminary and final root crops digging, their
topping. The results of experimental researches, the regression equation describing the change in loss and
damage chicory root crops depending on the parameters of the combined digger are presented. It is
established that the condition providing generalized criteria (root crop loss less than 2.5%, root crop damage
less than 15%) performed digger combined velocity of 1.5 m/s, rotational speed of the drive shaft 500 Rpm
and depth of the ripper 16 cm.

PE3IOME

HaesedeHo emanu ydockoHaneHHs, 6ydo8y ma npuHuuUn ¢byHKUIOHy8aHHS 8UKOMysasbHUX poboyux
opaaHie MmpaHCropMHO-MEXHO02IYHUX cucmeM KopeHe3buparnbHUX MawuH. Ha ocHosi ideHmudbikauii
06’ekmig OocnidxeHHs1 (ICHyHOYUX murie Koradig) 3asHa4yeHO OCHOBHI wWirisixu yOOCKOHaneHHs, npuHyunu
po3pobku ma ansopumm obydosu KOHCMPYKMUBHO-KOMIMOHY8arbHOI cxemMu KoMbIiHO8aHO20 Korauya,
rpusHayeHo2o Oris 8UKOMyeaHHs1 KopeHersiodie Uyukopito. BusHayeHo, wo aneopumm nobydosu
byHKUiOHanNbHO-KOHCMPYKMUBHOI cxeMu KOMOIHO8aHO20 Korada KopeHernnodie UUKOPilo NOBUHEH
b6asysamucsi Ha po3pobui MOHOBIOYHUX MEeXHO02iYHO-MpPaHCrIopmHUX cucmem, poboyi opaaHu SIKUX
nepedbayaromb OOHOYACcHe BUKOHAHHSI CYMDKXHUX MeXHOs02idHUX onepauili nonepedHbo20 nidKonysaHHs
ma KiHUego20 8UKOrye8aHHs1 KopeHernodie | 8i0OKpeMIeHHs 3aluliKkie au4yku 3 iX 20/noeok. 3a
pe3ynbmamamu eKcriepuMeHmarbHUx 00ChiOKeHb PO3pobrieHO PIBHSIHHS pezpecii, sKi xapakmepu3yrmb
3MiHy empam | NowkKoOxeHb KopeHernnodie YUKOpIto 3anexHo ei0 napamempie KOMOIHO8aHO20 Koraya.
BcmaHoeneHo, wo ymosa 3abe3rnedeHHs y3azallbHeHUX Kpumepiie (empamu kopeHernoodie meHwe 2.5 %,
rnowKoOxeHHs1 kopeHerinodie MeHwe 15 %) sUKOHyembCs 3a WaUOKocmi pyxy KoMbiHosaHo20 Kornada 1.5 m/c,
yacmomu obepmaHHs npusoGHo20 sana 500 06/xs, enubuHu xody pospuxsoeaya 16 cm.

INTRODUCTION

Modern trends of root crops machinery include the development and implementation of highly efficient,
energy-saving and technologically reliable harvesting systems and facilities in the agricultural production.
The main criteria for meeting these demands are the digging quality and root crops impurities separation
characteristics. The analysis of conventional root crops machinery showed that chicory roots damaging and
losses while digging by the existing tools are 20...30% and 4...10% respectively, which significantly exceeds
the present requirements of cleaning quality (Adamchuk V. et al., 2002; Baranovsky and Skalsky, 2016). The
main current feature of the general trend of big root crops harvesting, especially sugar and fodder beet, is a
large-scale use of single phase technology, which is implemented on the basis of energy intensive six-row
self-propelled bunker combine harvesters use, with up to 40 m? bunker capacity (Kravchuk V.1. et al., 2004).
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Self-propelled combine harvesters do all phases of root crops harvesting (main tops cutting, tops
unloading on the field, remaining tops cutting of root crops heads, root crops digging, root crops cleaning
from impurities, root crops transportation and loading into bunker, clean root crops unloading on the
harvested field in large piles, or on a vehicle), i.e. combining all phases of root crops harvesting into one
sequential technological operation.

In the EU, this type of root-harvesting machine annually harvest up to 70% of the planted acreage of
sugar beet roots and in Germany and France — much more Due to some objective and subjective factors
(economic conditions, soil and climate conditions of root crops harvesting, etc.) such harvesters used in
Ukraine are not always effective — root crops cleaning quality doesn’t sufficiently meet the agrotechnical
requirements as there are a number of defects (Dubrovin et al., 2013).

However, despite the rather complex multi-joints transport technological systems of tools for root crops
digging and cleaning, the diggers, together with the already dug root crops, load on the mentioned cleaning
systems of root crops harvesting machinery a completely unacceptable amount of soil impurities (an average
of 30...50 tons per 1 hectare).

As a result, after their cleaning by energy-intensive multi-stage cleaning systems from field impurities a
great amount of fertile soil is carried, which is equivalent to 10...15 cm topsoil on 100 hectares of harvesting
area, while the total length (technological length) of surfaces under cleaning is 8...10 m and more (Pogorely
and Tatyanko, 2004).

The goal of this study is to increase the technical and economic parameters of chicory harvesting by
using the improved digging-cleaning systems of root crops harvesting machinery.

MATERIALS AND METHODS

Significant damage and losses of chicory roots are the results of cutting and not digging the
underground parts of root crops by tools that are not adapted for brittle roots digging, which lie in the soil in
great (to 15...20 cm) depths (Humentyk M.Ya., 2003).

In addition, these types of harvesters structurally and technologically can’t combine, while harvesting,
two manufacturing operations — root crops digging and remaining head tops separation.

Therefore, a simultaneous combination of head tops separating with the process of roots digging is a
further step in the development, research and implementation into production of digging-cleaning systems of
combined chicory root crops diggers. Under economic management conditions of multipurpose farm,
agricultural enterprises in Ukraine, which are engaged in growing not only chicory but sugar, red and fodder
beet and carrot root crops as well, the most urgent technical and economic problem is the payback of
technically complex and costly (from 150 to 350 thousand of UAH per unit) root crops machinery due to their
limited climatic performance life (about one calendar month) in a small area (especially root crops of red and
fodder beet, carrots and chicory), and 90% of the root crops total area is gathered in by separate,
economically inefficient technology (Baranovsky et al., 2014).

Significant efficiency increase of multipurpose farms economic management can be achieved primarily
due to some organizational measures such as the use of a root crop machine for different root crops
gathering in and determination of necessary flexible and cyclic operation due dates regarding weather and
climate, root crops different agrophysical characteristics and so on.

The basis of the scientific problem solving dealing with operational and agrotechnological
characteristics increase of chicory root crops harvesting is the hypothesis of possible considerable
intensification of root crops digging due to the development and substantiation of parameters and general
design-engineering principles and aspects of the combined carrying and cleaning diggers use.

RESULTS

A variety of design schemes of digging tools greatly depend and are closely linked both with harvest
method and with the technological requirements to harvest quality indicators of different crops and root
crops, the main of which are the quality indicators of root crops digging and their heads cleaning from the
head tops. The most common basic disadvantage of existing and technically implemented types of diggers
(blade, forklift, two-disc, vibration), which are widely installed on mounted, trailed and self-propelled root
crops machinery is considerable second’s supply of soil both free and adhering to the root surface (7...10
kg/s) head tops on root crops heads (0.5 to 1.5 kg/s) per one running meter at operating speeds up to 1.6
m/s, which led to an increase in length and structural complexity of cleaning-transport systems (Bulgakov et
al., 2009).
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The major drawback of existing and technically implemented types of diggers is relatively high both
percentage (up to 3% relative to the root crops weight) and a mass amount of soil adhering to the roots
surface and also percentage (from 0.5 to 1.5% relative to the root crops weight) and mass of head tops on
the root crops heads, which significantly reduce, depending on the crop, or in one case, the quality of raw
sugar and sugar yield or, in another case — products storage life. In addition, together with root crops
gathered on the fields approx. 1.5...3.0% of fertile soil is removed depending on crops yield (Baranovsky et
al., 2014).

The objective reason of these diggers’ technological imperfections is that the conventional diggers
structurally and technologically can’t combine two technological operations while digging — root crops digging
and simultaneous removal of head tops. Algorithm for design-layout scheme constructing of transport-
cleaning combined digger must be based on the use of mono block digging and cleaning combined tools in
its technological scheme, the principles of which are based on common properties of multipurpose (all
purposes to some degree) adapters use, their purpose and way of use while root crops gathering.

A large number of developed tools designs, assemblies and circuit layout of digging machines require
a differentiated approach at the selection, calculation, design, research and implementation of new
developments into production. Therefore, the ranked approach taking into consideration tools characteristics,
their layout schemes and methods of operation can provide the possibility of identification (analysis and
synthesis) of the necessary structural and technological scheme of digging-cleaning system for chicory root
crops combined digger.

Of the whole digger variety, one-disk concave diggers, or the so-called "eurodisc" (Fig. 1a) are the
simplest in design, and the least energy and metal consuming. Besides, they have a wide range of
applications for the various root crops digging at satisfactory performance index. The axis of rotation 2 of
concave 1 of a digger forms an angle of attack ¢ in the horizontal plane reported to root crops row axis.

A significant drawback of their work, or the failure of simultaneous root crops digging and head tops
cutting can predictably be eliminated by further structural and technological improvement of this digger type.

Operational characteristics and quality factors enhancement of conventional diggers, and all root crops
machinery in general, is partly solved by using the improved digger (Fig. 1b) or by additional installation of
the concave disc 1 in the front area, root guide 3 and horizontal drive cleaning shaft 4, where radial flanges 5
are fixed. Parallel axes 6 are consequently circle-wise set between the flanges, rotated relative to the
cleaning haft axis by a sharp angle. Flat elastic blades sections 7 are articulated on the parallel axes
(Hurchenko et al., 1991).

Fig. 1 — One-disc digger structural diagram
a — digger of “eurodisc” type; b — improved digger; 1 — disc; 2 — axis of rotation; 3 — root director;
4 — drive shaft; 5 — flange; 6 — axis; 7 — blade
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When the digger is moving, root guide 3 is shifting the previously beaten root crops during crop tops
cutting by toppers tools from the row to its centre, and concave disc 1 is digging the root crops.
Simultaneously, while the root crops digging by a concave disk is taking place due to cleaning shaft 4
rotation, flat elastic blades 7 are in contact with the root crops heads, clean them from the head tops due to
contact interaction of flat elastic blades with the head.

Parallel axes 6 rotation by a sharp angle relative to the axis of the cleaning shaft allows the flat elastic
blades to strike the root heads aside of the row, which improves the roots of different height cleaning, as a
high root crop doesn’t cover a low one against oblique impact.

In addition, flat elastic blades simultaneously interact with soil clumps, destructing the latter and
pushing the root crops to the next transportation systems, that results in enhancement of the technological
potential of root crops machinery.

While root crops digging under dry hard soil conditions, root tails are damaged due to their cracking,
because of lack of roots pushing vertical force and result root crops significant losses. To eliminate this
cracking of root tails or their losses concave disc 1 (Fig. 2a) is set at a sharp angle ¢ and flange 5 — at an

angle o to the vertical plane, with the axis 6 in the lowest position on the flange, forming an angle & equal or
close to 90° with a plane passing through the concave disk blade.

Concave disc 1 digs root crops, which are in a row by lifting them up due to setting the concave disk at
a sharp angle ¢ to the vertical and appearing additional lateral projection of lift force which is directed to a

vertical plane. At the moment of flat elastic blades 7 impact on the root crop head or soil surface their rotation
around their axes 6 is taking place and in the impact plane due to installing the flanges 5 at an angle ¢ to

the vertical and rotated axes by an angle » relative to the axis of the shaft 4. As the axes in the lower

position are perpendicular to the plane passing through the concave disk blade or inclined to it at an angle
close to the right, then flat elastic blades in the lower position are parallel to this plane and do not have a
contact with the concave disc surface, which results in their wear reduction.

To increase the cutting degree of root crops head tops, particularly sugar beet and carrots, and the
degree of soil lumps destruction by increasing the force of contact interaction (the force of direct central
impact) of flat elastic blades on the root crops heads and soil lumps, parallel axes 6 (Fig. 2b ) which are
placed on the flanges 5 of horizontal cleaning shaft 4 and where flat elastic blades 7 are mounted, are
installed parallel to the rotation axis of the cleaning shaft (Pankiv et al., 2009).

Fig. 2 — Structural diagram of one-disc digger
1 - disc; 2 — axis of rotation; 3 — root director; 4 — drive shaft; 5 — flange; 6 — axis; 7 — blade; 8 — ripper

Along with root crops digging, due to cleaning shaft 4 rotation, flat elastic blades 7 interact with root
crops heads and soil lumps. In this case a direct impact of elastic flat blades takes place which results in
head tops removal of root crops heads and soil lumps breaking up.

For digging root crops which are relatively deep relative to the soil surface (sugar beets, some kinds of
carrots, chicory root crops) ripper 8 is used, which is set behind the concave disc 1 stroke (Fig. 2¢) and can
be designed as cultivating tine or chisel.
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In the working process, ripper 8, while moving forward, lifts the roots a little, and the root crops-soil ties
are getting damaged, i.e. the previous breaking up of soil layer is taking place. Then the root crops are easily
dug from crumbled soil by the concave disc 1 and are displaced in the direction of a plane passing through
the concave disk blade. In this case, we have the opportunity to dip the concave disc so as not to lose the
root crops and load to transport-cleaning systems of root crop machinery the least amount of soil and plant
heads.

On the basis of earlier diggers identification (analysis and synthesis) we have proposed an improved
design of the two-disc (two-row) digger, which combines all positive aspects and benefits relative to the
existing concave one-disc digger (Fig. 1). The structural diagram of two-row digger is shown in Fig. 3.

Two-row digger (Fig. 3a) consists of two loose concave discs 1 mounted on their axis of rotation 2 and
located by angle ¢« to the corresponding row axis of root crops. A root guide 3 is set in the front area of the
attacking edge of each disc 1. Above the disks 1 the horizontal drive shaft 4 is mounted perpendicular to the
digger motion operating speed V, direction. The horizontal drive shaft includes a cylinder 5, bearing flanges

6. The horizontal shaft cylinder is divided into three sections. The axes 7, 8, 9 with flat elastic blade 10, 11
are set consequently between the flanges of the cylinder circle-wise. Axes 7 and 8 of two boundary sections
12, 13 of the cylinder form a truncated cone, and sections 12, 13 are directed to each other by smaller
bases. Axes 9 of middle section 14 form a cylinder. The planes crossing the axes 7, 9 or 8, 9 of contiguous
sections 12, 14 or 13, 14 form an obtuse angle.

Fig. 3 — Structural diagram of two-row disc digger
1 - disc; 2 — axis of rotation; 3 — root guide; 4 — drive shaft; 5 — cylinder; 6 — flange; 7, 8, 9 — axis;
10, 11 - blade; 12, 13 — boundary section; 14 — middle section; 14 — spring-loaded; 15 — two-section spring

While the digger is moving, root guide 3 is displacing the root crops dug out of the row to its centre and
concave disc 1 is digging the roots out. Along with roots digging out, due to horizontal drive shaft 4 rotation,
flat elastic blades of 10 two boundary sections 12, 13 interact with the roots heads. In this case roots heads
cleaning of head tops from two adjacent rows and breaking up of soil lumps take place simultaneously. In
addition, flat elastic elements 11 of middle section 14 also interact simultaneously with roots and soil lumps,
thus the roots surface cleaning of adhering soil and soil lumps breaking up take place together with pushing
the thrashed heap in the concave discs 1 at the same time, in this way accelerating its supply to the next
technological systems of root harvesting machinery.

To reduce the supply of soil contaminants during two-row digger operation under dry and hard soil
conditions on the outer side of each flat elastic blade 11 (Fig. 4) of middle section 14 spring-loaded rod 15 is
mounted which is designed as a two-section spring 16. Two-section spring is firmly fixed on each axis 9 of
middle section 14 (Kravchenko et al., 2013).

To adjust the contact force of flat elastic blades 10 (Fig. 4) of two boundary sections 12, 13 with the
head of root crops during their digging, or to provide the highest degree of root crops cleaning of head tops
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and simultaneous agreement on roots damage degree that should not exceed the limit according to
agrotechnical requirements, we propose to install a spring-loaded rod 17 on the outer side of each flat elastic
blade of two boundary sections 12, 13 of three-section cylinder 5, which is designed as a two-piece spring
18. Two-section spring is firmly fixed on each axis 7, 8 of the three-section cylinder. The contact force of flat
blades of two boundary sections is regulated by turning each section axis, which results in changing the
twisting of two-section springs and spring-loaded rod pressing.

Along with roots digging due to horizontal drive shaft 4 rotating, flat elastic blades 10 of two boundary
sections 12, 13 get in contact with the roots heads and flat elastic blades 11 of middle section 14 — with soil
lumps dug out by concave discs 1. In this case, the cleaning root crop heads of head tops of two adjacent
root rows and soil lumps intense breaking up, due to the impact contact of inner side of the flat elastic blades
11 with lumps of soil, take place simultaneously.

In addition, the flat elastic blades of middle section not only break up the soil lumps but push the
thrashed heap dug out by concave disks, located in the space between them, thereby accelerating its move
to the next technological systems of the machine.

On the basis of conventional diggers identification (analysis and synthesis), we have proposed an
improved design of transport and cleaning system of chicory root combined digger taking into consideration
all the positive aspects and advantages of concave two-disc digger (Fig. 3, 4).

Fig. 4 — Structural diagram of two-row disc digger
1 —disc; 2 — axis of rotation; 3 — root guide; 4 — drive shaft; 5 — cylinder; 6 — flange; 7, 8, 9 — axis;
10, 11 — blade; 12, 13 — boundary section; 14 — middle section; 15, 17 — spring-loaded; 16, 18 — two-section spring

The proposed transport-cleaning system of combined digger allows intensifying the process of chicory
root crops digging under considerable rooting depth conditions. The structural diagram of transport and
cleaning system of combined chicory root digger is shown in Fig. 5.

Combined root crops digger consists of two adjacent concave discs 1 which are loose on their axes of
rotation 2 and are mounted by angle & to the root crops row axis. In the front area of cutting edge 3 of each
of the two concave disks a root guide 4 and hollow guide tube 5 are set horizontally. The latter is placed
above the two concave discs and between them perpendicular to the roots row, or to the digger motion
operating speed V, direction. Bearings 6 are set inside the hollow guide tubes, where drive shaft 7 is

mounted. The separate cylinders 10 and 11 are fixed on the frontal edges 8 and 9 of the drive shaft,
designed as radial flanges 12 installed on the horizontal drive shaft. Between the flanges of each of the
cylinders the axes 13, 14 are fixed on their generators in series and parallel, where flat elastic elements 15
are set. The axes are turned about the axis of the drive shaft by an acute angle. Two supporting plates 17
are mounted radially to the external bottom of the hollow tube 16 where horizontal finger 18 is fixed. Pivoting
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slide rest 19 is hinged on the fixed horizontal finger where the ripper 20 is assembled which is placed in the
space between rows. Pivoting slide rest of the ripper is made of springy type thanks to spring 21, one end of
which is fixed on the top of the pivoting slide rest 22, and the second — on the digger frame 23. The pivoting
slide rest rotation on the fixed horizontal finger is limited by the stop 24 fixed on the supporting plates.

The ripper running depth is more than running depth of concave disks. The drive shaft direction of
rotation V, is the same as the combined digger.

Combined root chicory harvester operating principle is as follows. While at combined harvester motion,
the ripper 20 due to the soil environment resistance is stretching the spring 21 and is deviating in the
opposite direction on the horizontal fixed finger 18 to the support 24. The ripper simultaneous translational
motion in the soil environment and spring reverse compression create two recurring opposite acting forces
the action of which causes forced oscillations around roots soil environment. These cyclic fluctuations lead to
the breaking ties of chicory root crops with soil on the rooting depth, i.e. the ripping intensification of soil
environment and root crops partial digging take place. Also, along with roots digging up by a ripper, two
related processes take place, i.e. chicory roots final digging out by adjacent concave discs 1 due to their free
rotation on their axes 2 in the soil environment and root heads cleaning of head tops of two adjacent root
rows by rotating cylinders 10 and 11 of the drive shaft 7 or interactions of flat elastic elements 15 with root
crops heads. Root guide 4 is shifting the chicory roots previously broken up of the row to its centre and
adjacent concave disks pick up the roots dug out of soil. Besides, flat elastic elements also break up the soil
lumps and at the same time push the thrashed heap, located in the space of adjacent concave disks,
accelerating its supply to the next technological systems of root harvesting machinery.

Fig. 5 — Structural diagram of combined digger transport and cleaning system
1 —disc; 2 — axis of rotation; 3 — edge; 4 — root guide; 5 — guiding tube; 6 — bearing; 7 — shaft; 8, 9 — shaft end; 10, 11 — cylinder;
12 —flange; 13, 14 — axis; 15 —spring element; 16 — low outer part of guiding tube; 17 — support plate ; 18 — finger;
19 — swivel cariage; 20 — ripper; 21 — spring; 22 — swivel carriage top; 23 — frame; 24 — support

To confirm the technological efficiency of the combined digger in the composition of the root-
harvesting machine (Fig. 6), field comparative experimental studies were carried out on the digging of
chicory roots of the variety "Alexandrite".

The dependences of the quality indices of the work-loss w, and damage p, of the chicory root crops
for two cases were investigated with the use of a ripper 6 (Fig. 6), which is performed in the loosening loos
and without the use of a pest. The performance indicators w, and p, were determined according to the

standard procedure and relative to the common root crop of one experiment.

47



Vol. 53, No. 3/2017 INMATEH — 7 ineeti

Fig. 6 — Structural diagram of field installation
1 —root crop; 2 — disc; 3 — axis of rotation; 4 — root guide; 5 — drive shaft; 6 — spring blades; 7 — ripper;
8,9, 10, 11 — conveyors; 12 — support wheel

After processing the experimental values, final regression equations are obtained in natural quantities,
that characterize the dependence of changes in losses and damages of chicory root crops on their digging
out of the constructive-kinematic parameters of the combined digger:

w, =9419-3806V, —736a, +1324V,2 +015-10 *n2 —0,76-10 °n a, +0,22a;
P, =451+1,28"% +1,001% +1,003%

, @

where V| — speed of the root machine, [m/s];
a, — depth of the ripper stroke, [cm];
— rotational speed of drive shaft, [rpm].
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Fig. 7—Theresponse surface and the two-dimensional section of the response surface
a- W= fwk(vk;ak); b—w = fwk(vk;no);c_ Wy = fwk(no;ak)

In Fig. 7, 8 is shown the response surface and the response surface two-dimensional section of losses
w, and damage p, of chicory root crops from the movement speed of the root harvesting machine V, (1.2 <

Vi < 1.8 m/s), the speed of the drive shaft n, (220 <n, < 660 rpm), the depth of the ripper stroke a, (12 <

a, <20 cm), which are constructed according to the regression equations (1).
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The dominant factors that functionally characterize the loss w, of chicory root crops (Fig. 7) are the
speed V, and the ripper's stroke depth of the combined digger. The functional change w, in root crop losses
has an optimum - the minimum values of the response function w, = f,, (Vi;n,;a, ), which are in the range of
1.5 to 2.5%, are provided for the movement speed of the root harvesting machine in the range 1.4 <V, <1.5
m/s, the depth of the ripper stroke — 16 <a, <20 cm, the speed of the drive shaft — 400 <n, <500 rpm. It has
been established that the smallest values of the chicory root crops loss (w, = min) correspond to the values
of factors V, =1.45 m/s, n, =450 rpm, a, =18 cm. The optimization criterion for the minimum point w,,

which is calculated using the first regression equation (1), is 1.2% at this point.
The maximum permissible damage to the chicory roots ( p, < 15% according to agrotechnical

requirements) corresponds to the rotational speed of the drive shaft not more than n, <500 rpm and the
established limits of variation of V, and a, (Fig. 8).

Based on the analysis of empirical dependencies and graphical constructions (Figures 7, 8), which
characterize the change in the performance indicators of the combined digger in the form of functionals
w; P = fi(Viing; ), we can state that the condition for storing generalized optimization criteria w, < 2.5% and

P, <15% is fulfilled for the following constructive-kinematic parameters: V, =1.5 m/s, n, =500 rpm, a, =16
cm.
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a-p="f, (Viiag):6- po="1, (Viing ), 6= p =, (ng5a,)

The rational constructive-kinematic parameters of the combined digger in conducting comparative
studies were as follows: diameter of the spherical disk 0.45 cm; the angle of attack of the disk is 30 degrees;
the depth of the disc is 9 cm; the diameter of the drive shaft is 0.6 m; rotation speed of the drive shaft 500
Rpm; the depth of the ripper 16 cm.

It was found that the total losses of chicory root crops, which were excavated by a combined digger,
were 1.6 times lower compared to the basic digger (without setting the ripper) - from 3.5% in the basic digger
to 2.2% in the modernized digger. A significant reduction in the losses of chicory root crops is achieved due
to the additional installation of the ripper, which also reserves a 2.1-fold decrease in the number of untreated
(unrecovered and left in the soil) root crops — 2.9% in the base crop and 1.4% in the combined digger.

A significant reduction in the damage to root vegetables of chicory (approximately 2 times - 20.3% in
the base versus 10.1% in the combined digger) also confirms the technological feasibility of its use for the
rooting of roots. This allows us to improve the technological process of digging out the crumbling roots.
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CONCLUSIONS

Thus, it can be stated that the mounted drive shaft with flat blades installed on it, allows two operations
(root crops digging and root heads cleaning of head tops) to take place simultaneously. This provides the
reducing of second supply of soil and plant impurities due to contact interaction of flat blades with thrashed
heap components. Moreover, hinged ripper use mounted on a horizontal finger and made a spring-loaded,
can intensify roots with soil environment ties breaking up. As a result, the losses of chicory roots are
decreasing due to the number of damaged root tails reducing, energy consumption while root crops digging
saving and technological reliability growth of the digger and root crop machinery in general. It has been
established that chicory root losses are reduced by digging with a combined digger in 1.6, and the damage is
approximately 2-fold compared to a baseline (serial) digger. In this case, the number of dug roots with a
broken tail is reduced by approximately 2.6 times.
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ABSTRACT

The article deals with the dynamics of mechanism for arranging the flax stems line on the conveyor
belt. There were developed the equations of the kinematic pair which is included as a compound of
mechanism. The equation for calculating the conveyor belt length was developed.

PE3IOME

Y cmammi po3ansiHymo OuHaMiKy mexaHi3amy nidbusaHHs cmebesl cmpidyku fibOHy, sika rnocmyrnae Ha
mpaHcrnopmep nidbupadya cmpidok 51bOHy-0082yHUSs. BueedeHi pieHsiHHSI Orisi onucy GuHaMiKu KiHemMamuy4Hol
napu, sika exo0ums 0o cknady mexaHizmy nidbusaHHsT ma ompumaHo eupas Oris 8U3HAYEHHS O08XUHU
mpaHcrnopmepy Cmpi4qok.

INTRODUCTION

Flax is traditionally grown in Ukraine and it provides a lot of benefit. People use flax fiber, seeds and
by-products. The flax fiber is used to produce highly persistent household or technical clothes. Flaxseed oil
is used in food industry as well as for technical aims (to produce varnishes, oil paints and lacquers) and for
electrical, pharmaceutical, rubber and leather production. The value of flax fiber is higher than the value of
other fiber plans, such as cotton, hemp, kenaph. Flax fiber is healthy, nice and putrefaction resistant; it has
taken on market all over the world. Flax press cake with around 36% of protein is used in farm industry as
animal feeding stuff. Flax by-products (oakum, shove) serve as source for paper and building material
production.

The areas of flax plantings have been decreased recently. In 1990 there were 172 500,00 hectare of
them, but in the following years these areas became smaller because of various reasons; in 2015 there were
1, 91 thousand hectare (Statistical bulletin, 2015).

Flax cultivation should be renewed in Ukraine. A lot of measures are necessary to raise the amount of
flax production.

Taking into consideration all above, we formulate the task for the flax industry — development of
modern technologies of growing, cropping and manufacturing of flax in order to increase the quality and
decrease the wastes. Ukrainian agriculture will need more machines for flax cultivation and cropping if the
areas of flax plantings increase. It is especially important to mechanize the flax cropping process because it
is labour-consuming.

The researches of Ukrainian and Russian scientists (Nalobina O.0., 2004; Nalobina O.0.,
Gerasimchuk O.P., 2014; Nalobina O.0. and Muravynets Y.V., 2012; Nalobina O.0O., Puts V.S., 2013;
Zincov O.N., 2016) have proved that the index of the length of flax stem line influences the final product of
flax industry. This index is formed in several stages: during flax taking, transporting by the combine working
tool, while making a line, lying, making retted straw.

The analyses of exciting research has shown that one of the possible ways to reduce the flax line
length is to introduce the operation of arranging the stems in the line either during cropping or unrolling at the
stage of primary machining. It is necessary to have special piling (arranging) mechanisms to perform this
operation. Some works (Chernikov V.H., Rostovtsev R.A., Konokhov V.J, 2004; Chernikov V.H., Rostovtsev
R.A., 2005; Konokhov V.J, 2004; Nalobina O.O., Puts V.S., Tolstushko N.N., 2014; Rostovtsev R.A.,
Konokhov V.Y., 2006; Zincov O.N., 2007) research these mechanisms. The authors suggest reducing the
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line length by affecting the stems with different mechanisms, but they haven’t taken into consideration the
fact that the stems in the line are usually intertwisted.

They researched parallel and not intertwisted stems that don’t correspond to reality.

The authors of this work got a technical task to provide the arranging of flax stem line where the stems
may be intertwisted and lopsided; they have constructionally completed this task.

In order to complete the above mentioned task, they have performed the system research that allowed
analyzing the behaviour of the complex physical system, consisting of data sets, technical and planting
components. It is well-known that system research involves performing two tasks — analyses and synthesis
(Sydorchuk O.V., Nalobina O.0., Demyduk N. A. et al., 2011). We have analyzed the system that consists of
flax cropping machines and the plants of flax, this system works under the influence of various external and
internal factors (Hylleys H.A., Konovaliuk D.M., 1992; Nalobina O.0., 2012).

The authors have discovered that cropping of the vertical flax stems by combines gives the high index
of flax straw quality. However, the experience of harvest works in different regions of Ukraine, Belorussia and
other countries has shown some drawbacks of combines: great length of flax stem line, parallel
misalignment, damages; these defects can be eliminated due to the improvement of design parameters of
flax cropping machines.

This article presents the results of theoretical work aimed to perform the systemic syntheses and as
result the authors have made the real model of the apparatus for arranging the flax stem line; it allowed to
research the working dynamics of the arranging mechanism (Hylleys H.A., Nalobina O.O. et al. 2001); this
mechanism helps to make the stem flax line smaller, arrange the flax stems in parallel.

MATERIALS AND METHODS
The work presents the research based on the principles of theoretic mechanics and kinetics of
material systems. Figure 1 shows the scheme of the apparatus for arranging the flax stem line.

Fig. 1 - Scheme of the apparatus for flax stems arranging
1 -drum, 2 - guideway, 3 — conveyor, 4 — conveyor belt, 5 — pin, 6,7 — jaws, 8 — frame, 9 — chain, 10 — drive sprocket, 11 — shaft, 12,
13 — driven sprockets, 14, 15 — crash protectors, 16, 17, 18 — crank shafts, 19 — piston rod, 20, 21 — planks, 22 — ribs.

The apparatus consists of two mechanisms: shaking mechanism and piling mechanism. The shaking
mechanism consists of the jaws 6, 7 and the drive gear made of the chain 9, the drive sprocket 10 fixed to
the drive pulley of the shaft 11, the driven sprocket 12 with the jaw 6 fixed to the shaft, the transition sprocket
13 fixed to the same shaft that the jaw 7. On the both sides of the conveyor the two crash protectors 14 and
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15 are symmetrically situated, they are the parallel link motions consisting of the crank shafts 16, 17, 18 and
the piston-rod 19 with the adjustable spring plank 20 at one of its edge.

The same spring plank 21 is fixed to the edge of another piston-rod by linkage joint. The plank height
is regulated with the nut. Each plank contains the spring hidden inside the pinion carrier. The planks 20, 21
from the other side are fixed to the ribbed crash protectors 14, 15 by linkage joints. The mechanisms are
installed within the frame and they are driven with the shaft offtake from the tractor.

Figure 1 shows the arranging system of the conveyor that includes the drum 1, guideways 2, conveyor
3, continuous belts 4 with the pins fixed on them.

In order to increase the arranging effectiveness, the conveyor that runs on the belts 4 and guideways
2, is shaken periodically. The stems are tossed and separated, that is why the crash protectors can arrange
them easier. The tossing is caused by the sequential jaws kicks upon the upper conveyor track. The
arrangement of the flax line starts in the A-A zone (fig. 1) and finishes in zone B-B.

Pilling transporter and arranging apparatus are in the harvesting unit in front of the press or tying
device, and the drum is situated in front of the stem line. This part of the machine should be under the
machine operator’s control all the time. The center conveyor slot should function in the conveyor belt zone
where the stem centers are situated.

The jaw (figure 2) rotates with the rotational velocity around the axle in order to shake the conveyor
belt. The axle can change the position due to the spring plank variations.

Fig. 2 - Dynamic model of the kinematic pair: conveyor belt — jaw outer surface
1 — belt, 2 — jaw, 3 — adjustable spring plank

The point on the jaw outer surface moves with the speed V =0, 4 - @in the moment when it touches

the conveyor belt, where O,A is the distance between the jaw rotation centre and the point on the jaw outer
surface touching the conveyor belt in the moment. When the jaw surface moves along the belt, it turns to the
angle o =k, where tis time, sec.

Figure 2 shows the element of the conveyor track of the flax line, which is influenced by the forces: F —
cross-axle force and stretching force Fy, M — bending moment that appears under the jaw action in the

surface element of the conveyor: M = E% , Where r — radius of belt bending due to the contact with the jaw,

E — power module of belt material, | - inertia moment. The moment can cause slight displacement of the
conveyor belt. However, the moment will not have the considerable influence of the conveyor work if the belt
tension is correct. The belt bents and becomes longer under the influence of the jaw. The belt prolongation is
calculated (Svetlitskii V.A., Stasenko |.V., 1994).

Al=r,p, —1.5, 1)

Iy, I, - are radiuses of the drum and shaft (drawing 1), [m];

B, B, - deviation from equilibrium of the corresponding belt areas, [grad].
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RESULTS

Let’'s assume that the belt moves with the speed V, m/s; resulting force of F and Fy is R; the length of
belt element under the influence is I, m.

Thus, we can write the equation of belt movement on jaw outer surface with forces on the axel ZYX

(fig.2):

dv oR, R, T,
m,—-mV, o, = ——L4 X
dt tTOoX o | @
dv, R, R, T,
m, -mVo, =—*+—>+-%,
dt toX r |

m, — belt weigh, [kq];
T — jaw tension on the belt, [mPa].

The speed of the belt element moving in a certain moment directly on the jaw outer surface will be
different from V,, because of deformation and fluctuation. Taking the fluctuations into account, we can
assume that they will cause some slight shifts of equilibrium: s and s,. Considering this, we will substitute
expression in the equation (2):

v-2,

i, ©
v=2

a

The jaws rotates with the speed @ . There should be a contact between the pin in the outer surface of
the jaw and the inner surface of the conveyor belt to shake the conveyor belt and, correspondingly, the flax
stem line. In order to assure this condition the distance from the rotation centre of the jaw to the conveyor
belt in the moment when the pin A neither touches the belt nor deforms it should be chosen with regard to
the following condition:

h=0,A-A (4)

A is the spring deformation in the moment when the curve of the jaw nut rises the belt to the highest
position (fig.2), [mm].

dv
The flax stems will be torn from the ground if they get acceleration a = E from the jaw hit.

Thus, the speed of the conveyor belt transport V must be higher than the product Vcltgé', where VCl

is the initial speed of the stems and the conveyor surface in the moment when the nut of the jaw touches
them, O is the bending angle of the conveyor belt (fig.1).

. H
The bending angle of the conveyor upper track O respective the horizon equals: arcsin T where H

is the stem line height, L is the distance that the stems pass, and they are risen k times by the jaws.

In order to reason the belt length L, we assume that minimal required distance between the axels of
the drum and the drive pulley is L.

Thus, the minimum conveyor length is calculated

L =L, +r+r (5)

bmin

where L .. =knhere k—number of jaws, 1 is distance between them.

CONCLUSIONS
The authors have constructed flax stem line arranging mechanism that allows reducing the length of
the flax stem line or flax stem roll during cultivating.
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The authors have specified efficient elements of this machine taking into consideration the stems

tearing from the conveyor belt, the differential equation (2) of dynamic pair jaw-belt, and the equation (5)
and the design of the flax stem pickup with arranging mechanism.
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ABSTRACT

The design of spiral separator in question is based on the analysis of bulk materials separators. It has
advantages over the known devices. Spiral separator is maintenance-friendly compact mechanism with a
simple drive. As a tool, the spiral separating screen is used. This allows intensifying the separation process
and separate bulk materials into several fractions.
The empirical and theoretical dependence for describing the process of bulk materials separation by spiral
separator is obtained. The methodology of definition coefficients of mathematical equations is developed.
They depend on the material fractional composition and its initial settings. The experimental research for
defining the separation coefficients is conducted. The processed pellets and flax fibre shives are used. The
mathematical model of bulk materials separation by spiral separator is obtained and the method of
determining bulk materials separation coefficients by designing a type of spiral separator is developed. The
concept of spiral separator efficiency coefficient characterizing the separation degree of the bulk material fine
fraction is introduced. The dependence to justify the length of the spiral separator cage is obtained.

PE3IOME

Ha ocHoei aHanisy KOHCcmpykuili cemapamopie Ccurkux mamepiasnie 3arnporoHoeaHa KOHCMPYKUis
cnipanbHO20 cernapamopa, Wo Mae HU3Ky nepeeaz Had 8i0OMUMU KOHCMPYKUIaMU. 30Kpema, cripanbHul
cernapamop € KOMMakKmHuUM, mae npocmuli npusod ma 3pyqHuli e obceryeosysaHHi. Kpim moeo,
suKopucmaHHsi 'y sikocmi pobo4oeo opeaHy cripanenodibHo2o pewema 0038059€ iHMeHcugikyeamu
npouec cenapauii ma 30ilicHroeamu po30ifileHHs CUMKo20 Mamepiany 4Yu cymiwi Mamepianie Ha Kinbka
pakuyid.
OdepxaHi emripuko-meopemuyHi 3anexHocmi Ons onucy npouecy cerapauii curnko2o mamepiany Ha
cnipansHoMy cernapamopi. Po3pobrieHo memoduKy Ornisi 8U3Ha4YeHHS KoedbiyieHmie cenapauii, ki 6xo05imb 8
ompumaHi pieHSIHHS | 3anexame 8i0 hpakuiliHoeo cknady Mamepiany ma rno4Yyamkosux rnapamempis wapy
mamepiany. 3a po3pobrieHor Memodukor 30ilCHEHO eKcriepuMeHmaribHi O0CIOKeHHS, wo 003801UNU Ha
npuknadi nanueHUX 2paHysi ma Kocmpuui JibOHy-0082yHUS 8U3Ha4YUMU 3Ha4YeHHs1 KoegiuieHmie cenapauil
Ona yux mamepianig. [lposedeHuli KOMMIEKC MEOpPemuyYyHuUx ma ekcriepumeHmarbHux OO0CiOKeHb
0ossornue onucamu nepebiz rnpouecy cenapauii cunkux Mamepianie (nanueHUX apaHyrn, Kocmpuui bOHY-
0o8eyHUs1) Ha cnipanbHoMy cernapamopi. OmpuMaHa mMamemamudyHa molersib npouyecy cenapauii cunkux
Mamepianig Ha cripanbHOMYy cernapamopi ma po3pobrieHa MemoduKa 8U3Ha4YeHHs1 KoegbiuieHmis cenapaull
npuBamHi Onsi onucy npouecy cenapauii i IHWUX Ccurnkux Mmamepianie Ha cripanbHOMYy cernapamopi
3arnpornoHoeaHoi KOHCmpykuii. BeedeHo rnoHamms koegiuyieHma egpekmusHocmi pobomu cripansHO20
cenapamopa, Wo xapakmepusye cmyniHb 8i00KpeMrieHHs1 OpibHOI ¢hpakuii 3 curkoezo Mamepiarsy.
OmpumaHo 3anexHicmb 0151 06rpyHmMygaHHs 008XXUHU criipanenodibHo20 pewiema cenapamopa.

INTRODUCTION

To separate materials into fractions by size, shape, weight and aerodynamic properties in agriculture,
manufacturing and food processing, various separators are used. The most common are separators with flat
and drum cage. The vibratory separators and air separators with helical surfaces are used as well
(Ciobanu V. et al., 2015; Dadak V., 2015; Falko O., 2014; Ivancu B. et al., 2015; Kartashevich, S., 2001;
Paraschiv G. and Manole C., 2015). Most of the separators combine several separation types. The famous
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design have a number of drawbacks: big sizes and high metal content (characteristic of separators with flat
and drum cages); complex driving system of working bodies (characteristic of vibratory separators); low
degree of chamber filling and productivity (characteristic of air separators, separators with drum cages, spiral
bodies and surfaces).

Scientific research is aimed at finding new technological and technical solutions to intensify the
process of bulk materials separation (Falko O., 2014; Kartashevich, S., 2001). The key to a successful
solution to this problem is the development of mathematical models describing the separation process of
bulk materials that would justify the rational design-technological parameters of separators. Development of
mathematical models is based on the analysis of the separation process and determining the factors that
most influence its course.

During the theoretical description of the separation process the following factors must be considered:

. separation type;

. separator design peculiarities;

. uneven distribution of particles of different material size or its components;

. a wide range of particle sizes and particle mass of bulk material or mixture of materials;

. different physical-mechanical properties of the material;

. variation of separation intensity depending on the material parameters (material layer width, the
feeding rate, etc.) and movement along the working bodies or surfaces;

. fraction content in the initial material layer or its mixture.

In most cases, the separation process is described using empirical and theoretical or empirical
dependences with ratios determined experimentally. Typically, these dependencies are not universal and are
suitable to describe the separation process of bulk material or mixture of materials. Thus, to describe the
separation process of bulk materials carried out with the modern separators it is necessary to conduct
additional theoretical and experimental investigations.

MATERIALS AND METHODS

Two types of bulk materials were used in the research: processed pellets and flax fibre shive.
According to EN 14961-2 the content of fine fraction in the pallets packaging unit should not increase 1.0 %.
During production process of pallets this parameter exceeds the norm. Taking this into account, it is
necessary to separate the fine fractions from pellets before packaging.

Quality of pellets and briquettes made from flax shive depend on the raw material properties. One of
the major characteristics of the raw material is its fraction. The best mechanical properties of the pellets and
briquettes are achieved if the fraction is less than 10 mm. If it is not in line with this requirement — the shive
should be pre-processed, i.e. necessary fractions should be separated.

The method of determining separation factors for bulk materials (pellets, shive) in a spiral separator

study included the investigation of bulk material fractional composition with the help of particle-size analysis
(Khaylis G. and Fedorus Y., 2004). Fractional composition was determined as the ratio of individual fractions

mass to the total weight of bulk material:
N =25 100%
= —_— 0’ 1
J M ( )

m

where N; — quantity of bulk material particle of j fraction, [%];
M, -] fraction mass of bulk material, [kg];

M, — total weight of bulk material, [kg].

As a result, the content of fine fractions, below 10 mm, is 29.5%. Fine fraction content, below 10 mm,
which should be separated, is 39.8%.

After the fraction content was defined, a portion of the bulk material was weighed and loaded into the
spiral separator (figure 1) (Dudarev |., 2016). The spiral cage was adjusted to the fraction to be separated
with sizes 0.9x10 mm.

The spiral separator is equipped with two spiral cages, with similar separation processes. During
separation, the bulk material was moved with the disc. Fine fractions went through the cage holes into the
container. Separation intensity was defined with the coefficient x :
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M= MOil-l- ) (2

where g, — the separation coefficient on section i of the spiral cage, [m'l];
M, — mass of fine fraction in the bulk material before separation on section i of the spiral cage, [kg];
m, — fine fraction mass separated on section i of the spiral cage with the length I, [kg];

I, —length of section i of the spiral cage, [m].

Theoretical investigations included the major statements of bulk materials separation theory and own
investigation outcome (Dudarev I., 2016; Khaylis G. and Konovaliuk D., 1991).

Ne4

Fig. 1 — Scheme (a) and picture (b) of spiral separator laboratory machine

1 - bin; 2 — disc; 3 — spiral cage; 4 — spiral container; 5 — dividing plates; Ne1, Ne2, Ne3, Ne4 — sectors

RESULTS

The spiral separator (figure 2) contains a frame, driving unit, bin, disc with two similar spiral cages and
spiral containers for fine fractions as well as buffers for big and fine fractions.

The operation of the spiral separator is shown on the example on one of the spiral cage, since the
second cage is operated similarly. The bulk material is fed to the bin and moved through the spiral cage. The
fine fraction material goes through the cage holes into the spiral container. Big fraction material is moved to
the end of the spiral cage and then to the big fraction material buffer, fine fraction material goes to the fine
fraction material buffer.

] 2 — 3
[}

5

\

N

Fig. 2 — Spiral separator
1 - frame; 2 — drive; 3 — buffer; 4 — disc; 5 — spiral cage; 6 — spiral container;
7 — big fraction container; 8 — fine fraction container
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The separation process is complex in terms of description, because the location of particles of different
materials or sizes is random. Besides, the particles to be separated are reduced in the process, making the
process description even more complicated and requiring introduction of assumptions.

Since the separation coefficient changes according the cage length, in order to provide a more
detailed description, the spiral cage should be divided into similar sections I, =1, =...=I, =1 . Every section is
assumed to have a constant separation value = const.

Let's investigate a portion of bulk material, fed to the separator, containing fine fraction M, to be
separated. During short time span dt the bulk material layer will pass the surface of the spiral cage with the
length dI . The probability of fine fraction separation is xdl . At the beginning, the fine fraction to be separated
was M, , and after it passed the spiral cage section with the length I +dl (where | —is the length of the spiral
cage section passed by the material layer, [m]; dI — increase of the spiral cage section, [m]), fine fraction
mass became M,—dM . Thus, dM is the separation value (mass of the bulk material separated fine
fraction). Then, dM /M, will be the relevant separation value. The equation of relevant separation value
dM /M, and separation probability describes separation process in the spiral separator as follows:

dMm
M, = dl . (3)
The experimental value of the separation value u is defined at a certain width of material layer,

because it influences significantly the separation coefficient. The bigger the width, the worse the separation
process is. That is why, in order to achieve required separator productivity, the cage width should be
increased. In this case, better separation conditions are possible for the same material volume fed to the
separator at similar intervals.

Using the separation equation (3), let’s define the mass of the fine fraction material M, which remains

unseparated in the i -section of the spiral cage with length 1. :
M, =M, e i=1n; (4)
where n — number of sections with the length | of the spiral cage and spiral container.
Mass of the separated fine fraction material m, during bulk material separation of each spiral cage

section:
m =M., -M,. %)
Total mass m, of the bulk material separated fine fraction on the spiral cage:
m =>m=M,-M,_ (6)
i=1

The previous investigations determined the appropriateness of the cage spiralling according to the
logarithmic spiral with equation p(¢) :poe"‘*f, here m" =(p—p,)/l (where | — spiral cage length between the
radii p, and p, [m]; p, —the smallest radius of the spiral cage, [m]; & — angle of spiral, [rad.]).

Let us define the separation process changing the spiral cage radius. The length of a section can be

defined as |, ZF( i—PH) (where p_, and p, — radii at the beginning and the end of the i -section of spiral

cage).
Considering the presented dependences, the equation (4) will be:

_Hi(pi—pi-1)

M =M, e L (7)

The radii values of the spiral cage for the equation (7) are defined with the equation p(g) = poemkf. The
angle of the cage spiral is defined as follows:

y 2 * -
= [V i e)de = LI g g ),
m

£i-1

(8)

from where we obtain:
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Applying the obtained dependences (7) — (9), and separation values g, , the fine fraction mass M
variation diagrams depending on the radius p of the spiral cage in each section of the length | are built
(figure 3).

M. kg M. kg
oo b O Nl Ne2 Ne3 Ned
e Nel | Ne2 | Ne3 [ Ned - TR AR
IR R AR M o M
0.015+ % I M,

‘ 0.2+ :
\ _ .
M,
\ 0.1 M
< M‘

0.01 A

0.005

ol o & g o o o o M
. e - . 0 i f f
005 0.1 015 02 025 03 005 0.1 015 02 025 03
p.m p.m
a b

Fig. 3—Fine fraction mass M variation diagrams in the separation process depending on the radius p of the
spiral cage in sections with p, =0.07 mand m" =0.18
a— separation of the pellets with £, =0.263 m™; g, =0.507 m™; g, =1323m™; p, =4 m™,
b — separation of the flax fibre shive with £ =0.4 m™*; g, =111 m™; g, =197 m™; p, =4 m*

In order to show the length of the spiral cage L, where the fine fraction will be separated from the bulk

material, we take the logarithm of equation (4):
In(M) = In(M,e "), (10)

Where: M — mass of the fine fraction material remaining in the bulk material after separation on the spiral
cage with the length L_, [kg];

M, — mass of fine fraction in the bulk material before separation, [kg];

M, — average value of bulk material separation coefficient per spiral cage length L_, [m'l];

L, — spiral cage length, [m].

Having transformed the equation (10), we obtain:

Lsz_i..n[ﬂ], a1
lum MO
Mass of fine fraction in the bulk material before separation is determined according to dependence (1):
M_N
——m 12
° = 100 (12)

where N — number of fine fraction particles in the bulk material before separation, [%];
M, —total mass of bulk material before separation, [kg].

The average value of the bulk material separation coefficient per spiral cage length is defined as
follows:

%:Z%. (13)

Let's introduce the efficiency coefficient of spiral separator, to characterize separation degree of fine
fractions from the bulk material. The coefficient value is defined as follows:

K,=—. (14)
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The lower the coefficient value K_, the more efficient the separator operates. If, for example, the
efficiency coefficient is K, =0.03, it means that 3% of fine fraction material remained unseparated, and 97%
was separated. Substituting the average separation coefficient x_and spiral separator efficiency coefficient
K, in the equation (11), we obtain:

L=tk (15)

: H,
20

Based on the equation (15) the diagrams are built (figure 4), which show impact of coefficients x_and
K, on the spiral cage length L , where the necessary degree of the fine fraction separation should be
obtained. At reduction of the spiral separator efficiency coefficient K, and separation coefficient u,  the
spiral cage length L_ increases.

Fig. 4 — Diagrams showing the impact of the coefficents g, and K_ on the lengths L. of the spiral cage
a — for pellets; b — for flax fibre shive

The calculations made according to the equation (15) allowed us to demonstrate the length of the
separator spiral cage: 1) for pellets with g =1523 m™ and K, =0.03 the length of the cage should be
L, =2.3m; 2) for flax fibre shive with 4, =187 m™ and K, =0.05 the length of the cage should be L, =16

m. The defined spiral cage will ensure the required separation degree of fine fractions in the bulk material.
The conducted investigations allowed obtaining the mathematical model of bulk material separation in the
spiral separator which will be represented in coordinates xyM :

X=p,e"“sing;

y=pe"cose; (16)
—u I’O\ll*m*z[em*gigm*go]
M=Me "

0

1 m’L,
In

m’ PoV1+m™?

+eme

where s €lg;; 6] Emax =

The first and the second equation of the system (16) show the spiral of the cage. By means of the
mathematical model (16) and equations (4), (7) the diagrams are built (figure 5 and figure 6) showing the
separation model.
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Fig. 5—The curves showing separation of the pellets in the spiral separator with
K, =0.01; g, =1523 m™; M, =0.05 kg; &, =0 rad.; p, =0.07mand m" =0.18
a —fine fraction mass M variation diagram in the material along the spiral cage; b — fine fraction mass M variation in the material
with changed radius p of the spiral cage; c — fine fraction mass M variation in the material with changed length LS of the spiral cage
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Fig. 6 — The curves showing separation of the flax fiber shive in the spiral separator with
K, =0.02; x4, =187m" M,=025kg; ¢ =0rad.; p,=007mand m =0.18
a — fine fraction mass M variation diagram in the material along the spiral cage; b — fine fraction mass M variation in the material
with changed radius p of the spiral cage; b — fine fraction mass M variation in the material with changed radius o0 of the spiral cage;

¢ —fine fraction mass M variation in the material with changed length L, of the spiral cage

CONCLUSIONS

The design of spiral separator in question allows reducing sizes of the separator due to the installation
of the spiral unit and reducing metal and power consumption. Besides, the spiral separator is ergonomic and
ensures high level separation.

The conducted investigations allowed describing the bulk material separation process (pellets and flax
fibre shive) with the spiral separator. The mathematical model of the bulk material separation with the spiral
separator is obtained; the method for coefficient definition is developed, which can also be applied for other
materials.

The definition of spiral separator efficiency coefficient is introduced, characterizing the degree of
separation of the fine fractions. The dependence representing the spiral cage length is obtained.
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ABSTRACT

The design of a pneumatic separator with the feeding device for grain multilayer feeding was
suggested in this paper. The application of the device enables increasing the uniformity of the airflow field
velocity and the quality separation indicators. In order to determine the impact of grain multilayer feeding on
the quality of grain cleaning we conducted a quantitative distribution of light grain impurities in the operating
separation area. As a result, a statistical model of the probability of light impurities passing through the grain
layers in the process of grain multilayer feeding in pneumatic and separating channel was obtained and the
influence of specific load on the quality of grain cleaning was analytically determined.

PE3IOME

3anpornoHoeaHO  KOHCMPYKUit0  rHeemocernapamopa 3  XUBUbHUM  fpucmpoem  Ons
bacamopieHee020 88e€0eHHs 3epPHO8020 Mamepiasy, 6UKOpUCMaHHS $5Ko20 00380/5€ nidsuwumu
pigHOMipHiCMb nonis weudkocmel osimpsiHo20 MOMOKY ma SKICHI MoKasHUKU cenapauii. 3 memoro
BU3Ha4YeHHs1 ennusy basamopieHee020 68e0eHHS 3epHOB020 Mamepiasly Ha SKICmMb OYUUWEHHS 3epHa
rpoeedeHO KinbKicHUl po3rodin neskux AOMIWOK 8 pobouill 30Hi cenapauii. B pe3ynbmami ompumaHo
cmamucmu4Hy MoOeflb  UMOBIPHOCMI MPOXOOKEHHS Jie2kux OOMIWOK 4Yepe3 3epHoei wapu npu
bazamopieHesoMy 68e0€HHi 3epHO8020 Mamepiany 8 [HEe8MOCenapyryoMy KaHasai ma aHaaimu4yHo
BU3HAYeHO 8r1/1U8 MUIMOMO20 Ha8aHMAaXXEHHS Ha SKICMb OYUWEHHS 3EepHa.

INTRODUCTION

Today Ukraine is one of the leading countries in the production of grain and one of the three world
exporters of grain crops (Materynska O.A., 2013). That requires introducing new production technologies that
can provide high performance of grain cleaning and its compliance with the standards of cleanliness and
humidity (Grabar I.G., 2013).

The required quality of food grain can be achieved only through the effective and timely grain
cleaning from impurities which substantially affect the terms of storage and selling conditions. In this case the
pneumatic separation is very important. It separates a significant amount of impurities at various stages of
grain cleaning (Vasylkovskyi M.1., 2006).

Air separation is one of the most common ways of grain cleaning. This process is versatile due to the
separation of any material — from the smallest grain (alfalfa, poppy, etc) to the largest (corn, beans) and can
partially reduce its moisture content and minimize damage (Dryncha V.M., 2006). However, the efficiency of
the air flow depends on many factors: the size of specific grain load, aerodynamic properties of the
components, airflow velocity, geometrical parameters of the pneumatic separating channel and others.
(Kroulik M., 2016, LukaszukJ., 2008).

But, despite the widespread application and versatility of pneumatic separation, the efficiency of the
air flow is significantly reduced due to uneven grain location in the operating separation area. The increase
of grain specific feeding causes the increase of aerodynamic resistance in the area of grain input and output,
which in its turn increases the uneven airflow velocity in the cross section of the pneumatic separating
channel (Kovrikovl.T., 2003, Burkov A.l., 2000).

The increase of evenness of the air flow velocity field can be achieved by using the feeding devices
of the pneumatic separating channels (Saitov A.V., 2015). This improves interaction of the grain components
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and the air flow, thereby increasing the quality of separation, which improves the efficiency of the air flow and
the quality of grain cleaning (Panasiewicz M., 2008, Leshchenko S.M., 2008).

Despite a large number of works on theoretical research of the pneumatic separation quality
(Hamuev V.G., 2016, Leshchenko S.M., 2012), the problem of quality indicators analytic assessment is very
important and requires a detailed analysis of the process especially in the conditions of grain contact
interaction in the operating separation area.

So, the research is to study the impact of grain interaction on pneumatic separation quality indicators
while applying feeding devices. That will improve the air flow efficiency and reduce the power consumption for
grain cleaning.

MATERIALS AND METHODS

The analysis of feeding devices operation led to the conclusion that the main disadvantage of active
feeders used in the pneumatic grain cleaning machines is the additional energy, thereby increasing the power
consumption and complexity of the pneumatic separating channel design. Therefore, among all types of feeders
the gravity feeders are widely used due to their simplicity of design and reliability. These feeders are used in grain
cleaning machines and some feeders became the result of scientific research (Baldanov V.B., 2015,
LevdanskyiE.Yu., 2012, Doshi J.S., 2013).

On the basis of the research analysis of pneumatic separation and of feeding devices designs, the
Department of Agricultural Engineering of the Central Ukrainian National Technical University designed and
manufactured a prototype of a new pneumatic separator with the feeding device for grain multilayer feeding
(Patent of Ukraine Ne8058A, 2005) (Fig. 1). The design of the pneumatic separator ensures even distribution of
grain material in the operating separation area and significantly reduces air flow resistance in the input and output
zones and makes velocity field uniform (Nesterenko O.V., 2015).

Fig. 1 — Experimental air separator
a — functional scheme of pneumatic separator; b — multilayer feeding device
1 - batcher; 2 — batch gates; 3 — multilayer feeding device; 4 — pneumatic separating channel; 5 — settling chamber;
6 — fan; 7 — air channel;8 — airproof outlet channel;9 — indirect gravity curves;10 — louver type unit;
11 — impurity receiving collector; 12 — adjusting air velocity shutter

The main specific feature of the new pneumatic separator is the application of a gravitational
multilayer feeding device. As a result, there is a separation of the inlet grain flow into several single-layer air
streams that are delivered to different height operating areas of the pneumatic separating channel
(Nesterenko 0O.V., 2012). In this case, the output of the cleaned grain out of the separation area is carried
out through the louver bar and the airproof outlet channel.

Accordingly, while using the design of the pneumatic separator it is necessary to determine the
quality characteristics of grain cleaning as ascending trajectories of light impurities from the lower layers will
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intersect with the descending trajectories of grain fractions. Therefore, to determine the effect of the
multilayer inlet of grain material on the quality of separation we studied the quantitative distribution of light
impurities in the operating separation area.

In the case of grain multilayer feeding into the pneumatic separating channel, there will be a contact
action among some light impurities and taking into account that the trajectory of the impurity will be changed
after the contact with the grain we may observe the least positive situation for impurities of the lowest layer
(Fig. 2b).
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Fig. 2 — The scheme of passing impurity with grain multilayer feeding:
a — through the grain layer; b — from the lower grain layer.

The contact action of the impurity in the multilayer grain flow is multistaged. In this case, the motion of
the centre of impurity mass Og consists of three successive stages (Fig. 2 A):

- contactless motion of impurities between the layers —section A B;;

- contact of impurities with grain at the point By;;

- the motion of impurities in grain and the point of contact traces the trajectory B;; C;; and the mass
centre of a separate particle of impurities will be B; C;.

Since the motion trajectory and the time of impurities motion between grain layers depends on the
initial horizontal displacement & of the impurity and grain mass centre, which is a random variable and can
have any value in the range [0; 2R], then for quantitative distribution of light impurities we need to distinguish
their kinematic characteristics at the output from every subsequent layer, which depends on the contact point
of impurities with grains from another upper layer.

In this case, the section ¢&e [0;2R], /i=1,N/ is divided into N similar equal intervals
(&1, €.5), i=1,N/ with the length 2R/N (Fig. 2b).

Then, the impurities from the first layer after passing:

- the second layer will be distributed into N equal by quantity groups. Each group will have its
own kinematic characteristics — V,;t,;,/j=1,N/. At the same time, some of the groups may have similar
kinematic characteristics;

- the third layer will be divided into N groups — Vs t;,/j=1,N/;

- the fourth layer will be divided into N *groups — V,;ta;,/i=1,N%; ...;

- the n layer will be divided into N"'groups— V4,j-t4,j,/j=1,N"'1/.

Since the duration of impurities motion for some groups is longer during the time of grain passing the
depth of the pneumatic separating channel, then the number of groups for grain layers can be significantly
lower. The probability to select such impurities is considerably reduced as since reaching the louver unit they
can get into the airproof channel for receiving clean grains and they will not be processed in the following
layers.

According to these circumstances, the height of lifting impurities depends on the contact point with the
grain. Setting the scale height of lifting impurities, we make analysis of the process of impurity passing
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through the grain layer and determine its final elevation point. That is which n grain layer the impurity
reaches, and in this case the impurities from all grain layers are added according to the height levels.
The scale of the impurities elevation height is calculated by the formula:

AY = Ymax_ Ymin (1)
7n )

where, Y axis the maximum elevation height (the impurities from the upper layer move easily upward);

Ymin iS the minimum elevation height (the impurities from the lower layer collide with the grains from all
layers in the worst case).

This distribution is made for the grain flow in which the distance between the surfaces of the grains in
the direction of the grain flow is equal to their size (2R). For the rarefied grain flow, we introduced the
coefficient of rarefaction f, =I/2R, which characterises the density of grain position in the horizontal motion in
the pneumatic separating channel.

As a result, the productivity of the pneumatic separating channel (taking into account the rarefaction of
the grain flow) is determined by the formula:

2

1+ fp

)

qB:SBOO%(B~v~n~R-7)-

Where B is the width of the channel, m;
v — the velocity of feeding the grain into the pneumatic separating channel, m/s;
n — number of layers, pieces;
R — grain radius, m;
y — grain volume weight, kg/m?’;
f,— the coefficient of rarefaction of the grain flow in the pneumatic separating channel.
Modelling of light impurities quantitative distribution with a multilayer feeding of grain material was

carried out using the Mathcad software.

RESULTS
The results of the research helped us obtain the statistical probability model of light impurities passing

through grain layers in the grain multilayer feeding into the pneumatic separating channel (Fig. 3).

The analysis of variation characteristics of light impurities distribution (Fig. 3), which were obtained for
each layer of grain material input, enables asserting that at six-layer feeding with maximum specific load, the
highest percentage of impurities remaining in the cleaned grain appear from the first and second (located
lower) feeding layers, 15% and 12.8% respectively. Thus, light impurities appear in the cleaned grain only
from the three lowest layers of grain feeding and a full selection of light impurities takes place from IV to VI
feeding layers (located the highest). Under such conditions the installation place of the louver unit top
depends on the number of layers involved in the feeding device. The louver unit will be located at the height

H =0.05...0.055 m.
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Fig. 3 — Quantitative characteristics of impurities in the cleaned grain with a multilayer feeding
| — Il — the ordinal number of grain feeding layer

Taking into consideration the rarefaction coefficient and the number of layers used in the feeding
device and according to distribution results, we obtained analytical dependence of separation completeness
of light impurities € on the productivity of the pneumatic separating channel gg with a multilayer feeding of

grain material (Fig.4).
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The given dependences were obtained at specific load on the layer of the feeding device qy=
250...350 kg/dm-hour at which the single-layer feeding of the grain is carried out.

The analysis of the dependence (Fig. 4) shows that with increasing specific load gg and, consequently,
increasing the number of feeding layers, the completeness of separation € decreases. Thus, the number of
layers used in the feeding device depends on the purpose of cleaning and its rational meaning is within n =
4...6 pcs.

Reducing the separation quality can be explained by the increasing number of probable contacts of
light particles that move from the lower grain layers, respectively, the output velocity decreasing with each
passed layer. The time to pass through the depth of the channel also decreases.
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Fig. 4 — Analytical dependence of the separation completeness of grain material on the specific load value
of the pneumatic separating channel, &€ =f(gg):
Il — VI is the number of used feeding layers

With the introduction of two feeding layers, the separation completeness is € = 97 ... 98%, with specific
load gg varying from 500...700 kg/dm-hour.

With the introduction of four feeding layers the separation completeness is € = 86 ... 91%, with the
specific load being able to be set from 1000 to 1400 kg/dm-hour; using six feeding layers, we get € = 66 ...
78%, with specific load gg= 1500...2100kg/dm-hour.

The results of experimental studies of the impact of a multilayer feeding on the light impurities
separation completeness (Nesterenko O.V., 2015) sufficiently prove the analytical studies with correlation
values ranging from 7... 9%.

CONCLUSIONS

As a result of the analytical analysis, the possibility to apply a multilayer feeding in pneumatic systems
of grain cleaning machines was grounded. That allows equalizing the velocity field of the airflow in the
operating separation area and increasing the separation quality compared to the traditional grain feeding.

The undertaken studies allow reaching the conclusion that reducing the number of used layers from 6
to 2 improves the quality of separation by 22...30%, but the value of the specific load decreases by
1000...1600 kg/dm-hour and the productivity of the pneumatic separator. However, the number of layers
used also depends on the purpose of cleaning with the rational value n =4 ... 6 pcs.

It was determined that the separation probability of light impurities with a multilayer feeding of grain
material depends on the time and velocity of their passage through grain layers that vary depending on the
contact point of the impurities with grain and the instalment position of the louver unit top. In this case, the
increase of the distance between grain particles 2R in the horizontal direction improves the quality of the
material separation, but the separation productivity decreases.
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ABSTRACT

According to matches of radiation properties of infrared heater and rapeseed, a small-scale infrared
belt dryer was developed and its drying performance was tested and validated. Control factor of layer
thickness has the highest significant level of impact on rapeseed effective moisture diffusivity and it is
followed by factors of temperature, initial moisture content and radiation distance, sequentially. Two-term
model gives the best fit to experimental data of moisture ratio, and it is followed by Page model. Both
models are effective to predict moisture ratio of rapeseed infrared drying, with coefficient of correlation
higher than 0.999.
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INTRODUCTION

Rape (Brassica campestris L.) is planted for oil production, protein, forage, nectar and energy.
Rapeseed is the third-leading source of vegetable oil and second-leading source of protein worldwide.
China is a major country of rapeseed production and consumption, while the region of Yangtze River is the
main rape planting area, rape (Brassica napus L.) as the main species, where harvest period often runs into
rainy season of high temperature and high humidity. The freshly harvested rapeseed of high moisture
content is susceptible to subject to deteriorations such as overheat, acidification and mildew, primarily due
to its high-water activity (Gao et al., 2016; Yang et al., 2012).

Artificial drying is required for the safe post-harvest process and storage of rapeseed. Solar drying,
especially open sun drying and hot-air drying are still main options for rapeseed. Even though open sun
drying offers low capital and operating costs and little expertise is required, its major disadvantages being
extremely dependency on weather and large land areas needed for the shallow drying layer (Aghbashlo et
al., 2013). As for hot air drying, it involves product exposure to a continuous air flow to remove moisture,
which leads to high energy demand (Onwude et al., 2016). Compared to hot air drying, infrared radiation
heating has many advantages such as greater energy efficiency, heat transfer rate and heat flux, which
results in reduced drying time and higher drying rate (Kayran et al., 2017). Infrared energy can be
transferred from source to product surface directly without heating the surrounding air. However, when it
falls on the other parts (such as tray) apart from product surface, they get heated, and as a result, the
temperature of the surrounding increases, which helps reduce the moisture of the product (Pawar et al.,
2017).

Infrared drying is particularly suitable for thin layers of product with large surface exposed to
radiation, and it has gained popularity as an alternative drying method for a variety of agricultural products
(Kayran et al., 2017). Infrared drying either alone or combined with others offers many advantages (such as
greater energy efficiency, higher drying rate and better quality of dried product) over convective air drying
under similar drying conditions. Because of a synergistic effect, the combination of infrared drying and hot
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air drying has recently received much attention as novel thermal heat drying method, either to augment or
completely replace the conventional drying method to improve overall process efficiency (Onwude et al.,
2016; Zhang et al., 2015).

Many studies have reported on the applications of infrared drying or combination with others such as
strawberry (Adak et al., 2017), red pepper (Zhou et al. 2016), tomato (Kocabiyik et al. 2016), bean seeds
(Doymaz, 2015), rice (Okeyo et al., 2017) and others. However, there is no information in the literature
about infrared drying of rapeseed. The main objectives of this study were to develop a small-scale infrared
belt dryer and investigate the effect of process parameters on the drying performance, fit the experimental
data to 5 thin-layer drying models and compute effective moisture diffusivity of rapeseeds.

MATERIALS AND METHODS
DESIGN AND DEVELOPMENT OF THE DRYER
Overall Design

Considering physical properties of rapeseed and scale-up purpose of the infrared belt dryer, a small-
scale infrared belt dryer was designed and developed, with dimensions of length 1.0 m, width 0.4 m, and
height 0.6 m, as shown in Fig.1. The wet rapeseed is fed from feed port and flows onto the upper conveyer
belt. There is a baffle plate in the feed port that acts as a cushion to the fall of the seed. The seed is
delivered by conveyer belts in the upper and lower sections of the drying chamber sequentially, and in
midway of the delivering, seed passes through a guide chute. During delivering, seed gets heated mainly by
the infrared radiation, and the surrounding air is heated mainly by other heated parts in the drying chamber
(such as belts, walls, etc.). The synergistic effect of infrared radiation and hot air benefits the moisture
removal of the rapeseed. The delivery speed of the seed is controlled by a microcontroller based control

system as required and the infrared radiation distance is adjustable by manipulating the thread screw.
4 92

17

[

Fig. 1 - Structure diagram of the infrared belt dryer
1 - vent; 2 — feed port; 3 — hinge; 4 — opening; 5 — v-shaped steel; 6 — infrared heater; 7 — side plate;
8 — thread screw; 9 — axial flow fan; 10 — drive roller; 11 — bearing seat; 12 — coupling;
13 — stepping motor; 14 — motor bracket; 15 — baffle plate; 16 — guide chute; 17 — driven roller;
18 — conveyer belt; 19 — temperature sensor; 20 — wall; 21 — discharge port

Main Structure Design
Infrared heating system

Rapeseed is an unsaturated porous medium with sorptivity. According to matches of radiation
properties of infrared heater and the product to be dried, since absorptivity of agricultural products at
spectral range higher than 3 um have their maximum absorptivity (Pan et al., 2007), infrared heaters of
wavelength of 3.3 um were adopted for the radiation heating. Then, the surface temperature of the infrared
heaters can be calculated as 878 K by the following expression (Wien’s displacement law):

ImaxT=2897.8, [uK] 1)

where:
Amax 1S Wavelength of maximum emissivity, [um];
T — absolute temperature, [K].
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Radiation distance between infrared heater and the product affects drying efficiency and final quality
of the dried product. The smaller the radiation distance is, the higher the radiant emittance will be, and the
higher drying efficiency becomes, but the final quality of the dried product degrades. The irradiance of
product can be calculated by the following expression (Zhang et al., 2013):

Me=H’Ee, [W/m?] @)

where:
M. is radiant emittance ("e" for "energetic"), [W/m?;
H — radiation distance, [m];
E. — irradiance at distance H, [W/mZ].
The radiant flux can be controlled by adjusting the radiation distance. According to pre-experiments,
a range of radiation distance 50-100 mm was defined for the infrared belt dryer in this study.
The power (or radiant power, radiant flux) of each infrared heater can be calculated as 795 W by the
following expression (Wang, 2003):

P=EcA, [W] 3)
where:
P is radiant power, [W];
A — area of irradiance at distance H, [m?].
Irradiance 3000 kW/m? and area of irradiance 0.265 m? were defined in this study.
Conveying system
The conveying system of the infrared belt dryer comprises an upper chamber unit and a lower
chamber unit (as shown in Fig. 2), and each unit is composed of conveyer belt, drive roller, driven roller,
bearing seat, coupling, motor bracket, and stepping motor. The conveyer belt is made of
polytetrafluoroethylene (Teflon®), with evenly distributed square holes of side size 1 mm. The conveyer belt
is driven by the stepping motor. Then, the rapeseed on the conveyer belts moves forward, as shown by the
arrows in Fig. 2.
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Fig. 2 - Conveying and ventilation diagram of the infrared belt dryer

Ventilation system

The ventilations in the upper chamber and lower chamber are separated by a division plate, as
shown in Fig. 2. The axial flow fans 2B08038B12S (made by Asia Vital Components Co., Ltd) are installed
at both humidity outlets, with parameters: operation voltage 12 V; maximum rotating speed 7000 r/min;
maximum air flow rate 437 m®h. The air velocity and air flow rate can be controlled by means of frequency
modulation. Moreover, there are evenly distributed holes on the conveyer belts which are beneficial to the
ventilation in the drying chamber, especially in the thin layer product being processed.
Control System

The control system of the infrared belt dryer consists of modules of infrared heating, temperature
sampling, motor control, ventilation, LCD display and keyboard input, and microcontroller STM32F4072GT6
(made by STMicroelectronics) is the core platform of the system. Two temperature sensors WZP-187
PT100 (made by Shanghai Jiamin Instrument, Co. Ltd) are built at suitable positions above the product.
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They sample the temperature information in the upper chamber and lower chamber individually. The
feedback of temperature information is compared with pre-defined values and processed by the
microcontroller. Then, based on the output of the process, the power of each infrared heater can be
controlled (heating on/off) to obtain the pre-defined temperature in the drying chamber. The speed of the
conveyer belts is driven by stepping motors and controlled by the motor control module. Since the speed of
the conveyer belts is correlated to process time of the product in the drying chamber, the process time is
controllable. Similarly, the air velocity and air flow rate in the drying chamber is controlled by the ventilation
module.

RESULTS
PERFORMANCE STUDY OF THE DRYER
Experimental Procedures

The rapeseed (Brassica napus L.), Zhongzaliang 16, was harvested in Zhongxiang, Hubei Province,
China. The impurities, cracked, germinated, mouldy seed and seed with green colour were manually
removed so as to obtain uniform test samples. The initial moisture content (MC) of rapeseed was
determined according to Chinese standard GB/T14489.1-2008 (China National standardizing committee,
2008). According to the initial MC 8.68 %d.b., test samples of the dry rapeseed were rewetted to MCs of
20 %d.b., 25 %d.b. or 30 %d.b. as required, by using the same method detailed in literature (Gao et al.,
2016).

Orthogonal Factorial Experiment Design technique based on Taguchi methodology was used to
arrange experiments. Taking temperature, radiation distance, initial MC and layer thickness as control
factors, and effective moisture diffusivity as evaluation index, levels of control factors were defined, as
shown in Table 1. Experiments are designed in accordance with appropriate orthogonal array Lg(34), a 3-
level 4-factor array with 9 runs, and their arrangement is shown in Table 2.

Table 1
Levels of control factor
Temperature A Radiation distance B Initial MC C Layer thickness D
Level [°C] [mm] [%d.b.] [mm]
1 95 80 20 4
2 100 100 25 6
3 105 120 30 8
Table 2
Experiment arrangements and results of effective moisture diffusivity Des
No. Factor A | Factor B | Factor C | Factor D Deft [10'9m2/s]
1 1 1 1 1 1.863
2 1 2 2 2 3.371
3 1 3 3 3 4.029
4 2 1 2 3 4.758
5 2 2 3 1 1.917
6 2 3 1 2 3.726
7 3 1 3 2 3.956
8 3 2 1 3 5.165
9 3 3 2 1 2.036

Effective moisture diffusivity can be calculated by the following expression (Yang et al, 2014):

’D_t
INMR = In%—ﬂTeff , [dimensionless] 4)
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where:
MR is moisture ratio, [dimensionless]; /I/l/?:(/I//—/I/le)/(/l/li —/l/le), M is the instantaneous MC, [%d.b.];

M is the initial MC, [%d.b.]; M is the equilibrium MC, [%d.b.];
D — effective moisture diffusivity, [mzls];

t — drying time, [s];

L — layer thickness, [m].

For simplification, it was assumed that the surface of kernel remained dry throughout the drying
process, then M.=0 (Thakor et al., 1999). Effective moisture diffusivity is typically determined by plotting
experimental drying data in terms of INMR versus drying time t in Equation (4), because the plot gives a

straight line with a slope as follows: #?0,, /2.

Drying Characteristics

The experimental moisture ratios of rapeseed versus drying time for different runs were plotted, as
shown in Fig. 3. The drying characteristics curves of rapeseed under different combinations of drying
conditions largely show a same tendency of change with drying time, namely, that moisture ratio
exponentially decreases with drying time. No obvious constant rate drying stage is observed during the
infrared drying of rapeseed, moisture removal is mainly processed during falling rate drying stage, and most
of the moisture removal is finished in the first half stage. After drying of 30 min, the moisture ratios of all
runs in Table 2 are less than 0.4 (the corresponding MCs are less than 9 %d.b.) which is a qualified MC
level to safe storage of rapeseed in China.
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Fig. 3 - Experimental moisture ratios of rapeseed, for different runs

Statistical analyses of range and variance were performed to obtain the impacts and their
significance of each control factor on the effective moisture diffusivity of rapeseed during infrared drying.
Range analysis results were shown in Table 3, and variance analysis results were shown in Table 4. The
values in cells of each level of the control factors in Table 3 represent mean diffusivities of the
corresponding levels and factors. The delta values of each factor represent the biggest change of mean
diffusivities of the factor, namely the impact level of each factor. The numbers in the rank row indicate the
impact significance of the control factors. The reason why control factor of radiation distance of infrared
heater has the lowest significance of impact on the effective moisture diffusivity can be explained as: even
though radiation distance affects the irradiance of infrared heating, the on/off of the heater is controlled by
temperature information, which determines the total radiant emittance.

Range analysis and variance analysis show that: the factor of layer thickness has the highest
significant level of impact on rapeseed effective moisture diffusivity during infrared drying and it is followed
by factors of temperature, initial MC and radiation distance, sequentially. The F-ratio of each control factor
was compared to a critical value corresponding to a certain pre-selected probability, resulting in probabilities
of 99.0 %, 83.6 %, and 51.6 % that control factors are in fact due to chance because of layer thickness,
temperature, and initial MC, respectively. AzB;C;D3; and A;B3C3;D; are the optimal level combination and the
worst level combination of the control factors that benefits to the effective moisture diffusivity, respectively.
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According to optimal engineering average strategy (Wang, 2004), the effective moisture diffusivities
of any level combinations of the control factors can be calculated. The calculated diffusivities of
combinations of A3;B;C,D; and A;B3;C3D; were obtained and compared with tested data, as shown in Table
5. Of which, the tested diffusivities of combinations of A;B,C,D; and A;B;C3;D; were obtained by following
the same experimental method aforementioned. As can be seen in Table 5, the optimal level combination,
namely AsB,C,Ds, shows better performance for moisture removal than any level combination in Table 2.

Table 3
Range analysis
Level Factor A Factor B Factor C Factor D
1 3.088 3.526 3.585 1.939
2 3.467 3.484 3.388 3.684
3 3.719 3.264 3.301 4.651
Delta 0.631 0.262 0.284 2.712
Rank 2 4 3 1
Table 4
Variance analysis
Source of variance | Degree of freedom | Sum of squares | Mean sum of squares | F-ratio | Critical F-ratio
Factor A 2 0.606 0.303 5.090 | Fo25(2,2)=3.0
Factor B 2 0.119 0.060 Error | Fo10(2,2)=9.0
Factor C 2 0.127 0.063 1.066 | Fo.01(2,2)=99.0
Factor D 2 11.336 5.668 95.224 /
Total 8 12.188 / / /

Table 5
Validation of effective moisture diffusivities

Tested diffusivity | Calculated diffusivity Relative error
Combinations - >
[107m*/s] [107m*/s] [%]
AzB1C1D3 5.586 5.206 6.80
A1B3C3D; 1.528 1.317 13.81

Mathematical Modelling

For further investigation of the drying performance, the experimental drying data of rapeseed
moisture ratio under different conditions were fitted into 5 commonly used thin-layer drying models. The
statistical results of the different models, including the drying model coefficients and the comparison criteria
used to evaluate goodness of fit, namely, coefficient of correlation (RZ), reduced chi-square ()(2) and root
mean square error (RMSE), are listed in Table 6.

The coefficient of correlation, the reduced chi-square and the root mean square error can be
calculated as follows:

R2=1_ ZT(MRexp,i - MRpre,i )2

= . /~, [dimensionless] (5)
Zl (MRexp - Mrpre,i )
N 2
MR__. -MR__ .
2= 2 ( eﬁl" - pre") , [dimensionless] (6)
ZN (MRexpi - MRprei )2
RMSE = 1 N ~/—  [dimensionless] )
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where:

MR,,,; is the ith experimental moisture ratio, and MR _; is the ith predicted moisture ratio;

exp,i i

N — the number of observation;
n — the number of constants in the mathematical model.

Table 6
Statistical results obtained from different models
Parameter
Model Mean value
Run 1 ‘ Run 2 ‘ Run 3 ‘ Run 4 ‘ Run 5 ‘ Run 6 ‘ Run 7 ‘ Run 8 ‘ Run 9
1 Newton: MR=exp(-kt)
k 0.073 0.051 0.033 0.039 0.070 0.060 0.057 0.043 0.086 /

R? 0.9986 0.9924 0.9808 0.9816 0.9940 0.9980 0.9834 0.9911 0.9961 0.9907
)(2 0.000146|0.000612 | 0.000994 | 0.001131 | 0.000599|0.000178 | 0.001448|0.000613 | 0.000437| 0.000684
RMSE| 0.0112 0.0229 0.0292 0.0311 0.0227 0.0124 0.0352 0.0229 0.0194 0.0230
2 Page: MR=exp(-kt")

k 0.082 0.033 0.016 0.018 0.054 0.049 0.028 0.026 0.118 /

n 0.957 1.158 1.254 1.254 1.097 1.070 1.251 1177 0.878 /

R 0.9991 | 0.9993 | 0.9996 | 0.9999 | 0.9966 | 0.9994 | 0.9995 | 1.0000 | 0.9998 0.9992

x> |0.000114 | 0.000074 | 0.000029 | 0.000011 | 0.000433 | 0.000067 | 0.000058 | 0.000002 | 0.000028 | 0.000091
RMSE| 0.0090 | 0.0073 | 0.0046 | 0.0028 | 0.0176 | 0.0069 | 0.0064 | 0.0012 | 0.0045 0.0067

3 Henderson and Pabis: MR=aexp(-kt)

a 0.996 1.025 1.036 1.037 1.020 1.013 1.039 1.026 0.983 /
k 0.073 0.053 0.035 0.041 0.071 0.061 0.059 0.045 0.084 /
R 0.9986 | 0.9947 | 0.9890 | 0.9888 | 0.9952 | 0.9985 | 0.9888 | 0.9940 | 0.9965 0.9938
x> |0.000170|0.000555 | 0.000784 | 0.000940 | 0.000614 | 0.000165 | 0.001309 | 0.000536 | 0.000457 | 0.000614
RMSE| 0.0110 | 0.0199 | 0.0237 | 0.0259 | 0.0209 | 0.0109 | 0.0306 | 0.0196 | 0.0181 0.0201

N

4 Logarithmic: MR=aexp(-kt)+c

a 0.962 1.176 1.946 1.700 1.035 1.044 1.260 1.345 0.934 /
k 0.080 0.040 0.015 0.019 0.069 0.057 0.041 0.028 0.100 /
c 0.041 -0.165 -0.932 -0.687 -0.018 -0.035 -0.241 -0.338 0.063 /

R? 0.9995 | 0.9976 | 0.9976 | 0.9981 | 0.9953 | 0.9988 | 0.9960 | 0.9993 | 0.9998 0.9980
x> |0.000083|0.000315 | 0.000223 | 0.000205 | 0.000749 | 0.000168 | 0.000614 | 0.000085 | 0.000034 | 0.000275
RMSE| 0.0069 | 0.0134 | 0.0113 | 0.0108 | 0.0207 | 0.0098 | 0.0187 | 0.0070 | 0.0044 0.0114

5 Two-term: MR=aexp(-kot)+bexp(-kit)

a 0.028 1171 1.186 1.351 1.101 1.055 1.302 1.655 0.458 /
ko -0.010 0.060 0.042 0.053 0.077 0.063 0.073 0.061 0.053 /
b 0.975 -0.171 -0.186 -0.350 -0.101 -0.055 -0.302 -0.655 0.542 /
ki 0.079 0.244 0.211 0.151 6.558 6.184 0.254 0.108 0.139 /

R? 0.9995 | 0.9995 | 0.9998 | 0.9999 | 0.9983 | 0.9998 | 0.9999 | 1.0000 | 1.0000 0.9996
x> 10.000107|0.000110 | 0.000022 | 0.000020 | 0.000361 | 0.000034 | 0.000015 | 0.000000 | 0.000001 | 0.000074

RMSE | 0.0068 0.0069 0.0031 0.0030 0.0124 0.0038 0.0025 0.0001 0.0006 0.0044
Notes: k, ko, k1, n, a, b and c are model constants.
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In this study, the nonlinear regression analysis was performed with statistical software, SPSS16.0.
The higher the R” values and the lower the x> and RMSE values, the better the goodness of fit (Wang et al.,
2007). As it can be seen in Table 6, the Two-term model gives the best fit to experimental data of moisture
ratio, with R* 0.9996, x* 0.000074 and RMSE 0.0044; it is followed by the Page model, with R? 0.9992, x*
0.000091 and RMSE 0.0067.

Experimental moisture ratio values of the optimal level combination, namely Az;B.;C;D3;, were
employed to validate the effectiveness of the Two-term model and Page model. The predicted moisture
ratio values of these two models were compared with experimental values, as shown in Fig. 4. The Two-
term model and Page model both fit very well the experimental data: R* 0.9996, x* 0.00067 and RMSE
0.0054 for the former model and R* 0.9993, x* 0.000072 and RMSE 0.0072 for the latter model. However,
to simplify the mathematical model, the convenience for process control and optimization of drying
technology, the Page model is preferred to the rapeseed infrared drying.

1% —Experimental value
XPa del val
os | % ge model value
° O Two-term model value
S o6 | ®
[¢]
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w 04 |
2 %
= -]
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Drying time/min
Fig. 4 - Validation of mathematical models

Continuous Drying Experiment

According to the optimal level combination (A3B;C,D3) of drying parameters, namely temperature 105
°C, radiation distance 80 mm, initial MC 20%d.b. and layer thickness 8 mm, rapeseed of 1.109 kg was
loaded into the infrared belt dryer for continuous drying experiments (as shown in Fig. 5). The drying time
was set as 30 min via keyboard input, and all the drying operations were controlled by the control system of
the infrared belt dryer. The experimental results show that the mass of the dried rapeseed was 0.967 kg,
namely its MC was 4.63%d.b. which is much less than the qualified MC level to safe storage of rapeseed in
China.

Fig. 5 - Continuous drying experiment
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CONCLUSIONS
According to matches of radiation properties of infrared heater and rapeseed, a small-scale infrared
belt dryer was developed. The effect of process parameters on the drying performance of rapeseed was
investigated, the goodness of fit of selected mathematical models for infrared drying was evaluated, and the
continuous drying experiment was conducted. The main conclusions are as follows:
during rapeseed infrared drying, no obvious constant rate drying stage is observed, moisture removal
is mainly processed during falling rate drying stage, and rapeseed moisture ratio exponentially
decreases with drying time.
control factor of layer thickness has the highest significant level of impact on rapeseed effective
moisture diffusivity during infrared drying, and it is followed by factors of temperature, initial MC and
radiation distance, sequentially.
Two-term model gives the best fit to experimental data of moisture ratio, with coefficient of correlation
0.9996, reduced chi-square 0.000074 and RMSE 0.0044; it is followed by the Page model, with
coefficient of correlation 0.9992, reduced chi-square 0.000091 and RMSE 0.0067, which shows that
both models are effective to predict the moisture ratio of rapeseed infrared drying.
To simplify the mathematical model, the convenience for process control and optimization of the
drying technology, the Page model is preferred to rapeseed infrared drying.
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ABSTRACT
In the cleaning process, different relative velocities of the grains through the air stream are utilized.

The purpose of this study is to determine parameters such as fan angle, material feed rate and air velocity
which will ensure separation of corn. Cleaning efficiency increased with increasing fan angle and air velocity
and decreased with increasing feed rate. Loss rate increased with increasing fan angle and air velocity, and
decreased with increasing feed rate.

It can be said that the most appropriate combination (89.79% cleaning efficiency and 0.24% loss rate) was
the application at 30° fan angle, 1152 kgh™ feed rate and 15 ms™ air velocity.

OZET

Aerodinamik temizlemede, hava akimi icinde tanelerin farkli badil hizlarindan yararlanilir. Bu
calismada, musirin temizlenmesini saglayacak; fan acgisi, materyal besleme orani ve hava hizi gibi
parametreleri belirlemektir. Temizleme etkinligi, fan acgisi ve hava hizi arttikga artmakta, besleme orani
arttikca azalmaktadir. Fan agisi ve hava hizi arttikca kayip orani artmakta, besleme orani arttikca kayip
orani azalmaktadir.

En uygun kombinasyonun (%89.79 temizlemeetkinligive %0.24 kayiporani) 30° fan agisinda, 1152
kgh'l besleme oraninda ve 15 ms™ hava hizindaki uygulama oldugu sbéylenebilir.

INTRODUCTION

A great majority of food needs are met from the grains. In the world, corn is in the third place after the
wheat and paddy in terms of production areas, and the first in the production amount (URL-1). In Turkey,
according to the data of 2014, it is in the 3" place in the production of cereals, in terms of production area
and amount of production (URL-2).

Corn usage areas increase day by day. In addition to this, it is more important than other grains for
reasons such as being easy to grow and drought-tolerant, effective photosynthesis even at low CO, ratios,
being more resistant to diseases and damages, having high ability to use light intensity and high water use
efficiency.

Even if the most modern harvesting machines are used, grain products cannot be assessed
immediately as they are obtained (Tekin Y., 1995).Agricultural products need a sequence of processes such
as cleaning, classification, drying, storage, etc. in order to make them available. These processes preserve
the nutritional and commercial value of the product (Yagcioglu A K, 2009). Cleaning is separation of the
straw, mud, stone, soil, foreign seed etc. material in the product from the original product. Cleaning and
classification of granular products can be performed according to different physico-mechanical properties.
These are geometric properties, aerodynamic properties, surface structure, mechanical properties, specific
gravity, electrical and optical properties.

According to the aerodynamic characteristics, different relative velocities of the grains are utilized in
the airflow during cleaning (Berber S, 2007). Air velocity that can suspend grain in the air is called critical
speed. If the critical speeds of each material forming any mixture are sufficiently different from each other,
these materials can be separated from each other (Yagcioglu A K, 2009).1f there is a big difference between
the critical speeds, it increases the success of the separation process (Pasikatanand Quick, 1995;
Tabatabaeefar et al., 2003).
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Air flow separators or pneumatic cleaners are used to clean products from foreign materials by means
of air flow.In the pneumatic cleaning process, the flow direction of the air can be horizontally between 0°-
90°.In pneumatic cleaners where the air flow is in the vertical direction (90°), the suspension of main
materials within the air flow is made use of. Pneumatic cleaners where the air flow is in the horizontal
direction (0°) make use of materials that enter the air in the direction perpendicular to the flow and of their
being dragged away by drawing different orbits horizontally.

Pneumatic cleaners consist essentially of air canal and air flow generators (fans). These cleaners
operate according to the principle of absorption or pressurization of air to air canal. The air velocities in each
section taken along the length and width of the air channel are wanted equal to each other, in order to
ensure high separation efficiency and low seed loss during cleaning (Evecim U, 1991; Yagcioglu A K, 1996).

In Adewumi’s (2008) study, horizontal air tunnel was used to classify cowpea, according to size and
density in terms of aerodynamic principles. The results showed that 12 ms™ air velocity and 22.5° fan angle
were most appropriate.

Simonyan and Yiljep (2008) used the cleaning unit of traditional thresher to determine the separation
and clean up efficiency values of sorghum. Cleaning losses increased with increasing feed rate and air
velocity. The highest separation efficiency was found as 99.85%. Air velocity raise increased with the loss
rate and up to 54% lost product was observed in different feed amount.

Rouzegar et al. (2013) used a horizontal air tunnel to determine the effect of humidity, air velocity and
feed rate on rice separation efficiency. They achieved the highest separation efficiency at 850 rpm fan
speed. Separation efficiency increased with rising humidity and feed ratio. Compared to a mechanical
system, they reported that this machine, operating according to pneumatic principles, is economical because
of its high separation efficiency, low loss rate and low power consumption. Beyhanve Erol (1993) has made a
study to determine the aerodynamic characteristics of some hazelnut varieties of grains and hazelnuts. In the
study, they found that the critical rates of grain and hazelnuts varied between 7-14 m's ™

The purpose of this study, is to determine design parameters such as fan angle, material feed rate, air
velocity and air tunnel length to provide separation of corn mixture consisting of grain and cob parts.

MATERIALS AND METHODS

An experimental mechanism has been prepared in which air velocity, fan angle and feed rate can be
adjusted (Fig. 1). Mechanism consists of the fan, the product storage, the feeding unit, the air canal and
collection boxes.

Fig. 1 - Experimental mechanism
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Fan characteristics used to obtain airflow are given in Table 1.

Table 1
Fan characteristics
Number of wings (number) 8
Air outlet section (mm) 190x70
Internal diameter of fan (mm) 150
External diameter of fan (mm) 400
Width (mm) 200
Rotation(min™) 1100-1300-1500-1750-1950
Flow (m°s™) 0.1995-0.2394-0.2793-0.3192-0.3591

The power of the electric motors acting on the fan and the supply units are 0.75 kW and 3 kW,
respectively. The experimental mechanism is used for uniform material flow. The length of the air tunnel is
800 mm. Two different product collection boxes of 400 and 800 mm from storage outlet section were used.

Experiments were conducted with zea mays indentata sturt corn grains and their cobs. The sizes of
corn cobs are reduced by crushing in the hammer mill. During the course of the experiment, the grain
moisture varied between 15-16%. A mixture of 8 kg was prepared. It was arranged so as to include 85% corn
and 15% stubble. The amount of this mixture was kept constant throughout all experiments.

Feed rates of 240, 576, 822, 1152 and 1600 kgh™were created by changing the sections of the
storage outlet. Experiments used air velocities of 15, 18, 21, 24 and 27ms ™ .These air velocities were
obtained with the frequency converter shown in figure 2.2, by varying the revolutions per minute of the
electric motor which drives the fan. Anemometer was used to measure air velocities.

The position of the fan with the test mechanism can be adjusted to make horizontal angles of 15°, 30°
and 45°.The mixture of corn and cob, which falls into the air canal from storage and encounters the air flow
provided by the fan, falls into the product collection boxes at different distances. The grains and cobs
collected in these boxes were separately weighed with a precision scale.

The product cleaning efficiency and loss ratio of grain-cob quantities obtained as a result of the
weighing were determined using the following equations (Simonyanand Yiljep, 2008).

Cleaning efficiency:

CE = (G—") «100 1)
G1
Where:
CE- the cleaning efficiency (%)
Go - grain weight at outlet (kg)
G1 -total mixture weight at outlet (kg)
Loss ratio:
LR =« 100 @
Gw
Where:

LR - Rate of grain loss in cleaning units (%)
Gi - Weight of grain thrown out of the air tunnel (kg)
Gw - Grain weight in the mixture filled in the feeding unit (kg)

For each application of 5 different feed rates, 5 different air speeds and 3 different fan angles were
made with four repetitions. To determine the effect of these factors, the obtained data were analysed
according to the 3-factorial design in randomized blocks in the JUMP 5.0.1 statistical program. The results
were compared with the LSD test.

RESULTS

According to the analysis of variance, interactions of the fan angle, feed rate and air velocity were
found to be significant for clearing efficiency (CE) and loss ratio (LR) (p <0.01). CE for the first collection box
varied between 85-100%, LR varied between 0.24-93.01 %.
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The CE and LR variations at 45°, 30° and 15° fan angles are given in Fig. 2. At 45° fan angle, CE
values varied between 99.65-89.58 % and LR values varied between 92.42-3.21%.The highest CE value
(99.65%) was detected at the feed rate of 576 kgh™ and at the air velocity of 21 ms™ while the lowest LR
value (15.2%) was detected at the feed rate of 1152 kgh™and the air velocity of 15ms™.

At 30° fan angle, CE values varied between 99.16-87.17% and LR values varied between 50.70-
0.24%. The highest CE value (99.16%) was detected at the feed rate of 822 kgh™and the air velocity of 27
ms™, while the lowest LR value (0.24%) was detected at the feed rate of 1152 kgh'land the air velocity of 15
ms™.

At 15° fan angle, CE values varied between 95.86-85.06%and LR values varied between18.73-0.39%.
The highest CE value (95.87%) was detected at the feed rate of 576 kgh™ and the air velocity of 27 ms™,
while the lowest LR value (0.39%) was detected at the feed rate of 240 kgh'1 and the air velocity of 15 ms™.

In previous studies, cleaning efficacy values were determined as 42-80% for corn (Hurburgh et al.,
1989) 80%, 94%, 98% for oat, wheat and rye respectively (Uhl and Lamp, 1966), 93% for Chickpea
(Tabatabaeefar et al., 2003), 99.85% for sorghum (Simonyan, Yiljep, 2008), 87.2% for the yellow bitter
variety (Amulet lupine) (Panasiewicz et al., 2011).
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Fig. 2 - The first collecting box, CE and LR variation at 45°, 30° and 15° fan angles
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CE for the second collection box varied between 85-100%, LR varied between 0.13-70%.
Fig.3 shows the change of CE and LR at 45°, 30° and 15° fan angles according to the feed rate and

air velocity.
At 45° fan angle, CE values varied between 98.73-86.45 % and

LR values varied between69.17-

1.85%. The highest CE value (98.74%) was detected at the feed rate of 576 kgh™ and the air velocity of 21
ms™, while the lowest LR value (1.85%) was detected at the feed rate of 1152 kgh'l and the air velocity of 15

ms l.
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Fig. 3 - The second collecting box, CE and LR variation at 45°, 30° and 15° fan angles
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At 30° fan angle, CE values varied between 97.58-85.01% and LR values varied between24.50-
0.13%. The highest CE value (98.59 %) was detected at the feed rate of 576 kgh™ and the air velocity of 27
ms™, while the lowest LR value (0.13 %) was detected at the feed rate of 1152 kgh™and the air velocity of 15
ms™.

At 15° fan angle, CE values varied between 92.21-85.00%and LR values varied between 7.22- 0.15%.
The highest CE value (92.21%) was detected at the feed rate of 576 kgh'l and the air velocity of 27 ms™,
while the lowest LR value (0.15%) was detected at the feed rate of 24 kgh'land the air velocity of 15 ms™.

CE values in the first box were higher than in the second box, while LR values were lower. For the first
collecting box, the highest CE value (99.65%) was seen at45° fan angle, 576 kgh'1 feed rate and 21 ms™ air
velocity while the lowest CE value (85.07%) was observed at 15° of fan angle, 1152 kgh™ of feed rate and 15
ms™ of air velocity.

For the second collecting box, the highest CE value (98.74%) was seen at 45° fan angle, 576 kgh™
feed rate and 27 ms™ air velocity while the lowest CE value (85.01%) was observed at 15° of fan angle, 240
and 576 kgh™ of feed rate and 15 ms™ of air velocity.

For the first collecting box, the highest LR value (93.01%) was seen at 45° fan angle, 1600 kgh™ feed
rate and 27 ms™ air velocity while the lowest LR value (0.24%) was observed at 30° of fan angle, 1152 kgh'l
of feed rate and 15 ms™ of air velocity.

For the second collecting box, the highest LR value (69.17%) was seen at 45° fan angle, 1600 kgh™
feed rate and 27 ms™ air velocity while the lowest LR value (0.13%) was observed at 30° of fan angle, 1152
kgh™ of feed rate and 15 ms™ of air velocity. Cleaned products reduce product loss due to the increased air
tunnel length from the feed outlet side.

Sorghum has been found to have product loss up to 54% (Simonyan and Yiljep, 2008). Uhland Lamp
(1966) stated that it is not possible to clean corn without loss of grain.

CONCLUSIONS

In the study for corn cleaning in the horizontal air tunnel, CE and LR values varied depending on the
length of the air tunnel, air speed, feed rate and fan angle. The highest CE (99.65%) was determined at45°
fan angle, 576 kgh™ feed rate and 21 ms™ air velocity in the first collection box. The least LR (0.13%) was
determined at 30° fan angle, 1152 kgh™ feed rate and 15 ms™ air velocity in the second collection box.

The applications below 1% of LR in the first collection box, in which CE is high, are given in Table 2.

Best applicationsinthe first box according to cleaning efficiency and loss rate Teble
CE (%) LR (%) Fan angle (°) Feed rate (kgh™) | Air velocity (ms™)
89.79465 0.24173 30 1152 15
86.33599 0.53313 15 240 18
86.23009 0.59268 15 576 18
85.86218 0.89735 15 1152 18
85.84654 0.98743 15 822 18
85.39345 0.82482 15 1600 15
85.26317 0.39235 15 240 15
85.23333 0.58316 15 822 15
85.23089 0.49364 15 576 15
85.06529 0.58882 15 1152 15

As it can be seen in Table 2, we can say that the best application were at the fan angle of 30°, feed
rate of 1152 kgh'l and air velocity of 15 ms™* (89.79% CE and 0.24% LR).

As a result of the study findings evaluation, we can list the suggestions as follows:
e 15-21 ms™air velocity was found suitable for separation of corn-cob mixture in the horizontal air

tunnel. LR increases at higher speeds.
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CE values are higher at 45° fan angle because the air entering the air canal at a more vertical angle
causes the product to be cleaned more effectively. However, LR values were found to be high at this
angle.

There are differences between collection boxes in terms of CE and LR. While CE increases in the
first box, LR decreases in the second box. If the product evaluated as loss can be returned to the
storage, the first box (40 cm) should be preferred because of higher CE.
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ABSTRACT

The article deals with the technological process of seed drying beginning with the bottom layer, where
the heated air enters, which is quickly saturated with moisture from the grains. The higher the seed layers
are placed, the less they are drying, which is the main cause of uneven quality for a certain time and can
cause cracks, injury and deterioration of quality. In the work, the diagrams of forces’ influence on grains are
shown while moving along with the auger screw turns. The speed of the screw, the pressure of the seed to
the body and the angle of the screw spiral, which influence the seeds injury, were studied. Optimal and
proper drying conditions for seeds of different crops are established, which are the main factors in obtaining
high quality seeds, especially of high energy and similarity.

PE3IOME

B cmammi posangHymo mexHonozidHul  npouec nidcywyeaHHs  HaciHHs,  sKul
pPO3MoOYUHAaEMbCS 3 HUWXHBbO20 wWapy, Kydu HadxoOumb Hazpime rogimps, sKe WeUdKOo
Hacu4yyembCsi 807102010 8i0 3epHieoK. Hum euwie posMilieHi wapu HaciHHS, mumM MeHwe 8 HUX
npoxodume nidcywyeaHHs, wWo 6yde OCHOBHOK MPUHUHOK HEPIBHOMIPHOI SKOoCmi MpPomsaom
eeHO20 Yacy i MOXe 8UKIIUKamu ymeopeHHs mpiljuH, mpasMyeaHHs ma rno2ipWeHHs rnokasHukie
skocmi. B pobomi rokasaHO cxemu erifiugy Cus Ha 3epHieKy npu rnepemilieHHi 83008 eUMmKie
esuHma wHeka. [ocnidxeHo yacmomy obepmie 28uHma, NMPUMUCHEHHSI HaciHHS 00 Kopriycy ma
Kym Haxuny cnipani eeuHma, S$Ki ensuearome Ha mpaeMy8aHHS HaciHHA. BcmaHoerneHo
onmumaribHi ma rpasusibHi pexxumu nidcywyeaHHs1 0t HaCiHHS Pi3HUX Kyrbmyp, SKi € 205108HUM
YUHHUKOM OMPUMaHHS1 8UCOKOSIKICHO20 HacCiHHS, 0CObIU80 8UCOKOI eHepail ma cxoxocmi.

INTRODUCTION

For many decades, and especially in the second half of the last century, researchers, breeders, and
manufacturers proved and substantiated that only high quality seeds, for all other similar opportunities,
provide a significant part of the future harvest, so there is an urgent need for high-quality seeds that play a
large role in the country food security.

Studies show that the improvement of the influence of technical means working elements in
technological processes on reducing the seeds injury, contributes to a significant improvement in the quality
of seeds and the growth of grain yields.

Injuries, damage and total destruction of grain crops are the result of mechanical loads effect of many
elements of the technological process from harvesting to sowing.

Researchers (Strona I.G., 1974; Derevianko D. A., 2015; Derevyanko D. A. et. al. 2012; Tarasenko
A.P., 2003; Pugachev A.N., 1976; Chazov S.A. and Plaksin V.F. 1974; Chazov S.A. et. al. 1981; Fadeev
L.V., 2015) have proved that the grain crops injury during grinding reaches 20% and even more, and while
finishing the grain pile, preparing the seeds and sowing, it significantly grows to 60-80%.

According to V. M. Drinch (Drinch V.M., 2006), the grain crops injury during threshing sometimes
reaches 30-35%, and during the preparation of seeds, even more than 50%, depending on the moisture
content and structure of the grain pile.

In recent years, considerable work has been carried out by L.V Fadeev (Fadeev L.V., 2015) on the
development and introduction into the production of fundamentally new cleaning and calibration technical
equipment and technical lines.
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In creating the scientific foundation of the theory of interaction between the mechanisms’ working
surfaces and various materials, including grain mass, scientists such as P.M. Vasilenko (Vasilenko P.M.,
1960), V.M. Drincha (Drincha V. M. and Sukonin L. M., 1997), V.V. Adamchuk (Adamchuk V.V., 2010), L.M.
Tishchenko (Tishchenko L.N. et. al., 2011), A.P. Tarasenko (Tarasenko A.P., 2003), P.M. Zaika (Zaika P.M.,
2006), and E. S. Goncharov (Goncharov E.S., 1963) had significant contribution.

Thus, a deep and comprehensive study of the physico-mechanical and biological characteristics of the
seeds, the development of new technologies and the modernization of the working bodies that will provide
the minimum amount of grain crops injury, is the basis for obtaining high quality seeds in accordance with the
agro-technical requirements and state standards.

MATERIALS AND METHODS

Using the method of mathematical modeling of machines, working elements and technological
processes, using calculated differential equations, transformations and graphic determinations based on the
mechanical laws usage, we consider the processes of transportation and loading by screw, scraper,
conveyor belts or other technical means, which leads to grain crops injury and their quality decrease.

It is important to study the influence of the angle of the turns’ inclination on the force of seed pressure
to the body of engagement, on the centrifugal force, grain crop weight and grain friction force of the seed
with an auger.

The essence of the seed movement physical characteristics on the turns during the rotation of the
screw shows that as the angle of spiral lifting increases, the forces of resistance to the seed movement
increase, too.

Fdv

Fir loccosal

Grsing

Gxcosd

Fig. 1 — Scheme of the force effect on the corn grain when moving along the turns of the screw

From this scheme of forces acting on a certain number of seeds between the rods along the screw
(fig. 1) it is evident that the force that promotes the movement of the seeds upwards the coils of the screw is

the friction with the casing F, k , but counteract this frictional force with the rotation of the screw Ftr.sh and

weight force G xSina. So, the difference between the first and the sum of the two others allows you to
determine the force that drives the seeds by turning the screw up:

F.=m-|0%Rcosa- f, —g(sina+cosa- )| )
Where ®,, —the angle of the auger speed,

R —auger radius;
o —the angle of auger lifting;

f, — friction coefficient of the seed with the body;

f,, — friction coefficient of the seed with the auger.

The analysis of the change in the intensity of the motion force, depending on the turn lifting angle,
indicates that this indicator is a variable quantity and the smallest intensity is in the range & =5—10°, and
starting with & =15°, the intensity increases in proportion to the angle of lifting the turns of the screw.
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RESULTS

The following factors, such as the value of the screw spiral inclination angle, the pressure of the seed
to the body, the critical speed of the screw, etc., affect the corn seed injury when the technological processes
are carried out by screw conveyors during their inclined or vertical placement.

Studies show that the seed volume between the turns has a linear dependence on the area of the
screw cross section, so the analytical dependence for the calculation of seed volume will be:

Vn = Kob ’ D ) nSh (2)

Where K, - the coefficient, which depends on the density of the seed and the distance between the

turns, that is a step;
D - auger diameter, [m].

Ny, —auger speed [r/min.].

These studies suggest that not only the friction force but also the centrifugal force F. acting on the
seed during the rotation of the screw affects the damage of the corn grains (fig. 2).

Fs

Fc Fe

lFI:'I'
Fdv

Fig. 2 — Scheme of the influence of forces on the corn grain at the rotation of the auger screw

If we show the forces of action on the corn grains, as the product of pressure on the area, we obtain
an equation of the general case that describes the movement of the seed layer in a vertical screw conveyor,
taking into account the angular velocity.

On the basis of the forces scheme analysis acting on the corn grains across the turn, we obtain the
dependence on the calculation of the effort of pressing the seed to the working surface of the screw and the
possibility of its injury (fig. 3).

F., =mx [, x p(cos y +siny x f,)+g(sin y —cos y x f,)] ®3)

Where y —the angle of inclination of the spindle to the auger axis;
p — the resistivity.

Calculations according to the expression (3) show that the turns inclined from the axis to the periphery
of the auger, the growth of the seeds to the body pressing force, compared with the variant, where the turns
in the cross section of the auger are horizontal, is 5-38%, depending on the auger speed.

Thus, the expression (3) allows determining analytically the dependence of the angle ¥ on the friction

coefficient of grains with the auger.
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Due to the fact that the first component of this formula practically does not depend on the angle y at
the permissible limit of 5°-20°, the increase in the force of pressing the seeds to the shell will be zero if
siny =cosy x f, we have:

y =arctgf, 4)
When making an auger, the working surface of the screw is thoroughly treated, the coefficient of the

corn grains friction with this surface in the majority will be 0.2-0.3, therefore the proposed inclination angle of
the spindle relative to the auger axis will be within 10-15°.

L
I3 F3
\,’: Fexsiny
Ftr.sh g /
<Y 7
£
v =
chcrs}r’ b5 4 ” G:-csr'n}r'
/ N F.xcosy
] c
G 2 For

Fig. 3 - Scheme of forces acting on a corn grain on an inclined turn of a screw

As a result of thinning, the corn grain enters the stream in the presence of an under-mature seed,
ventilated to accelerate the maturation process and increase the energy of germination and similarity, and in
storage, this must be done to preserve the viability of the seed material.

With further movement of air, its ability to enrich with moisture decreases, relative humidity gradually
increases and when the equilibrium with the grain is reached, the moisture passes through the rest of the
grain mass and does not dry it, while in the upper layers it is possible even to leave the moisture. The grain
moisture difference in the upper and lower layers can reach 15%.

Uneven drying of layers for a long time of operation is the main cause of cracks and deterioration of
seed quality, which is manifested differently in different cultures. Thus, over-drying in the lower layers can
lead to cracks while in the upper layers there will be mould and which generates self-warming,
microorganism damage and quality degradation.

Drying of a small height grain layer is provided by heating the outside air with the temperature of the
coolant up to 30-35 °C. A further increase in the temperature of the air may be dangerous, as there may be
cracks. Consequently, to obtain high quality seeds it is inadmissible to obtain cracking corn grains, which
means that overheating during drying cannot be achieved by maintaining the required air temperature
parameters. Maximum permissible temperatures for air heating with active ventilation are given in table 1.

Table 1
Maximum allowable air temperature during seed drying

Temperature at the moisture
Culture content of the seeds,%
18 24
Barley, oats 56 52
Pea 36 32
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This temperature mode in combination with the rate of air consumption to 1000—-1500 m?/h. per ton of
grain with a thickness of 0.6-08 m for grain crops, 0.5-0.6 m for legumes and 0.3-0.5 m for corn grain should
form the basis of the technology of drying seeds by active ventilation.

The supply of heated air stops when the average moisture content of the seeds reaches 12-14%, in
this case the moisture content of the upper layer, which is dried, reaches 16—18%, while the bottom — 10-
12%.

To avoid unwanted drying of grain in the lower layers during the process with the use of heated air, it
iS necessary to observe the parameters of the treatment layer thickness, the height of which should not
exceed 100 cm.

During the drying of barley on the floor dryer, the number of cracks increased by 2-3 %, and the study
of Canadians showed that the best quality of the seeds of barley is obtained at a low-temperature mode of
drying in a thin layer. To study the temperature-humidity regime, drying of barley was carried out with a
humidity of 17.0% at an air temperature of 7-38 °C, a relative humidity of 37—78 % and a velocity of 0.3-0.6
m/s. The results of the obtained data showed that the drying rate had the greatest influence on the
temperature of the air, while the humidity of the air had a slight effect on this index.

CONCLUSIONS

To produce high-quality seeds, it is necessary to achieve uniform drying of seed mass layers during
the entire technological process. Violation of this requirement will contribute to the formation of cracks,
destruction and deterioration of quality indicators. The speed of the screw, pressing the seeds to the body
and the angle of the screw spiral also affect the injury of the seed.

To determine the optimal drying conditions, it is necessary to correctly determine the height of the
seed layer, the flow rate, air temperature and the corresponding amount of seeds for a certain period of time.

The application of special drying regimes, even longer in time, with a decrease in seeds moisture
content of less than 6%, will negatively affect the quality of seeds, especially their similarity.
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ABSTRACT

Finite element numerical solution was employed to solve coupled model of electromagnetic, heat and
mass transfer phenomena in microwave dehydration of sugar cube. For microwave power 880 W, pulsing
ratios 1.5, 2.5, 4.5 and 10 were applied to prevent thermal runaway. Colour quality of dried sugar cubes was
assessed by calculating whiteness, yellowness and total colour difference. Results revealed that uniform
heating as a major issue of drying was improved with pulsing ratio. Moreover, low pulsing ratios yielded to
lower colour quality. Thus, preferable pulsing ratio based on heating uniformity and colour quality of dried
sugar cube is 10.
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Nomenclature

PR  Pulsing ratio Pv Conversion of microwave power per unit volume (W m™)
ton  On time cycle microwave power, (s) f Frequency (Hz)

torr  Off time cycle microwave power, (s) & Free space permittivity (8.85x10™* Fm™)

E Electric field intensity (vm™ é Dielectric constant

H Magnetic field intensity (Am™) -4 Dielectric loss factor

D  Electric displacement (NV' m™) De Effective diffusivity

B Magnetic induction (T) c Water concentration (mol m™)

u Permeability (Hm™) X Depth from the surface of sample (m)

g Complex relative permittivity P(x) power dissipation value at depth x (W)

p Density (kg m™) Po Incident power at the surface (W)

Cr  Specific heat capacity (J kg™ K™) B Attenuation constant (m™)

T Temperature (°C) Wice  Whiteness index

t Drying time (s) Ylec Yellowness index

K Thermal conductivity (W m™ K™) AE* Total colour difference with respect to undried sample
® Angular frequency (radians s™)

INTRODUCTION
Sucrose is commercially extracted from cane or beets and then refined to produce the white crystalline

grains that is named sugar (deMan, 1999). Sugar cube, is also produced from wetting and pressing sugar
crystals. These compressed sugar crystals are then dehydrated to avoid the cube conglutination (Skocllas et
al., 2016). Hot air drying is a most common method for dehydrating sugar cubes (Skocllas et al., 2016). In
this method, heat transfer is strongly dependent on the conduction and considering the low thermal
conductivity of the biological products, penetration of heat into the flesh is regarded as a major concern
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increasing the drying period. Therefore hot air flow drying of sugar cube faces major drawbacks such as long
drying time and colour degradation of a dried product since thermal damages to the product is directly
proportional to temperature and heating time (Akosman, 2004; Kocabiyik and Tezer, 2009). The desire to
eliminate these problems convinced researchers to seek new technologies such as microwave dryers to
optimize the heat transfer systems (Kassem et al.,, 2011). This method is gaining popularity in food
processing, because of fast heating rate, efficient heat transfer, uniform temperature distribution and high
product quality in comparison to conventional heating (Hazervazifeh, Moghaddam, et al., 2016; Karaaslan
and Tuncer, 2008). Microwaves are a form of electromagnetic waves within the frequency ranging from 300
MHz to 300GHz and wavelengths ranging from 1 m to 1 mm, respectively (Metaxas and Meredith, 1983).
These waves are not in the form of heat but, rather, a form of energy that the absorption of microwaves by a
dielectric material results in the microwaves giving up their energy to the material, with a consequential rise
in temperature. The two important mechanisms that explain heat generation in a material placed in a
microwave field are ionic polarization and dipole rotation that are generally due to collisions between the ions
of material and friction between the molecules of material heat is generated (Singh and Heldman, 2001).

As mentioned before, microwave heating offers many advantages, so there is a growing interest in industrial
microwave systems in respect to microwave heating simulation (Knoerzer et al., 2008; Pitchai, 2011,
Romano et al., 2005), comparing microwave drying with hot air drying (Arslan and Musa Ozcan, 2010;
Gowen et al.,, 2008; Hazervazifeh, Nikbakht, et al., 2016) temperature distribution analysis in microwave
drying (Knoerzer et al., 2008; Vadivambal and Jayas, 2010; Wang et al., 2008), colour analysis of products
being dried by microwave (Arslan and Musa Ozcan, 2010; Botha et al., 2012; Celen and Kahveci, 2013).

Results in literature indicate that minimum drying time and higher drying rate is revealed in microwave
drying in comparison to hot air method. Moreover, microwave drying presented better colour values in the
dried products and the colour quality of the product deteriorates significantly with the increase of the
microwave power. Furthermore results show that microwave heating is non-uniform and different factors
affect the heating uniformity such as food shape and size, dielectric properties of food, microwave power and
cycling.

Despite numerous studies on sugar production technologies, there is only a limited number of studies
on sugar cube dehydration using mostly hot air flow method (Akosman, 2004; Skocllas et al., 2016). Sucrose
melts and forms glucose and fructose anhydride (Levulosan) at 160°C (deMan, 1999). In microwave drying
process at a fixed level of microwave power, when almost free water of product is vaporized, product
temperature rises sharply; this is known as thermal runaway, due to an increase in the specific microwave
energy input (ratio of microwave energy to unit mass of wet product) and a decrease in the specific heat of
the product (Botha et al., 2012). Therefore, there is a potential risk of thermal runaway in sugar cube drying
process using microwave. Cycling or pulsed radiation is often used to control product temperature and
overheating at high and fixed level of microwave powers. Moreover, pulsed heating model is extensively
studied (Changrue et al., 2008; Gunasekaran and Yang, 2007; Soysal et al., 2009). The need for
improvement in engineering design and process optimization for microwave drying has stimulated the
development of computer simulation techniques to predict, electromagnetic field, temperature and moisture
distribution in materials(Kadem et al., 2014). Coupled electromagnetic and thermal PDE equations of three-
dimensional coordinates with boundary conditions cannot be solved analytically and require iterative
numerical methods (Pitchai, 2011). Two methods mainly applied to model the heat transfer are finite
difference method (FDM) and finite element method (FEM). FEM has been extensively used to solve the
microwave heating process in food due to its flexibility in handling irregular geometrical configurations and
material properties, depending on the temperature and moisture (Romano et al., 2005).

The present study furnishes detailed information on the 3-D temperature distribution and moisture removal
pattern of microwave sugar cube dehydration. Moreover, colour analysis of dried sugar cube was conducted
to determine optimal pulsing ratio for microwave sugar cube dehydration.

MATERIALS AND METHODS
Sample preparation

Sugar cubes (1.5 cm) before dehydration were prepared by a sugar factory in West Azerbaijan
Province, Iran, and stored at 4°C in a closed container to avoid demoisturization. Average initial moisture
content of the samples in three replications at the temperature of 70°C and vacuum pressure of 1 bar was
determined to be 3.23% (wet basis).
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Equipment
Sugar cubes were dried with a domestic microwave oven operating at the frequency of 2.45 GHz with
pulsed radiation.

Pulsing ratio (on-off ratio)
Pulsing ratio is expressed as Eqg. 1 (Sharifian et al., 2012) and summarized in table 1:
ton +t
PR = (ton Off) (1)
ton
Table 1

On and Off time cycle microwave power at different
pulsing ratios

Pulsing ratio On time (s) Off time (s)
15 22 7
2.5 12 17
4.5 6 23
10 3 27

Computer simulation

In this work, Maxwell equations for electromagnetic field were coupled with Fourier's law and Fick’s
second law for heat and mass transfer, respectively. Subsequently, the coupled model as a set of partial
differential equations (PDE) is integrated by Finite Element Method (FEM). The package COMSOL
Multiphysics 5.2 was used for the simulations (Knoerzer et al., 2008; Navarrete et al.,, 2012). Maxwell’s
equations inside the microwave cavity including the food for constant permittivity and permeability and with
no sources can be written as: (Geedipalli et al., 2007).

VXE =—jouH (2)
VXH=jweeE (3)
V.D=0 4)
V.B=0 ®)

The complex relative permittivity is defined as:
g =g —je" (6)
Fourier's law with microwave term source is expressed as: (Navarrete et al., 2012).
pCp S =V(KVT) + Py )

The conversion of microwave energy to heat is defined by the following equation (Vadivambal and
Jayas, 2010).

P, = weye E? = 2nifeye E? (8)
Fick’s second law can be written as: (Haghi and Amanifard, 2008).

Z—‘; =D,V?%c Q)
Colour analysis

The colour analysis of the product was conducted by a Hunter Lab colorimeter to obtain some
knowledge about the quality of the dried product. Three random readings for undried samples and each
treatment (pulsing ratios 10, 4.5 and 2.5) were recorded. Three colour parameters, L*, a*, and b*, were used
to study the colour changes. The L* refers to the lightness of the samples and ranges from black = 0 to white
= 100. The negative value of a* indicates green, while the positive a* indicates red colours. The positive b*
indicates yellow and the negative b* indicates blue colour (Celen and Kahveci, 2013). Whiteness is an
important characteristic of many food products as a colour quality. Deviation from whiteness may be
perceived as yellowness. These parameters describe the perceptual change of the white and yellowish of
colour of the product being processed (Hirschler, 2012). In the food industry, the most frequently used
whiteness index is expressed as Eq10: (Judd and Wyszecki, 1963).
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Whypp = 100—[(100 — L*)* + (a*)* + (b*)z]% (10)

Yellowness index is unduly neglected in the publications and it is reported in a few cases (Hirschler,
2012) which is defined by Eq.11 (Francis and Clydesdale, 1975).

Vipc = 142.86% (11)

The total colour difference was also calculated by following equation with respect to the undried
product (Celen and Kahveci, 2013).

AE" = \/(L;kmdried - L*)Z + (a;;ndried - a*)Z + (banried - b*)z (12)

One way analysis (ANOVA) was conducted to estimate the significant effect of pulsing ratio on the
colour quality of the dried products. In addition Dunnett t-test method was applied to comparison of means.

Evaluation procedure

Before experimentation, samples in the closed container were taken out of the fridge to adapt to
ambient temperature. Temperature and relative humidity of the ambient were 18°C and 50%, respectively.
Experiments were conducted in three treatments with the microwave power of 880 W and pulsing ratios of
1.5, 2.5, 4.5, 10, in three replications, where 1 sugar cube weighing 4.5 g was dried until sample moisture
dropped to 0.06% (wet basis). Colour parameters of the dried product were measured and recorded to
assess the quality of the dried product. Moreover, temperature distribution and moisture removal pattern of
sugar cube were analyzed by spatial simulation contours in COMSOL. Furthermore the Moist sugar cube
(3.23% w.b) properties needed for simulation of drying process in COMSOL are calculated from
experimental values and listed in Table 2. Specific heat capacity and thermal conductivity were assumed as
a function of moisture content of cube. Low moisture content of sugar cube is the main reason of why
dielectric parameters can be assumed constant during the drying in spite of their moisture and temperature
dependency (Singh and Heldman, 2001).

Table 2
Dielectric and thermal properties of sugar cube

property Value Model

£* at 2.45 GHz 11.82-0.19]j -
p (kg m™) 1400 -

Ce (J kg'K™h - 1243.12797+(0.79835¢)-(0.346451e-3¢?)

K (W m™K™h - 0.24861058013516+ (0.974352e-4c)-(0.422829e-7¢)

RESULTS

Temperature distribution

Fig.1 presents the spatial distribution of temperature in the sugar cube. As observed, temperature
distribution in microwave drying of cubes is intrinsically non-uniform due to the basic non-uniformity of
electromagnetic radiation in a medium (Fig.2). However, the general pattern of temperature distribution is
analogous in four contours (Fig.1-a, b, c, d).

As the first point, it is evident that the pattern of temperature variation is independent of pulsing ratio
and simply the magnitude of temperature is changing. Furthermore, in pulsing ratio of 1.5 which means
longer microwave radiation time, a bigger range of minimum-maximum temperature over the body (120°C-
170°C respectively) resulted. Therefore, decreased pulsing ratio prolongs microwave radiation and thus
temperature and non-uniform heating tend to increase.Technically speaking, in pulsed radiation method,
when there is no radiation, variation of product temperature at the radiation period is balanced due to heat
transfer, and because of reduced hot spots on the product, temperature differences are minimized. So,
higher pulsing ratio gives more chance to conduct the heat over the body. This is in agreement with the
findings of Yang and Gunasekaran (2004) (Yang and Gunasekaran, 2004).

It is already accepted that better quality is obtained at uniform and low temperature dried products.
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Fig. 1 - Temperature distribution ("C) in sugar cube at the end of microwave drying process
at different pulsing ratios: a) 1.5, b) 2.5, ¢) 4.5, d) 10

From Fig.1, it can be conferred that cube corners have the highest temperature values owing to
reception of microwave radiation from three faces.

A proof of this claim is reported by Liu et al., 2013. Additionally, the corner exposed to the magnetron
lamp benefits the highest temperature rise as it can be seen in Fig.1. This is consistent for moisture removal
as shown in Fig.3.

Max

Min

Fig. 2 - Electromagnetic field distribution (Vm-1) in sugar cube at 2.45 GHz frequency
and 880 W microwave power

Moisture removal

An important issue to be noted here is that moisture, temperature and electromagnetic distribution
patterns in the sugar cube are adaptable due to their strict interactions during the drying (Fig.1, 2, 3). While,
as expected, the bottom face of sugar cubes had the highest values of moisture content due to cubes’
positioning on the tray. Similar to temperature spatial variation, moisture variation pattern is also independent
of pulsing ratios. Fig.3-a and Fig.3-b illustrate the moisture variation of sugars at the beginning and end of
the process respectively. The moisture content has been reduced to the desired value, 2.33 molm3, which is
quite comparable with experimentations.

Moisture concentration is further shown in three layers of the product at the end of the process (Fig.3-
c). Contours shown in the figures reveal that as we move to the inner layers of the sugar, moisture
concentration is higher. The reason is that, if one-dimensional analysis is considered and the incident
microwave radiation is assumed to be normal to the surface of cube, the microwave power would be
dissipated by the exponential decay of the incident power along that direction as a function of sample depth
(P = Pye~%$*) (Yang and Gunasekaran, 2004).

Therefore, microwave power decreases with penetration within the product. This phenomenon is
otherwise described; the low effective diffusivity of sugar cube can be stated as the main barrier to mass
transfer from the centre zones of the product to outer layers keeping the distribution pattern as detailed in
Fig.3-b, c.
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Fig. 3 — Water concentration distribution (mol/m®) in sugar cube
at the a) first and b, c) end of microwave drying process

Colour analysis

Table 3 details the average colour features of sugar cubes as indicators of quality during the drying
process. Colour has a direct correlation with cosmetic appearance and consumer acceptability. In order to
get a better perception of colour features, more commercial parameters have been plotted in Fig. 4.

The analysis of the colour quality can be made according to the similarity of the values of the dried
product colour parameters to those of the undried one (Celen and Kahveci, 2013). ANOVA analysis indicated
that the effect of pulsing ratio on whiteness, yellowness and total colour difference is significant (p < 0.001).

Table 3
Average colour features for undried and dried sugar cubes using
microwave at different pulsing ratios
Pulsing ratio
Colour Undried sample 10 4.5 25
feature
L* 90.26 89.49 87.26 86.4
a* -4.62 -4.76 -4.99 -5.31
b* 5.34 54 6.4 12.44
90 1 25 - 9 -
a b c
88 | [ a 81
20 A 7 -
x
% 86 - b g 6
el c
E 84 - @ 15 1 . 5 -
(%} i) a w
g 82 1 c g 10 A a a <4 b
= z |
S 80 - = 3
>' 5 . 2 b
| a
78 1
76 0 0 -
Undried 10 4.5 25 Undried 10 45 25 10 4.5 2.5
sample Pulsing ratio sample Pulsing ratio Pulsing ratio

(@ (b) (c)

Fig. 4 - Whiteness, yellowness and total colour difference features for undried and dried sugar cubes
using microwave at different pulsing ratios.
(Different letters state statistical significance at the 0.05 level using Dunnett t-test)

It is clearly demonstrated that higher pulsing ratio results in better whiteness, yellowness and total
colour difference value which simply stated as white cube, less yellow final product and low colour difference
to undried one (Fig.4). As inferred from Fig.1, higher radiation time, or lower pulsing ratio, leads to intense
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temperature rise and over burning of the cubes which means higher yellowness and worse appearance and
marketability. The colour features of the dried sugar cube with pulsing ratio 10 are relatively much closer to
those of the undried ones (Fig.4-c). Therefore, it can be inferred that the most preferable pulsing ratio (at 880
W microwave power) relative to colour quality is 10. In addition, yellow spots develop in the product due to
burning at the pulsing ratio of 2.5 (Fig.4-b). Therefore, the pulsing ratio higher than 2.5 (at 880 W microwave
power) has to be preferred to prevent the product burning and repulsive appearance.

CONCLUSIONS

An integrated electromagnetic-thermal-moisture concentration model has been developed for
simulating the microwave drying of sugar cube at different pulsing ratios 1.5, 2.5, 4.5 and 10. The model has
been solved with finite element method using COMSOL Multiphysics 5.2. Electromagnetic field, temperature
and moisture distribution within sugar cube at the end of drying process were analyzed. Results presented in
this study show the maximum absorbed microwave power, and then the highest temperatures and lowest
moisture concentration at the corners of cube. Therefore, high interaction between electromagnetic field,
temperature and moisture concentration was found in the microwave drying process. Moreover at the bottom
corners, moisture concentration was more than top corners due to sugar cube positioning on the tray.
Highest temperature heterogeneities occurred at lowest pulsing ratio 1.5. So, decreased microwave radiation
reduces heating uniformity. Colour quality of dried sugar cubes was studied by measuring colour features L*,
a* and b* and calculating whiteness, yellowness and total colour difference. Results revealed that higher
radiation time, or lower pulsing ratio, leads to lower whiteness, higher yellowness, higher total colour
difference and worse appearance and marketability. Thus, the preferable pulsing ratio based on colour
indices and heating uniformity is 10.
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ABSTRACT

This paper proposes the design, construction and testing of a solar dish collector with changeable
structure and evaluates its overall thermal conversion performance. The changeable parameters of the
parabolic dish collector are as follows: focal length of the dish (f), aperture diameter of dish (D), dish rim
angle (¢), area of the receiver (A) and concentration ratio (Cr). Results show that the solar dish collector
system could reach a power output of 1973 W in a typical setup. Using the mentioned setup, 1 kg of water
will be boiled in 2.5 minutes, which is enough to produce 192 kg boiling water per day that will be used at
night for greenhouse heating.
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INTRODUCTION

Solar dish collectors (SDC) offer the highest thermal and optical efficiencies of all the current
concentrator options (Lovegrove et al., 2011). Solar dish collector (SDC) have been widely used to
concentrate solar radiation and convert it into medium or high temperature heat, including solar cooker (Abu-
Malouh et al., 2011; Kumar et al., 2012), solar hydrogen production (Furler et al., 2012), and Dish-Stirling
system to generate electricity (Mancini et al., 2003; Mills, 2004). Coventry and Andraka (2017) reviewed
parabolic dish technology and focused on the evolution of dish design, by examining features such as mode
of tracking, structure and mirror design. The review includes a brief summary of power generation options as
well as a discussion about options for storage and hybridisation.

Sun is not a point source of light and 0.32° non-parallelism of natural sunlight and imperfections of the
collector can provide a reduction in the solar radiation intercepted by the receiver (Stine and Harrigan, 1985).
Hence, improving the optical performance is the main step to optimize the SDC (Li et al., 2013).

Considerable theoretical and experimental works on SDC for a large range of industrial applications
have been carried out in recent years (Cui et al., 2003; Li et al., 2011; Lovegrove et al., 2011; Reddy and
Kumar, 2009; Shuai et al., 2008; Wang and Siddiqui, 2010; Wu et al., 2010a, 2010b; Wua et al., 2010).

Solar dishes are very attractive due to their high concentration ratios and versatility (Poullikkas et al.,
2010). High concentration ratios allow to control the thermal losses and therefore to obtain high conversion
efficiencies (Andraka and Powell, 2008). Also, conversion efficiencies severely depend on the optical
properties of the reflective surfaces. Errors affect the intercept factor, which is defined as the ratio of the
energy intercepted by the receiver to the energy reflected by the reflector (Sodha et al., 1984). The ideal
optical configuration for the dish concentrator is a paraboloidal mirror which is very expensive to fabricate, its
costs increase rapidly with aperture area. However, in practice, it is easier to fabricate a dish concentrator
from small elementary mirrors. The elementary components are known as reflecting petals or facets
(Kaushika and Reddy, 2000).
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During the last decade, several innovations in the design and materials of dish technology have been
reported: Glass-metal, Aluminized film, Silver-polymer/silver-steel and Stretched membrane technology.
Silvered mirror was adopted as reflective material as it combines both high reflectance and good mechanical
properties (Poullikkas et al., 2010). Compared with other mirror types, it is preferred for its high reflectance,
good specularity and durability. Rafeeu and Ab Kadir, (2012) presented three experimental models with
various geometrical sizes and diameter of about 0.5 m of SDC to analyse the effect of geometry on a solar
irradiation and temperature and in maximizing the solar fraction.

According to the effects of optical and geometrical parameters on thermal performance of the
concentrating collectors, the aim of this work is to design and manufacture a solar dish collector as an
experimental setup with changeable geometrical and optical structure to investigate various parameters
which it is impossible with prevalent unchangeable collectors and also to carry out the performance analysis
of SDC to heat the water located at the focal point of the concentrator and finally heating a typical
greenhouse.

MATERIALS AND METHODS

SOLAR DISH COLLECTOR DESIGN

A common SDC is mainly composed of a parabola provided with an absorber placed by some arms at
the focal position. A reflector embedded in a nacelle rotatable around two axes: the horizontal axis (elevation
angle) from the support sustained by a mast and the second is the vertical axis (azimuth angle). The SDC is
fixed to the ground (Fig.1) and is constructed from small elementary mirrors of square form (Fig.1 and Fig.2).
As indicated in Fig.1, the main frame supports the aluminium frame and the optical units have translational
movement along aluminium frame to adjust distance between mirrors. Also, the aluminium frame is
expandable to provide various aperture diameter of dish for different research applications. Fig.1 shows a
row of optical units mounted on the aluminium frame and fixed in appropriate position by a typical holder.

As illustrated in Fig.2 the optical unit consists of three main parts with mirror dimension of 50x50 mm,
the arm length varying in the range of 50-400 mm and it is made of wood covered with impermeable layer.
The joint connects mirror and arm by two screws and also provide rotational degree of freedom (DOF) along
two axes. The optical unit has 5 degrees of freedom that provide precision in adjustment of mirror position
(Fig.3) and contrary to constant connection, installing errors were reduced. Also, it is possible to change the
number of installed optical units on the main frame, which subsequently results in changing the aperture area
of the dish in a wider range.

Fig. 1 - Components of SDC
1-main frame; 2- mast; 3- aluminium frame; 4-optical unit; 5-holder; 6-aluminum profile
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Fig. 2 - Optical unit
1-  mirror; 2-joint; 3-arm
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Fig. 3 - Degree of freedom of each unit

1-optical unit; 2-holder; 3-aluminum profile

The characteristics of the SDC (aperture diameter of dish, Depth of the dish and Focal distance) which
are changeable are indicated in Table 1. These ranges are enough for an extensive application such as heat
and electricity production, researches, etc.

Table 1

Changeable characteristics of the SDC
Range

Parameters

Focal distance (f)

Aperture diameter of dish (D)

Depth of the Dish (d)

Aperture area of the dish (4,)
Entrance aperture area of receiver (4,)
Number of mirrors

500-2500 (mm)
500-4000 (mm)
50-500 (mm)
0.25-16 (m*)
176.7-706.8(cm?)
100-6400 (unit)

In Fig.4, a pilot model of the assembled SDC illustrates the arrangement of 100 mirrors on main frame
with 500 mm dish aperture diameter, 750 mm focal distance and 65 mm of the dish depth.

Fig. 4 - Pilot model of changeable collector
1-optical unit 2-main frame 3-aluminium profile 4-receiver joints
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SOLAR TRACKING SYSTEM

Basics of solar geometry can be found in several texts on solar energy (Duffie and Beckman, 2013).
Two most commonly used configurations in two-axis sun-tracking system are azimuth-elevation and tilt-roll
(or polar) tracking system. In an optical mirror mount, azimuth-elevation system is the most popular sun-
tracking system used in various solar energy applications (Mousazadeh et al., 2009; Beltran et al., 2007,
Georgiev et al., 2004; Lugue and Andreev, 2007, Hafez et al., 2017). In the azimuth-elevation tracking, the
collector must be free to rotate about the zenith-axis and the axis parallel to the surface of the earth.

The tracking angle about the zenith-axis is the solar azimuth angle and the tracking angle about the
horizontal axis is the solar elevation angle (Stine and Harrigan., 1985). The sun altitude or elevations (y) and
sun azimuth (o)) define the position of the sun as shown in Fig. 5. The sun altitude is defined as the angle
between the centre of the sun and the horizontal seen by the observer. The azimuth angle of the sun
describes the angle between geographical north and the vertical through the centre of the sun (Quaschning,
2005).

Many fast algorithms for the calculation of the solar position, used in engineering application, can be
found in the literature. All these algorithms work correctly for limited periods of time. There are high-precision
astronomical algorithms, such as the numerical algorithm proposed by Meeus (1988), which has been
reviewed in a form suitable for solar application by Reda and Andreas (2004) and is known as SPA (solar
position algorithm). This algorithm has a maximal error smaller than 0.0003° for a very long period of time
(2000 b.C.—6000 a.C.), but it requires a large amount of calculations.

e \ | obsever T —aNNCH
[
LJ -
almudi_‘)—azimulh
| /

plane of horizon

Fig. 5 - Position of the sun

e Solar azimuth angle
For a specific longitude and altitude the sun begins a race from east to west. This is the angle between
the line that points to the sun and south. The angle is negative to the east and positive to the west. This
angle is 0° at noon. It is probably close to -90° at sunrise and 90° at sunset, depending on the season. The

azimuth angle is calculated according to the following equation (Chassériaux, 1979):
. __cos dsinw
sina = Teosh Q)
e Solar altitude angle
The solar altitude angle is the angle between the line that points to the sun and the horizontal. It is the
complement of the zenith angle. This angle is 0° at sunrise and sunset. The altitude angle is calculated using
to the following equation (Chassériaux, 1979).

sinh = cos ¢ cos § cos w + sin @ sin § )

Two axes sun tracking system

The solar tracking system consists of four parts: mechanical design, electrical design, electronic
design and a control program. In this work an algorithm for the computation of the solar position with high
precision (maximal error 0.0027° over the period 2003-2023) and of small complexity are used which are
presented by Grena (2008). This precision is enough for a wide range of solar applications.
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FOCAL RECEIVER

The focal absorber receives the concentrated solar radiation and transforms it to thermal energy to be
used in a subsequent process (Kaushika and Reddy, 2000). The basic feature of a receiver is to absorb the
maximum amount of the reflected solar energy and transfer it as heat, with minimum losses, to the working
fluid. A cavity receiver is used to accomplish this purpose. The position of cavity receiver should be varying
to achieve the preferred performance of collector in different setups. Hence, a cavity receiver with a glass
window or not is studied and mounted on a rail to provide transitional motion in direction of collector axis

(Fig. 6).

Fig. 6 - Cavity receiver

EXPERIMENTAL SETUP

The changeable parameters of the parabolic dish collector system are as follows: focal length of the
dish (f), aperture diameter of dish (D), dish rim angle (¢), area of the receiver (A) and concentration ratio
(Cr). The fundamental parts of the experimental SDC are: the solar concentrating system, the absorber
(solar heat exchanger), the data acquisition system, instrumentation and solar tracking system (Fig. 8).
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Fig. 7 - Schematic of experimental setup of changeable solar dish collector

OPTICAL CALIBRATION

The diode technique, a simple and cheap method, consists of a laser diode that emits a narrow beam
that is made to be incident onto the reflecting surface of the dish. The diode emits light in the wavelength
range of 640-660 nm. Mlatho et al. (2010) showed that a laser diode technique, which is relatively cheap
when compared to the radiometer technique, can be used to determine the spatial extent of the focal point
with fairly good accuracy. In this study laser beam is used to be assured that reflected ray incident on focal
point. For this purpose, a laser beam source placed parallel to collector axis and the entire mirrors adjusted
manually and fixed in appropriate position by two screws. This method not only provides a changeable
structure but also increases the precision of concentration.
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RESULTS
The concentration ratio (C) is defined as the ratio of the aperture area (4,) to the entrance aperture

area of receiver or absorber area (4,); (Duffie and Beckman, 2013). The area concentration ratio is:
Ag
Cr = A 3)

The results showed that the concentration ratio in the range of 3.5-800 is achievable. It is possible by
changing the receiver area through different dimension of cavity aperture.

The useful heat delivered by a solar collector system was prepared according to the procedure used
by Wu et al. (2010a) under steady state conditions and is equal to the energy absorbed by the heat transfer
fluid, which is determined by the radiant solar energy falling on the receiver minus the direct or indirect heat
losses from the receiver to the surroundings. That is,

Qu = Qr - Ql (4)

Where @, is the rate of useful heat gain, Q, and @, are radiation falling on the receiver and total heat
loss rate of the receiver respectively.

The radiant solar energy falling on the receiver can be defined as:

Qr =TNo Qs (5)

Where 1, is the optical efficiency of concentrator and is defined by Wu et al. (2010a) as:
No = ['tapy cos O (6)

where T is the factor of un-shading, p is dish reflectance, Ta is transmittance—absorptance product, y
is the intercept factor of receiver, which is defined as the ratio of the energy intercepted by the receiver to the
energy reflected by the focusing device, i.e. parabola dish, 6 is angle of incidence. As the solar parabolic
dish concentrator maintains its optical axis, always pointing directly towards the sun to reflect the beam,
which means the incidence angle of solar beam into the dish is zero degree, and the cosine loss equals to
zero (Palavras and Bakos, 2006). That is:

no = tapy )

A clean mirror made of low-iron glass with a silver back-coat should provide a reflectivity (p) of 90—

94% (Kribus et al., 2006). In this study, a transparent window is placed at the receiver entrance to reduce

heat losses, hence the transmission—absorption loss of the receiver is assumed to have about 6-12% loss.
=24t 8)
Aq (
Based on the analysis above, the optical efficiency used in the current study, including all of these
losses, is then assumed as a value of 0.847, which is close to the representative value of 0.85 reported in
(Kribus et al., 2006; Feuermann and Gordon, 2001; Wu et al., 2010a).
The net solar heat transferred Qs is proportional to A,, and the direct normal insolation (DNI) per unit

of collector area I:

Qs = IA, ©)
Substituting Eq. (6 and 5) into Eq. (4):
Qu =0r— Q) =no0Qs — @ =Trapyl;A, — Q (10)
The total heat loss rate includes three parts and can be expressed as:
Q= Qi + Qi +Qu (11)

where Qy, 0,., 0, are Conduction, Convection and Radiation heat loss, respectively.

Researches show that the conductive loss is normally insignificant, compared to the convection and
radiation losses (Wu et al., 2010a). Therefore, Q,, = 0 convection heat loss is a major contributor to the total
energy loss. Hence, its characteristic has been extensively investigated and various models have proposed
to predict convection heat loss of cavity receivers (Le Quere et al.,1981, Koenig and Marvin1981, Siebers
and Kraabel,1984, Clausing, 1987, Stine and McDonald,1989, Paitoonsurikarn et al., 2004, Azzouzi et al.,
2016). As in this study, a transparent window is installed at the receiver aperture, thus natural convection
heat loss becomes the dominant loss. Finally, the equations applied by Paitoonsurikarn et al. (2004) and Wu
et al., (2010a) are used to evaluate convective and radiation heat loss from the receiver. Finally, for a typical
setup the following results were obtained (Table 2):
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Changeable characteristics of the SDC and achieved results

Parameters value
Focal distance (f) 1250 (mm)
Aperture diameter of dish (D) 2000 (mm)
Depth of the Dish (d) 190 (mm)
Aperture area of the dish (4,) 3.68 (M%)
Entrance aperture area of receiver (4,) 314.16(cm?)
Number of mirrors 1600 (unitg
I 700 (w/ m?)
0, 2576 (W)
o 0.847

0, 2183 (w)
Q: (max) 210 (w)

0. 1973 (w)

Table 2

It results from table 3 that the obtained value of Q, is high enough to boiling water with a rate of 0.397
kg/min. In other words, with the mentioned setup we can produce 1 kg hot water (100°C) in 2.5 minutes.

APPLICATION IN GREENHOUSE

The easiest and most common way to even out the temperature of greenhouse is to use thermal
mass, also called a heat sink. The size of the thermal mass depends on the heat capacity of the material and
it's mass. The most common way to use thermal mass is water, because it has such a high heat capacity
(4.18 Jicm®K at 77 F). Using the designed Collector, we were able to control the greenhouse temperature in
recommended range during April to October in West Azerbaijan, Urmia. In this study, a 250m? greenhouse
with twin-wall polycarbonate considered (Fig. 8). The recommended temperature in greenhouse is 22°C.

Fig. 8 - Spanish design greenhouse, Urmia University, Agricultural Faculty

According to 10 years metrological data of Urmia, the monthly average temperatures are presented in
Table 3. Also, the solar power incident on a surface averages 700 W/m? and 10 years average 8.5 sun
hours. It is shown in this table that during April to October the average temperature is about 10 degrees

below the recommended temperature in greenhouse. So, the calculation is based on AT=10°.

Table 3
Monthly average temperature, Urmia
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2004 0.4 1.8 7.8 9.9 14.8 20.4 22.1 23.2 18.4 13.3 5.9 -2.6
2005 -2.7 2.1 6.5 12.2 15.2 20.3 24.8 23.6 18.9 12.3 5.3 24
2006 -2.7 0.8 7 12.2 16.3 23.1 235 24.7 18.7 13.2 3.6 -2.7
2007 -4.2 0.6 4.9 9 17.4 21.1 23.3 23.3 19.8 13 6.5 -0.4
2008 -7.3 2.7 9.9 14.3 15.9 21.3 24.4 24.4 18.9 12.3 5.6 0.2
2009 2.4 3.5 5.9 9.5 16.2 19.6 23.3 21.5 16.9 12.9 5.9 2.9
2010 2.8 3.8 8.5 11 15.5 22.7 25.3 23.3 20.5 14.6 6.2 2.3
2011 -2.8 0.9 5.4 11.6 15.6 21.2 24.9 22.8 18.1 11 1.3 -1.7
2012 -1.1 -0.6 2.6 12.9 17.5 22 23.9 24.6 18.9 134 7.6 0.6
2013 -04 3.8 7.4 12.2 154 20.9 24 22.8 19 11.2 7.3 -5.9
2014 -2.5 0.8 8 12.6 17.3 21.8 24.9 25 20.1 11.4 4.4 2.2
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Considering 250m? greenhouse, a gas heater consumes 6 m®h fuel, that its annual amount will be
25920 m® gases. Taking into account the cost of the gas as 0.072%/m* in Iran, the annual cost will be 1866 $.
However, the total cost estimate of the proposed experimental setup of collector is 1750 $. The results
obtained from the preliminary calculations of useful heat delivered by a solar collector system are presented
in

Table 2. For 8.5 hours received solar energy is:

700 W/m? x 8 hours = 5600 Wh/m? = 5.6 kWh/m? = 5.6 PSH (Peak Sun Hours)

According to results we produced 192 kg boiling water that will be used at night. It starts releasing that
energy, thereby ‘heating’ the greenhouse.

CONCLUSIONS

This project was undertaken to design an experimental setup to investigate the effect of geometrical
parameters on optical and thermal performance of a solar dish collector and evaluate its application. The
characteristics of the SDC such as aperture diameter of dish, depth of the dish, focal distance and cavity
area are changeable. This experimental setup has assembly and disassembly capability and can act as a
research tool to investigate different configurations of SDC systems. Also different type of receivers,
parabolic dishes and other type of collectors can be tested by the experimental setup and it can be used as a
main structure for any type of collectors for solar applications. The major limitation of this study is the mirror
sizes, which limited to 5x5cm mirrors. Useful heat delivered by solar collector system is 1973 W which is
enough to produce 192 kg boiling water per day. Produced water will store in thermal mass that will be used
at night for heating the greenhouse. This research will serve as a base for the future studies and for domestic
solar thermal applications like indoor solar cooking and indoor solar water heating or electricity generation.
This device can be used for different applications like desalination, pasteurization, detoxication and vapour
production by adjustment of the working fluid flow through receiver. Taken together, these wide ranges of
investigations suggest that the cost of experimental setup in comparison with its applications is justifiable.
This would be a fruitful area for further works.
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ABSTRACT

Non-circular gears are important parts of agricultural machinery, such as transplanters and plant
setters. The uneven distribution of allowance in the machining process seriously affects the machining
accuracy and working performance of non-circular gears. Therefore, this study considered non-circular gear
shaping as the research subject to solve the uneven distribution of allowance caused by the change of the
curvature of the gear blank’s pitch curve in non-circular gear machining. The influence of the radial motion on
allowance distribution was determined by analyzing the geometric relationship between the shaper cutter
and the gear blank in the machining process. Then, a normal linkage model of non-circular gear shaping was
established, and the virtual and actual machining experiments were conducted. Finally, the machining
method with evenly distributed allowance was simulated and validated. Results of the machining and testing
show that the average unevenness of the allowance can be reduced from 110.21% to 4.95% through the
machining method with evenly distributed allowance, meanwhile, the surface roughness S, can be reduced
from 3.18 um to 1.26 um. The proposed machining method can evenly distribute the allowance in the
machining process, as well as remarkably improve the machining accuracy and surface quality of non-
circular gears. The conclusions of this study provide significant references for the optimization and
performance evaluation of non-circular gear machining methods.
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INTRODUCTION

Non-circular gears synthesize the advantages of circular gears and cam mechanisms and can be
designed according to the working requirements to realize the variable ratio drive; these gears have the
advantages of compact structure, stable transmission, and easy realization of dynamic balance, all of which
are important parts of agricultural machinery (G.H. Yu et al., 2015; M. Zhou et al., 2014). The machining
accuracy of non-circular gears determines the accuracy and durability of the transmission mechanism, so
that improving the accuracy of non-circular gears is an important method for ensuring the working accuracy
and service life of agricultural machinery products (Pathak S et al., 2014).

Gear hobbing and shaping are the common machining methods of non-circular gears. Gear hobbing is
efficient but can only be used for non-circular gears with full convex pitch curves and is easy to undercut (B.
Li et al., 2016). By contrast, gear shaping is a general method of non-circular gear machining that can
overcome the limitations of gear hobbing. It can be used for non-circular external gears with concave pitch
curves and non-circular internal gears and has high machining efficiency. In non-circular gear shaping, the
pitch curve of the gear blank and the pitch circle of the shaper cutter in actual rough shaping are changed
because of the constant change of the curvature of the gear blank’s pitch curve (X.T. Wu and H.G. Wang,
1997), thus, the uneven machining allowance appears. In actual machining, the uneven allowance on each
tooth surface can cause unequal cutting force and cutting vibration, which has a serious influence on the
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service life of machines and the machining quality of gears (Y. Zhang, 2015). If the allowance on one side of
the tooth surface is small or non-existent, then finish machining (finish shaping, grinding, and skiving) cannot
be performed efficiently and the gear blank will likely be scrapped (X.T. Wu and H.G. Wang, 1997).

Based on this scenario, certain researchers conducted numerous analyses and studies on the
machining principle and process of non-circular gear shaping. Litvin analyzed the generation process of the
enveloping surface of an elliptical gear and proposed a matrix method to solve the involute equation. Then,
he used a rack cutter, a hob, and a shaper as examples to illustrate the proposed method and established a
machining theory of non-circular gears. However, the performances of the machining methods are
disregarded (Litvin F et al., 2007). Zheng established the linkage model of non-circular gear shaping based
on three-axis machine tools, discussed the machining process of non-circular gears, and suggested a
general shaping method. However, the different linkage models are not analyzed comparatively (F. Zheng et
al., 2017; F. Zheng et al., 2016). Xia deduced the mathematical model of non-circular gear meshing based
on pure rolling contact theory and conducted the equal pole angle and arc length shaping simulations by
setting different pole angles. However, the performances of the shaping methods are also ignored (L. Xia et
al.,, 2013). Liu proposed a variety of shaping strategies by adjusting the speed relationship between the
shaper cutter and the gear blank, conducted the machining experiments, and then selected the optimal
speed linkage model. However, the influences of the machining methods on machining accuracy are
disregarded (Y.Y. Liu, 2014). He J. installed the form-grinding wheel on a three-axis gear shaper and
proposed a machining strategy to control the form-grinding process according to the linkage model of non-
circular gear shaping. His work provided a method for realizing the finish machining on the non-circular gear
shaper. However, this strategy is unverified by simulation or machining experiments (J.L. He et al., 2007).
Erkorkmaz proposed a linkage model that could accurately predict the chip shape and the cutting force.
Therefore, the contact between the shaper cutter and the cylindrical gear was predicted based on the
DEXEL model, and the linkage model was verified by kinematics modeling. However, the meshing process
of non-circular gears is more complicated, and optimizing the machining accuracy of non-circular gears
through this method is difficult (Erkorkmaz K et al., 2016). Tarapanov analyzed the kinematic parameters of
non-involute internal gear in the shaping process and studied the effect of the tool root contour on machining
accuracy in terms of cutting thickness, cutting force component and surface roughness. However, the
method for improving machining accuracy is not proposed (Tarapanov A et al., 2015).

All these research results are mainly concerned with the realization of non-circular gear machining and
the processing technology of cylindrical gear machining. However, research on the processing technology of
non-circular gear machining is minimal, especially the influences of the machining methods on distributing
allowance and surface quality. Therefore, the existing research results can hardly improve the machining
accuracy of non-circular gears. Machining accuracy and surface quality of non-circular gears have important
influences on the stability, accuracy, and service life of the transmission mechanism of agricultural
machinery. Thus, studying the processing technology of non-circular gear machining and improving the
quality of non-circular gears are important means of improving the working performance of agricultural
machinery. Predicting the influence of the linkage model on distributing allowance evenly is an urgent
problem that needs to be addressed.

This study proposes a machining method with evenly distributed allowance. First, the origin of the
uneven distribution of allowance is analyzed by deducing the position relationship between the shaper cutter
and the gear blank in the shaping process. Second, a normal linkage model of non-circular gear shaping is
established for the allowance to be distributed evenly by adjusting the geometric position relationship
between the shaper cutter and the gear blank in real time. Third, the accuracy and feasibility of the
machining method with evenly distributed allowance are verified by virtual and actual machining
experiments. Finally, the non-circular gears obtained by the actual machining experiments are measured via
micro-topography analysis. Thus, the effectiveness of the proposed method is verified, and the influences of
the machining methods on the surface quality of non-circular gears are analyzed, providing references for
the optimization and performance evaluation of non-circular gear machining methods.

MATERIALS AND METHODS
Analysis of the origin of uneven allowance
Non-circular gear shaping is performed by rough shaping with multiple cutting cycles and (semi) finish

shaping in the last cutting cycle. Fig. 1 shows a set-up of the coordinate system S(OCXY) , Where the
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rotation centres of the gear blank and the shaper cutter are O, and O, respectively, the rotation speeds of
the gear blank and the shaper cutter are w, and w, respectively, and the velocity of the shaper cutter along
0,0, is v,.

In finish shaping, the starting point is A . At any time, the pitch circle of the shaper cutter and the pitch
curve of the gear blank are tangent at point P . The angle between the polar radius r and the tangent of the
pitch curve of the gear blank is ¥ . The angle between the polar radius of the gear blank r and OO, is o,

and the angle between the radius of the shaper cutter r, and 0,0, is B, as expressed in Eq. (1):

r,cosy
a =arctan————
r+r siny
rcos (1)
B =arctan———
rsiny+r,
2T T
LA o
/ / \\\ \
ad| [, X \&
{ ' \
‘.,/ e o \I Pitch circle
(o} /}_/” (Rough shaping)
Vx |y, - -8 7 Pitch circle
Pb)\_m & /L (Finish shaping)
= ) < Pitch curve
/ e ™ < (Rough shaping)
( b T Pitch curve
) Finish shapin
\ \ . \
Y \ W_} S
)
\._/U_)C

Fig. 1 - Geometric relationship between shaper cutter and gear blank in non-circular gear shaping

Point P is the relative velocity instantaneous centre according to the purely rolling between the pitch
circle of the shaper cutter and the pitch curve of the gear blank. The velocity of point P relative to point O, is

Ve, , and the velocity of point P relative to point O, isVy, . From the velocity triangle in Fig. 1:
vV, =r.w, sinB+rw, sina 2

In Fig. 1:
r.sinB =rsina 3
Eqg. (3) is substituted in Eq. (2), and thus:
v, =rsina(w, +w, ) =r,sinB(w, +w,) (4)
In Fig. 1, the distance between the shaper cutter and the gear blank in rough shaping increases Ad
along 0,0, compared with that in finish shaping. The rotation centre of the shaper cutter is point Ot'), the
relative velocity instantaneous centre is point P'. The angle between the polar radius of the gear blank r’

and 0,0, isa’, and the angle between the radius of the shaper cutter r, and 0,0, is B . From the velocity

triangle in Fig. 1:

vV, =rw,sinf +rw,sina (5)
In Fig.1: r.sinB =r'sina (6)
Eq. (6) is substituted in Eq. (5), and thus:
v, =r'sina’(w, +w, )=r, sinB (w, +w,) (7
From Egs. (4) and (7):
rsina =r sina
. C (8)
r.sinB =r,sinf
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From Eg. (8), point p' is above point P on the X-axis. The radial motion deviates from the normal
direction of the gear blank’s pitch curve. Accordingly, the uneven allowance appears after each cutting cycle,
even the small allowance or the non-allowance, as depicted in Fig. 2.

Uneven allowance il allowance Non-allowance ‘}3 AIIow?nce

v

‘ Ny
= ™ Toothsurface ~_
S N (Rough shaping)~_/4

/T Tooth surface
(Finish shaping)

Pitch curve
%7~ (Rough shaping)

; T d __ Pitch curve
(Finish shaping)

Fig. 2 - Distribution of allowance Fig. 3 - Principle of the machining method

Machining method with evenly distributed allowance of non-circular gear

In rough shaping, each position of the shaper cutter has a one-to-one correspondence with the
position in finish shaping along the normal direction of the gear blank’s pitch curve by changing the
generation motion to ensure that the shaper cutter is constantly machining in the normal direction of the
gear blank’s pitch curve. The principle of the machining method with evenly distributed allowance is
illustrated in Fig. 3.

N
/ / e
¥ X N
/ Pitch circle
(Rough shaping)
W' Ad
T Q ! Pitch circle
N \ i / (Finish shaping)
/ //ﬁ i \ S et ™
/ /\A\/\(\
o /T 7 \ Pitch curve
b 7 (Rough shaping)
re Ob' F Y N
: B/g/ | Pitch curve
\ 5 fr X/(\ (Finish shaping)
a ,
Z?\f‘<<::;<§/ ) b o \
a o
y \

Oc
// o \
I we ]
Fig. 4 - Normal linkage model of non-circular gear shaping

In Fig. 4, the coordinate system S(O,XY) is set up and the rotation centres of the gear blank and the
shaper cutter are O, and O, respectively. In rough shaping, the distance between the shaper cutter and the
gear blank increases Ad along the normal direction of the gear blank’s pitch curve in each position
compared with that in finish shaping. The rotation centre of the shaper cutter is pointO, , the relative velocity
instantaneous centre is pointB . The angle between the polar radius of the gear blank r' and 0,0,is a’,
and the angle between the radius of the shaper cutter r, and 0,0, is 8, as expressed in Eq. (9):

(r, +Ad)cospy

a =arctan :
r+(r, +Ad)siny

©)

rcosy

=arct
B =arc ar]rsin/,/+(rc +Ad)

The rotation angle of the shaper cutter around point O, is % (L/Jt'J:Lpb), the rotation angle of the gear
blank around point O, is ., and the distance between points O, and O, is ', as follows:
L'U;:J =Sue /rc -B
Y, =p-a (10)
I'=rcosa +(r, +Ad)cos B

The arc length S,z from points A to B is as follows:

S, = J':,frz +(dr/d<p)2d<p (11)
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Egs. (1), (9), and (11) are substituted in Eq. (10). Thus, the normal linkage model of non-circular gear

shaping is as follows:
. J'Q’Q/r2 +(dr/d(p)2d<p
W, = : r

(r.+Ad)cosp
r+(r, +Ad)siny
(r, +Ad)cospy
+
r+(r, +Ad)siny

r cosy
rsing+r,

—arctan

W, = @ —arctan
(12)

I'=r cos{arctan

(r, + Ad)cos| arctan— reosy
rsinp+(r, +Ad)

RESULTS
Validation example

A third-order elliptical gear is used as an example for verification. The equation of the pitch curve is
as follows:

A(1-K?)
r(@)=—— (13)
1-kcos3¢p

where A is the calculated semi-major axis, k is the eccentricity, and @ is the polar angle.
The parameters are listed in Table 1.

Table 1
Parameters of third-order elliptical gear and shaper cutter
Parameters of gear Value Parameters of shaper cutter Value

Number of teeth z 42 Number of teeth z, 20

Normal module m,, [mm] 3 Normal module m, [mm] 3

Pressure angle a [°] 20 Pressure angle a, [°] 20

Order N 3 Helix angle B, [] 0
Eccentricity k 0.1348

Semi-major axis A [mm] 61.11

Tooth width B [mm] 30

Verification of the machining method with evenly distributed allowance based on virtual machining

Given that the rotation angle . of the gear blank is known, the polar angle @ of the gear blank can
be obtained by Eq. (12) with the Steffensen iteration. If each cutting cycle is completed with N steps, the
rotation angle of the gear blank in each step will be Ay, = 21/ N, and the rotation angle of the gear blank in
non-circular gear shaping will be , (i)=(i —1)Ay,, where i =12,--,N+1. Thus, ¥, (i) and I (i) can be
obtained. The rotation and moving amounts of the shaper cutter in each step are Ay, (i) =, (i +1)-y, (i)
and Al'(i)=1(i +1)—1I'(i) respectively, wherei =12,---,N .

The software platform used in this study is SolidWorks and the control program is written to call the
application program interface functions (API) by using visual basic for applications (VBA) to develop the
CAM system of non-circular gear shaping. Then, the virtual machining is performed. Fig. 5 shows the flow
of virtual machining, as follows: the shaper cutter and the non-circular gear blank are modelled, the two
parts are controlled to move progressively with the motion data, and the Boolean difference is performed
after each step (D.W. Liu et al., 2015D.Z. Li et al., 2014). The shaper cutter envelops all the teeth of the

non-circular gear after a single rotation by the gear blank. The process of the virtual machining is
demonstrated in Fig. 6.
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The parameters of the gear and the shaper cutter are inputted. As shown in Fig. 7, when Ad =2 mm,
the virtual machining will be performed according to the traditional and normal linkage models of shaping, in

turn, the models of rough shaping are obtained, when Ad = 0, the model of finish shaping is obtained.
Start

’ Input parameters of non-circular gear and shaper cutter ‘

'] eR e
] 1
Cutting interference? | e g
- b £
N i 9
l Create 3D models of gear blanks and shaper cutter ‘ o ﬁ Wy _
I Zim Iy 2
l Generate motion data of shaping ‘ o X
¥ EF:: .
l Generate motion data of virtual machining ‘ ccgiond { \ A
¥ w2 s
l Boolean operation of 3D solid models ‘ 1:5’:::3
w == F
e 1
End M:N;;“z_w&ummm BB SR VENSE e 5
Fig. 5 - Flowchart of virtual machining Fig. 6 - Process of virtual machining

(a) Traditional rough shaping (b) Normal rough shaping (c) Finish shaping

Fig. 7 - Gear models obtained by virtual machining
The models of rough shaping are compared with the model of finish shaping, and the distribution of

the allowance is analyzed as illustrated in Fig. 8. The distribution of the allowance after the traditional rough
shaping is uneven, whereas that after the normal rough shaping is even.

(a) Traditional rough shaping (b) Normal rough shaping

Fig. 8 - Distribution of allowance after rough shaping

In Fig. 9, points A and D are the intersections of the pitch curve with the rough model, points B
and C are the intersections of the pitch curve with the finish model, while the chord lengths of AB and
CD are defined as the allowance of the left and right tooth surfaces respectively. Thus, the unevenness of
the allowance o is as follows:

Lo —Lc
5= 2M -100% (14)
a8 T Lep
Pitch curve / A Tooth surface
/ " (Rough shapin,
/ ¢ g)
/ ..
= \;/ B c\ p———
= ~— Tooth surface
X (Finish shaping)
i S

Fig. 9 - Definition of the unevenness of allowance
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The coordinates of the intersection points are derived by the CAM system of non-circular gear
shaping, a part of these coordinates are displayed in Table 2.

Table 2
Coordinates of intersection points
Teeth Points Traditional shaping Normal shaping
[mm] [mm]

A (69.040, 7.627) (69.216, 8.005)

B (69.165, 7.146) (69.426, 7.223)

! C (69.925, 2.212) (70.208, 2.114)
D (69.977, 1.352) (70.257, 1.273)

A (65.424, 16.158) (65.437, 16.632)

B (65.589, 15.875) (65.845, 15.942)

2 c (67.781, 11.387) (68.108, 11.283)
D (68.135, 10.467) (68.397, 10.525)

The teeth in the first period [0, 217/3] are selected for analysis because of the periodical symmetry of
the pitch curve of the third-order elliptical gear. The coordinates of the intersections are substituted in Eq.
(14) and the unevenness of the allowance is presented in Fig. 10.

The maximum and average unevenness of the allowance after the traditional rough shaping are
132.47% and 91.2344%. The maximum and average unevenness of the allowance after the normal rough
shaping are 5.03% and 2.7606%; compared with the traditional shaping, the maximum and average
unevenness are reduced by 127.44% and 88.4738% respectively.

The results show that the machining method with evenly distributed allowance can greatly reduce the
unevenness of the allowance in non-circular gear shaping; the method is correct and feasible.

140
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(a) Traditional rough shaping (b) Normal rough shaping

Fig. 10 - Unevenness of allowance in virtual machining

Verification of the machining method with evenly distributed allowance based on machining
experiments

ARM+DSP+FPGA is used as the hardware platform of the CNC system, the code G84 for high-order
elliptical gear shaping is developed by using the flexible electronic gearbox technology (X.Q. Tian et al.,
2015). G84 is defined as G84 A_ N_K_R_D_ S _, where A is the semi-major axis, N is the number of the
order, K is the eccentricity, R is the radius of the pitch circle of the shaper cutter, D is the polar angle of the
start point, and S is the residual feeding amount.

The elliptical gear used in the transplanting mechanism of a high-speed transplanter is taken as an
example and the parameters are presented in Table 1.

The machining experiments are conducted on the YKS5132B CNC gear shaper.

The traditional and normal shaping is performed as illustrated in Fig. 11.
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(a) Shaping process - (b) Third-order elliptical gear obtained by machining experiments

Fig. 11 - Machining experiments of third-order elliptical gear

The non-circular gears obtained by the machining experiments are placed on the TESA Micro-Hite
3D coordinate measuring machine (CMM). The tooth profiles in the first period [0,217/3] are reconstructed

according to the discrete points obtained from the CMM. The coordinates of the intersections of the tooth
surfaces with the pitch curve are substituted in Eq.14, the unevenness of the allowance is presented in

Fig.12.
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No.1-14 teeth
(a) Traditional rough shaping
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12 14

Fig. 12 - Unevenness of allowance in machining experiments

The results show that the machining method with evenly distributed allowance can reduce the
average unevenness of the allowance from 110.21% to 4.95% in non-circular gear shaping, and thus the
uneven distribution of the allowance can be improved effectively.

Measurement and analysis of the micro-topographies of non-circular gears

The No. 3 teeth of the non-circular gears obtained by the machining experiments are placed on the
TRMOS TR-SCAN premium surface analysis instrument, and then 3D topography measurements are
conducted. In Fig.13, the cut marks on the tooth surface of the non-circular gear obtained by the traditional
shaping is uneven, additional pits and scratches appear, and the roughness is larger. The cut marks on the
tooth surface of the non-circular gear obtained by the normal shaping is uniform, has no obvious defect,
and the roughness is smaller. The results show that the micro-topography of the non-circular gear can be
improved through the machining method with evenly distributed allowance.

um um

(a) Traditional rough shaping

(b) Normal rough shaping

Fig. 13 - Micro-topographies of non-circular gears obtained by machining experiments

The micro-performances of the traditional and normal shaping are compared and analyzed according
to 1SO25178 and EUR15178N. S, (arithmetical mean height) is the extension of R, (arithmetical mean
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deviation) to a surface, which is expressed as the average of the absolute value of the difference in the
height of each point compared with the arithmetical mean of the surface. S, is used to evaluate the surface
roughness. In Fig. 14, the parameter S, of the non-circular gear obtained by the normal shaping is reduced
from 3.18 ym to 1.26 ym, which is smaller than that of the traditional shaping.

S, (core roughness depth) is calculated as the difference of heights at the areal material ratio values
0% and 100% on the equivalent line. Specifically, it is a value obtained by subtracting the minimum height
from the maximum height of the core surface. S, (reduced peak height) represents the mean height of
peaks above the core roughness, and S, (reduced valley depth) represents the mean depth of valleys
below the core roughness. They are used to evaluate the functional features of surface roughness (Jolivet S
et al., 2014). In Fig. 15, the parameters S, and S, of the non-circular gear obtained by the normal shaping
are relatively smaller; meanwhile, the parameter S, is relatively larger. Therefore, the roughness profile

has higher wear resistance and less initial wear quantity. The surface quality of the non-circular gear
obtained by the normal shaping is also enhanced.

A Traditional shaping Normal shaping za Traditional shaping  ®Normal shaping
4 0.09
35 =16 0.08
; —— oo
25 ! . 0.06
E 2 E s
15 7 7 1.26 - ¢
YV 1 0.03
1 A 0.02
0.5 V7 0.01
O ¥ v 7 O 7771
Sa Svk
Fig. 14 - Contrast chart of S, Fig. 15 - Contrast chart of S, , Sy, and S,

The results show that the machining accuracy and surface quality of non-circular gears can be
improved through the machining method with evenly distributed allowance. Therefore, the working
performance and service life of agricultural machinery products can be optimized.

CONCLUSIONS

The working performance and service life of agricultural machinery are mainly determined by the
machining accuracy and surface quality of non-circular gears. This study analyzed the origin of the
uneven distribution of allowance of non-circular gears, revealed the influences of the machining methods
on the allowance distribution, and established the normal linkage model of non-circular gear shaping.
Then, the machining method with evenly distributed allowance was verified by virtual and actual
machining experiments, and the relationship between the machining methods and the surface quality of
non-circular gears was analyzed by micro-topography measurements. The main conclusions are as
follows:

(1) The degree of uneven distribution of the allowance of non-circular gears is proportional to the
degree of the radial motion deviating from the normal direction of the gear blank’s pitch curve. The normal
linkage model of non-circular gear shaping set up in this study can adjust the geometric relationship
between the shaper cutter and the gear blank in real time, and then, the even distribution of the
allowance in the shaping process is realized.

(2) Theoretically, the average unevenness of the allowance can be reduced from 91.23% to 2.76%
through the machining method with evenly distributed allowance. Meanwhile, the average unevenness of
the allowance can be reduced from 110.21% to 4.95% in the actual machining. The method can evenly
distribute the allowance of non-circular gears.

(3) The non-circular gears obtained by the machining method with evenly distributed allowance
have uniform cut marks, no defects, and smooth micro-topography. Meanwhile, the surface roughness is
smaller and the micro-performance of the roughness profile is better than that of the traditional shaping.
The method can significantly improve the surface quality.

The conclusions in this study can effectively improve the uneven distribution of allowance caused
by the change of the curvature of the gear blank’s pitch curve and have an important guiding significance
for improving the machining accuracy and surface quality of non-circular gears. In future studies, the
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machining method with evenly distributed allowance can be applied to finish machining methods with
similar machining principles, such as the gear form-grinding based on the shaping linkage model and
gear skiving, to further improve the machining accuracy and surface quality of non-circular gears. The
conclusions in this study are crucial to improving the working accuracy and service life of agricultural
machinery products.
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ABSTRACT

A novel 5-Degree-Of-Freedom (DOF) Parallel Mechanism (PM) which can be used in target spraying
robot was proposed. The DOF formula of traditional PMs can only calculate the DOF of the mechanism but
cannot determine its constraint type. To determine the influence of the PM constraint type and sizes of the
moving and fixed platforms on its performance fluctuation index, the study first analyzed the DOF of the
novel SUPS-RPS PM based on screw theory and determined the constraint type of its different sub-chains.
Subsequently, inverse kinematics and velocity formulas of the PM were derived, the velocity global
performance index was analyzed based on the condition number of Jacobian matrix and the velocity global
performance index atlas was drawn. Finally, in view of the deficiency of the velocity global performance
index, the global performance fluctuation index formula, which can reflect the fluctuation of the movement
performance of the mechanism in the whole workspace, was proposed. The results of the global
performance index and global performance fluctuation index atlas of the PM showed that the global
performance fluctuation index decreases with the increase of the radii of the moving and fixed platforms
and increases with the decrease of their radii. When r,=47.7...50 cm and r,=38.6...40 cm, the global
performance fluctuation index o of 5SUPS-RPS PM is small. At this time, if 0=0.356322, then the PM has
narrow movement fluctuation in the whole workspace. The results provide an important guide to the size
selection of the moving and fixed platforms of the SUPS-RPS PM and the optimal design of the prototype.

WHE

FEH —Fh ] LI T XTI L A T 21 HIETFIRPLR - (E TP 1 /2 A0 H BETTE H LA
HHEE, T GEREPLIITZHI2T K . K978 ZTEIFL I B2 29 K B LR 5 F G FLE T 6 /X
HAPFRER SN IE bR HIEN, KT THEGEPE I, B SEXT %72 SUPS-RPS FEEEPLIHTT 1 H HIZE AP, FHhiE T
SUPS-RPS FEKPLIG 577 X 229 KB . HK, BT T iEZH BN RIS 5) 0 L A C, FEFH AT
HEH I BT HAT T38RI BT bR 0, 228 T3 E 2 M RE1Ebr R . iR, #1082 e
TEEFHIANAE, FEH T 2B IFER 501505 A (. 2755 0] R BPL I 1 B L E 5 ] S s 1 BERE G . FE T
IR I BETE b AT £ I M BE S 50 15 7 R 25 R, KT R, £ FEFE )15 bk 50 & FLE T & F
BRI A g, BE50-F & REF & F 2N DITTIEA, 25 r,=47.7~50cm, r,=38.6~40cm #/, 5UPS-RPS
FEBBL I 2T GERE 15 FR 1 0 F6h, MR 0=0.35322, AU FFIEEPL I O ST I 7 BN T 1 55 Ja] A28 50 0%
SIPEE Do 2T RS T BUPS-RPS HBEL 5 6 FLEF 6 5T HIGE I ELRFEPLHTE 1 i i1 A EHZ1S
FEX.

INTRODUCTION

With the development of agricultural production technology, agriculture automation equipment will
play a more and more important role in aspects of alleviating the shortage of agricultural labour, improving
labour productivity, reducing production costs, protection of workers’ safety and a novel 5-Degree-Of-
Freedom (DOF) Parallel Mechanism (PM) which can be used in target spraying robot was proposed. The
parallel mechanism is a parallel-actuated mechanism that consists of two or more sub-chains and has at
least two DOF. It originates from an entertainment device based on spherical PM proposed by Gwinnett in
the 1930s. Compared to serial robot, it has high mechanical stiffness, strong bearing capacity, low weight of
the end, small inertia, and no accumulation of position errors. The PM is very popular among people
because it complements with serial robot in application (Plitea et al., 2015; Xiangdun et al., 2014; Briot et
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al., 2010; Altuzarra et al., 2010). The 5-DOF PM is a very important type among the limited DOF PMs.
Compared with 6-DOF PMs, 5-DOF PMs have attracted much attention because of their low cost, simple
structures, and easy controllability (Jingtao et al., 2013; Xiulong et al., 2014; Yanbiao et al., 2013). This
study proposes a 5UPS-RPS spatial 5-DOF PM with three rotations and two translations. As the proposed
PM has simple structure, high bearing capacity, and easy controllability, it can be widely used in the fields
of robot manipulator, multidimensional force sensor and human body rehabilitation device.

With the development of high-precision manufacturing and high-velocity machines, better kinematic
and dynamic performance designs are increasingly needed. As a scalar, the evaluation index of robot
performance is to quantify the performance of the robot. In the robot design stage, the performance index
plays a guiding role in the design and evaluation of robot performance. On this basis, researchers have put
forward various indexes to evaluate robot performance (Dan et al., 2015; Guiyang et al., 2015; Feibo et al.,
2015; Angeles., 2006; Pong et al., 2006; Tian et al., 2014). However, these studies are aimed at a specific
PM. The research involves complex computation and heavy workload but fails to reflect the performance
fluctuation of the mechanism in the whole working space.

How to evaluate the performance fluctuation of PM in motion is an urgent problem that needs to be
solved. Therefore, this study combines the concept of variation coefficient in statistics and utilizes the
condition number of Jacobian matrix through simple calculation and strong commonality to analyse the
performance fluctuation index of 5UPS-RPS PMs. This study provides a theoretical basis for the optimal
design of PM and prevents blindness in size selection.

At present, researchers have conducted numerous works on PM and its performance indexes.
Lei Jingtao et al. (Jingtao et al., 2013) designed a 4UPS-UPU PM, solved its inverse kinematics using
the vector algebra method, and determined the mapping relationship between the joint variables and
end-effector pose. (Xiulong et al., 2014) defined an index that can comprehensively evaluate the
dexterity of the PM under different configurations and investigated the influential law of the distribution
angles of hinge points on fixed and moving platforms and the radii of the hinge points’ circle of both
platforms of 4UPS-RPS spatial PM based on the square mean dexterity coefficient. (Yanbiao et al.,
2013) proposed a new statistical parameter optimization method for the 5-DOF bonnet polishing
machine tool, which provided a basis for the application of the new parallel bonnet polishing machine
tool. (Gosselin et al., 1991) optimized the robot design and defined the global performance index of the
mechanism. (Liu Songtao et al., 2012) considered the constraint and inertia effect of the two kinds of
rotation angles based on kinematic analysis, put forward two kinematic global performance indexes,
and applied them in the optimal design of 4-DOF SCARA PM which has three-rotation and one-
translation movements. (Hosseini et al., 2015) studied the maximum working space of the Tricept PM,
which has two-rotation and one-translation movements and proposed a homogeneous Jacobian matrix
that converts the motion velocity of the joint space into that of the operation space to achieve a rapid
withdrawal of singular position of the mechanism. (Zhang Dan et al., 2015) proposed a performance
decomposition method as basis for the design of complex microrobots. The proposed method could be
used in the optimal design of different compliant PMs. (Xin et al., 2015) put forward a new hexapod
robot, established its kinematics model, and optimized the design of its geometric parameters using
the comprehensive objective function considering the dexterity and payload of the mechanism. Their
trajectory tracking experiment verified the correctness of the kinematics model and comprehensive
performance indexes. (Wang et al., 2015) carried out scale synthesis on 2-UPR-SPR PM using the
motion/force transfer performance index based on screw theory, established the inverse kinematics
model of the mechanism, and performed the spiral analysis on it to obtain the local transfer and global
performance indexes of the 2-UPR-SPR PM, which were taken as the evaluation criteria of the
motion/force transfer performance of the mechanism. (Angeles et al., 2006) made the normalization
processing in terms of the length unit in the matrix using the characteristic length, but how to choose
the characteristic length of the mechanism has not yet been solved effectively as the selected
characteristic length had certain randomness. Another common method was to establish the mapping
relation among several points on the joint velocity and the output rigid body to obtain the Jacobian
matrix with homogeneous dimension (Pong et al., 2006), but the Jacobian matrix obtained through this
method depended on the selected reference points, so the optimal design with the algebraic
eigenvalue as the performance index would obtain different optimization results because of the
selection of different reference points. (Huang et al., 2014; Haitao et al., 2015) built the mapping matrix,
which could characterize the transitive relationship of the force and variational motion in the joint space
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and operation space through concepts of dual base and dual space, and they constructed a group of
kinematic performance evaluation indexes, which could identify the singular configuration and could be
taken as the objective function or constraint condition of size synthesis.

The above research results are mainly based on global performance indexes, but research on
the global performance fluctuation of the mechanism is limited. The present study establishes the
global performance fluctuation index formula of mechanism by using the condition number of the
Jacobian matrix and variation coefficient in statistics and calculates the influence of the different sizes
of moving and fixed platforms of the mechanism on its performance fluctuation, which provides a
theoretical basis for the optimal design of the mechanism.

The remainder of this paper is organized as follows. Section 3 describes the mechanism of the
novel 5-DOF PM and analyses its constraint type by using screw theory. Section 4 presents the
kinematic analysis on the mechanism, obtains its Jacobian matrix, constructs the global performance
fluctuation index formula by using the condition number of the Jacobian matrix, and obtains the
relationship between the moving and fixed platform sizes of the mechanism and the performance
fluctuation indexes. Section 5 summarizes the conclusions and provides relevant conclusions.

MATERIALS AND METHODS
DOF Analysis

The 5UPS-RPS PM is composed of a moving platform, a fixed platform, and the sub-chains
connecting these two platforms, as shown in Fig. 1(a).

Spherical joint

Bs

Moving platform
B1
Spherical joint
X
UPS subchain
As
Universal joint X
X As
Fixed platform \_Revolute joint A1 v

A2

(@) (b)
Fig. 1 - 5UPS-RPS PM

The 5UPS-RPS PM has the following characteristics: The fixed platform is connected with the
moving platform by 5UPS-type (universal, prismatic, and spherical joints) driving sub-chains and one
RPS-type (revolute, prismatic, and spherical joints) constraint sub-chain. It can realize the motion of
the mechanism by controlling the lengths of the five driving sub-chains.

Reciprocal Screw of RPS Sub-chain

Screw theory is an important mathematical tool in the study of mechanism, which originated in
the 19th century (Du et al., 2015; Wang et al., 2015). According to screw theory, the kinematic pairs of
the mechanism can be expressed by ($; $o), where $ refers to the unit vector of the axis of the
kinematic pair and $, = r x $ (r represents the radius from the origin of the coordinates to the axis of
the kinematic pair). The coordinate system O-XYZ and the equivalent screw system are established on
the RPS sub-chain, as shown in Fig. 2. The kinematic screw of the RPS sub-chain is expressed as:

$,=(
$,=(
$,=( sina 0cosa; 0 0 0) (1)
8, =(
8o =(
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Where |qp is the length of RPS sub-chain and a is the angle between the RPS sub-chain and z-
axis.
According to the relationship between the motion and reciprocal screws

$-$=0 2
The constraint reciprocal screw of the RPS sub-chain is solved as follows:

$,=(0 1 0; -ycosa 0 lysina ) ®)

Where the reciprocal screw $; represents a force vector that is parallel to the axis of the revolute
pair R and passes the centre of the spherical pair and restricts the movement of the mechanism along
the Y-axis.

Reciprocal Screw of UPS Sub-chain

The coordinate system A; -X; Y; Z; (i = 1, 2... 5) and the equivalent screw system are established
on the UPS sub-chain, as shown in Fig. 3. The kinematic screw of the sub-chain is expressed as
follows:

(i=12...5) ()

Where g (i = 1, 2... 5) is the length of UPS sub-chain and g is the angle between UPS sub-
chain and Z-axis.

According to the relationship between screws and reciprocal screws, UPS sub-chain has no
constraint reciprocal screw. In other words, the mechanism is not constrained by the UPS sub-chain.

According to Equations (1)—(4), the force vector $; constrains the movement of the mechanism

along the direction of the revolute joint R; that is, the mechanism has two translational DOFs and three
rotational DOFs.
%,
$, s '
$, %5

X @]

Fig. 2 - Screw system of RPS sub-chain Fig. 3 - Screw system of UPS sub-chain

Inverse Displacement Kinematics Analysis of the PM

The structural diagram of the SUPS-RPS PM is shown in Fig. 1(b). The fixed coordinate system
O-XYZ and the moving coordinate system p-xyz are established on the centres of the fixed and moving
platforms, respectively. Among the five universal joints A; (i=1,2...5) in the fixed platform, the
coordinate value of the first universal joint is (W, 0, 0), and the remaining four universal joints are
distributed on a circle with a radius of ra uniformly. The five spherical joints on the moving platform are
distributed on a circle which has a radius of rb uniformly, and the position angle is ¢. At the initial time,
the coordinate systems O-XYZ and o-xyz are parallel, and the Z-axis is coincident with the z-axis, and
the radii of their circumcircles are r, and ry, respectively.
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The coordinates of A; (i =1,2...5) in the fixed coordinate system O-XYZ and B; (i =1,2...5) in the
moving coordinate system p-xyz can be expressed as follows:

=(A1x » Ay 'Alz)= ( W, 0 , 0)
:(Azx 1A2y’A22):( Vor, /2, Ner )2, 0)
A; = (A, ,A3y A )=(v2r /2 a2, o (5)
A= (s Ay Aue)= B2, 2 0)
A5=(A5X,A5y, )= v2r/2 . —Var,/2 . o)
:<b ' 1y' ) ( M ’ 0 ' 0)
= b,y 1 byy . b b,,)=(r,cos , rysin , 0)
=(b3X  bs, ,b3z) (,cos2 , r,sin2 ,0) (6)
By = (bay » ay, by )= (f, cOS2 , =1y siN2 , 0)
B, = (bsy , bs, ,b5z)=(rb cos , -rysin , 0)

After the operation on the moving platform, the coordinates of B; (i =1,2 5) in the fixed coordinate
system O-XYZ can be expressed as follows:

bix Xp
BY :R(GIB v) by, r+p ; pP=|Y, 7
b, Z

iz P

Where p = [X, Y, Zp]T are the coordinates of point p in the fixed coordinate system and R(a,B y) is

a rotation transformation matrix from the moving coordinate system to the fixed coordinate system and
is formed by three Euler rotations of (a B8 y), namely, a rotation of a about the z-axis, followed by a
rotation of B8 about the y;-axis, and then a rotation of y about the x,-axis, where y; is formed by y
rotating about z by a and x, is formed by x; rotating about y; by 8. Let A be one of (a, 8, y) and set cA =
cosA and sA = sinA. Thus, R(a By)is derived as follows:

cosacosfB cosasinfBsiny —sinacosy cosasinfBcosA+sinasiny
R(a,B,y): sinacosf sinasinBsiny +cosacosy sinBsinBcosy —cosasiny (8)
—-sing cosfBsiny cosfBcosy

Thus, the formulas for solving the rod length |; and the unit vector n; (i = 1, 2... 5) of the five
driving sub-chains can be expressed as follows:

L =B°-A|; n=1= A (i=1,2..5) ©)

Velocity Analysis of the PM
Let V be the velocity of the moving platform at p and v and w be the linear and angular velocities
of the central point of the moving platform, respectively. They are written as:

VvV VX wX
V{} V=Y, | o=|w (10)
6x1

By setting r; as the position vector of the hinge point B, relative to the central point p of the
moving platform, n; as the unit vector of the active sub-chain i, V; as the velocity of the hinge point B;,
and v; (i = 1, 2... 5) as the velocity of the active sub-chain i, it can be known from the rigid body
dynamics theory that:
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Vi =V+wxr, (11)
v, =V,-n, 12)
Substituting Equation (11) into (12) will result in the following:
v, =Vi-n, =(V+exr)n =nv+(rxn e (i=1,2...5) (13)
v [ n; (rxn,)’ |
1 T T
v n, (r,xn,)
2 T T \Y
= Vy=|Vy|=| Ny (I’3><n3) : _[ ]5x6 (14)
\Vi T T w 6x1
4 n, (r,xn,)
\ T
s _ng (rgxng) Jee

Where Vy is the input velocity of the PM and [G] is the Jacobian matrix of the velocity of the PM.

RESULTS
Global Performance Index Analysis of the Mechanism
Gosselin has proposed a novel approach to evaluate the average performance of the mechanism
in the workspace based on the global performance index (Gosselin C., Angeles J., 1991), which is
expressed as follows:
| Kidw
n =w_J (15)
T [dw
w

Where, n; is the global performance index of the mechanism, Kj; is the condition number of the
mechanism, and W is the reachable workspace of the mechanism.

The mathematical meaning of Equation (15) is the average value of the reciprocal of the condition
number K; of the mechanism in the reachable workspace. Its value indicates the average movement
performance of the mechanism in the whole workspace. As 1 < K; < «, 0 < n; £ 1. The higher the value of
N3, the higher the dexterity and the better the kinematic performance of the mechanism.

Establishing the correct performance evaluation index is the basis for the optimal design of the PM.
According to Equation (14), the relationship between the input velocity Vy and the terminal output velocity V
of the mechanism is as follows:

VH = [G]5><6 v (16)

Equation (16) provides the motion equation of the mechanism in the ideal state, but a real robot
involves manufacturing, assembly, and position control errors. If the terminal output velocity V of the
mechanism has a certain deviation 6V and its input velocity Vy also has a certain deviation éVy, then the
relationship between the input and output velocities can be described as follows:

Vy+6V, =([G]+5[G])(V+5V) 17)

After organization, the following can be obtained:

Vall _ iy st (191 0G) ||]
w1 <lelie [INII @] =

Where [G]™* expresses the generalized inverse matrix of the Jacobian matrix [G] and ||[G]||“[G]71H is

the condition number of the Jacobian matrix denoted by Kg. As a measure of the kinematic accuracy of the
mechanism, Kg indicates the sensitivity of the matrix to the errors. If Kg is high, the slight change of the
terminal output velocity will cause significant change in the input velocity. The poor numerical stability will
lead to a serious distortion of the transfer relationship between the input and output. At this time, the
condition number of the Jacobian matrix Kg is the amplification factor of the input velocity relative to the
deviation.
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According to Equation (15), the global performance index of the PM can be expressed as follows:
[ Law

K

=we 19

Ne jdw (19)
w

Where 7, is the measuring index of the velocity global performance index of the mechanism, Kg =

el [e1’

The mathematical meaning of Equation (19) is the average value of the reciprocal of the condition
number Kg of the mechanism in the reachable workspace. Its value indicates the average movement
performance of the mechanism in the whole workspace. As 1 < Kg < <, 0 < n; < 1. The higher the value of
Ny, the higher the dexterity and the better the kinematic performance of the mechanism.

The purpose of the performance analysis is to find a set of optimal parameters of r, and r,, where the
maximum values of ng in the workspace is the optimal target. The sizes of the fixed and moving platforms
of the mechanism are changed to study the influence of the size change on the performance of the
mechanism. By setting the radius of the fixed platform to be r, = 35-50 cm with a step length of 5 cm and
the radius of the moving platform to be r, = 30—40 cm with a step length of 2 cm, other sizes remain
unchanged. A total of 24 groups of mechanism in different sizes are formed. The global performance index
atlas of 24 mechanisms is drawn according to the values of 24 ng, as shown in Fig. 4. As shown in Fig. 4,
the smaller the radius of the moving platform and the larger the radius of the fixed platform radius, the
higher the velocity global performance index of the mechanism. In other words, when r,= 47.1-50 cm and
r, = 30-31.9, ng is high, the velocity output error is also small. At this time, ns = 0.006166, which means
that the mechanism has high average dexterity and control precision in the whole workspace at this size.

.|| is the Frobenius norm of the matrix, and W is the reachable workspace of the mechanism.

Global Performance Fluctuation Index Analysis of the Mechanism

The velocity global performance index ng of the mechanism reflects the average performance of the
reciprocal 1/Kg of the condition number K¢ of the mechanism’s Jacobian matrix in the whole workspace, but
it cannot reflect the fluctuation amplitude of the movement performance in the workspace. Researchers are
not only concerned about the average performance of the mechanism but also hope that the mechanism
can maintain a stable movement performance in the whole workspace without wide fluctuations. Therefore,
this study proposes a global performance fluctuation index o formula of the mechanism to evaluate the
fluctuation amplitude of the movement performance in the workspace. Set Kgs to be the standard deviation
of the performance index ng, that is,

(20)

(21)

The performance fluctuation index o is the coefficient of variation in statistics. The higher the value of
o, the wider the fluctuation of the performance index ng of the mechanism in the whole workspace. The
smaller the o, the narrower the fluctuation of the performance index ng of the mechanism in the whole
workspace and the more stable the movement of the mechanism. The size parameters of the mechanism
are selected with the same global performance index above. The global performance fluctuation index atlas
of the mechanism can be obtained according to Equation (21), as shown in Fig. 5.

As shown in Fig. 5 and according to the meaning of the global performance fluctuation index of the
mechanism, we can determine that when r, = 47.7-50 cm and r, = 38.6-40 cm, the global performance
fluctuation index o of the mechanism is small. At this time, o = 0.35322, which means that the mechanism
has small movement fluctuations in the workspace at this size and its movement is stable.
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The influence of the important structural parameters (r,, rp) on the performance fluctuation index is
analyzed individually using the single variable analysis method. The influence curve of (ry, rp,) on the
performance fluctuation index is drawn using MATLAB software, as shown in Fig. 6. Figure 6(a) presents
the influence on the performance fluctuation index when only considering the change of r,. At this time, r, =
36 cm, and the values of other parameters are assigned in accordance with the initial parameters. Figure
6(b) shows the influence on the performance fluctuation index when only considering the change of r,. At
this time, r, = 45 cm, and the values of other parameters are assigned in accordance with the initial
parameters. In Fig. 6(a), when the radius of the fixed platform is unchanged, the performance fluctuation
index decreases with the increase of the moving platform radius. In Fig. 6(b), when the radius of the moving
platform is unchanged, the performance fluctuation index decreases with the increase of the fixed platform
radius.
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CONCLUSIONS

Automated spraying operation plays an important role in famer’s health, environment protection,
and sustainable agricultural production. Target spraying robot is a key element to automated spraying
operation and thus a novel 5-DOF PM which can be used in target spraying robot was proposed. To
explore the constraint types of 5UPS-RPS PM and determine the effect of the sizes of fixed and moving
platforms on its movement performance, this study used screw theory and the condition number of
Jacobian matrix to analyse the influence of different sizes of moving and fixed platforms on the global
performance fluctuation index of the PM based on its distribution law in the whole workspace. The
following conclusions were drawn:

(1) The UPS driving sub-chains in the 5UPS-RPS PM are not constrained, and the RPS constraint
sub-chain is constrained by the force in the direction of the Y-axis, which constrains the whole
mechanism by the force in the direction of the Y-axis.

(2) When the radius of the fixed platform increases, the global performance index of the PM
increases; on the contrary, when the radius of the moving platform increases, the global performance
index of the PM decreases.

(3) The global performance fluctuation index decreases with the increase of the radii of the
moving and fixed platforms and increases with the decrease of the radii of both platforms.

This study applies screw theory in analyzing the constraint type of the PM and introduces the
variation coefficient in statistics to analyse the performance fluctuation index of the PM, which can guide
the size selection of the moving and fixed platforms of 5UPS-RPS PM and the optimal design of the
prototype. This study analyses the performance fluctuation index of the PM by using the condition
number of the Jacobian matrix without considering the effect of the weight of each component on the
performance of the mechanism. Therefore, future research should modify the model with the weights of
each component of the mechanism and the condition number of the Jacobian matrix of the PM to make
the size selection and optimal design of each component more accurate.
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ABSTRACT

The article presents the theoretical description of the interaction process between the straw particle
and guide plate concave surface of the deflector of grain combine harvester disperser. The equation of
particle present velocity is obtained. It is proved that particle velocity decreases by 8,5% at plate radius
reduction from 5 m to 4 m and by 15% when patrticle angle of attack changes from 25° to 50°. To decrease
adverse effect of particle interaction with guide surface we suggest the usage of bladed choppers with
slantwise set cast blade.

PE3IHOME

BoinonHeHo meopemuyeckoe onucaHue rpoyecca e3aumodelicmeusi cosiomucmoll Yacmuybl C
802HymoU M08epxHOCMbIO Harnpasnsowel nnacmuHel Oegbriekmopa usmenbyumerssi-pasbpacbieamerns
3epHoyb6opoyHoeo KombaliHa. [MonydyeHo ypasHeHue mekyuw,eli cKopocmu Yacmuubl. YcmaHOo8/eHO, Ymo
cKopocmb Yacmuuybl cHuxaemcsi Ha 8,5% npu ymeHbweHuu paduyca nnacmuHbl ¢ 5 m 8o 4 m, u Ha 15%,
rpu yMeHbWeHUU yena amaku Yacmuubi ¢ 25° 0o 50°. [ns cHuxeHusi epedHo20 enusHuUs e3aumodelicmeusi
yacmuy c Hanpaensoulel Mo8epxHOCMbH, MPEOIOXEHO UCMOMb308aHUE J10MacmHbIX HOXel C KOCO
yCMaHO8/1eHHOU WebIPKO8OU 510racmsio.

INTRODUCTION

One of the most important performance quality indicators of grain combine harvester straw disperser is
the dispersion uniformity of tailings’ grinded parts (T) along field surface (Skorlyakov V.l., 2015; Skorlyakov
V.l. et al, 2013; Yagelsky M.Yu. and Rodimtsev S.A., 2016).

According to agro technical requirements (Yagelsky M.Yu. and Rodimtsev S.A., 2015; Cherkasov G.N.
et al, 2013; Maslov G.G. and Trubilin E.l., 2016), non-uniformity of straw dispersion should be no more than
20%. However, field tests data demonstrate sufficient excess of the permitted indicators for some types of
grain harvest machinery. Thus, some authors’ investigations (Lovchikov A.P. et al, 2016; Sadretdinov D.R.,
2016; Yagelsky M.Yu. and Rodimtsev S.A., 2016) proved that for grain combine harvesters of some brands,
the variation coefficient of straw dispersion across the mowing width can be up to 75 % and more. Herewith
maximum deviation from mean value M, reaches 137 %, causing the largest mean weight variation of
shredded straw on the meter long distances from mean value.

For design solution development, which provides the improvement of shredded straw dispersion
across the mowing width, it is necessary to analyse particle interaction of tailings with straw disperser
working elements. The investigation targets were grounding the rational design of the tested device
choppers.
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MATERIALS AND METHODS

To carry out the investigations we used the improved design of straw disperser of grain combine
harvester (fig. 1).

In the improved design of straw disperser, choppers are manufactured with blades are set to an angle
a to chopper surface. Blades of the pair of choppers are located in a single surface, oriented from the rotor
center to its periphery. Choppers pairs located in the center of the rotor have blade surfaces, which are
symmetrical each other and oriented to rotor off-center.

A-A A-A
For suspension blades of For suspension blades of
rotor areas A and C 8 rotor areas B 8

Fig. 1 - Improved design scheme of the straw disperser of grain combine harvester
1 - case; 2 —rotor; 3 — bracket; 4 — chopper; 5 — fixed counter blade of chopper; 6 — straw disperser; 7 — disperser guide plates; 8 —
blades of pendular choppers; 9 — blade body; 10 — cutting edge of fixed counter blade; 11 — blade opening; 12 — chopper cutting edge

The increase of the cutting process efficiency and of straw disperser efficiency are achieved due to
concave cutting edge 10 of fixed counter blades 5, done in the form of logarithmic spiral, with pole located on
rotor revolution axis 2. Angle a of material pinching in cutting pair opening remains constant along the entire
length of cutting edge 10 of fixed counter blade 5. This provides equal kinematic cutting mode at the initial
and final stages of the process. The extended length of the curved surface of cutting edge 10 of fixed
counter blade 5 provides more complete usage of technological potential of the cutting pair.

The qualitative straw dispersion behind combine harvester is achieved by directed airflows, which are
formed with blades 8 of pendular choppers 4, their surface vectoring being directed sideway from rotor
centre 2. They, together with guide plates 7 of disperser 6, provide uniform dispersion of the chopped mass
in full bandwidth.
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Usage of logarithmic spiral, with pole located on rotor revolution axis for concave cutting edge of fixed
counter blade allows obtaining the next positive result. Because of the known property of logarithmic spiral,
angle B between radius-vector r, drawn from rotor revolution centre 2 to any point M on cutting edge line 10
of fixed counter blade 5 and tangent N-N to the line of cutting edge 10 at the same point, is the same.

Because of the radial position of longitudinal axis of chopper 4 towards the axis of rotor revolution 2
and its parallel position towards radius-vector r, angle a of pinching between cutting edge 12 of chopper 4
and tangent to cutting edge 10 of fixed counter blade 5 at any point, will be the same too.

General view of the set of the experimental working elements for straw disperser of grain combine
harvester "John Deere W650" is presented in fig. 2.

Fig. 2 - Set of experimental working elements for straw disperser of grain combine harvester "John Deere W650"

RESULTS

Theoretical analysis of interaction between the stem materials and the working elements of grain
combine harvester disperser is carried out with application of known methods of theoretical mechanics,
particularly — chapter “Differential equations of particle dynamics”.

Straw coming off the straw rack is captured with rotating vertically straw chopper rotor blades and is
taken into the gap between counter cutting elements and then to the equipment bottom.

Being pinched in the opening of the cutting pair “blade - counter blade”, straw stems are chopped fast
and having got kinetic energy increment at the account of impulse from the chopper working element linear
velocity and impact of directed airflow, they are thrown into deflector opening. Falling on disperser guide
plates, grinded particles of tailings change the path of original motion and get scattered throughout the field
surface.

Guide plate of deflector

~N

Chopper

Fig. 3 - Scheme of velocity determination of particle motion along guide plate surface of disperser deflector
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It is necessary to point out that, velocity vector Vs Of tailings particles, coming from rotating rotor
blades is directed perpendicular to its revolution axis. Thus, particle contact with curved surface of deflector’s
guide plate will be associated with velocity loss caused by the influence of sliding friction force, at particle
movement along guiding line. Herewith particle energy losses will be higher the bigger the angle between
particle velocity vector V,ia and tangent guide plate at the point of initial contact.

Velocity reduction of particles coming off deflector guiding predetermines the reduction of their flying
range and dispersion width and thus, increase the distribution non-uniformity.

To estimate in the first approximation the velocity change of particle at its relative movement along the
concave surface of the guiding, we should examine the process of their interaction after particle coming off
the rotating chopper (fig. 3).

To simplify the problem of studying the particle dynamic characteristics, some assumptions were
admitted. Considering the particle as material point, because of its small mass and short duration of impact
time, the energy input for particle deformation when reaching the guide plate was not taken into account.
Particle velocity Viyiia, at its coming off rotating blade was considered to be equal to the blade linear velocity
and the initial velocity of particle V,, on its reaching the guide plate:

Vinitia = Vo 1

Curvature radius of disperser guide plate was admitted constant (r=const) along the plate length.
Solving the problem in the simplified position, airflows influence was not considered and it was assumed that
maximum value of friction force did not exceed patrticle gravity force.

Point with mass m, gets on disperser guide plate, which is a part of cylindrical surface of radius r, with
initial velocity V,. Mutual disposition of vector Vo, and generating T-T guide plate at the contact point are
determined by angle a.

In motion of the point along curved path, its velocity changes along the direction. Decomposing vector

V, into two constituents: V, — directed along guiding (tangential velocity component V) and V, - directed
perpendicular to guiding (hormal velocity component VO ), we obtain:

V, =V + V7 )

Models of velocity components Vo are equal correspondingly:
V, =V, - cosa ®3)
Vo =V, -sina (4)
In the motion along the curved surface, the material point is affected by the following forces: gravity
force P, normal reaction of curved surface N and friction force Ep.

Obviously, gravity action P determines point shift vertically. Thus, sum vector Ep of friction force will

be formed by tangential component F and binormal EP

D directed upward vertically:

E =F +E ®)

Taking into consideration the assumptions made, the point moves along curved plate surface, formed
by BCD circle arc, radius r, with central angle equal to 2y. At curvilinear motion of constrained point, it is
easier to solve the problem in projection on an axis of true trihedral.

Differential equation of material point motion in projections on an axis of true trihedral is written as follows:

av, _

m— =D Fk, ; (6)
2

m =3 Fk, ; @)
p

0= Fk, 8)

where:
V, — velocity projection on direction of tangent to the path;,
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V — velocity module:
p — radius of path curvature at the given point.

Fk,; Fk,; Fk, — projections of force F on the axis of true trihedral (1 — tangential; n — principal normal;

b — binormal).

Since the analysis aim is determining the dependence of particle traverse velocity from applied forces
impact, the given problem is referred to inverse dynamic problems of material point.
The second axiom or basic law of dynamics, belonging to Newton, establishes the dependence of

particle acceleration 3 relatively inertial reference frame on the force affecting it (resultant force) F and
mass m of point:

n
ma=» R )
k=1
According to basic law of dynamics and superposition law (9), we obtain:
ma=P+F, +F, +N (10)

Using expressions (6-8), projecting vector equality (10) on axes of natural trihedral, we obtain

dv
m—=—f-N; (12)
dt
V2
r
0=+P-Fp, (13)
Using (12), we obtain equation (11) in the form:
dv V2
m—=—f-m— (14)
dt r
Reducing left and right parts of equation (14) by m and reducing variables, we obtain:
dv f
— =——dt
\Y r (15)
Integrating left and right parts of equation (15):
v __f jdt (16)
VAR
we obtain:
1 f
——=—1t+C a7)
\% r

Correlation (17) is the first integral of differential equation (14) of material point movement m on axis 1
of natural trinedral.
To determine integration constant C, we substitute into equation (17) initial condition of movement (at

t=0, V, =V, -cosa), we obtain:

1 f
—————=—-%x0+C (18)
V, ‘- cosa r
From formula (18), integration constant value C:
1
C=——— (19)
V, - cosa
Then, expression (17) will be as follows:
1 f 1
—— =t (20)
\ rV,-cosa
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Converting (17), we obtain:

1 f-t-V,-cosa+r
== 0 (21)
\ r-V, -cosa

Then, the equation of the current velocity of material point M, at its movement on guide plate of
disperser deflector, is as follows:

r-V, -cosa
V= (22)
f-t-V,-cosa+r

From expression (22) it follows that velocity of tailing particle, moving along the deflector plate,
dcreases with the course of time being on the plate and with the decrease of concave surface radius.

The equation graphical form (22) demonstrates the decrease of particle current velocity by about 13%,
at a contact time with the plate of 0.1 sec (fig. 4). Reduction of concave surface radius from 5 m to 4 m
results in a decrease of particle movement velocity by 8,5%. Herewith, due to hyperbolic character of
function V(r), variation of guide plate curvature radius in its minimum values provides maximum degree of
such dependence.

Therefore, it should be pointed out that the intensity of particle velocity decrease at the deflector
contact with the plate is conditioned by angle a between velocity vector Vo and the guiding that generates

surface T-T. For example, increase of angle of attack a from 0° to 25° (fig. 5), results in reduction of particle
movement velocity by 4,2%; at changing a from 25° to 50°, particle movement velocity reduces almost by
15%.

Further increase of the angle between particle velocity vector and the guiding that generates the
surface at the contact point causes the faster decrease of particle movement velocity.

The carried out analysis demonstrates negative influence of interaction of tailing particle and the
deflector guiding plate on the parameters of its movement.

Those stated above allow to maintain that the reduction of negative influence of guiding plates can be
achieved for example by changing the direction of tailing particles flight, after their coming off the chopper.

=M

Particle movement velocity, V, m sec-1

——1=3M
-—1=5M
"* -
20 «
l.; Ll . Ll Ll Ll Ll LA Ll Ll .

0 001 002 003 004 005 006 007 008 009 0.1

Time of particle contact with plate, t, sec

Fig 4 - Influence of radius (r) of deflector guiding curved surface and contact time (t) with straw particle,
on its movement velocity (V)
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Fig. 5 - Dependence of straw particle movement velocity (V) on the contact time (t) with guide plate surface and
attack angle (a), at the moment of the beginning of their interaction

The particle movement path from rotating blade to the periphery of disperse area (fig. 3), reduces the
probability of interaction of chopped stems and the guiding, without decrease of quality of straw disperse on
the field area. Therefore, the direction of particle flight, under some angle B to apical axis of combine

harvester, reduces angle a between velocity vector VO of the particle and generating T-T deflector guiding,

at the contact point. This will also provide the decrease of negative influence of interaction between the
guiding and the particle on its movement velocity. Thus, the conditions for increasing uniformity of straw
dispersing along the field surface will be created.

Technically, the flight direction change of chopped tailing particles can be achieved by using blades
that can combine this task with the main function— straw chopping.

Blades design with blades located perpendicular to choppers plane in its front part is known
(Sadretdinov D.R., 2016; Skorlyakov V.I. and Yurina T.A., 2016; Yagelsky M.Yu. and Rodimtsev S.A., 2017).
This blade drawback is airflow formed by it, the direction of which as well as the path of chopped particle
movement at coming off chopper blades are strictly parallel to combine harvester symmetry axis. This
provides low degree of straw distribution uniformity across the width of disperse zone.

The suggested design of straw disperser chopper blades of grain combine harvester provides the
following advantages:

- decrease of degree of chopped straw distribution non-uniformity without violation of cutting process
kinematics;

- decrease of energy input for chopped straw dispersing at the account of formed powerful airflows
with direct effect;

- the proposed technical solution does not cause serious design alterations, but its working elements
enhancement is possible in the conditions of any machine work-shop and does not require some extra
materials.

CONCLUSIONS

1. The expansibility of chopped straw dispersion width at the account of reducing the particle contact
with deflector guide plate is theoretically substantiated. The equation of material point current velocity at its
motion along the disperser deflector guide plate is obtained.

2. Based on the experimental data of the field investigations, we plotted diagrams of dependences of
chopped particle movement velocity on duration of its contact with the deflector plate for different curve radii
of the plate and attack angles at the beginning of the interaction between the particle and the plate.

3. To decrease adverse effect of interaction between straw particle and the surface of disperser
deflector guide plate of grain combine harvester, the usage of bladed choppers with slantwise set cast blade
is proposed.
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ABSTRACT

This paper compares the discriminative ability of six LBP-like texture descriptors for tropical wood
classification, LBP, uniform LBP, rotation invariant LBP, rotation invariant uniform LBP, covariance of LBP
and covariance of LBP difference were considered. Experiments on wood image dataset with 54 wood
species was carried out, experimental results show that these six descriptors combined with nearest
neighbour classifier achieve recognition rate of 97.50%, 96.64%, 92.84%, 88.55%, 54.40% and 56.53%
respectively. LBP is the best and one of the efficient wood texture descriptors among these six LBP-like

descriptors. LBP8,8 is the best and most stable wood texture feature, the recognition rate of LBF,; and

LBF’BUZ2 are 97.84% and 97.41% respectively, the time to classify one image by them is 0.28 second and 0.08

second. Compared with existing wood image classification methods, the combination of LBP descriptor with
nearest neighbour classifier is very simple, it does not need the feature selection and training process, and it
achieves much better time efficiency and a slightly lower recognition rate than the existing algorithms.

WE

A XA 7LBP, Uniform LBP. JEF A LBP. 4E# 13 Uniform LBP., LBP /77 Z//%. LBP ZZf)
Ty RS 6 FEANJEG2E LBP R TR G . N S B A A 54 FE K E o F T
SEIGLE S GF I N FHIE LBP B 458 RTS8 B 78 7 HIE VS 782 97.50% . 96.64% ., 92.84% . 88.55%,
54.40% L{J¢ 56.53% [742EHR%, Fi LBP A& RIGE A XSG S, LBPg LIK LBF’;‘f KR Z
PR O1.84% A1 97.41% , Fy & tRA—ml & /7w 5] 775 % 0.28 #K 0.08 #. SHFAM 3F5 772 M,
¥ \LBP H 7GSRI 7} a5 5 AT A 2 I8 77 7L T [, i LTI FER 4B H I T80 F A
AAE E7 iy 7 FE RN A GG

INTRODUCTION

Timbers are usually classified by their appearance and weight based on visual inspection. Whereas,
wood colour may change after storing and it is hard to measure the intensity of wood pores precisely. As a
unique characteristic of timber, wood textures provide an efficient way for online wood classification. Several
different kinds of wood recognition system have been designed in various ways (Khalid et al., 2008;
Bremananth et al., 2009; Tang et al., 2009; Khairuddin et al., 2011; Yusof et al., 2013a; Yusof et al., 2013b;
Mohan et al., 2014; Taman et al., 2014; Zhang et al., 2014; Ibrahim et al., 2015). GLCM (Gray-Level Co-
Occurrence Matrix) has been used to classify wood image (Khalid et al., 2008; Bremananth et al., 2009).
Among them, Khalid used GLCM to classify wood dataset with about 20 species; they get the average
accuracy of 95% (Khalid et al., 2008). (2D) 2PCA was proposed to classify chordal section wood images and
its classification accuracy on datasets of 60 wood classes is 76.67%.

Khairuddin et al. combined BGLAM (Basic grey level aura matrix) with distributions of wood pores
under microscopy to classify the tropical wood dataset of 52 different classes; they got accuracy of 94.4%
(Khairuddin et al., 2011). Yusof et al. proposed a framework that uses pre-classifier to improve the
recognition rate and efficiency (Yusof et al., 2013). Yusof et al. combined the KDA (Kernel discriminant
Analysis) and GA (genetic algorithm) to reduce the dimension of the timber database, to improve the
recognition rate (98.69%) and the time efficiency (1.2 second to recognize an image of size 768x576) (Yusof
et al., 2013). Ibrahim et al. use pre-classifier and nonlinear feature selection to classify tropical wood, their
method got lower accuracy of 98.5 but slightly faster recognition speed (1 second to recognize one image)
(Ibrahim et al., 2015) compared to the non-linear feature selection method (Yusof et al., 2013).
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Time efficiency is the key factor for the wood recognition system to classify the timber online
successfully. Compared to GLCM, PCA and Gabor transform, LBP (Local Binary Pattern) is with low
computation complexity, resistance to light changes and has the ability to describe details (Nanni et al.,
2012). Since texture descriptor is one of the key factors for success texture classification, this paper
compares the recognition rate and efficiency of six LBP-like texture descriptors to choose the wood texture
descriptor with the promise discriminative ability and good time efficiency. These six LBP-like descriptors are
LBP (Local Binary Pattern) (Ojala et al., 1996), uniform LBP (Ojala et al., 2002), rotation invariant LBP (Ojala
et al., 2002), rotation invariant uniform LBP (Ojala et al., 2002), covariance of LBP difference (Hong et al.,
2014) and covariance of LBP (Hong et al., 2014).

The remaining sections are organized as follows. Section 1 introduces the definition of these six LBP-
like descriptors. Section 2 introduces the dataset, the distance measure methods for histograms and
covariance matrices and the proposed tropical wood recognition method. Section 3 compares the
classification abilities and efficiencies of these six LBP-like descriptors, the confusion matrix of the best LBP-
like descriptor is given in this section, it also compares the recognition rate and time efficiency of the optimal
LBP-like descriptor with existing methods. Conclusions and possible improvements are discussed in Section
4,

1. LBP-LIKE DESCRIPTORS

1.1LBP

LBP is a method to extract local grey level information (Ojala et al., 1996). LBP sequence represents
the comparison of a pixel to its neighbouring ones in a local area, it compares the feature value (usually grey
value) of the middle pixel with its neighbouring pixels, if the feature value of the middle pixel is bigger than
those of the neighbouring pixel, then the LBP value of the neighbouring pixel is 0, otherwise the LBP value
will be 1. Calculation of LBP is described in equation (1) (Ojala et al., 1996).

LBF.r(x) = Ziis(gp -9,)2° @

Where {9,},.0p-4is the feature value of P neighbouring pixels, with distance R to the central pixel x.

0. is the feature value of central pixel x. S(x) is the step function with S(x)=1 when x=0 and S(x)=0 for
otherwise. The bit order and example for calculating LBP (Ojala et al., 1996) is given in figure 1, where P
equals 8 and R equals 1.

1.2 Uniform LBP

Most of texture information is represented by a small subset in LBP (Ojala et al., 2002); this subset is
called uniform LBP. If the number of bitwise spatial transitions (from 1 to 0 or from 0 to 1) in LBP is not bigger
than 2 (including the transition from end to the beginning), then the LBP is a uniform LBP, the other LBP
patterns are called the non-uniform patterns. i.e., 01110000 and 10000000 are uniform LBP patterns, but
10000100 and 00100100 are non-uniform patterns. The number of LBP patterns is P(P-1)+3, P is the
number of neighbouring points. Calculation of uniform LBP is described in equation (2) (Ojala et al., 2002).

P-1
S(g,-9.)2", U(LBR,.)<2
LBP* = ,)Z::‘, (9, -9.) (LBP:g) o

other ,otherwise

Where P is the number of neighbouring points, and R is the radius. S(x) =1, if x=0, and S(x) <0 for
otherwise. u2 stands for the number of bitwise transitions(including the transition from end to the beginning)
in LBP is not more than 2, U(LBPpR) stands the number of bitwise transitions (including the transition from
end to the beginning) in LBPpg pattern. In Ojala’s research, if (P, R) equal (8, 1), the uniform LBP represent
at least 90% of the texture information, and if (P, R) equal (16, 2), the uniform LBP represent at least 70% of
the texture information. Uniform LBP not only can describe the majority of the texture information, but also for
dark spots, smooth region, and the light spots of the edge. It has strong classification ability with higher time
efficiency compared to LBP (Ojala et al., 2002).
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1.3 Rotation invariant LBP

The classification ability of LBP is irrelative to the binary coding order. A LBP value is a label for its
pattern, numerical comparison between two LBPs is meaningless. LBP changes a lot when image rotation
happens, while rotation invariant LBP has the same texture classification ability when rotation happens.
Rotation invariant LBP treat the different LBPs which rotated from the same LBP as one class. Rotation

invariant LBP is denoted as LBP"

PR !

LBP!, = min{ROR (LBP,.i)i=012,...,P —1} 3)

its definition is given in equation (3) (Ojala et al., 2002).

Function ROR (LBPgg, i) move LBP binary sequence to the right circularly for i bits, where ie[0,P-1].
Number of LBP;; patterns is 36 when P equals 8. LBF’;Ji is LBPROT (Pietikainen et al., 2000) when R equals

1.
1.4 Rotation invariant uniform LBP

The occurrence frequencies of each patterns in LBR} varies a lot and its crude quantization of the
angular space at 45°intervals lead to a non-ideal texture recognition rate. LBF’:R2 provides the vast majority
of texture information, which includes the bright spots, flat points, dark spots and different curved edge
texture information. Therefore, LBPy; and LBP,% can be combined to get the rotation invariant uniform LBP.

Rotation invariant uniform LBP is denoted as LBPprsz, it has P+1 different patterns, it is defined as listed in
equation (4) (Ojala et al., 2002):

P-1
>'s(9,-9.), if U(LBP.;)<2
p=0

LBRY =17 (4)
P+1, otherwise

Where U(LBPP,R)=IS(9H—90)—5(90—gc)|+ZI5(QP—gc)—S(gp,l—gc)I, and riu2stands for the use of rotation

p=1
invariant uniform pattern, and U is less or equal to 2, function S is the same as those used in LBR,%. LBR
has P+2 different values.

1.5 Covariance of LBP

Compared to histogram, covariance matrix of different features of one image is more compact (Hong
et al., 2014). Covariance Matrix (CovM) not only combines several different feature channels together, but
reflects the covariance of any two of the elementary features as well (Tuzel et al., 2006). LBP is one of the

0P0 RN
© ©
OIeNO

[7]6]s]a]3]|2]1]0] LBP: 10010001 (145)

10 | 99 | 110 0 0 1

Pixel-wise feature value

(a) Bit order for LBP (b) Example of LBP calculation
Fig. 1 - LBP descriptor

effective texture descriptors. Covariance matrix of local binary pattern is computed by different LBPs of one
image.

Covariance matrix of local binary pattern is denoted as CovM gp and can be computed by equation (5)
(Tuzel et al., 2006).

CovM g (D) =3, (F (X)) () — 2)" ©
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Put N LBPs of one pixel into an N dimensional feature vector f(x), x is the average vector of the
feature vectors in one image area, | is an image area, and {f(x)},.,. The size of CovMgpisNxN, ¢ is a
normalization factor (Tuzel et al., 2006).

1.6 Covariance of LBP difference

LBPD (Local Binary Pattern Difference) was proposed by Hong et al. (Hong et al., 2014). LBPD of one
pixel is the difference between its LBP and LBP mean, LBP mean is the mean vector of LBPs within an
image area. LBPD is a real value. LBPD is rotation invariant and insensitive to noises since one bit difference
would not contribute much difference to the LBPD. There are three steps to calculate LBPD for one image
(area). Firstly, we calculate LBP for one image (area), then calculate the mean vector of this image (area) to
get LBP mean vector, the last step is to calculate the difference vector between LBP and LBP mean to get
the LBPD for each pixel. A covariance matrix of LBPD with size NxN of N different LBPDs for one
image(area) can be calculated by equation (5) (Hong et al., 2014), covariance matrix of LBPD is denoted as
CovMgpp, f(x) is an N dimensional feature vector of n LBPDs, y is the average vector of the feature vectors

in one image area, and {f(x)},, . The size of CovM_gppiSNxN, ¢ is a normalization factor (Tuzel et al., 2006).

MATERIALS AND METHODS

2.1 Wood database

The dataset used in our experiment contains the timber images of Forest Research Institute Malaysia
downloaded from the website https://info.frim.gov.my/woodid/index.cfm#. The dataset has images of 54
different tropical timber species, and each species has 9 images, which produce 486 images for the wood
database. Resolution of images is about 500x600. Figure 2 provide some examples of the wood images
from 8 different wood species in the database. We can see from figure 2 that images of some different wood
species share great similarities, this would increase the difficulty of classification.

2.2 Distance measurement
2.2.1 Distance measurement for histograms

Histogram is treated as a vector, therefore, the distance measurement for vectors can be used directly
to measure the dissimilarity of histograms (Cha and Srihari, 2002).

Suppose that A and B are histograms. Then the Euclidean distance and Chi-square distance are
defined as follows. H(X) is the value of the i-th bin of histogram X.

(1) Euclidean distance

Euclidean distance is originated in Euclidean geometry; Euclidean distance is denoted as D¢ (A,B),

which is defined in equation (6). The bigger the D¢ (A, B), the bigger the distance between histograms A and
B (Cha and Srihari, 2002).

D.(AB)=\[> (H,(A)- H, (B ©

(2) Chi square distance

Based on Euclidean distance, Chi-square distance considers the relative difference of bins in the
same position and it pays more attention to the difference of smaller bins (Pele and Werman, 2010). This is
more effective for LBP distance description, especially for histogram vectors of uniform LBP, where the non-
uniform pattern is usually bigger than uniform patterns, so that Chi-square pays more attention to the uniform
patterns which is usually smaller than the non-uniform patterns. Hence, compared to Euclidean distance,
Chi-square distance is more suitable for describing the histogram distance. Chi-square distance is denoted
as D, (A,B), The bigger the Dy (A, B), the bigger the distance between histograms A and B. Equation (7)

gives the definition of Chi-square distance (Pele and Werman, 2010).

_ S (HA) -H @)
DAB) = A TH.B)

()
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Fig 2 - Wood texture image sample

2.2.2 Distance measurement for covariance matrix
We use one of the Riemannian manifold based metric to calculate the distance of two covariance
matrices M, and Mzml. Distance measurement of two covariance matrices is defined in equation (8).

(M, M,) = (37 In% (4, (M, M,)) ®

Compared to most of the other feature matrices, Covariance Matrix is more compact, it always equals
NxN no matter how big the image size is, where N is the number of elementary features.
2.3 Proposed method

This paper uses LBP,, LBP:? LBP},, LBPSW*, CovM.gp, and CovM,gpp to describe wood image

textures, then combines each of these descriptors with Nearest Neighbor (NN) classifier separately. Different
(P, R) values for all these six descriptors are compared, where P is the number of neighbours and R is the
radius. Because of memory limitation, we set P equal to 8, and R equal to 1, 2, 4, and 8 respectively, so that
we get four features for each of these six descriptors, and twenty four features for one image.

Then the average recognition rates of these six descriptors are compared, the best descriptor and its
best (P, R) value are selected. The recognition rate for each different feature is the average recognition rate
of 10 times classification using random permutation.

(1) Random permutation

In NN classification section, K (we use 3 in our experiment) images are selected randomly as the test
images, so that the left images would be the training images (for each class, number of training images is 9-
K).

Then, use NN classifier to recognize the test image, compare the class of nearest neighbor with those
of test image, if they are the same, then the classification rate for this test image is 100%, and O for
otherwise. The classification rate of one random permutation experiment is the average of the classification
accuracy of all test images.
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Recognition rate can be calculated by the average of the classification rate of 10-times random
permutation experiments; this would ensure the representativeness and reliability of the results (Micheals
and Boult, 2001).

(2) Procedure for wood recognition:

There are three steps to classify the tropical wood images:

Firstly, turn the RGB image to gray image. The second step is to calculate these twenty four features

. . LBP,, LBP*“ ri riu2 . .

for each images, using PR PR LBPP’R, LBF: & ,CoVvM,gp, and CovM gppwith four different(P,R) values.

Finally, classify images by combining different features with NN classifier separately, where distances of

LBP,. LBP“ ri riuz . .
PR PR LBPP~R, LBF: & are calculated by equation (7) and distances of CovM,gp, and CovM,gpp are

calculated by equation (8).

(3) Calculation of recognition rate
LBP* . LBP* . : :

Take R( P* ) as the recognition rate of 2, N is the size of test set, M is the number of test
images that have been correctly classified in the t-the random permutation experiment, and T is the times of
random permutation experiment. Recognition rate of one feature can be calculated by equation (9).

T

M
R(LBPX) = %*100% ©)

*
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Fig. 3 - Comparison of accuracy of wood classification using different LBP-like descriptors
(where P equals 8)
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(@) Comparison of classification accuracy and the standard deviation using different LBP-like
descriptors with different (P, R) value.

(b) Accuracy of wood classification using different LBP-like descriptors. Wherein, LBP is for LBPRR ,
uniform LBP is for LBP;':, rotation invariant LBP is for LBP.';, rotation invariant uniform LBP is for
LBP,JfEZ , CovM_LBP is for CovMLBP and CovM_LBPD is for CovMLBPD.

Figure 3 compares the classification accuracy and their standard deviation of LBP, 5, LBP:* LBPR,

LBR,s?, CovM_gp, and CovM,gpp, Where P is 8 and R is equal to 1,2,4,8 respectively, so that there are four
different bars for each texture descriptors. In figure 3(a), Error bar with standard deviation shows the
deviation of recognition rate from their mean, where LBP:: has the smallest standard deviation so that it has

the most stable performance, and the LBPRR is the second steady descriptor, CovMgpp has the worst

stability. Figure 3(b) compares the mean recognition rate of LBP, 5, LBP.? LBP},, LBP%* CovMygp, and
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CovM,gpp, Where each descriptor’'s mean accuracy are calculated by averaging the recognition rate of its

four different (P,R)s. It is clearly to see that LBF’F,,R has the best average classification accuracy of 97.5%,
LBPp‘f is the second best, where its mean recognition rate is 96.64%, recognition rate of different (P,R)
values are nearly the same for LBP,;. LBR,;, with a recognition rate of 97.84%, showing the best
classification ability, the second best feature is LBP., with a classification rate of 97.41%.

Figure 4 compares the mean recognition rate of LBP.g , LBP:* /LBPS, , LBRY for different wood

species by radar graph (for the clarity of different lines, CovM gp and CovM,gpp With low recognition rates are
not included in figure 4). There are 7 concentric circles in the radar graph, where the radius of each circles
are the classification rate, and the centre of the circle is relative to the recognition rate of 30%, and the
recognition rate of circles from the centre to the outer circle are 40%, 50%, 60%, 70% , 80%, 90%, 100%,
respectively. Dots in the outer circle are the wood species names and their class number (i.e.,”1 Balau”
means the wood class name is Balau, and its class number is 1). Four curves on the radar graph stands for

recognition rates of LBP, , LBP'” 'LBR)'., and LBP}Y respectively. It is clearly to see that these four

descriptors have 100% recognition rate for wood species Dammar, Gerutu, Kulim, Kungkur, Nyatoh, Perupok,
Pulai, Resak, Tembusu, Terentang, and YellowMeranti, while the recognition rate of these four descriptors
are not ideal for wood species Dark, Kapur, Kempas, Keruing, Light, Melunak, Sepetir, and WhiteMeranti.
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Fig. 4 - Comparison of classification accuracy for four LBP-like descriptors combined
with nearest neighbor classifier respectively
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Figure 5 is the confusion matrix of LBPgg, numbers from 1 to 54 in figure 5 represent the wood class
number in figure 4. Values in figure 4 are between [0%, 100%], white stands for 0%, standard red is the
transition colour and black stands for the recognition rate of 100%. The colours of recognition rate in [0%,
33.33%] gradually change from white to standard red, while the colours of recognition rate in (33.33%, 100%]
gradually change from standard red to black. The colour bar of figure 5 is shown on its right side. From the
colour of diagonal line of figure 5, we can see that LBPgg has very good classification ability for almost all of
the wood classes, only a small portion of the test samples are misclassified to other classes, and most of the
misclassified test samples are classified as the wood classes of the same wood family.

Table 1 compares the recognition rate and time efficiency of existing algorithms (Khalid et al., 2008;
Khairuddin et al., 2011; Yusof et al., 2013; Ibrahim et al., 2015),. The time efficiency of proposed method

(LBR;z combined with nearest neighbor) is 4.27 times faster than nonlinear feature selection method (Yusof
et al., 2013), while its recognition rate is 97.84%, which is only 0.85% lower than those of the nonlinear
feature selection method. Recognition rate of LBP8“22 is 97.41%, which is slightly lower than those of LBR,;

but its time efficiency is 3.6 times of LBF, ;.

Predicted class
1 2 3 45 6 7 8 910111213 14 15 16 17 18 1920 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Actual class

28 100. 00%
29

30 83.33%
31

32 66. 67%
o 50. 00%
35 33.33%
36

37 30. 00%
38

39 26.67%
. 23. 33%
12 20. 00%
43

44 16. 67%
45

46 13.33%
a7

18 10. 00%
49 o
p 6.67%

3.33%
0. 00%

Fig 5 - Global confusion matrix for LBPgg

Table 1
Comparison of existing timber classification methods
Classification methods Recognition Cla_s_s,lflcatlon_ speed
rate (millisecond/image)

GLCM feature extractor (Khalid et al., 2008) 45% 1000
GA feature selection (Khairuddin et al., 2011) 94.4% 1500
Nonlinear feature selection excluding (Yusof et al., 2013) 98.69% 1200
Fuzzy pre-classifier with nonlinear feature selection (Ibrahim et 98.5% 1000 to 1060
al., 2015)
LBF,; with Nearest Neighbor classifier (proposed method) 97.84% 281
LBPBUZ2 with Nearest Neighbor classifier (proposed method) 97.41% 77
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CONCLUSIONS

Timbers classification by visual inspection has low efficiency and is unreliable. This paper combines
six LBP-like texture descriptors with nearest neighbor classifier to classify timber images from 54 wood

species, and it compares the wood texture discrimination power of LBP,, LBP | LBP},, LBP;'Y’, CovMgp,
and CovMgpp. Experimental results show that LBPF.; is the best texture descriptor with a classification
accuracy of 97.5% while LBP:: is the second best texture descriptor with a classification accuracy of 96.64%.

LBR,; has the best discrimination power for wood dataset with 54 wood species, its classification accuracy is
97.84%, and the standard deviation of classification accuracy is only 1.52%. Classification rate and its
standard deviation of LBF’;‘Z2 is 97.41% and 0.91%. Storage and time consumption of LBF’;2 are only 32.45%

and 26.83% of LBF,5 . Thus, uniform LBP is one of the options for wood texture description if higher storage

efficiency and time efficiency are needed.

Combination of LBP with wood biological features (i.e., density of wood pores) and other classifiers
(i.e., deep learning and SVM, etc.) would be possible methods for future works. Multi-resolution fusion of
different texture features would possibly improve the classification rate. For the wood species which are
difficult to classify, we need to study their properties to design a more specific targeted recognition system.
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ABSTRACT

In the present paper the deformation of the tire section is under load is taken into account. The tire
section is considered to be elliptical; under load the minor axis decreases, while the major axis increases.
The equations of the traction model were incorporated in a computer program; the length, width and area of
the contact patch, the traction force and traction efficiency are calculated for each value of the wheel slip.

Field tests were performed in order to validate the model; the experimental data were collected during
plowing tests. In order to evaluate the precision of the model the predicted data were compared with the test
data by the means of a goodness-of-fit analysis.

REZUMAT

Lucrarea prezintd un model pentru interactiunea pneu-sol, model care se tine cont de deformarea
sectiunii pneului.Astfel, se considera ca pneul are in sectiune forma eliptica; sub actiunea sarcinii verticale
sectiunea se deformeaza, pastrandu-si forma eliptica (axa mica se scurteaza, iar axa mare se alungeste).
Ecuatiile pentru modelarea tractiunii rotii cu pneu au fost introduse intr-un program de calculator, care
determind, pentru fiecare valoare a patinarii rotii, lungimea si latimea petei de contact, forta de tractiune si
randamentul de tractiune.

S-au efectuat teste in camp pentru validarea modelului,datele fiind colectate la efectuarea araturii. S-a
efectuat o analizd a corelatiei datelor experimentale cu cele oferite de model pentru a valida modelul
dezvoltat.

INTRODUCTION

The tire-soil interaction models can be based on empirical, semi-empirical and analytical methods
(Tiwari et al., 2010).

Empirical methods are mainly based on soil properties (cone index, plate sinkage, shear strength)
using similitude and dimensional analysis. At the end of the Second World War, this approach evolved as a
means of measuring trafficability of soil at the US Army Corps of Engineers, Waterways Experiment Station
(Tiwari et al., 2010). The empirical models were developed using traction data recorded from operating
vehicles; for some of them, cone index, measured with a standard cone penetrometer, was the only soil
property taken into account. Wismer and Luth (1972) developed a widely used model for bias tyres, based
on a soil-tyre numeric, which under-predicted the traction force when applied to radial tyres. The Brixius
(1987) equations, as a refinement of the Wismer and Luth equations, expressed the gross traction ratio
(GTR) as a function of slip and wheel mobility number, using a curve fitting technique in order to evaluate the
coefficients for the traction equation (Lee et al.,2016).

The semi-emipirical models represent a physical-based approach, which considers the mechanics of
the wheel-soil interaction and are suitable for practical applications (Battiato and Diserens, 2017). In the
semi-empirical models, the shear deformation of soil is considered; the models are based on soil parameters
obtained by the means of a bevameter technique (penetration and shear tests), assuming that the vertical
deformation of soil is similar to the deformation under a sinking plate, while the shear deformation of soil
under a traction device is similar to the shear action of a torsion device (Tiwari et al., 2010). The parameters
involved in the equations are determined experimentally. For agricultural soils, the Janoshi and Hanamoto
(1961) equation is one of the most frequently used.
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The analytical models are formulated using elasticity and plasticity approaches. Elasticity models are
based on the classical mechanical contact theory in order to predict deformations and stresses (using, for
example, the Boussinesq’s approach), while plasticity based models take into account material (soil) failure
theories. Despite the rather sophisticated theoretical base of these models, there are authors (Upadhya et al.
1990; Xia, 2011) who concluded that analytical models never adequately describe the interaction between
tyre and soil due to the large number of soil parameters that should be taken into account and to their
variability

The tire-soil interaction models are used in order to predict the wheel traction force and traction
efficiency. Besides these, they also take into account the shape and area of contact patch between tire and
soil, which is also used for the calculation of the surface pressure and is also considered by the models for
stress propagation in soil and for the prediction of the compaction risk (Diserens et al., 2011).

In a previous paper (Rosca et al., 2014) a semi-empirical model for predicting the traction force and
traction efficiency was presented; the model was applied on a 2WD agricultural tractor, assuming that the
shape of the tire-ground contact area is a super ellipse. The model assumed that the super ellipse equation
describes the shape of the tire-ground contact surface and was considered to be a reasonable compromise
between the more simple empirical models, for which the range of applicability is limited to the cases having
similar conditions to the ones from which the models were derived, and the analytical models, which require
in-situ evaluation of a large number of soil properties. Experimental results from plowing tests were used in
order to validate and verify the applicability of the model, using a goodness-of-fit analysis. For the case of the
traction force, the value of the Pearson r* correlation coefficient achieved values between 0.921 and 0.925,
thus confirming the validity of the model; for the case of traction efficiency lower values of the Pearson
coefficient were obtained, due to the lower values predicted by the model at wheel slips bellow 15%.

One of the key elements of the above mentioned model was the tire change in volume due to
deflection under load, which was calculated considering that the tire radius increases as the tire flattens in
the contact area; the tire width was considered constant.

In order to improve the theoretical results regarding the wheel traction efficiency in the present paper
the deformation of the tire section was also taken into account. The tire section was considered to be
elliptical; under the vertical load the minor axis decreased, while the major axis (tire width) increased.

MATERIALS AND METHODS

The tire-soil interaction model is based on the one developed earlier (Rosca R. et al., 2014) and its
schematics is shown in fig. 1: under the vertical load (G), the wheel sinks into the soil, reaching the depth (z.)
and the load induces tyre deflection (z,); as a result, the radius of the contact patch becomes rq (ry4 >ro), and
the length of the contact patch is:

lc =2+1gsing=2-rysine. (1)
G
|
l i \ 1
<9
/
\ /
N _ Zc(‘d N
£ : 0 > /
SO B\
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\u,

\

Q
(al]
dz

Fig. 1 — Schematics of the wheel-soil interaction model

The shape of the contact patch is assumed to be a super ellipse (Keller, 2005):
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2.x) (2-y)
) )

where K is the super ellipse exponent, the minor axis of the super ellipse is assumed to be equal to the tyre
width b (Keller, 2005) I, is the major axis of the super ellipse (length of the contact area) and |, is the minor
axis of the super ellipse (width of the contact area).

The tire-soil pressure was defined using the pressure-sinkage relationship:

where p is the normal pressure [kPa], z is the deformation [m], and k [kPa/m"] and n are constants.

Based on the tire-soil pressure and assuming that the tire is perfectly elastic (Ghiulai and
Vasiliu, 1975) finally leads to:

2p
G=[p-b(p)-1,-cos(f—p)-dp=q,-AV,, @
0

where ¢ is the current angle, defining the position along the contact surface, p is the normal pressure, q; is
the tyre volume stiffness and 4V, is the tyre change in volume due to deflection.

In the initial paper (Rogca et. al., 2014) the tire change in volume due to deflection 4V, was evaluated

considering that the tire radius increases from rq ry as the tire flattens in the contact area, while the tire
width was considered constant (fig. 2).

e

AR ~

s BTN
< — ;7 AN

// )
// L8 \

N S\
/ (o) N\ s . T .
; / \x"‘ !\ Fig. 2 - Initial tire deformation model
|l / ‘, 'l I
v [ O1 \ 2 | 4V, - tyre change in volume due to deflection;
% '\ / b - tire width;

ro — radius of the undeflected tire;
rq — radius of the contact patch under vertical load.

AVp
Finally, after several transformations of equation (4), the following equation is obtained:

28
. 4 4

k- [b(p)-r{™ - [cos(5 - p)—cos AT -cos(f - p)-dp+ 2 -b-qy - f*+1{ =—-b-q, ™ 17 (5

0
In the present study the deformation of the tire cross-section is considered; the shape of the tire cross-
section is approximated by an ellipse (Koutny, 2007), as shown in fig. 3a. Under the effect of vertical load (G,
fig. 1), the cross-section is deformed, but the elliptical shape is preserved (fig. 3b): the minor semi-axis
decreases and becomes h-z,, while the major axis increases from b (tire width in the unloaded condition) to

a) b)
Fig. 3 - Model for tire section deformation
a) tire section prameters; b) tire section deformation under load;
d; — rim diameter; h — tire section height; b-tire width (undeformed); I, — tire width (under load); z, - tire deflection under vertical load
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The major axis of the ellipse is calculated assuming that its perimeter remains constant:

2ﬁ_\/(b/2)2+(h/2)2 :2”‘\/(|W/2)2+[(h—zp)/2]2,

2 2

(6)

which results in:

l, =b*+2-h-z, —22. )

The tire volume change 4V, is calculated as the cross-section area multiplied by the length of the
contact patch, resulting in:

b h | h-z
AN =2--r. -x-——=-2-B-1r, 7-X. p
p 07[22 ﬂd”z >

After several transformation 4quation (4) becomes:
oot [oos(p —p)—cos T -cos(—)-do =

—05-7-[a-1,-b-h=p-r -1, -(h-2,)] ®

9)
0 =qp-0,5-7z-[a-r0~b-h—,8-rd-IW-(h—zp)]
The following equations are also obtained from fig. 1:
Z, =Ty —2Z,—T,-COSa, (10)
z, =T, -(L-cosa)-r, -(L-cos ), (11)

where z;, is tyre deflection under vertical load.
A computer program is used in order to solve the systems of equations (1), (5), (10), (11) and (1), (9),
(10), (11), respectively. The program displays the following values (fig. 4):
e length of the contact patch, I;
e width of the contact patch, |;
e area of the contact patch;
e calculated value of tire deformation under load, z,;
e tire sinkage, z,;
e dynamic radius of the wheel, ry;
e angle of the contact patch, B;
e maximum shear stress, Tmax;
e normal pressure, p.
The values of slip, traction force and traction efficiency are saved in a file.
- ‘

143796 39.69615 37.8305
5819961 1.70083 .79 2.554772E-02

REZULTATE
Lungime pata, lc: .
Latime pata, lw: .

ia: .1739624
. tang. proeminente: 136.189
. tang. banda rulare: 103.6507
. tang. 63585

ref. la distributia presiunii au fost scrise in fisierul pres_s3
. medie pe supraf. proeminentelor = 218.0986
. medie pe bhada rulare = .319587

to continue

Fig. 4 — Output screen of the computer program

In order to evaluate the maximum traction force it is assumed that it is limited only by the soil shear
strength; the Mohr-Coulomb equation is used to calculate the soil maximum shear stress:

Toex =C+P -0y (12)

where c is soil cohesion [kPa], p is the vertical pressure [kPa] and v is the internal friction angle.
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Soil shear tension was calculated using the Janosi and Hanamoto (1961) equation:

J
T=7., {l—eK] (13)

where K is the soil shear deformation modulus and J is the shear displacement.
The maximum traction force was calculated as the product of shear stress and shear area; according
to ASAE S296, the net traction force isF, =F, — R, , with the wheel rolling resistance R, being calculated

with the relation (Elwaleed et al., 2006):

R, =G| 1 +0.04+225| [kn] (14)
B, VB,
The wheel numeric B, is (ASAE D497.7, 1999):
1+5 Z
+ PR
G 11432
d

where Cl is the soil cone index [kPa], d = 2-r, [m] and h is the tyre section height [m].
The same standard defines the traction efficiency as:
7, =(1-s)Q-R /F). (16)
The model was applied to the driving wheel of an U-650 agricultural tractor; the main characteristics of
the wheel are presented in table 1.

Table 1
Main characteristics of the driving wheel
Item Value
Load on the driving tire, G [kN] 11.75
Type of tire 14.00-38
Rim diameter, dj [m] 0.965
Section height, h [m] 0.307
Exterior diameter of tire, di + 2-h [m] 1.58
Tire width, b [m] 0.370
Tire inflation pressure [kPa] 100

The experimental data were collected during the field tests performed with the U650+P2V plowing
unit; the tractor was fitted with a dynamometric frame and an electronic dynamometer, as shown in fig. 5.
The plough was mounted on the dynamometric frame and thus the net traction force F ¢, was measured
directly. During these tests drive wheel slip did not exceed 30% because of the restraints imposed by the
plowing process. Different traction forces and drive wheel slips were achieved by changing the operating
width and depth of the plough. The traction force for each experimental point was calculated as the average
value of nine measurements; the standard error and 95% confidence interval were then evaluated. The
experimental results taken into account for the goodness-of-fit analysis are shown in table 2.

Fig. 5— Dynamometric frame mount
(Rosca R. et al., 2014)

1,3,4-lifting arms;
2-hydraulic lifting cylinder;
5-frame arms;
6-dynamometric frame;
7-force transducer.

5 6 7

The tests were performed on wheat stubble sandy loam soil, after cereal harvesting; soil
characteristics in the test field are presented in table 3.
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Table 2
Experimental data for traction force
Wheel slip [%] Average traction force [kN] Standard error 95% data confidence interval
6 1.8033 0.095 0.2179
9 2.3744 0.116 0.2684
14 3.1033 0.082 0.1891
17 3.3067 0.121 0.2797
18 3.6855 0.116 0.2680
20 4.3122 0.175 0.4029
25 4.6777 0.087 0.2003
26 4.7567 0.114 0.2636
29 5.8800 0.141 0.3249
Table 3
Characteristics of the test soil
Item Value

Soil type Sandy loam sall

Average bulk density [kg/m’] 1280

Average soil water content [%] 9.5

Soil deformation modulus, K [m] 0.05

Coefficients for the pressure- | k 55

sinkage equation n 1.3

Soil cohesion, ¢ [kPa] 25

Angle of internal friction, y [°] 32

Cone penetrometer index, C [kPa] 970

In order to evaluate the goodness-of-fit between model and experimental data the following criteria
were considered (Schunn and Wallach, 2005):

- percentage of points within 95% confidence interval of data (Pw95CI) — represents the
percentage of model predictions that lie within the 95% confidence interval of each
corresponding experimental data point;

- mean absolute deviation (MAD) — represents the mean of the absolute value of the deviation
between each model point and the corresponding experimental point:

n

Z\mi —d;|
MAD ==+ - 17

where m; is the model mean for point I, d; is the experimental data mean for point | and n is the total number
of points being compared,;
- root mean squared deviation (RMSD):

n

2 (m —d,)’

RMSD =& —— (18)
n
- mean scaled absolute deviation (MSAD):
nim —d.|-/n
MSAD = ZM (19)
i1 n-s

where n; is the number of values contributing to each experimental data mean d; (n; = 9) and s; is the
standard deviation for each data mean. A MSAD value of 1.5 means that, on average, the model is 1.5
standard errors off from the experimental data.

- Pearson correlation coefficient r’.
RESULTS

For the both tire section deformation models the calculations were performed using the same value
for the super ellipse coefficient (k=3.5). Table 4 presents some comparative results given by the tire — soll
computer simulation; the assumption that the tire cross-section has an elliptical shape and is deformed due
to the vertical load of the tire had the following consequences:
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« while the length of the contact patch decreased slightly (from 0.533 m to 0.531 m), the width of
the contact patch, |,,, increased from 0.3 m to 0.319 m, resulting in a larger area of the contact

surface (0.154 m?);

e the tire radius ry decreased from 1.4 m to 1.371 m; as the length of the contact patch did not
change significantly, the centre angle B increased from 10.916° to 11.19°;
. the maximum shear stress decreased from 53.3 kPa to 52.01 kPa due to the increase of the contact surface

area.
Table 4
Model results
Initial tire deformation model Modified tire deformation model
Item .
(b const.) (b elipse)

Length of the contact patch, Ic [m] 0.533 0.531
Width of the contact patch, I [m] 0.300 0.319
Tire deflection, z, [m] 0.02 0.02
Sinkage depth, z. [m[ 0.027 0.027
Area of the contact surface, A, [m*] 0.145 0.154
Tire radius, rq [m] 1.400 1.371
Centre angle of the contact patch, B [*] 10.916 11.19
Maximum shear stress, tmax [kPa] 53.3 52.01

Figures 6 and 7 present the predicted and experimental results concerning the traction force and
traction efficiency. The charts clearly show that the model predicted higher values of the traction force and
traction efficiency when the deformation of the tire cross section was considered, due to the increased value
of the contact surface area.
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Fig. 6 — Results concerning the traction force Fig. 7 — Results concerning the traction efficiency
The results of the goodness-of-fit analysis are shown in table 5. Compared to the previous model, the
most significant differences were recorded for the traction efficiency: the Pearson correlation coefficient r?
increased from 0.186 to 0.216, the mean absolute deviation (MAD) decreased form 0.058 to 0.051, root
mean squared deviation (RMSD) decreased form 0.0752 to 0.0686 and the mean scaled absolute deviation
(MSAD) decreased from 5.225 to 4.557.
Table 5
Goodness-of-fit comparative analysis

Traction force Traction efficiency
Iltem Constant cross- Deformable cross- Constant cross- Deformable cross-
section section section section
re 0.923 0.924 0.186 0.216
PW95CI 66.7 55.6 55.6 55.6
MAD 0.354 0.356 0.058 0.051
RMSD 0.480 0.438 0.0762 0.0686
MSAD 3.122 3.065 5.225 4.577
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When referring to the values of the traction force, all the goodness-of-fit parameters recorded better
values for the modified traction model, excepting the percentage of points within 95% confidence interval of
data (Pw95CI), which has slightly decreased (from 66.7% to 55.6 %).

CONCLUSIONS

A modified semi-empirical model for the prediction of traction performance of a tractor driving wheel is
presented in this study. The model assumed that the super ellipse equation describes the shape of the tire-
ground contact surface.

The model is a reasonable compromise between the more simple empirical models, for which the
range of applicability is limited to the cases having similar conditions to the ones from which the models were
derived, and the analytical models, which require in-situ evaluation of a large number of soil properties.

Experimental results from plowing tests were used in order to validate and verify the applicability of the
model, by the means of a goodness-of-fit analysis. The analysis showed that the modified traction model
provided more accurate results regarding the traction force and traction efficiency then the initial one.
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ABSTRACT

A new scheme of the turn of a wide span tractor (vehicle) is presented for controlled traffic farming on
the turning strip. The turn of the tractor, according to the presented scheme, allows moving the tractor to the
next working position with better kinematic parameters. In addition to it, the improvement of the turnability
characteristics is achieved at such a design embodiment of a wide span tractor when the ratio of its
wheelbase to the width of the wheel track is as small as possible. The obtained equations about the
movement of the wide span tractor for the offered new scheme of the turn allow estimating the impact of its
design, performance, kinematic and power parameters upon the criteria of static and dynamic turnability.

PE3IOME

BanpornoHoeaHa HoBa cxema pPO38OPOMY WUPOKOKOMIUHO20 mpakmopa Orsi KonilHoi cucmemu
3emnepobcmea Ha rOBOPOMHIU CMy3i, 3@ SIKOK MNepeMilyeHHs mpakmopa Ha HacmyrHy pobody no3uuito
30ilCHIEMBCA 3 Kpawumu KiHeMamuyHUMU napamempamu. [lpu ubomy MnOKpaweHHs Xxapakmepucmuk
rnosopomkocmi QocsieaembCsl fPU MakKoMy KOHCMPYKMUBHOMY BUKOHAaHHI WUPOKOKOMIIHO20 mpakmopa,
KOru 8iOHOWEHHS 1020 KonicHOT 6a3u 00 wWupuHU Konii € sskomoz2a meHwuM. Ompumani pieHSHHS pyxy Ons
3anporioHosaHoi Hoeoi cxemu nosopomy (00380750Mb OUHUMU 8r/Iu8 (020 KOHCMPYKMUBHUX,
eKkcrinnyamauilHux, KiHeMamu4HUX | curoeux napamempie Ha Kpumepii cmamu4yHoi ma JOuHaMiyHoi
rnogopomkocmi.

INTRODUCTION

A peculiarity of using a wide span tractor (vehicle) for controlled traffic farming is the division of the
field into the agrotechnical and the engineering area (Antille et. al., 2015; Chamen, 2015; Chen et. al., 2010;
Gasso et. al., 2013; Gasso et. al., 2014; Kingwell et. al., 2011). Turning of the wide span tractor (vehicle) on
the turning strip may be accomplished in different ways. Each way of turning has impact on the kinematics of
its curvilinear movement. Besides, it is desirable that the unproductive losses of energy on the turn and the
engineering area should be as low as possible. From the minimization standpoint of unproductive losses, the
fields under the engineering area must have a possibility to perform a turn of the wide span tractor in such a
way that the actuators of one of its sides remained within the same transport and technological track on
which they were positioned but the actuators of the other side transferred their undercarriage to the next
operating position (Kuvachov, 2016).

Turnability (a property of the tractor to perform turns with a pre-set curvature of the path) is
characterised by kinematic and power parameters. Therefore, correct choice of the latter parameters from a
position of the required turnability ensures the movement of the wide span tractor under optimal conditions
and minimises the unproductive losses of energy and areas of the field during the turn. For this reason, the
scientific investigations aimed at in the study of wide span tractor (vehicle) static and dynamic turnability are
highly topical. The turning control of contemporary wide span tractors (Chamen, 1992; Chamen et al., 1994;
Chamen, 2000; Chamen, 2015; Onal I., 2012; Pedersen, 2011; Pedersen et. al., 2013; Kuvachov, 2015),
equipped with wheeled actuators, is adapted for a manual or an automatic mode (Jasiriski et al., 2016), and

159



Vol. 53, No. 3/2017 INMATEH — 7 ineeti

they are based on a kinematic or a power principle of performing this turn. In kinematic turning there are
used schemes for turning steered wheels (front, rear or both simultaneously) in relation to the frame of the
machine. There is also known a power (board) method of changing the direction of the movement by turning
the machine in a suspended condition (Uleksin, 2011).

In the opinion of the author of the scientific publication, the use of the latter method of turning is
efficient under the conditions of limited space on the turning strip, and it allows turning of a machine in the
automatic mode without causing damage to the plants in the crossing areas of the traffic track. The theory of
the static and the dynamic turnability of a wheeled vehicle has been studied in sufficient detail (Popp, 2010;
Rajamani, 2006; Tullberg, 2000; Wong, 2001).

There is a great number of scientific investigations devoted to the turnability issue of agricultural
machine and tractor aggregates (Gorin, 2012; Nadykto et. al., 2005; Nadykto et. al., 2012). However, the
obtained analytical dependencies cannot practically be applied to the turnability analysis of wide span
tractors (vehicles). The reason is the main difference in the design and kinematic scheme of its turn in the
coordinate transport system of movement. Still less suitable for further analysis are the results obtained by
scientists investigating the turning dynamics of the conventional machine and tractor aggregates.

The aim of the work was theoretical research and justification of the static and dynamic turnability of
wide span tractors (vehicles) for controlled traffic farming in order to improve the kinematic and power
parameters of the movement.

MATERIALS AND METHODS

We consider in an analytical way two schemes of the turn of a wide span tractor (vehicle) (Fig.1) the
kinematic parameters of which — the turning radius, wheels movement angular and linear velocities, the
movement path, etc. depend on the design and operating factors (the wheelbase, track width (wheel
spacing), maximal turning angles of the steerable wheels, their turning speed, the movement speed, tyre
characteristics and so on.

According to the first scheme, which is most widespread among the contemporary brands of wide
span tractors (vehicles), the turn is executed by the movement of all the steerable wheels of the tractor
around the turning centre positioned in the symmetry centre of its undercarriage (Fig.1a). According to the
second scheme, proposed by us, the turn of the tractor is carried out by turning the undercarriage platform,
using the steerable wheels from its one board, around the turning centre positioned in the centre of the
space between the wheels from the other board (there the wheels may remain during the turn within the
limits of their transport technological track (Fig.1b).

There are at least two ways how to embody our proposed scheme of the turn of a wide span tractor
(vehicle) (Fig.1b):

1) by kinematic turning of the platform, using the steerable wheels from one board by means of an
articulated turning mechanism positioned in the centre of the space between the wheels from the other side;

2) by kinematic power turning of the wide span tractor by suspending one of its boards, using lifting
mechanisms.

Let us analyse the influence of the basic design parameters of a wide span tractor on the turning
kinematic characteristics of the two considered schemes (Fig. 1): the turning radius and the turning angle of
the steerable wheels which determine the width of the turning strip. It is clear that the value of the desired
width of the turning strip E should be as small as possible but sufficient for the wide span tractor to pass.
Depending on the parameters of their undercarriage the optimal width of the turning strip has to be equal to:

E=K+b,, (1)
where
K —the wheel track (wheel spacing) width of the wide span tractor;

bp — the width of the transport technological track.
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Fig. 1 —-Schemes of a wide span tractor (vehicle) turn around the turning centre positioned in its undercarriage
symmetry centre (a) and in the centre of the space between one of the boards’ wheels (b)

Let us present the basic design parameters of a wide span tractor as a generalised characteristic
parameter £, numerically equal to the relation of its wheelbase L with the width of the wheel track K, which,
as arule, does not exceed 1, that is:

L
_L
7K

2)
The methods used in the research methodology are: the methods of theoretical mechanics, the tractor
theory and operation of agricultural aggregates, using the Mathcad packet. The theoretical investigations,

synthesis of wide span tractor (vehicle) design maps and parameters were conducted by simulating the
conditions of their performance on the PC.
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RESULTS
According to the conventional turn scheme of a wide span tractor (Fig.1a), the relationship between

the kinematic indicators of the turn (the turning angle of the wheels ¢, the turning radius R, and the actual

width of the turning strip E ) and the design parameters, presented as , can be expressed by the following

RI:; K2+ 2 :;K\/1+,u2-
E1:2R1+bp:x/K2+L2+bp:K 1+,uz+bp ©)

dependencies:

a, = arcty (%) =arctg (u)

According to second turn scheme, offered by us, (Fig. 1 b) we find in a similar way that:

R, =; 4K? + |2 =;K«/4+,u2 .

1

pZE

L U
=arct —— |=arct — |
% g(sz g(zj

By means of the Mathcad packet we estimate the influence of the wide span tractor characteristic
parameter ¢/ on the variability degree of the turning strip actual width in relation to the desired one (Fig.2)

and the value of the steerable wheels’ turning angle (Fig.3) for the two discussed schemes of the turn.

1
E,=R,+b 4K2+L2+bp:EK 4+ 4° +b,. 4
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Constructive characteristic parameter, u

Fig. 2 — Dependence of the variability degree of the turning strip actual width on the constructive characteristic
parameter g for different turn schemes for wide span tractors (vehicles):

1 -scheme in Fig. 1 a; 2 —scheme in Fig. 1 b; 3 — the preferred characteristic

The rate of change
width of strip to rotate

From the analysis of Fig. 2 it results that it is not desirable to increase wide span tractors (vehicles)
characteristic parameter £/ because it increases the turning strip width. Yet the degree and intensity of such

an increase for the discussed turn schemes are different. Thus, increasing g to 1, the turning strip width for

the most widespread first turn scheme (Fig. 1 a) is by 30% bigger than for the other scheme, proposed by us
(Fig. 1 b). And, if value g for the contemporary brands of wide span tractors (vehicles) does not exceed

p < 0.5, then increase in the width of the turning strip according to scheme in Fig.1 b does not exceed 3%

of the desired value.
Such a result is on the allowed deviation level from the rectilinear movement of the wide span tractors
(vehicles). However, in this case, the organisation of the turn according to the scheme in Fig. 1 a requires an
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increase in the turning strip to 12%, which is highly undesirable in terms of optimal land use. Therefore, from
this position, the organisation of a wide span tractor (vehicle) turn according to the scheme offered by us
Fig. 1 b is more appropriate.

Of similar character is the dependence of the steerable wheels turning angle & of the wide span
tractor (vehicle) on u (Fig. 3).

When the turn is executed according to the scheme in Fig. 1 a, angle ¢ is twice as great as in the
scheme of Fig. 1 b. It is not desired to increase the steerable wheels turning angle &, since it requires
corresponding complication of the tractor wheels turning mechanism design and higher energy consumption
for this process.

_ . 50
- _—
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q:(/) /
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EE ] / /

0 T

04 02 03 04 05 06 07 08 09 1
Constructive characteristic parameter, u

Fig. 3 - Dependence of the steerable wheels turning angle of wide span tractors (vehicles) on the constructive
characteristic parameter (£ for different turn schemes:

1) —aschemein Fig. 1 a; 2) —a scheme in Fig. 1 b

The kinematic parameters discussed by us provide wider but not full information about the curvilinear
movement of the wide span tractors. Full information about the possibility of a movement with preset
kinematic parameters can be obtained by determining the power parameters (the tangential traction forces
on the driving wheels, the losses of energy consumed by the tractor to overcome the resistance of the total
angular momentum of rotation, etc.) that characterise the static and the dynamic turnability of the wide span
tractor.

In order to obtain characteristics of the static turnability, let us consider circular movement of a wide
span tractor flat model around the turning centre (point O) (Fig. 4) with a constant angular velocity
w=const, & =0. The steerable wheels of one board (in the given case — the left one) are turned by
angles ¢ andg, .

In constructing equations of the movement, we start from the generally accepted concept about a
correct turn in accordance with which all the driving wheels of the tractor (in Fig. 4 — the two left-side wheels)
are moving without lateral slipping, but crossing of their axes takes place at a point which is the curvature
centre of the path travelled. We do not take into account the lateral skid of the wheels since the tractor
performs circular movement around its fixed axis, and there is no movement in a perpendicular direction. We
consider only those elements of the wide span tractor which execute plane-parallel movements.

Due to the low absolute value, the tangential inertia forces and the inertial moments of resistance to
the turn of the wide span tractor and its technological part are ignored. We strictly connect the wide span
tractor with the mobile Cartesian coordinate system XSy , the origin of which we place at the centre of its left
board masses (pointS). We draw axis Xin parallel to the longitudinal axis of the tractor but its positive
direction — in the direction of the movement. In the turning mode, a series of corresponding forces act upon

the wide span tractor (vehicle).
First of all, these are the driving forces of the front and rear steerable wheels (in our case — the left

ones) F ,andF,,, and the resistance forces to the movement F,, and F,,, applied at their centres (points
P, and P,), and the inertia force. In order to perform further actions exactly at these points, it is appropriate

to divide mass M, to be applied to its left board into two parts (M, and M, ).
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Ys

Fig. 4 — An equivalent turn scheme of a wide span tractor (vehicle) with left board steerable wheels

We'll present the impact of the resistance of the tractor technological part operating tools by the main
vector F_, applied at the centre of resistance (point C), the action direction of which on the turn makes

angle y with the tractor longitudinal axis. We present the reactions arising in the articulated turning
mechanism of the wide span tractor (vehicle) by forces ij and ij, applied at point J , as well as by the

resistance moment |\/|J, .The equation of the wide span tractor (vehicle) movement describing the static

turnability in relation to the mobile coordinate system xSy is illustrated by the following system of familiar
dependencies:

mban = Z Fx‘ !
j=1

. (5)

Myas, = ZF K
j=1

where
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a., a

coordinate system xSy ;

sx» &g, — acceleration of the centre of masses S in relation to axes X and Y of the mobile

Zn:ij , Zn:ij — the sum of projections of the j -the forces upon axes X and Yy of the mobile
= j=1

coordinate system;

M s — the total moment of resistance to the turn;

n
ZMS' — the sum of the i-the moments in relation to the masses centre S .
I
i=1
In an expanded form the system (5) will assume the appearance:

Myag, = (Fy — Fy1)cosa, +(Fy, — Fy, )cosa, — F, cosy — F, cosay + F, sinag, ©)

Mya, =—(F,y — Fy, )sina, +(F, - Fy, )sina, - F, siny - Fj cosas - F sinay,

. . . 1 1
Mg =c¢ (F,—F;)sing, +b (FkZ—Ffz)smaz—Ftrsm;/[ZLﬁLa}L2KFtrcos;/—Mj,

where O, 4, b and C - the constructive (design) parameters of the wide span tractors the essence of

which results from Fig. 4.
For the study of the dynamic turnability of the wide span tractors we use the design diagram in Fig. 4.

We consider the tractor movement in a fixed coordinate system XOY connected with the plane of the
turning strip. This allows description of the wide span tractor (vehicle) by means of three independent
generalised coordinates Xg, Y., [, where X, Y, — the coordinates of the masses centre S while

moving in a fixed system of coordinates XOY ; ﬂ — the angle between the abscissa axes of the mobile and
the fixed coordinate system.

The equations of the plane-parallel movement of wide span tractors, describing its dynamic turnability,
in relation to fixed system of coordinates XOY is represented by the following dependencies:

m, ¥, = ZFX.,
(7)

m, s = ZF:(’
j=1

‘]zsﬁ = Z Mi'
i=1
where

555 — acceleration of the masses centre S, directed along axis X of the fixed coordinate system;
j}s — acceleration of the masses centre S, directed along axis Y of the fixed coordinate system;

J ,s— the inertia moment in relation to the vertical axis Z, passing through point S;

ﬂ— angular acceleration of the tractor.

To construct dynamic equations of a wide span tractor movement, we apply the D’Alembert principle.
We have:

m, s =(Fkl—Ff1)~c0s(ﬂ+a1)+(Fk2 —Ffz)~cos(,b’—0:2)—Ftr -cos(B-7),
m, s :_(FLl_Ffl)'Sm(ﬂ"‘al)"'(PLz _Ffz)'sm(ﬂ_az)_Er 'sin(ﬂ—y),

JsB=c(Fy—Fy)-sina, +b(F,-F,)-sina, - F, ~sinyBL+a}—MR.

(8)
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The initial conditions (t =0): x, =x,;y, = y,; #=0;% =0;y, =0; 5 =0.
In Fig. 4 we expose the interrelation of the kinematic radii RS and R, the forward velocity VSX and the

peripheral velocity VS of the masses centre S with the wide span tractor (vehicle) constructive (design)

parameters:

2 2
O T R = (T B} ©

Consequently, by means of expressions (8) and (9) it is possible to estimate in an analytical way the
influence of a wide span tractor (vehicle) design and performance parameters on the criteria of its dynamic
turnability, which allows justifying the kinematic and power parameters optimal values of the circular
movement during its turning.

CONCLUSIONS

1. The offered new scheme of the turn of a wide span tractor (vehicle) for controlled traffic farming on
the turning strip by turning the undercarriage, using the steerable wheels from its one board around the
turning centre positioned in the centre of the space between the wheels from the other board, allows shifting
of the tractor, simultaneously with the turn, to the next operating position with better kinematic parameters. In
addition to it, the improvement of the turnability characteristics is achieved at such a design embodiment of
the wide span tractor (vehicle) when the relation of its wheelbase to the width of the wheel track is as small
as possible.

2. The obtained equations of the movement of the wide span tractor for the offered new scheme of the
turn allow estimation of the impact of its design, performance, kinematic and power parameters upon the
criteria of static and dynamic turnability. Correct choice of these parameters values in terms of the required
turnability ensures the turn movement of the wide span tractor in an optimal mode and minimises
unproductive losses of energy and areas of the field under the engineering area.
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WRITING NORMS

Article Types

Three types of manuscripts may be submitted:

1. Regular articles: These should describe new and carefully confirmed findings, and experimental procedures
should be given in sufficient detail for others to verify the work. The length of a full paper should be the minimum
required to describe and interpret the work clearly (max.10 pages, even number);

2. Short Communications: A Short Communication is suitable for recording the results of complete small
investigations or giving details of new models or hypotheses, innovative methods, techniques or apparatus. The
style of main sections has not necessarily to be in accordance with that of full-length papers (max. 6 pages, even
number);

3. Reviews: Submissions of reviews and perspectives covering topics of current interest are welcome and
encouraged (max.10 pages, even number).

Manuscripts should be written in English (American or British usage is accepted, but not a mixture of these) and
submitted electronically at the following e-mail addresses: inmatehjournal@gmail.com

Please be sure to include your full affiliation and e-mail address (see Sample manuscript)

The authors are responsible for the accuracy of the whole paper and references.

There are allowed 2 papers by each first author.

The text layout should be in single-column format. To avoid unnecessary errors it is strongly advised to use the “spell-
check” and “grammar check” functions of your word processor.

Review Process

All manuscripts are reviewed by 2 members of the Scientifically Review Office. Decisions will be made as rapidly as
possible and the journal strives to return reviewers’ comments to authors in approx.3 weeks.

The editorial board will re-review manuscripts that are accepted pending revision.

NOTE:
Submission of a manuscript implies: that the work described has not been published before (excepting as an abstract or
as part of a published lecture or thesis) that it is not under consideration for publication elsewhere.

1. REGULAR ARTICLES

e Manuscripts should be concise, in 1.15 line spacing, and should have 2 cm all over margins. The font should be
Arial 10 pt. Ensure that each new paragraph is clearly indicated, using TAB at 1 cm.

o Title will be Arial 12 pt. and explicit figures will be Arial 9 pt.

e Text will be written in English.

o Chapters' titles are written by Arial 10 pt, Bold, Uppercase (e.g.INTRODUCTION, MATERIALS AND METHODS),

between chapters is left a space for 10 pt. At the beginning of each paragraph, TAB of 1 cm.

The paper body will be written in Arial 10 pt., Justify alignment.

TITLE Arial 12 pt., Uppercase, Bold, Center (in English language) and Bold Italic (in native language).
Should be a brief phrase describing the contents of the paper. Avoid long titles; a running title of no more than 100
characters is encouraged (without spaces).

AUTHORS ARIAL 9, Bold, Centre alignment

Under the paper's title, after a space (enter) 9 pt., write authors' names and affiliations (Arial 8 pt.-Regular)

When the paper has more than one author, their name will be followed by a mark (Arabic numeral) as superscript if
their affiliation is different.

Corresponding author’s name (next row), (Arial 8 pt.). Should be added also: phone, fax and e-mail information, for the
paper corresponding author (font: 8 pt., Italic).

KEYWORDS (In English) about 4 to 10 words that will provide indexing references should be listed (title: Arial 10pt,
bold italic, text Arial 10 pt., italic).

A list of non-standard Abbreviationsshould be added. In general, non-standard abbreviations should be used only when

the full term is very long and used often. Each abbreviation should be spelled out and introduced in parentheses the
first time it is used in the text. Standard abbreviations (such as ATP and DNA) need not to be defined.
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ABSTRACT (in English and Native language, Arial 10 pt.), the title bold; the text of abstract: italic) should be
informative and completely self-explanatory, briefly present the topic, state the scope of the experiments, indicate
significant data, and point out major findings and conclusions. The Abstract should be max.250 words. Complete
sentences, active verbs, and the third person should be used, and the abstract should be written in the past tense.
Standard nomenclature should be used and abbreviations should be avoided. No literature should be cited.

INTRODUCTION (Arial 10 pt.) should provide a clear statement of the problem, the relevant literature on the subject,
and the proposed approach or solution. It should be understandable to colleagues from a broad range of scientific
subjects. We should refer to the current stage of researches performed in the field of the paper to be published, by
quoting up-to-date specialty studies, preferably published after 2006, excepting certain referential specialty
books/studies, especially papers issued in magazines/journals/conferences/ISI quoted symposia or in other
international data bases, which are well known and available.

MATERIALS AND METHODS (Arial 10 pt.) should be complete enough to allow experiments to be reproduced.
However, only truly new procedures should be described in detail; previously published procedures should be cited,
and important modifications of published procedures should be mentioned briefly. Methods in general use need not be
described in detail.

RESULTS (Arial 10 pt.) should be clarity presented. The results should be written in the past tense when describing
findings in the authors' experiments. Results should be explained, but largely, without referring to the literature.
Discussion, speculation and detailed interpretation of data should not be included in the Results, but should be put into
the Conclusions section.

CONCLUSIONS (Arial 10 pt.) The main conclusions drawn from results should be presented in a short Conclusions
section. Do not include citations in this section.

Formulae, symbols and abbreviations: Formulae will be typeset in Italics (preferable with the Equation Editor of
Microsoft Office 2003) and should be written or marked as such in the manuscript, unless they require a different
styling. They should be referred to in the text as Equation (4) or e.g. (4). The formulae should be numbered on the right
side, between brackets (Arial 10 pt.):
P=F-v @

Terms of the equation and the unit measure should be explained, e.g.

P is the power, [W];

F — force,[N];

Vv — speed, [m/s]
Sl units must be used throughout.

Tablesshould be self-explanatory without reference to the text. The details of the methods used in the experiments
should preferably be described in the legend instead of in the text. The same data should not be presented both in table
and graph form or repeated in the text.

Table’s title will be typed Arial 9 pt, Bold, Centered

In the table, each row will be written Arial 9 pt, single-spaced throughout, including headings and footnotes.

The table should be numbered on the right side, between brackets (Arial 10 pt):

Figure (Arial 9 pt., Bold, Center)should be typed in numerical order (Arabic numerals). Graphics should be high
resolution (e.g.JPEG).Figure number is followed by what represent the figure or graph e.g.:

Fig.1 — Test stand
Legend: Arial 8 pt, Italic, Center, e.g.

1 - plansifter compartments; 2- break rolls; 3 — semolina machines; 4 — reduction rolls; 5 — flour

ACKNOWLEDGMENTS (Arial 10 pt.) of people, grants, funds etc should be brief (if necessarily).

REFERENCES (Arial 10 pt.)
(In alphabetical order, in English and in the original publication language).
Minimum 10 references, last 10 years, minimum 3 references from the last 2 years
It can be used “References” tool from the Word Editor.
References should be cited in the text in brackets as in the following examples:
(Babiciu P., Scripnic V., 2000)
All references must be provided in English with a specification of original language in round brackets.

170



Vol. 53, No. 3/2017 INMATEH — 7 ineeti

Authors are fully responsible for the accuracy of the references.
References should be alphabetically, with complete details, as follows:
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Books:Names and initials of authors, year (between brackets), title of the book (lItalic), volume number, publisher,

place, pages number or chapter, ISSN/ISBN:

[1] VIadut V., (2009), Study of threshing process in axial flow apparatus (Studiul procesului de treier la aparatele cu flux
axial), vol.1, “Terra Nostra" Publishing House, lagi/Romania;

Journal Article: Names and initials of authors, year (between brackets), full title of the paper, full name of the journal

(Italic), volume number, publisher, place, page numbers:

[1] Lizhi Wu, Yan Di., (2005), Demonstrational study on the land consolidation and rehabilitation (LCR) project of saline-
alkali soil in arid areas: a case study of Lubotan LCR project in Pucheng County, Shaanxi Province (-5 [X #:#fifk 1
b P T AR SHIEATF 7 LA B VG e 4k L e v i B BRI CA45)) , Transactions of the Chinese Society of Agricultural
Engineering,vol.21, no.1, Madison/Wisconsin, pp.179-182;

[2] Leonov I.P., (1973), Basic machine theory for tobacco stringing. Post-harvest care of tobacco and rustic tobacco
(OcHoBbI TeOpUM MaLLMH AN 3aKkpenneHus Tabaka Ha LWHypbl. [MocneybopoyHas obpaboTka Tabaka u Maxopku),
Collection of scientific articles (c6bopHuk Hay4Ho-uccrnedosamesbckux pabom), pp.37-45;

Conference or Symposium:Names and initials of authors, year (between brackets), full title of the paper (Regular), full

name of the conference/symposium (ltalic), volume number, publisher, place, page numbers

[1] Bungescu S., Stahli W., Biris S., Vladut V.,Imbrea F., Petroman C., (2009), Cosmos program used for the strength
calculus of the nozzles from the sprayers (Program Cosmos folosit pentru calculul de rezistenta la zgomot al
aparatelor de distributie), Proceedings of the 35 International Symposium on Agricultural Engineering "Actual Tasks
on Agricultural Engineering”, Opatija / Croatia, pp.177-184;

Dissertation / Thesis:Names and initials of authors, year (between brackets), full name of the thesis (ltalic),

specification (PhD Thesis, MSc Thesis), institution, place;

[1] Popa L., (2004), Research on the influence of structural and functional parameters of the braking system on the
braking performance of agricultural trailers (Cercetari privind influenta caracteristicilor constructive si functionale ale
sistemelor de franare asupra performantelor de franare ale remorcilor agricole), PhD dissertation, Transylvania
University of Brasov, Brasov / Romania.

Patents: Names and initials of authors, year (between brackets), patent title (Italic), patent number, country:
[1] Grant P., (1989), Device for Elementary Analyses. Patent, N0.123456, USA.

Legal requlations and laws, organizations: Abbreviated name, year (between brackets), full name of the referred

text, document title/type (ltalic), author, place:

[1] *** EC Directive, (2000), Directive 2000/76/EC of the European Parliament and of the Council of 4 December 2000,
on the incineration of waste, Annex V, Official Journal of the European Communities, L332/91, 28.12.2000,
Brussels.

Web references: The full URL should be given in text as a citation, if no other data are known. If the authors, year, and
title of the documents are known and the reference is taken from a website, the URL address has to be mentioned after
these data:

The title of the book, journal and conference must be written in Italic, the title of the article, chapter of the book, must be
written Regular.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice versa). Do not cite
references in the abstract and conclusions. Unpublished results, personal communications as well as URL addresses
are not recommended in the references list.

Making personal quotations (one, at most) should not be allowed, unless the paper proposed to be published is a
sequel of the cited paper.Articles in preparation or articles submitted for publication, unpublished, personal
communications etc. should not be included in the references list.
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Citations style
Text: All citations in the text may be made directly (or parenthetically) and should refer to:
- single author: the author's name (without initials, unless there is ambiguity) and the year of publication:
“as previously demonstrated (Brown, 2010)”".
- two _authors: both authors' names and the year of publication: (Adam and Brown, 2008; Smith and Hansel, 2006;
Stern and Lars, 2009)
- three or_more authors: first author's name followed by “"et al." and the year of publication: “As has recently been
shown (Werner et al., 2005; Kramer et al., 2000) have recently shown ...."

Citations of groups of references should be listed first alphabetically, then chronologically.
Units, Abbreviations, Acronyms

=  Units should be metric, generally SI, and expressed in standard abbreviated form.
= Acronyms may be acceptable, but must be defined at first usage.
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