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Sitovial

The National Onstitute of Reseazch-Development Jor _Machines and Dhnstallations designed to Agricultuze and
gaoa Onaustzq -INMA Puchazest has the oldest and most prestigious reseatch activity in the Jield of agzicultuzal machinety

and mechanizing technologies in Romania.

Shoer Histrey
v On 1927, the Jizst teseazch Center Jor Agticubtural Machinety in <Agricultuzal WResearch Onstitute of Romania -
ICAR, (Establishing Law was published in O D. no. 97/05.05.1927) was established;

v On 1930, was Jounded CThe Clesting Department o Agticultural Machinery and Tools by transforming Agticultuzal
Reseazch Centre of ICAR - that Jounded the science of methodologies and expetimental technidues in the Jicld (Decision
no. 2000/1930 of ICAR, _Manage: - GHEORGHE IONESCU SISESTI):

v On 1952, was established the Wesearch nstitute Jor Mechanization and Electrification of Agricultuze - I[CMA
DPBincasa, by transforming the Pepattment of Agticultuzal _Machines and Tools Testing:

v DOn 1979, the Research Ohnstitute of Scientific and Technological Engineeting Jor Agricultural _Machinery and Tools
— ICSITMUA was founded - subordinated to Ministzy of Machine DBuilding Ondustry - MICM, by unifying ICMA
subozdinated to MAA with ICPMA subozdinated to MICM,

v On 1996 the National Ohnstitute o) WResearch- Development Jor Machines and Onstallations designed to HAgricultuze
and Fo0d Ondustry — INMA was founded — according to G.D. no.1308/25.11.1996, by reorganizing ICSITMUA,
G.D no. 1308/1996 coordinated by the Ministry of Education and Research G.D. no. 823/2004;

v On 2008 INMA has been aceredited to cazzy out research and developing activities Jinanced Jrom public Junds unde:

G.D. no. 551/2007, Decision of the National Authozity for Scientific WReseazch - ANCSno. 9634/2008.

HAs a zesult oﬂ wiaening the spectzum a¢ communication, dissemination and im;zﬂementation oﬁ scientiﬁic zeseazch results,

in 2000 was Jounded the institute magazine, issued undet the name of SCIENTIFIC PAPERS (INMATEH), ISSN
1583 — 1019.

Stasting with volume 30, no. 1/2010, the magazine changed its name to INMATEH - Apricattural Enginceting,
appeating both in print format (ISSN 2068 - 4215), and online (ISSN online: 2068 - 2239). \The magazine is bilingual,
abstzact being published in native language and English, with a thythm of three issues / yeaz: Januazy-<Apzil, May~August,
September Decomber and is recognized by CNCSIS — with W™ category. Published atticles are Jrom the Jield of AGRICT
LTURAL ENGINEERING: technologies and technical eduipment Jor agricultuze and Jood industry, renewable enetgy,

machinety testing, envitonment, transpott in agticultuze ete. and ate evaluated by specialists inside the country and ab:oad, in
mentioned domains.
Technical level and performance processes, technology and machinety Jor agriculture and Jood industry inczeasing, aceording

to national reduizements and éuzoyzean and inteznational regulations, as well as exploitation of renewable tesouzces in terms
of efficiency, life, health and envizonment protection tepresent refetential elements for the magazine , INMATEH - Agticubtutal
Ve ate thankdul to all readets, publishets and assessots.
PrD. Eng. Wadut Nicolae-Valentin
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ABSTRACT

The conducted researches on a ploughing aggregate, composed according to the "push-pull" scheme
as part of the HTZ-16131 tractor with a frontal two-bottom plough and a rear-mounted four-bottom plough,
show that there is a positive correlation between the input impact — the turning angle of the driven wheels of
the tractor, and the output parameter — its relative bearing. The maximum value of the mutual correlation
function between these parameters is quite high, reaching mark 0.88. The researched ploughing aggregate,
operating according to the "push-pull" scheme, has satisfactory path indicators. The path variations of the
furrow laid by this aggregate are of a low-frequency nature. Arrangement of the supporting wheel of the
frontal plough outside the furrow and its movement across an undeveloped agrophone does not lead to the
deterioration in the steering ability of the explored ploughing aggregate.

ABSTRAKTS

Péc «push-pull» shémas komplektétu arsanas agregatu: traktora HTZ-16131 ar pakaléjas uzkares
Cetru korpusu un ar frontalo divu korpusu arklu pétijumi liecina, ka starp ieejas parametru — traktora vadritenu
pagrieziena lenki un izejas parametru — agregata kursa lenki pastav pozitiva korelacijas sakariba.
Savstarpéjas korelacijas funkcijas maksimala vértiba starp Siem parametriem ir pietiekami augsta un
sasniedz atzimi 0.88. Pétamajam, péc «push-pully shémas komplektétajam arSanas agregatam ir
apmierino8i trajektorijas parametri. Ar So agregatu veidotas vagas trajektorijas svarstibam ir zema frekvence.
Frontéla arkla atbalsta ritena novietojums vaga vai uz neapstradata agrofona nesamazina pétama arSanas
agregata vadamibu.

INTRODUCTION

Despite the high energy intensity, arable farming still occupies an important place in the soil tillage
system (Barwicki et al., 2014; Meca and Cardei, 2012). Under the conditions of many soil and climatic zones
it is impossible to replace completely ploughing with other ways of soil treatment, such as boardless and
shallow ploughing. Therefore, constant search is going on for improved machines and operating tools for
ploughing, there is continued improvement of the aggregation schemes, and so on (Rucins and Vilde, 2005;
Nadykto et al., 2017).

For instance, already now there is a widespread scheme in the world of a ploughing aggregate,
composed of a tractor, a frontal and a rear-mounted plough, conventionally called "push-pull" (Bulgakov et
al.,, 2008; Nadykto et al, 2016). But practical experience of their use has shown that, in case the frontal
ploughing tool is not properly attached, there may arise not loading but, conversely, unloading of the frontal
driven wheels of the tractor with inevitable loss of stability and steering ability of the entire ploughing
aggregate (Bulgakov et al., 2017; Nadykto et al., 2017). Hence it follows that the presence of a frontal plough
may significantly worsen the stability of the movement of the ploughing aggregate, composed according to
the "push-pull* scheme.

According to the scientific hypothesis, developed by us, it was assumed that increase in the adhesive
force of the aggregating tractor due to the use of a frontal plough can ensure increased operating width of

9
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the ploughing aggregate, composed according to the "push-pull* scheme, at least by the width of one plough
body in contrast to the aggregates with only one rear-mounted implement. Increase in the adhesive force of
the aggregating tractor should, in its turn, lead to increase in the stability of the operating movement, reduced
skidding of its propulsors and the specific fuel consumption by the ploughing aggregate, composed
according to the "push-pull" scheme (Macmillan, 2002).

When choosing a scheme for aggregating a frontal implement, there is a variant prevailing among
the scientists about a pivotal attachment of the implement to the tractor (Dontsov, 2008). They explain the
choice of such a constructive solution by the fact that the ploughing implement, when encountering a
mechanical obstacle, may deviate aside and avoid being damaged. Besides, it is claimed that, in order to
ensure stable movement of the frontally mounted implement, the instantaneous turning centre of the frontally
mounted tractor linkage must be in front of the suspension axis.

Certain attention should be paid to the postulate that, in order to increase the stability of the
movement of the frontal pivotally attached implement, its operating elements must be arranged in the form of
a wedge (Dontsov, 1989).

Some scientists argue that the stability of the movement of the tools operating in the pushing mode
can be ensured by introducing flexible elements into the structure of the frontally mounted mechanism of the
aggregating tractor (Ploschadnov et al., 2005).

Therefore, to ensure efficient application of the ploughing machine-and-tractor aggregates in
agriculture, which are composed according to the "push-pull" scheme, it is expedient to study more deeply
the stability issues of their movement.

The aim of this study is to increase the stability of the movement in a horizontal plane of a ploughing
aggregate, assembled according to the "push-pull" scheme on the basis of data obtained during the field
experimental data.

MATERIALS AND METHODS

The experimental studies were carried out on the basis of modern methods of conducting field
experimental studies using strain gauge equipment and a measuring complex based on the analogue-to-
digital converter. Processing of the obtained data on a PC was carried out by statistical methods applying a
correlation-spectral analysis.

As a research object was chosen a ploughing machine-and-tractor aggregate on the basis of the
tractor HTZ-16131 (Fig. 1). The technological part of the machine-and-tractor aggregate included a test
sample of a two-bottom frontal plough (Fig. 2) and a rear-mounted tensometric plough (Fig. 3) with a 35 cm
operating width of each body.

Fig. 1 - Tractor HTZ-16131 in the aggregate with a frontal (two-bottom) plough and a rear-mounted
(four-bottom) strain-gauge plough (the "push-pull* scheme)

In the theoretical studies conducted by us it was established that, in order to avoid insufficient loading
and, on the contrary, unloading of the front wheels of the aggregating tractor with a rated tractive effort of
30...32 kN, the frontal plough should have two bodies, and the rear plough should have 4 bodies (the "2 + 4"
scheme) (Nadykto et al., 2017). Thus an experimental ploughing machine-and-tractor aggregate was
composed, working according.
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Fig. 3 - A rear-mounte

In the theoretical studies conducted by us it was established that, in order to avoid insufficient loading
and, on the contrary, unloading of the front wheels of the aggregating tractor with a rated tractive effort of
30...32 kN, the frontal plough should have two bodies, and the rear plough should have 4 bodies (the "2 + 4"
scheme) (Nadykto et al., 2017). Thus an experimental ploughing machine-and-tractor aggregate was
composed, working according to the "2 + 4" scheme and equipped with a frontal two-bottom plough and a
rear-mounted four-bottom plough.

The first pass of the aggregate across the selected section of the field during the field experimental
studies was carried out using a stable reference point, which ensured rectilinearity. Then the aggregate,
composed according to the "push-pull" scheme, moved across a control section, 250 m long, in the forward
and reverse directions.

The movement of the aggregating tractor HTZ-16131 within the above-described ploughing aggregate
took place by means of the right-side wheels in the furrow, and with the left-side ones running across the
undeveloped agrophone. It was assumed that the nature of the vertical oscillations of the left and the right
sideboards of the aggregating tractor is practically the same.

Taking into account the design features of the researched ploughing aggregate, a set of measuring
and recording equipment was developed using an analogue-to-digital converter that ensured unbiased
assessment of the parameters to be studied.

To record the relative bearing of the tractor working within the ploughing machine-and-tractor
aggregate, composed according to the "push-pull" scheme, a gyroscopic semi-compass GPK-52 was used,
which was located in the zone of the longitudinal coordinate of the centre of mass of tractor HTZ-16131
(Fig. 4). The alternating current of voltage 36 V and a frequency of 400 Hz, necessary for the GPK-52
operation, were produced by a special PT-70 converter (Fig. 5).

The deviation of the path of the furrow from the straight line was measured by a metric ruler. The base
straight line was staked out with a length of 250 m. The measurements were carried out in steps of 1 m. The
frontal and the rear-mounted ploughs of the ploughing aggregate to be researched were adjusted to a depth
of 25 cm. The aggregate moved on the control section with a forward velocity, which was determined by
means of a track-measuring wheel and was fixed on the PC within the velocity range of 1.4...2.2 m-s?
allowed from agrotechnical standpoint.

Fig. 4 - Installation of the gyroscopic semi-compass GPK-52 (1)
and the current transducer PT-70 (2) on tractor HTZ-16131
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Fig. 5 - The connection diagram of the gyroscopic semi-compass GPK-52
with the PT-70 current transducer

Experimental researches of this ploughing aggregate were carried out on an agrophone (disked
sunflower stubble), the average moisture content of which in the 0...30 cm layer was 13.8%. The soil density
was within the range of 1.26...1.29 g-cm3. Weediness of the field did not exceed 95 g-m-2.

RESULTS

It has been established during the conducted research that the variation in the relative bearing (¢) of
the tractor was insignificant, the dispersion of the process was 0.96 deg?. Analysis of the normalised spectral
density of this process showed that the frequency range of its course is 0...3 s (Fig. 6).
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Fig. 6 - Normalised spectral density of variations of the relative bearing of the aggregating
tractor HTZ-16131

Having determined the mean square deviation and the normalised spectral density of variations of
relative bearing ¢, we found the required experimental amplitude-frequency characteristic of the
experimental ploughing aggregate (Fig. 7).

The nature of the experimental amplitude-frequency characteristic of the experimental ploughing
aggregate shows (Fig. 7) that tractor HTZ 16131, together with the frontal plough, responds most noticeably
to disturbances the frequency of which occurs within the range of 1...2 s. In general, the process of
changing the experimental amplitude of the frequency-frequency characteristic of the ploughing aggregate is
close to the theoretical one (Bulgakov et al., 2016). The actual discrepancy between these comparable
characteristics is not more than 8%.
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Fig. 7 - An experimental amplitude-frequency characteristic
of the researched ploughing machine-and-tractor aggregate

By the conducted research it was established that the ploughing aggregate, composed according to
the "push-pull* scheme of tractor HTZ-16131 with a frontal two-bottom and a rear-mounted four-bottom
plough, has satisfactory path indicators. The basis for such a conclusion is the nature of variations of the
furrow path, laid by this aggregate. In reality, they are of a sufficiently low frequency (Fig. 8).
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Fig. 8 - Normalised spectral density of the furrow path variations laid
by the aggregate operating according to the "push-pull" scheme

The main dispersion spectrum, the value of which is 69.16 cm?, is concentrated in the frequency range
0...0.50 m. At a velocity of the aggregate movement 2 m-s, it is 0...1.0 s** or only 0...0.16 Hz. The length of
the correlation link of the furrow path variations of the ploughing aggregate is at least 11 m.

Such a result is satisfactory since the cut-off frequency of the spectral density of the furrow path
variations is 0.50 m-1, which is only twice as large as the frequency that represents the acceptable non-
rectilinearity of the row crops (Nadykto et al., 2009).

Since the tractor HTZ-16131 with aggregated ploughs moves with its right-side wheels along the
furrow, the statistical characteristics of the turning angle of its driven wheels (parameter a) do not differ
significantly from the similar dispersion characteristics, or from the normalised correlation function and
spectral density, representing variations of the furrow path.

However, as relates to the relative bearing of the aggregating tractor (parameter ¢), the statistical
characteristics are basically different. Due to the lateral drift angles of the tires of the running wheels of the
aggregating tractor, the energy (it is the same dispersion) and the internal structure of the variations of its
relative bearing are a little different. In a numerical expression, the dispersion of the variations of parameter
@ was 2.96 deg., and parameter a — 2.10 deg.

The statistical processing on the PC was performed by 250 ordinates of the parameters a and ¢. For
such arrays of initial data, the tabular value F of Fisher's ratio test at the statistical significance level of 0.05
turned out to be equal to 1.39 (Dospechov, 2012; Gerber and Green, 2012).
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Because the actual value F of Fisher's ratio test (equal to 1.41) is greater than the tabular (equal,
1.39), the null hypothesis about the equality of the estimated variances is not rejected. With a probability of
95%, it can be claimed that the variation dispersion of the relative bearing of the tractor is by no means
greater than a similar indicator for the relative bearing of its driven wheels.

Perhaps because of this the variations spectrum of parameter ¢ is wider in comparison with angle a.
Thus, if the cut-off frequency for the spectral density of the variations of the driven wheel turning angle is
0.3 s, then for the relative bearing it is approximately 0.42 s (Fig. 9).

N

6.0
>

z. )
B & 40

o n \
L C

o O

[ =

NT 20

T O /
EG 1
o

zZ

>§ﬁ

0 0.1 0.2 0.3 0.4 0.5 0.6
Frequency of oscillations w, s™

Fig. 9 - Normalised spectral densities of variations of the
driven wheels turning angle of the tractor HTZ-16131 (1) and its relative bearing (2)

Despite the difference in the nature of variations of parameters a and ¢, there is a close correlation
between them. It is unambiguously represented by the normalised correlation function. Analysis of its
behaviour shows (Fig. 10) that there is a positive correlation between the input impact — the turning angle of
the driven wheels of the tractor, and the output parameter — its relative bearing. The maximum value of the
mutual correlation function is quite high, reaching mark 0.88.
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Fig. 10 - Mutual correlation function of variations in the relative bearing of the tractor HTZ-16131
by the turning angle of its driven wheels

The shift of the maximum value of the mutual correlation function to the right indicates that the relative
bearing of the aggregating tractor is the turning function of its driven wheels, and not vice versa. If this
maximum were in the second quadrant, value a would be considered as a reaction of the operator-driver to
such a disturbance as an unwanted turn of the tractor body to one or the other side.

The shift of the maximum value of the mutual correlation function to the right of the vertical axis by
0.8 s indicates that it takes place precisely at the time when the change in the relative bearing of the tractor
for the control action — the turning angle of its driven wheels — is delayed.
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On the basis of what was laid out above, you can conclude the main thing. In the proposed variant of
the ploughing machine-and-tractor aggregate, composed according to the "push-pull" scheme, the
supporting wheel of the frontal plough is running outside the furrow. On the field it is moving across an
undeveloped agrophone. This is in contrast to the world-wide variants of ploughing aggregates operating
according to the "push-pull" scheme, which provide for the movement of the supporting wheel of the frontal
implement in the furrow thus as if providing satisfactory control and stability of the movement of such an
aggregate. But, on the basis on the analysis of the above-mentioned mutual correlation function (Fig. 10), it
can be claimed that this decision does not lead to deterioration in the control of the movement of the
researched ploughing aggregate assembled according the "push-pull" scheme.

The conducted research allows substantiating practical recommendations on the choice of a scheme
and parameters of the ploughing aggregate, composed according to the "push-pull* scheme on the basis of
the tractor HTZ-16131, from the position of satisfactory stability of its movement. So, the scheme of placing
the tractor in the structure of ploughing aggregate is direct. When working in an aggregate with frontal and
rear-mounted ploughs, the tractor HTZ-16131 should move with the right-side wheels running in the furrow.
The air pressure in the tires should be as follows: the frontal wheels (with the tractor running straight) - 0.125
MPa, the rear wheels — 0.170 MPa. Any mobility of the frontal plough in a horizontal plane relative to the
tractor is undesirable. During the operation the supporting wheel of the frontal plough moves outside the
furrow. Although its removal from the connecting triangle of the frontal plough reduces the vertical load on
the frontal wheels of the tractor, the change of this indicator is significant. Proceeding from this, when
choosing the location of the wheel mentioned, it is necessary to carry out constructive limitations.

CONCLUSIONS

1. The ploughing aggregate, composed according to the "push-pull" scheme as part of the HTZ-16131
tractor with a frontal two-bottom and a rear-mounted four-bottom plough, has satisfactory path indicators.
The variations of the furrow path laid by this aggregate are of a low-frequency nature. The basic dispersion
spectrum, the value of which is 69.16 cm?, is concentrated within the frequency range 0...0.50 m1. At the
velocity of the ploughing aggregate 2.0 m-s, itis 0...1.0 s'* or only 0...0.16 Hz.

2. There is a positive correlation between the input impact — the turning angle of the driven wheels of
the tractor HTZ-16131, and the output parameter — its relative bearing. The maximum value of the mutual
correlation function between these parameters is quite high, reaching mark 0.88. The shift of the maximum
value of the mutual correlation function to the right by 0.8 s indicates that the relative bearing of the tractor is
the turning function of its driven wheels, but the reaction of the tractor to the control impact lags precisely by
the same time.

3. Arrangement of the supporting wheel of the frontal plough outside the furrow and its movement
across an undeveloped agrophone does not lead to deterioration in the steering ability and stability of the
movement of the researched ploughing aggregate, composed according to the "push-pull* scheme.

REFERENCES

[1] Barwicki J., Gach St., Ilvanovs S., (2012), Proper utilization of soil structure for crops today and
conservation for future generations. Proceedings of 11th International Scientific Conference
“Engineering for Rural Development”, Volume 11, pp.10-15, Jelgava/Latvia;

[2] Bulgakov V., Kravchuk V., Nadykto V., (2008), Aggregation of ploughs (ArperatnpoBaHue nnyros).
P.H. Agrarian Science, 152 p., Kyiv/Ukraine;

[3] Bulgakov V., Adamchuk V., Nadykto V., Kistechok O., Olt J., (2017), Theoretical research into the
stability of motion of the ploughing tractor-implement unit operating on the ‘push-pull’ principle //
Agronomy Research, 15(4), 1517-1529, Tartu/Estonia;

[4] Dontsov I., (1989), Influence of the linkage parameters on stability of rectilinear uncontrolled motion of
a frontal implement (BnusaHue napameTpoB HaBeCKM Ha YCTOMYMBOCTb MPSMOSIMHEHOrO
HeynpaBnsieMoro ABwxeHusi dpoHTanbHoro opyauda) / Collection of scientific works VISKHOM
(CbopHuUK Hay4YHbIx mpydoe BUCXOM), 119 p., Moscow/Russia;

[5] Dontsov I., (2008), Stability of the MTA movement with frontal and rear-mounted implements
(YctonumBocte aBumxeHuss MTA c opyaousmu poHTanbHOW M 3agHen Hasecku), Tractors and
agricultural machinery (Tpakmopbl U cenbCKOXo3salcmeeHHble MawuHbl), No.9, pp.27-29,
Moscow/Russia;

15



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

[6]
[7]
(8]

9]

[10]

[11]

[12]

[13]

[14]

Dospechov B., (2012), Methodology of a field experiment (MeToamka nonesoro onbiTa (C OCHOBaMM
cTaTMcTMYecKon o0paboTkm pe3ynbTaToB nccrnegoBaHu). Agropromizdat, 352 p. Moscow / Russia
Gerber A., Green D., (2012), Field Experiments: Design, Analysis and Interpretation, 480 p.,
Yale/USA,;

Meca V. A., Cardei P., (2012), Studies and researches for the unification of resistance expression of
machines designed to soil tillage with applications in optimization of their working regime, INMATEH -
Agricultural Engineering, vol. 36, No. 1/2012, Bucharest / Romania;

Nadykto V., Nazarova O., ChernayaT., (2009), The frequency-dispersion indicator of non-rectilinearity
of the row crops rows (YacTOTHO-OMCNEPCUOHHLIN MOKa3aTenb HENPAMONIMHENHOCTN PSAKOB
nponawHbiX KynbTyp) / Tractors and agricultural machinery (Tpakmopbl U CelbCKOX0351LCMBEHHbIE
MawuHbl), No.8. p. 12-14, Moscow/Russia;

Nadykto V., Kyurchev V., Beloev H., Kistechok A., (2017), Study of push-pull plough combination /

Journal of Agriculture and Environment, Volume 1, No 1, pp. 4-9;

Nadykto V., Ilvanovs S., Kistechok Ol., (2016), Research on the draft-and-power and agrotechnical
indicators of the work of a ploughing aggregate, created according to the scheme "push-pull" / Journal
of Research and Applications in Agricultural Engineering Nr. 62(1), pp. 136.-139, Poznan/Poland;
Macmillan,R.H. (2012). The Mechanics of Tractor Implement Performance. Theory and Worked
Examples. University of Melbourne, 165 p. Melbourne/Australia;

Ploschadnov A., Kursov I., Marshalov E., (2005), Increasing the stability of the movement of machine-
and-tractor aggregates ([oBbilleHMEe YCTOMYMBOCTU [OBWXKEHUS MaLLUWMHHO-TPAKTOPHbIX arperaTos).
Collection of scientific works of Tula State University (M3secmusa Tynbckozo 2ocyO0apcmeeHHO20
yHusepcumema), pp.171-176, Tula/Russia;

Rucins A., Vilde A., (2005), Modelling forces acting on the plough body. Simulation in Wider Europe -
19th European Conference on Modelling and Simulation, ECMS 2005, pp. 425-430, Riga/Latvia.

16


https://www.amazon.com/Alan-S.-Gerber/e/B006W1OS3G/ref=la_B006W1OS3G_ntt_srch_lnk_1?qid=1516187975&sr=1-1
https://www.amazon.com/Donald-P.-Green/e/B001HCVQEY/ref=la_B006W1OS3G_ntt_srch_lnk_1?qid=1516187975&sr=1-1

Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

RESEARCH ON THE VIBRATION OF MINI TILLER

/
4 —_
AL HIIRSIBEIE
Ph.D. Eng. Liang X.C. ®, Prof. Ph.D. Chen J., Ms. Stud. Eng. Wang Z.
Southwest University, College of Engineering and Technology, Chongging Key Laboratory

of Agricultural Equipment for Hilly and Mountainous Regions / P. R. China
Tel: 86-023-68251265; E-mail: dylb1978@swu.edu.cn

Keywords: mini tiller, vibration, hilly and mountainous regions, experiment, analysis

ABSTRACT

The mini tiller is a type of agricultural equipment used for hilly and mountainous regions. The intense
vibration it produces causes harm to the manipulator’'s body. Hence, it is imperative to analyse reported
studies on the mini tiller, especially addressing the limitations of this machine. The mini tiller, brand 1z-105,
was selected to be used as a prototype in several experiments using three different conditions. The data
was analyzed in the time and frequency domains and the effects on the human body were explored. Finally,
suggestion was made regarding the handling comfort of the mini tiller if it is articulated.
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INTRODUCTION

China is a country with complex land formation. The statistics indicate that over 60% of the area is
comprised of hilly and mountainous regions, and more than 40% of agricultural acreage is located in this
terrain. It is difficult to implement modernization and mechanization for agriculture in hilly regions, resulting
in the limitation of using large agricultural equipment. The mini tiller is driven by a gasoline or diesel internal
combustion engine of 2~7.5 kW, weighs 50~150 kg, and has a tiling depth of 10~16 cm. Due to the
advantages, such as being multifunctional, small in size and light weight, it is popular.

Although such characteristics are advantageous in hilly or mountainous terrain, the mini tiller has
significant disadvantages, including severe vibration which cannot be endured. Studies suggest that the
intense vibration can cause moving disorders, damage to various body organs including the ear, spine and
gastrointestinal disorders, and neurological disease (Ahmadian H., et al., 2012; Li, et al., 2016). Another
disadvantage is operator fatigue caused by the operator walking behind the machine during tilling for 15~20
km (Mehta C. R., et al., 1997). In Italy, 13% of injuries from all accidents are related to the use of power
tillers (Fabbri A., et al., 2017). With increasing urbanization, the older generation will be the operators of
such equipment, and severe injuries, even death, are reported frequently. The handling comfort of mini
tillers needs to be improved.

The biggest shortcoming of the mini tiller is the production of strong vibrations by the engine, rotary
blade and uneven soil tilling. In addition, it is hard to find elastic components in the mini tiller resulting in the
vibration amplitude to be difficult to buffer. During the tilling process, tires are replaced by the rotary blade,
and almost all modules are assembled on a rigid rack. The harsh operating environment and the design
faults, which are a result of lowering the cost, make the performance unacceptable for operators. Vibration
is a complicated movement for the human body to react to, and some factors including vibration magnitude,
frequency, duration time, input position, etc., are especially significant to the effects. It appears that some
environmental elements, including light, heat and noise, are also relative to the effects of vibration (British
Standards 6481, 1987, ISO 2631/1, 1985). There are multiple studies reported in the literature on the
effects of vibration. The disease White Hand syndrome can be caused by vibration, and the mechanism of
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the iliness has been reported (Ragni L., et al., 1999). In order to determine optimal properties of the mini
tiller, the vibrational mechanism of the tiller is analyzed and some measures for reducing vibration have
been introduced (Yang J., et al., 2005). The Finite Element Method (FEM) is an effective low cost method
used to achieve an optimized structure of agriculture machinery (Xu F., et al., 2008). The steering system
must also be flexible in agricultural equipment (Nafchi A. M., et al., 2011). The majority of the vibration is
from the engine and the vibration effect of different fuels must be considered (Heidary B., et al., 2013).
Studies on the transmission of vibrations from the blade to the body are not easy to analyse. Therefore, it is
crucial to establish a vibration model and reduce the vibration experienced by the operator (Fabbri A., et al.,
2017). Parts of the vibration is generated during the tilling process and the geometry of blade and the scoop
angle characteristics of a handheld tiller's rotary blade has been explored (Zhang Y. H., et al., 2016).
Vibrational testing and a response analysis of the power tiller are essential (Xu H. B., et al., 2016).

The structure of mini tillers requires the structural optimization of the handlebars using vibration
modal analysis (Niu P., et al., 2017). In reference [15], pre-stress means are used to analyse the vibration
of the mini tiller, and the consistency between theoretical outcome and test data has been achieved (Wang
Z., etal., 2018).

Improving the handling comfort of the mini tiller is filled with challenges, due to several factors
contributing to the performance, such as rotation speed of the engine, the geometry of rotary blade, the soil
type, the depth and width of tilling (Vaghela, et al., 2013, Fajardo A. L., et al., 2014, Matin M.A,, et al.,
2015). High value-added agriculture needs more advanced equipment with low pollution and satisfactory
performance, especially in facility agriculture such as in the greenhouse. Therefore, tests for this study were
finished in the two soils of the greenhouse.

MATERIALS AND METHODS

Compared to field experiments, the theoretical analysis of the mini tiller is easy and cost effective to
conduct. However, not all the characteristics can be described precisely. For example, the soil model is
hard to build, and some details of soil structure must be omitted to simplify the model.

The experimental location was situated at 29.81° N latitude and 106.42 ° E longitude, and field tests
were completed on April 5, 2017. The mini tiller had worked for two years and its technique condition was
good. The air temperature in the greenhouse was 21.5°C and the soil texture was a sandy loam. The
parameters of mini tiller are listed in Table 1.

Table 1
Specification of the mini tiller

Mini tiller item Parameter
Engine type Four stroke direct injection
Related power 4.41 kW
Related rotation speed 3600 min/r
Cylinder number 1
Tilling depth 10-12 cm
Tilling width 75 cm
Transmission 2 forward and 1 reverse
Cooling system Air cooling
Blade Machete

The experimental scenario of mini tiller is recorded in Figure 1. The three-dimensional acceleration
sensor was 356A16, which was produced by the PCB Company in the US. The frequency scope was 0.3~6
kHz , and measured range was -50~50 g . In addition, the sensitivity of the instrumentinx— , y— and z—
coordinate directions was 98.2, 101.0 and 98.5mv/g , respectively. The acquisition card was NI 9234,
which was made in NI Company in the US, the input voltage was -5~5 V and the rate of digital signal was

51.2 kHz . The vibration was transmitted from the rotary blade and engine to the body through the
handlebar of the mini tiller, so the acceleration sensor was attached to the end of bar using the 502 glue.
The coordinate directions of sensor and the whole measuring system are shown in Figure 1.
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An experiment was undertaken in a greenhouse, as described below. Firstly, the acceleration sensor
was situated outside of the handlebar, and uses a data cable to link the sensor, the acquisition card and
USB port of the laptop. Secondly, vibration signals from the mini tiller with no load were collected using
LabVIEW program when the tiller was operated. Thirdly, vibration signals were gathered while the tiller was
running with a full load. During the process, the throttle was fixed in the open position and the gear ratio
was unchanged. The experiments were repeated on two different grounds. Soil 1, had a moisture content of
13.5%, and average firmness of 0.41-0.63. The corresponding parameters in soil 2 were 9.4% and 0.58-
0.75, respectively. The principle of vibration signal disposing is described in Figure 2.
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Fig. 2 - The principle of vibration signal disposing

RESULTS

Results under different conditions are recorded and shown in Figure 3. The mini tiller working without
a load and the acceleration signal is shown in Figure 3a.

The mini tiller working under full load on soil that was less firm in texture is shown in Figure 3b.

In Figure 3c the experiment is repeated on a firmer textured soil.

The outcomes are expressed in a narrower frequency band in Figure 3d.

-
=
=

e
m
£ 200
=
2
o
& 0
[E)
g
< .200
0 002z 004 006 008 01 012 014 016 0.18
Time t/s
N‘\
o
“
E
E
=
3}
& \
@ H
0 200 400 600 800 1000 1200 1400
Frequency fiHz
a)

02

1600

400
Nm X
£ 200 -
<
S
m
H 0
[T}
3
< -200
o 002 0.04 0068 0.08 01 012 014 016 0.8 02
Time t/s
o 15
&
4
E
c1or
=
o
55l
g !
€ g i LA ) 5 L P 0N i} HEL ,
o 200 400 600 800 1000 1200 1400 1600
Frequency flHz

Fig. 3 - Acceleration signal of the mini tiller under different conditions
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Fig. 3 - Acceleration signal of the mini tiller under different conditions

From Figure 3, it appears that the acceleration signal in the time domain occurs periodically. The
primary reason for this could be the configuration of rotary blade which is symmetrical, reflected as the
periodicity of curves. The variation in the curves could be attributed to the random firmness and moisture
content of the soil. Furthermore, the variable power output of the engine is also reflected in the curves.
While in the frequency domain, it is noted that the frequency spectrum is very distinct at the same frequency
band. It is hard to find the same peak and trough in Figure 3, and individual signals do not represent
characteristic vibrations during tilling. The application of statistics could be useful in describing the vibration
process. The root mean square (RMS) value of weighted acceleration is used to analyse the vibration signal
in the frequency domain, which can represent the vibrational energy, using the following equation:

A = (Zn: afj/n 1)

Where: &, is the measured acceleration amplitude, [ms];

n - the number of acquisitions;
a,,, -the vibration acceleration RMS value, [ms=].
Accordingly, the results can be seen in Figure 4.
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Fig. 4 - Vibration acceleration value in coordinate directions

In Figure 4, the acceleration at the end of the handlebar in the coordinate directions is different,
which may be caused by the different stresses in each coordinate direction. The soil surface is uneven
which result in the amount of tilling being varied, and the distribution of soil firmness is random. Therefore,
the acceleration amplitude in each coordinate direction is unique. In no tilling mode acceleration in the X-—
coordinate direction it was 43% greater than that in the Z— axis direction, while it was similar to the
acceleration in the Y —axis direction. Compared with tilling 1 and tilling 2 modes, the acceleration in X —

coordinate direction was 9% and 15% greater, respectively. Correspondingly, the acceleration in y—

coordinate direction was 6% and 51% greater, and acceleration in Z — coordinate direction it was -22% and
10% greater, respectively. Overall, the acceleration in each axial direction was irregular, which was
generated by the random values of the different forces exerted.
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In the moving mode, the peak of vibration frequencies were 45 Hz, 216 Hz and 768 Hz, and the

corresponding amplitudes were 6.8 ms™, 10ms?and 5.6 s, respectively. However, the distribution and
amplitude of the frequency in tilling mode 1 were significantly different to the values in the moving mode.
The vibration frequency peak in coordinate directions under tilling mode 2 coincided at 35 Hz, which is
dissimilar to other modes. In contrast to the moving and tilling mode 1, the acceleration in the X—
coordinate direction was 168% and 65% greater, while in the Y —coordinate direction, the acceleration was

55% and 70% smaller, and in the zZ — coordinate direction it was 25% and 44% smaller. The human body is
complicated in its reaction to vibration, resulting in different frequencies not being equally disruptive.
Namely, different internal organs of the body can have different masses, damping and elasticity, so the
resonance frequency within each is unique. For example, 4~8 Hz in the vertical direction and 1~2 Hz in the
horizontal direction are more sensitive than other frequencies for most people. Hence, it is necessary to
give the distribution of the frequency peaks (Table 2) and the vibration frequency of the mini tiller should be
kept greater or smaller than the frequencies humans are sensitive to in order to ensure handling comfort.

Table 2
Human reactions to RMS weighted acceleration levels
x-axis direction y-axis direction z-axis direction
Test Vibration Amplitude Vibration Amplitude Vibration Amplitude
frequency frequency frequency

[Hz] [ms?] [Hz] [ms?] [Hz] [ms~]
Moving 45 6.8 216 10 768 5.6
Tilling 1 527 11 397 15 20 7.5
Tilling 2 35 18.2 35 4.5 35 4.2

From the analysis above, it was noted that vibration frequency is diverse under different tilling
conditions. Therefore, enhancing the handling comfort of the mini tiller is difficult. It is convenient to use the

total acceleration value &,,, in any coordinate axis, because human reaction is a result of the whole

vibration input in three coordinate directions. The equation 2 is used for calculating the total weighted
acceleration value.

a,, = \/1.4af +1.4a) +a; )
Where:

a, is the acceleration RMS value in x —coordinate axes, [ms];

a, -the acceleration RMS value in y—coordinate axes, [ms™];

a, -the acceleration RMS value in z—coordinate axes, [ms];

a,, -the total weighted acceleration value, [ms=].

Using equation (2), the responding values were calculated as 51.8 ms™, 52.78 ms™ and 38.41ms™,
respectively. It is accepted that the acceleration level can be used to evaluate the riding comfort of vehicles
(Table 3). Comparing the tilling process results it is shown that the handling comfort of the mini tiller is
unacceptable, and possibly the reason why operators of the mini tiller are frequently injured.

Table 3
Human reactions to RMS weighted acceleration levels

Weighted RMS acceleration Description of human reactions

[ms?] /
<0.315 Not uncomfortable

0.315-0.630 A little uncomfortable
0.5-1.0 Fairly uncomfortable
0.8-1.6 Uncomfortable

1.25-2.50 Very uncomfortable
>2 Extremely uncomfortable
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Compared with studies reported in the literature (Vaghela, et al., 2013, Bahareh H., et al., 2013, Li,
et al., 2016), the RMS of test accelerations in this study were much greater. The distinction between
different internal combustion engines was not obvious, so the most probable cause lies in the process of
tilling itself, the key to enhance the handling comfort of the mini tiller. The stresses on the rotary blade of the
mini tiller are shown in Figure 5.

0 » X

Fig. 5 - The stress analysis of rotary blade during tilling

The mechanism of the equilibrium of the blade can be described by equation 3 as :

G+ N,cosd—N,cosd+F,sind=0 3)
{Fl— F,cosé—F, —N,;siné+N,sind=0
Where:
Gis the gravity of blade, [ms?];
6 - the angle between the line 0o and the line Om, [];
N, -the clod pressure above the blade, [N];

N, -the clod pressure below the blade, [N];

F, -the force of blade roller, [N];

F, -the acceleration resistance, [N];

F, -the frictional force between the blade and soil, [N].

Furthermore, several forces can be described in more specific forms, which is convenient for
calculating results. For example, F2=5m2—\t/, and F,= u(N, —N,)+uAS , where dm signifies acceleration

mass, ¢ shows friction coefficient between the blade and soil texture, S expresses the area of adhesive

water envelop, and A represents the absorbing load caused by water film. The parameters in equation (3)
can be measured and the results recorded under different conditions. Using equation (3), it can be
concluded that different tilling depth results in different clod pressures on each coordinate direction, and the
mechanical equilibrium also changes. A couple of dynamic parameters, including power output of the
engine, firmness of the soil texture, different tilling depths, and different acceleration forces, cause a
continuous couple and act on the rack of the mini tiller, creating vibration. If the changes of parameters are
large, intense vibration can be produced.

From Figure 5, the rotary blade cuts the soil into a small slice or clod and throws it to the shield in
each bite. If the firmness of soil is greater, then a smaller load may be finished in each bite, assuming the
power output of the engine is unchanged. Significant variation from the composite force of the blade is
generated due to the change of soil firmness and rotating fluctuation of the engine. The situation is
aggravated by the single cylinder of the engine which has a lopsided reciprocating and rotary torque. The
significant differences in experimental outcomes are due to the firmness of soil, and the relation between
the firmness and acceleration is shown in Figure 4.
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There is a paradox in Figure 4. The firmness in the first soil texture is smaller than that in the second
soil texture, while the acceleration of the handlebar is smaller in the two soils. In addition, the acceleration
at the end of the handlebar in the moving mode is greater than that of the acceleration in the tilling mode.
These results agree with that reported by Li, et al.,, 2016. During the process of tilling, more vibrational
energy is absorbed by the soil than that transmitted to the handlebar. If the tilling depth is increased, the
acceleration is reduced. It is not economical to decrease the acceleration by enlarging the tilling depth, as
this will cause higher fuel consumption by the engine and disperse more soil. Whether heightening the
tilling depth is feasible should be considered in another study.

CONCLUSIONS
The tilling process is complicated under changing conditions, with further studies, including
theoretical analysis and field experiments, needed to understand it.

e The vibration frequency for the mini tiller is wide, and it is hard to keep the frequency within a
range to result in satisfactory handling comfort under different terrain and working conditions. It is feasible
to design an active system which matches diverse terrains.

e  Test results show that the manipulator’s body is hurt by the evident vibration during the mini tiller
working. In the hilly and mountainous regions, how to transform vibration energy which is produced by the
rotary blade and the single cylinder engine into other energy form is more urgent.

e  The physical design of the mini tiller should be improved greatly. It is unreasonable to use a rigid
structure for the mini tiller. In addition, some elastic components should be included into the assembly of
the mini tiller to buffer the vibrational energy.
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ABSTRACT

The construction of a new pneumatic and mechanical seeding device for precision seeding of tilled
crops with peripheral location of cells on a seed disk and a passive device for removing unnecessary seeds
in a centrifugal method is suggested. It is assumed that the seeding device works even without the creation
of vacuum. The parameters of the seeding device have been determined analytically. It was proved that the
proposed design of the pneumatic and mechanical seeding device provides qualitative dosage of seeds
without creating vacuum in the system, but with a limited angular velocity of 11.25 rad/s.

To remove extra seeds in the pneumatic and mechanical seeding device we used pockets in the
casing of the seeding device above the filling section in which, under the influence of inertia forces, excess
seeds get in and are directed back to the filling section. In order not to remove the main seed along with the
extra seed when the rotation velocity of the seed disc approaches the velocity of the seeding device,
additional force should be applied that would keep the main seed in the cell, that is, the force of suction.

PE3IOME

83arnpornoHo8aHO KOHCMPYKUit0 HOB020 NMHE8MOMEXaHiHHO20 8UCI8HO20 arnapama Orisi MOYHO20 8ucigy
HaciHHS1 npocarnHux Kynbmyp 3 rnepugbepiliHuM po3maulysaHHsIM KOMIPDOK Ha 8UCIBHOMY QUCKY ma nacugsHum
npucmpoem 0Ons gudarneHHs 3alieo20 HaciHHS eiduyeHmposumMm criocobom. [puldHamo npunyuweHHs, wWo
eucieHUU anapam npayroe Hagimb 6e3 cmeopeHHs1 8aKyyMy. AHanimu4yHUM WIISXOM 8U3HaYeHo napamempu
gucieHoz0 anapama. [JogedeHo, w0 3arnpornoHog8aHa KOHCMPYKUisi MHe8MOMEeXaHiHHO20 8UCIBHO20 anapamy
0o3gorisie sIKicHO 003yeamu HaciHHA 6e3 cmeopeHHs1 eakyyMmy & cucmemi, ane rnpu obmexeHil Kymosil
weudkocmi y 11,25 pad/c.

HAns eudaneHHs1 3alie020 HACiHHSI 8 MHEBMOMEXaHiYHHOMY 6uCieHOMY arnapami 3anpornoHO8aHO
B8UKOPUCMaHHS MOPOXHUHU 8 KOrlyCi 8UCIBHO20 anapama Had 30HOH 3aro08HEHHS, 8 sIKy ni0 Oiero cur iHepyii
rompanissie 3alge HaciHHS ma cripsmMosytombcsi Ha3zad 00 30HU 3ari08HeHHS. [nis He sudarieHHs1 pa3om i3
3ali80K HaCiHUHOK OCHOBHOI HaCiHUHU rpu HabruxeHHi Kornoeoi weudkocmi obepmaHHs 8UCiBHO20 OuckKa
00 weudKkocmi pyxy rocigeHo20 agpesamy, HeobxiOHO sukopucmamu Oodamkogy cusy, ska ympumarna 6
OCHOBHY HaciHUHY 8 KoMipuji, mobmo cury rnpucMoKmyeaHHs.

INTRODUCTION

The formation of a single-seed stream is the main task for seeding devices of tilled crops. The
effectiveness of their operation is assessed by the quality of seed flow formation. The quality is higher if the
number of misfed seeds and "twin" seeds is lower. Both misfed and "twin" seeds negatively affect the yield of
crops. In the first case the number of plants decreases and in the second case the problem is their mass,
due to the ineffective distribution of feeding areas of the root system and the competition of the above-
ground part for obtaining sunlight.

Many scientists (Boyko A. I., 2003; Sysolin P.V., 2004; Amosov V.V., 2007; Sydorchuk O., 2014;
Voytyuk, D. G., 2005), studied the problem of the formation of single-seed flow. As a result, the designs of
high-performance pneumatic-mechanical seeding devices were created. They exceed technological
parameters of the best reliable mechanical devices. However, the quality of the operation of pneumatic and
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mechanical seeding devices considerably depends on providing the specified value of rarefaction in the
vacuum system for each crop and maintaining its stability.

In real conditions, with the intervention of unmanaged random factors, this is a rather complicated
problem which is confirmed by differences in the results of laboratory and field studies.

Therefore, the main task is to create the design of a pneumatic and mechanical seeding device which
operates with the least impact of the pressure changes in the system.

Having analyzed the design features of seeding devices for tilled crops precision seeding (Boyko A. I.,
2003; Sysolin P.V., 2004; Mursec B., 2007; Amosov V.V., 2007; Sysolin P.V., 2001), a perspective direction
of its improvement was determined.

The design of a unique pneumatic and mechanical device (Petrenko M. M., 2011; Petrenko M. M.,
2013) (Fig. 1) was developed at the Department of Agricultural Engineering of Central Ukrainian National
Technical University. The seed disk 1 has cells 2 which are formed by sectoral cut-outs of the disk and
blades 3. Externally, the cells are covered by the device casing 5.

Fig. 1 - The model of the pneumatic and mechanical seeding device
1 — seed disk; 2 — cell; 3 — blade; 4 — driving shaft; 5 — casing; 6 — seeding outlet;
7 — inactive appliance for removing extra seeds; 8 — vacuum chamber; 9 — seeds.

The process of the seeding device operation is as follows. When the disk is rotating, the blades catch
a seed and automatically place it in a cell. The vacuum created in the system keeps the seed from
transverse tangential and radial displacement. In addition, the blades prevent the trapped particles to fall out
in the tangential direction, and the casing prevents falling out in the radial direction. In this way, the particles
move to the pocket 7 where the excess "twin" seeds are removed.

The suggested device has a significant advantage over the classical ones, since it ensures the forced
seizure of the seeds with blades and the constructive elements to be kept in cells. Let us consider the
operation of the device in the worst conditions with the absence of vacuum.

The analysis of the suggested design of the seeding device (Petrenko M. M., 2011; Petrenko M. M.,
2013; Vasylkovska K.V., 2016) allows us asserting that seeds can be caught, removed and dropped even
without the use of vacuum in the vacuum chamber.

MATERIALS AND METHODS
The objective of the research is to identify the performance of the suggested pneumatic and
mechanical seeding device in the conditions of an unstable vacuum in the system, in particular, when it is
absent.
Research tasks:
- creation of the physical model of the experimental pneumatic and mechanical seeding device;
- mathematization of the physical model if there is no vacuum;
- obtaining the correspondence which characterizes the performance of the seeding device if there is
no vacuum;
- the analysis of the correspondence and development of scientific and methodological
recommendations (Vasylkovska K. V., 2014).
Theoretical studies were carried out using the elements of theoretical mechanics, differential and
integral calculus and mathematical modelling. The research results were processed by the "MathCAD 14"
program.
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RESULTS

Let us consider the operation of the suggested pneumatic and mechanical seeding device if there is
no vacuum.

At the first stage a seed is caught by a blade (Fig. 2). In this case, it is possible to catch several "twin"
seeds in the YOZ plane (Fig. 2b). The tangential movement of the caught seeds with the absence of vacuum
is possible due to the corresponding ratio of centrifugal force to the gravity of the grain:

I
K=—2>1 1
G> 1)

where K is the property of kinematic mode;

| is the centrifugal force;
G is the gravity force.

Fig. 2 - Catching a seed by the blade:
a — in the XOY plane; b —in the YOZ plane

Removing the captured "twin" seeds occurs in the pocket of the seeding device casing (Fig. 3).

@

Fig. 3 - Removal of the “twin” seeds in the pocket of the seeding device casing

To prevent the removal of the main seed, the velocity of its radial displacement and the angle of
pocket opening & (Fig. 4) must be such as to follow the assumption:

d
L<— 2
<3 )

where d is the diameter of the seed.
Let us consider the process of moving the main seed on the blade in the moving coordinate system
7 —N in general case with an installed blade at the angle ¢ to the normal (Fig. 4).

The seed is influenced by the gravity force G , the centrifugal force | and the friction force Fmp. We

shall not take into account other forces as they are not important.
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Fig. 4 - Physical model of the seed movement on the blade in the pocket

The differential equation of the seed moving on the blade in the pocket is the following:
m-S"'=-f -(-m-®”-r-sing+m-g-sinB )-m-g-cosf+m-w

where G is the gravity force, G=m- g, [N];

2. r.cosa (3)

| is the centrifugal force, 1 =m-?-r, [N];
F,, is the friction force, Fop=T-N=f (-m-&®-r-sina+m-g-sing ), [N];
N is the normal response force, [N];

f is the coefficient of the seed friction on the casing material;

m is the mass of the seed, [kq];

P the angle of the blade adjustment vertically, 5 = g_¢+ Qg+t

@ is the angle of the pocket placement;
Qg is the angle which defines the position of the blade beginning.
To shorten the mass m, we shall have:
S"=(f @? r-sing—f -g-sing )-g ~cosﬁ+a)2 -r-cosa (4)
From Fig. 4 we have: r-sina =1, -Sinag = const
Therefore: r-cosa =S+ -CoSa

where S is the movement along the axis 7 during the period of turning of the disk at the angle ¢ .
We have the equation of second order with the fixed factor relatively to the required function S = S(t):

S"—@?S=-f -g-Sin(%—qp+a0+a)t)-g-cos(%—¢)+ao+a)t)+c (5)

C=f w1y sinag+w? ry-cosag -

After generation we have:

frsinay+rcose; v2-g T, J2-f-g . T

§=| T, cos(ag -9 — = )+ ——2sin(ag —p-=) |-e” +
[ 2 4.602 (0(0 o 4) 4.a)2 ((ZO o )
fpsingg+rcosey 2-9 . T, N2-f-g T\| ot

+ + sin(eg—p-=)-————cos(ag—p—=) |- - (6

[ 2 4'(02 (0(0 @ 4) 4'0)2 (0(0 o 4) (6)

—f1y-singg — 1y - cosey ——gzsin(ao —(/)+a)t)+f—'gzcos(a0 —p+ot)
2-0 2-0
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I :
S=20le2 —e 2 | -(cosay+f-sinag)+
2

or: @)
V2.g |(cosay + f-sinay)-e™ +(siney — f -cosay )-e™ -

+
4-0° —J2-(sin(wt+a —¢p)-cos(awt +a—p))
w
Q=0 —¢P— n '
The movement of a seed in the radial direction L is in the range of:

O<L=S-cosa0<% (8)

To fulfil the assumption (8), the seed should move in radial direction for the period of time needed for
the disk to return to angle £ . That determines the size of the pocket of the inactive appliance for removing
excess seeds:

t== ©)

where ¢ is the angle which determines the size of the inactive appliance, [rad];
w is the angular velocity of the seed disk, [rad/s].
Thus, we get:

0] [0) 2

—t t

r - :
EO e2 —e 2 | -(cosag+ f-singg)+
L= -coS @ . (10)

J2.g |(cosoy+ f-siney )-e™ +(sinay — f-cosey )-6 -
4- 0 —\/E-(Sin(a)t+a—¢))—cos(wt+a—g0))

We shall form the correspondence of the seed movement on the blade relatively to the disk rotation
angle at different angular velocities for the radially installed blade (Fig. 5) (Amosov V.V., 2007; Babak V. P.,
2004).

As can we can see on the graph of the dependence of the particle movement on the spade from the
disk rotation angle (Fig. 5), to ensure the ascent of the excess seed, the centrifugal force must exceed the
seed force of gravity, namely, the angular velocity must exceed the limiting value of 11.25 rad/s. With a
smaller value of the angular velocity the particle will move on the shoulder blade backwards which will result
in its falling to the pick-up chamber.

[xw7 m

467 |
333
200 |
067

000
-067 |

<% 01 02 03
a ' ' ‘ &, rad
Fig. 5 - Correlation of seed movement on the blade to disk rotation angle
at the angular velocity - @ [rad/s]
1-30rad/s, 2 — 25 rad/s, 3 — 20 rad/s, 4 — 15 rad/s; 5 — 11.25 rad/s; 6 — 10 rad/s
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However, when the rotation speed of the seed disk is approaching the seed drill speed, the main seed
along with the extra seed can be removed from the cell. For the guarantee that the main seed does not fall

out, it is necessary to use additional force that would keep it in the cell, which is the force of suction P .

CONCLUSIONS

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.

Consequently, the proposed construction of a new pneumo-mechanical seeding machine with
peripheral arrangement of cells and inertial removal of excess seed allows the sowing of seeds of different
cultivars. Thus, the design of the seeding device can operate without the use of vacuum but with a limited
angular velocity of 11.25 rad/s.

The blade, which is behind the cell, allows you to reliably grab the seeds and hold it during movement
to the reset zone. In order that the main seed does not fall out together with the extra seed when the rotation
speed is approaching the seeding device speed, it is necessary to use additional force to keep the main
seed in the cell, that is, the force of suction.
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ABSTRACT

Under production conditions it was carried out a test with a drill CPH 2000 for direct seeding. It was
evaluated the quality of the drill work and the economical evaluation was done. Obtained results showed that
the average value of the practical depth of seeding was of 50.0+2.85 mm and, of practical rate of seed
sowing was of 94.0+0.5 seed/m. Economical evaluation of the drill use indicates reduction in fuel and
lubricants consumption per hectare of about 20.0 %, in comparison with traditional technology. These results
show that this type of drill can be recommended for wide use in agricultural farms.

RESUME

L’essai d’'un semoir CPH 2000 pour semis direct a été effectué dans les conditions de production. La
qualité du travail du semoir a été évaluée et I'évaluation économique a été faite. Les résultats obtenus ont
montré que la valeur moyenne de la profondeur pratique de I'ensemencement était de 50,0+2,85 mm et que
le rendement pratique de semis était de 94,0+0,5 grains/m. L'évaluation économique de l'utilisation du
semoir indique une réduction par hectare de la consommation en carburant et en lubrifiant d'environ 20,0%
par rapport a la technologie traditionnelle. Ces résultats montrent que ce type de semoir peut étre
recommandé pour une large utilisation dans les fermes agricoles.

INTRODUCTION

World experience of agriculture proved that deep annual tillage of the soil does not only bring benefits,
but also causes irreparable harm, strengthening erosion processes (Sysolin et al, 2008; Kosolap et al, 2010;
Kuksa, 2008). When the human influence on the soil became much more tangible, intensified, agriculture
faced the problem of rapid soils degradation and a sharp decrease in their fertility (Lihochvor, 2006; Novatski
et al, 2007).

Over the past hundred years, black earth soils have lost more than half of their potential fertility
(humus, nutrient reserves, structure and other properties) (Panichev, 2007; Skuryatin et al, 2008). These
phenomena are caused by large plowing of lands, widespread use of plowing, high intensity of tillage and
insignificant return of organic matter to soil. This problem can be solved with the help of the latest soil-
protective energy, resource- and moisture-saving technologies (Anderson 1997, Carr et al, 2007, Endres et
al, 2007).

The cost of agricultural products depends on the choice of technological operations and technical
means for their implementation (Warouma, et al, 2010).

According to traditional (classical) technology, a huge amount of resources are spent on tillage: fuel
and lubricants, fleet of machinery, working time, fertilizers, as a result, water and wind erosions increased,
the content of organic matter in the soil decreased and, on the whole, environmental condition got worse
(Markovskaya et al, 200; Medvedev 2003; Medvedev et al, 2004; Makurina et al, 2014).

The traditional technology of growing crops based on the use of plowing and which is a significant
consumer of energy resources (which largely affects the cost price of products) has already exhausted itself
due to the continuous degradation of soils and huge energy intensity. It has been established that 50% of
energy and 25% of labour costs of field mechanized works’ total volume account for such a soil treatment
system (Marchenko et al, 2009; Sysolin P.V., 2001).

Analysis of experimental research results and theoretical developments of the last decade determines
two possible ways for the further development of intensive agricultural technologies. The defining feature of
both is the desire to reduce spending and cost of production. This can be achieved through the creation of a
resource-saving technology, or the introduction of direct seeding technology based on chemicalization and
sowing on the minimum prepared field surface.
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Recently, in order to save fuel and labour costs, it is recommended to use combined till-plant
aggregates more widely (Gaidenko et al, 2014; Oleg, 2012; Salo et al, 2010).

The creation of combined till-plant machines is caused by high demands on the quality of pre-sowing
tilage and the need to reduce the time gap between tillage and seed sowing. Today, the market offers a
large number of combined machines with different types of tools (Kravchuk et al, 2004, Gaidenko, 2013).

Analyzing the economic indicators of various technologies of soil cultivation and sowing, we can
conclude that the transition to energy-saving technologies will provide economy of fuel from 13 to 87%
compared to the traditional ones. Significant in this case is also a reduction in labour costs (lvanishin et al,
2006). Direct seeding improves significantly soil lift and saves about 50% of the passage (Chervet et al,
2007). Specialized equipment is essential for successful direct seeding. But, for marketing purposes, dealers
and manufacturers of agricultural machinery give sometimes fake information on the technical and
operational performance of their products (Warouma et al, 2010). That's why it's important to test the
performance of these machines.

Therefore, in the conditions of each farm, specialists must clearly determine which technology and
with which set of agricultural machines the maximum profit will be achieved with minimal financial and energy
costs. The aim of this work was to reduce the production cost of plant growing by rational acquisition and
efficient use of agricultural park from modern agricultural machines for agrarian formations.

MATERIALS AND METHODS

The test was carried out in 2016 at the State Enterprise "Experimental farm "Elitne" at the Kirovograd
state agricultural experimental station of the National Academy of Agrarian Sciences of Ukraine.

The equipment used in traditional plowing is composed of units: tractor T-150 and cultivator 2KPS-4;
tractor MTZ-80/82 and seeder CZ-3, 6; tractor MTZ-80/82 and rollers 3KKSH.

The mechanical seed drill CPH 2000 of direct seeding with an operating width of 6.0 m was
aggregated with the tractor Case Puma 195 (Fig. 1).

Fig. 1 - Mechanical seed drill CPH 2000 for direct seeding (No-Till) aggregated with a tractor Case Pumal95

The mechanical seed drill CP 2000 for direct seeding consists of:

- batteries of disc knives with 34 pieces, staggered at a distance of 17.78 cm from each other, which
contributes to self-cleaning from plant residues. The pressure of the knives on the soil is 203 kg, which is
sufﬁment to ensure cuttlng of plant re5|dues 50|I and formation of furrow up to 15.24 cm in depth (Fig.2,a);

b)
Fig. 2 - The components of the mechanical seed drill CPH 2000 for direct seeding
with the tractor Case Puma 195: battery of disc knives (a), mechanical seed drill (b)
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- mechanical seed drill with 34 double-disc openers, which have an operating stroke of 27.94 cm and
provide a seeding depth up to 8.9 cm, in the range of opener pressure on the soil from 45.36 to 63.05 kg.
The bunker consists of 2 compartments for seeds and fertilizers; the capacity is respectively 1691.5 and 540
litres. The length and height of the seed drill are 6.0 and 2.49 m, respectively, with a mass of 4715 kg (Fig. 2,
b).

For the unit, the working speed, as provided by the manufacturer, was 10 + 0.5 km/h.

When carrying out production tests, the unit performed a technological operation — sowing of cereals
(winter wheat) with the simultaneous application of granulated mineral fertilizers and packing the crops on
the field after pre-sowing cultivation.

The established rate of seed sowing was 200 kg/ha, fertilizers — 61 kg/ha. The established depth of
seeding was — 50 £ 0.5 mm.

Determination of moisture and hardness of the soil was carried out in accordance with GOST 20915-
75 "Agricultural machinery. Methods for determining the conditions of tests", respectively, humidity was done
by thermo-mass method and hardness — with a hardness tester. During the operation of the unit, a rectilinear
mode of movement was selected with loop pear-shaped turns in a circle (Fig. 3).

b =900 m

780 m

a=

Fig. 3 - Scheme of the accounting area and movement of the unit

During the work it was done a periodical control of the operation’s main parameters of the unit under
investigation (engine speed, the slip of driving wheels; the working speed of the aggregate, the value of the
engine load index), the values of which were fixed from the control panel of the tractor.

The operational and technological evaluation of machine-tractor aggregates was carried out in
accordance with GOST 24055-88, while determining (Gritsishin et al, 1992):

- productivity per hour of operational time (Won), ha/h:

Won =W / (T1 + T2) (1)

where W is the volume of a performed work, ha;
T1 — the time for which the machine performs the main work (sowing), hour;
T» — the time for which the machine performs additional work (turn, loading of seeds, etc.), hour.
- productivity per hour of shift time of work (Wem), ha/h:

Wcm:W/(T1+T2+T3+T41+T5+T6+T7) (2)

where T3 — time for machine maintenance, preparation for work, hour;
Ta1 - time for elimination of technological malfunctions, hour;
Ts - time for rest, hour;
Ts - time for free movement, hour;
T7 - time for testing the machine, hour.
- productivity per hour of operating time (Wex), ha/h:

Wek =W/ (T1+Ta+Ts+Tar+Ts+ Te+ Tz + Ta2) (3

where T4, — the time to eliminate technical problems, hour.

33



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

The investigated coefficients were determined by such formulas (Listopad et al, 1986):

- use of driving time:

Ka=T1/(T1+T2) (4)
- technological services:

Ki=T1/ (T1+T3) (5)
- reliability of the technological process:

Ko=T1/ (T1+ Ta) (6)
- reliability of the technical process:

Ks=T1/(T1+ Ta2) @

The evaluation of the quality of the drill's work was done in accordance with OST 70.5-1.82 for the
following indicators: the correspondence of actual seeding depth to the specified depth; the deviation of the
actual rate of seed sowing from the preset one; straightness of longitudinal rows.

The depth of seed sowing was determined by their direct arrangement in a row on the day of sowing.
For this purpose, three survey sites with a length of 1 m and a width of two passes of the planter were
planned. The distance between the counting sites along the aggregate course was 10 m. The number of
measurements was 100.

To determine the practical rate of seed sowing, the sowing machines poured a certain number of
seeds with the expectation that it would be enough for several passes of the drill. The rest of the seeds were
selected and weighed. By the difference in the weight of the seeds that was covered, and the residues, the
amount of seeds actually sown was determined.

The straightness of the longitudinal rows was determined in three rows 25 m long, disposed
diagonally. On each of the repetitions of the experiment, the distance from the centre line of the row to the
centre of the plants was measured. The centre line was found by placing the cord in the centre of the rows.

To compare the two technologies, the indicators such as costs of time, costs of fuel, labor and
lubricants were determined.

RESULTS

e Results

The location of the test had the following characteristics: precursor — annual grasses; number of
standing plant residues from 0.3 to 0.5 pcs/m?; average diameter of plant residues from 3 to 5 mm; the
average length of standing plant remains is 0.18-0.12 m; weight of plant residues up to 10 g/m?; the relief of
the field surface is a plateau levelled, the slope is up to 1°.

The moisture content in the layer from 0 to 5 cm was 8.6%, from 5 to 10 cm — 12.73%. The average
moisture content of the sowing soil was 10.66%.

The soil hardness value in the layer from 0 to 5 cm was 2.45 kg/cm?, in the layer from 5 to 10 cm —
2.73 kg/cm?2. The average value of the hardness of the soil seed layer was 2.59 kg/cm?2.

During the operating movement of the unit, the parameters studied had the following numerical values:
engine speed 2043 + 35 rpm, the slip of driving wheels— 4.86 + 1%; the operating speed of the unit was 8.64
+ 0.55 km/h (Table 1). Since the tractor, which was part of the seeding unit, passed the running-in period, the
value of the engine load index was in the range from 75 to 80%.

Table 1
Values of the studied parameters during the operating movement of the unit
Repetition
Average
Ne Parameter
aramete 1 2 3 4 5 6 7 value

Engine rotational frequency. 560 | 2070 | 2000 | 2040 | 2060 | 2050 | 2020 | 2043+35

rpm
2 |Slip of driving wheels,% 4 5 5 6 5 4 5 4.86+1
3 |Operating speed of thel g/ 8.5 95 8.1 8.5 9 84 | 8.64+055

machine, km/h

When the drill was working on the processed soil, due to the growth of the rolling resistance
coefficient, it was self-deepening.
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The results of the duration cycles of unit work are shown in Table 2.

Table 2
Duration of cycles
Ne of a Duration of cycle Repetition Average.v.alue on
Ne position (min) with: | Il Ml repetitions
(min)
1 1-2 Operating stroke 6 6 5 5.40
2 2-3 Turn 2 1 2 1.40
3 3-4 Operating stroke 5 6 6 5.40
4 4-5 Turn 2 2 2 2.0
5 5-6 Operating stroke 6 6 5 5.40
6 6-7 Turn 2 2 2 2.0
7 7-8 Operating stroke 5 6 5 5.20
8 8-9 Turn 1 2 2 1.40
9 9-10 Operating stroke 6 5 5 5.20

Thus, the average operating time of the unit was 5 minutes 32 seconds, of a turn — 1 minute 50
seconds, of the operating cycle — 7 min. 22 seconds. The structure of the operation cycles of the unit during
the studied period is shown in Fig. 4.

6.6% 11.9%
42.6%
0.5%
2.9%
17.3%
18.1%

B Main work @Turn O Loading of seed
@ Drill setting @ Technical malfunctions O Rest

@ Free movement

Fig. 4 - Structure of operation cycles of the unit during the period under study

When the indicators of the unit performance were calculated, it was found that within the range of
changes in the duration of the operating stroke from 5 min up to 6 min, the value of work productivity varied
from 4.6 to 5.5 ha/h. It was established that with an average value of the unit operating stroke duration of 5
min 32 s, the work productivity value per hour of the main time was 4.69 hectares.

The productivity of operative time per hour was 2.56 hectares, variable time — 2.01 hectares,
operational — 1.99 hectares.

The investigated coefficients had the following values: use of the movement time 0.7; technological
maintenance 0.94; reliability of the technological process 0.99; reliability of the technical process 1; the
specific fuel consumption was 7.6 I/ha. According to the results of the researches, the seeding depth value
ranged from 47.6 to 53.3 mm. The average seeding depth value was 50 + 2.85 mm (Table 3).
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Table 3
Results of seeding depth measurements
. Average value on repetitions Average value of an
Indicator .
I I Il experiment, mm
Depth of seeding, mm 53.3 47.6 49.2 50.0+2.85

According to the results of the researches, the value of actual seed sowing ranged from 93.4 to 94.4
pcs/m. The average value of the actual seed sowing was 94.0 + 0.5 pcs/m. The deviation of the actual seed
sowing from the preset rate ranged from 1.9 to 2.9%. The average value of seed sowing deviation was 2.3 +
0.5% (Table 4).

Table 4
Results of determination of seed sowing practical rate
Average value on repetitions Average value of an

Indicator .
| I 1] experiment, pcs/m
Seed sowing practical rate, 94.2 94.4 93.4 94.0£0.5
pcs/m
Deviation from the preset rate, % 2.1 -1.9 -2.9 -2.3+0,5

According to the results of the researches, the value of the longitudinal rows straightness fluctuated
within £ 5 mm.
The obtained results make it possible to determine the economic efficiency of using this aggregate
(Table 5).
Table 5
Economic efficiency of use of a mechanical seed drill CPH 2000 of direct seeding
Comparison of technologies
Indicators Direct Sowing Technology
(No-Till)
Winter wheat

Traditional

Tractor T-150 +
cultivator 2KPS-4;
Composition of the aggregates that are | The Case Puma 195 tractor | Tractor MTZ-80/82 +

involved + seed drill CPH 2000 seeder CZ-3,6;
Tractor MTZ-80/82 +
rollers 3KKSH

Costs of time, man-hour/ha 0.99 0.76
With traditional technology,% 30.3 100
The costs of fuel and lubricants, I/ha 7.6 9.5
With traditional technology, % -20.0 100
Labour, fuel and lubricants costs UAH*/ha 167.2 209.0
With traditional technology, % -20.0 100

* UAH- Ukrainian Currency: 1USD = 26 UAH

Economic evaluation of the use of this drill indicates a reduction in the cost of fuel and lubricants and
total costs per a hectare by 20.0%, in comparison with the traditional technology.

e Discussions

According to the obtained results, the actual operating speed of the unit (8.64 + 0.55 km/h) was less
than the working speed set by the manufacturer (10 £ 0.5 km/h), this is due to the operation of the unit on the
field after preliminary processing of soil, the hardness of which in the upper layers was 2.45 kg/cm?Z.

According to the results of the researches, the seeding depth ranged from 47.6 to 53.3 mm. The
average seeding depth was 50.0 + 2.85 mm, which corresponds to a technologically specified value.

Also, the value of seed sowing practical rate ranged from 93.4 to 94.4 pcs/m. The average value of
actual seed sowing was 94.0 + 0.5 pcs/m, which corresponds to 198.3 kg/ha. The established rate of seed
sowing on the seed drill was 203 kg/ha, which corresponds to 96.23 pcs/m. The deviation of the practical
seed sowing from a given norm ranged from 1.9 to 2.9%. The average value of the seed sowing deviation
was 2.3%, which does not exceed the allowable values of agrotechnical requirements (3.0%).
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The value of straightness of longitudinal rows fluctuated within + 5 mm, which does not exceed the
allowable values of agrotechnical requirements £ 10 mm.

When the drill was working on the processed soil, due to the growth of the rolling resistance
coefficient, it was self-deepening, which convinces the efficiency of the drill's work on unprocessed soils.

The costs of fuels and lubricants were 9.5 litres per hectare with traditional technology, and 7.6 litres
per hectare with direct seeding technology (untreated soils). These figures are not confirmed with the found
figures (Salo, 2010) when using the scarifier-drill KRU-4, where the costs of fuel and lubricants were 11.0
I’/ha and using the till-plant complex for sowing cereals, where these costs were 9.9 I/ha (Gaidenko, 2014).

Economic evaluation of the use of this drill indicates a reduction in the costs of fuel and lubricants and
total costs per hectare by 20.0%, in comparison with the traditional technology. These figures are consistent
with the results (Vanishina, 2006), where they were in the range of 13 to 80%, but do not confirm the results
(Warouma et al, 2010), where they are between 8.1 and 10.0% in two different fields (Gaidenko, 2013) and
where in the implementation of major agrotechnical operations, the reduction of costs were 11.5% compared
with the traditional technology.

CONCLUSIONS

The use of direct seeding technology is one of the ways to reduce costs for technological operations.
In comparison with conventional tillage, the direct seeding system is characterized by the decrease in fuel
consumption, in work time, in labor, in agricultural tools passages number and in tools used number.

The costs of fuels and lubricants for direct sowing and traditional technology have the order of 7.6 I/ha
and 9.5 I/ha, respectively; labour costs, fuel and lubricants for direct sowing and traditional technology have
the order of 167.2 UAH/ha and 209.0 UAH/ha, respectively.

The use of a mechanical seed drill for direct seeding of the CPH 2000 series, when assembling with
the Case Puma 195 tractor, carrying out the technological operation — surface tillage with simultaneous
sowing of winter wheat, local application of granular mineral fertilizers in a row and packing of crops, satisfies
agrotechnical requirements and according to preliminary conclusions, can be recommended for widespread
use in agricultural enterprises.

These results would allow developing a complex of high-productive soil-cultivating and sowing
machines, and can be also used in developing typical rates of production and consumption of fuel for this
unit.

It would be necessary to continue this research in the future by doing a production performance
analysis to make much more complete comparison of the two technologies.
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ABSTRACT

The value of the grain seeds is in the ability to germinate and ensure high yields. The main
technological process for preserving the properties of seeds is drying. The proper carrying out and providing
of rational modes of drying is a necessary condition to preserve the high ability to germinate. For the object
of drying we have taken wheat seeds to determine the rational regimes. The research of the drying process
kinetics is carried out on a convective drying stand in the following modes: coolant temperature in the drying
chamber t = 50-80°C, velocity V = 0.5-1.5 m/s. The highest intensity of drying occurs from an increase in the
temperature of the coolant from 50 to 80°C in 3 times, but the main indicator is wheat maximum permissible
temperature, which, at the coolant temperature of 50°C, is 48.6°C.

The biochemical indicators of wheat seeds were determined in the laboratory of the Institute of
Technical Thermophysics according to the method on the 7th day of germination. The results of the
researches showed that the best results of wheat germination were at 50°C at the level of 96%. Coolant
temperature of 80°C has the most negative influence on wheat germination as the seeds lose their
properties.

The analysis of the three-factors of influence, such as temperature and speed of coolant, as well as
wheat initial humidity, on seed drying time and germination is done.

The obtained regression equations and obtained response surfaces of seed drying time and
germination enable us to evaluate the process in terms of drying parameters’ influence.

PE3IOME

LliHHicmb HaciHHS 3epHo8UX Kynbmyp fonseae y 30amHocmi rpopouwlyeaHHsi ma 3abe3rnedyeHHs
sucokozo epoxar. OCHOBHUM MexHOMo2iYHUM rpouecom Onsi 36epexeHHs eracmueocmell HaciHHSI €
cywiHHs. lpasurnbHe nposedeHHs | 3abe3neqyeHHs1 payioHanbHUX PexXumMie CywiHHs € HeObXiOHO yMO80H
36epexeHHs1 sucokoi 30amHocmi 00 npopocmaHHs. [ns usHa4yeHHs1 pauioHasibHUX pexumie 3a 06’ekm
CYWIHHA HaMu 835iMmO HaciHHS nweHuyi. [ocnidxeHHs KiHemuKu rpouecy CywiHHS poeedeHi Ha
KOHBEKMUBHOMY CYLIUIIbHOMY CmeHOi 3@ maKux pexxumie; memrepamypa mernsioHOCIs 8 CywusbHil kamepi t
= 50-80°C, wseudkicmb pyxy V = 0,5-1,6 m/c. Halbinbwa iHMeHcusHicmb CywiHHs 8i0bysaembcs 8i0
36inbweHHss memnepamypu mernsioHocis 8id 50 0o 80°C e 3 pa3u, asie 0OCHOBHUM OKa3HUKOM € 2paHUYHO-
donycmuma memrepamypa nueHuuj, wo npu memnepamypi menmnoHocis 50°C cknadae 48,6°C.

GioximiyHi noKasHUKU HacCiHHS MweHUyi eu3Hadanucb 6 nabopamopii IHecmumymy mexHiYHOI
mennogisuku 3a Memolukorw Ha 7 OeHb rnpopoulysaHHsl. Pe3ynbmamu dQocnidxeHb mnokasanu, wo
Halikpawi pesynbmamu rpopowysaHHs nweHuyi npu 50°C Ha pieHi 96%. Halbinbw HezamueHo erniugae
Ha cxoxicmb nweHuyi memnepamypa mennoHociss 80°C i HaciHHs empaydae ¢80l HaciHHESI 8nacmugocmi.

lMposedeHull aHania mpughakmopHO20 8ri/1u8y rnapaMmempie CywiHHs — memrnepamypu ma weudkocmi
PYyXy mMernsioHOCisl, a MakoX rno4Yamkogol 80si020cmi NWeEeHUUi Ha mpueasnicmb CYWIHHS ma CXOoXicmb
HaciHHs. OmpumaHi peepeciliHi piBHSHHS ma OompuMaHi Mo8epxHi 8id2yKy mpusasniocmi CywiHH ma
CXO0XXOCMI HaciHHS, 0armb MOXIIUGICMb OYiHUMU rpouec 8i0 erusy napamempie CywiHHsI.

INTRODUCTION

The problem of drying wheat seeds has been raised by various authors and it requires the choice of
the most rational drying regime. Different approaches and different technological equipment may not always
accurately reflect the choice of the desired drying regime. The elevated temperatures of the coolant during
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wheat seeds drying are given in works (Kovalenko O.A., Kosovska N.V., 2012; Savchenko S.V., 2009)
associated with the conditions of passing the grain through the drying chamber of the shaft dryer, where
additionally the following drying factors are added: the velocity of the coolant and grain, the height of the
grain layer, the hydraulic resistance of the layer, constructive features and other conditions. Under laboratory
conditions, when drying in the elementary layer (Matkivska l.Ja., Atamanyuk V. M., Symak D., 2014), drying
modes can be characterized more adequately and reliably, but there is a problem with the transfer of
research results to industrial installations. The main criterion for evaluating seed grain quality is wheat
heating temperature, which is determined by seed germination ability.

To determine wheat seeds germination, the author has proposed to dry the wheat seeds from 80 to
120°C and step modes with an increase in temperature of 80/100 and 80/120°C (Podpryatov G.l.,
Nasikovsky V.A., 2005). There is no indication of the effect of these drying conditions on wheat seed
properties, only the storage modes are mentioned. In particular, it is indicated that wheat seeds should be
stored during the first month with a moisture content of 18.0-18.5%, thus increasing the ability to germinate.

Similar modes of drying are represented in the research work of Kovalenko O.A. for drying wheat at
80 - 120°C and stepwise drying mode at 80/100 and 80/120°C. The presented studies show that at the
temperature of 80°C the germination is 89-94,5%, while in stepwise mode it is 63-81%, which cannot be
recommended for seed grain at all (Kovalenko O.A., Kosovska N.V., 2012).

In the work of Savchenko S.V. the drying of wheat seeds was carried out in a gravitational-moving
layer at the temperature of the heat carrier 70 - 85°C, and at the same time the temperature of heating the
grain was 50 - 62°C (Savchenko S.V., 2009). The greatest germination of wheat seeds at the temperature of
70°C is 90%, and at an increase of temperature it is 85 - 83%.

In the research work of Matkivska V., the conditions of wheat seeds drying from 40 to 80 °C were
analyzed. The germination at a drying temperature of 40, 50, 60, 80°C, respectively, is 99, 98, 90, 30%. In
this case, it is recommended to use the temperature of 60°C, although it would be desirable to choose a
temperature of 50°C according to the results of the experiment (Matkivska I.Ja., Atamanyuk V. M., Symak
D., 2014).

MATERIALS AND METHODS

The high cost of seed grain and energy has set the task for us: to pick up such drying regimes, that
can provide the high quality of seeds, while minimizing the specific heat consumption of the process.

Describing the processes of grain drying, they can be conditionally divided into soft and rigid drying
regimes. The first one is characterized by a relatively low temperature and drying agent speed. In a soft
mode, the processes of heating and drying the grain pass with a relatively low speed. The rigid mode is
characterized by increased temperature and speed of the drying agent. From the economic point of view, it is
desirable to dry the grain in rigid mode with a decrease in the drying time. However, in rigid mode due to
intense heating and dehydration there is deterioration in its quality: cracking of seeds, change in colour,
partial or complete destruction of the embryo, deformation of tissues.

The application of high temperatures at the beginning of wet grain drying process leads to a rapid
dehydration of its surface, which makes the shells less permeable to moisture (the phenomenon of thermal
"quenching" of the grain). Under these conditions, a water vapour forms in the surface layer, the output of
which becomes complicated. It is therefore recommended to dry the seeds at relatively soft temperature
regimes. In soft mode, drying does not have a complete guarantee of preservation of seed grain properties,
so during prolonged low temperature drying (depending on the environmental parameters) the formation of
mould on the surface is possible, and as a result, the damage of the seed material.

The main parameters that determine the choice of the drying mode and the achievement of high
quality indicators of dried seeds are the temperature of the drying agent, the grain heating maximum
temperature, the seeds initial humidity and the duration of their drying. The initial moisture content of grain
wo greatly affects the intensity of the drying process and determines the choice of the maximum allowable
temperatures for heating the grain and the maximum temperatures of the drying agent.

The maximum permissible temperature for the grain intended for seed is determined based on the
conditions of energy storage of its germination capacity. With the increase in humidity and the duration of
grain presence in the heated state, the maximum allowable temperature of it is reduced.

The works of S.D. Ptitsina, M. Hutchson, V.l. Zhidko, O.N. Katkova, V.A. Rezchikov, N.N. Nevsky,
V.L. Prokofiev, K.S. Esbolganov are dedicated to the determination of the maximum allowable temperature
of heating the grain (table 1).
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Finding the maximum-permissible temperature of seed grain in the proposed formulas of S.D.
Ptitsina and M. Hutchison depends on the initial humidity and the time of heating the grain t.

V.l. Zhidko determined the maximum allowable temperature of the grain heating by introducing the
coefficients and values of the heating time t, n, k and the grain moisture content w.

O.N. Katkova, V.A. Rezchikov on the basis of processing the experimental data proposed the
empirical formula, depending on the mass air velocity Vp, which characterizes the state of the layer (on
which the drying time depends), the humidity w and the initial temperature of the coolant t.

N.N. Nevskaya and V.L. Prokofiev, based on the mass spectrometric radiation of wheat drying
features, proposed the dependence of the maximum permissible grain temperature on the humidity w and
the drying time t.

K.S. Esbolganov, under the conditions of recirculation drying, proposed to use grain mass
concentration in the heating chamber u, the temperature of the coolant t and the value of the moisture
content wc to calculate the maximum permissible temperature of heating wheat seeds.

Table 1
The equation for determining the maximum permissible temperatures for heating the seeds

Ne Researcher Equation Ne Eq. Source
= 2350 +20-10lg,
1 S.D. Ptitsin 0,37(100 — @,) + @ (Melnik B.E., Malin N.I., 1980)

where: wyp - initial humidity of grain,%;
T - time of grain heating, min.

(Shchitsov S.V., Tikhonchuk

6p=122,0 - 5,41lg7 - 441 Igwy, P.V., Krivuta Z.F., Kolzov A.V.
2 M. Hutchinson where: wyp - initial humidity of grain,%; ) 2016;
T - time of grain heating, min. Shchitov S.V., Krivueca Z.F.,
2012)
Op=to—n - wo +K, ?3)

where: to, n are the constant coefficients obtained
experimentally for grain with normal gluten
to = 88, n =-2,15;
k — coefficient depending on the duration of drying 7 and
3 V.1. Zhidko moisture content of the grain:

k =0,0307 — 7_7902
0,023’

where: w, - current moisture content of grain,%;
T - time of grain heating, min.

(Zhidko V.I., Atanazevich V.I.,
1982)

Q)

0,13
0,, —1800 V2

/ 0.4 . -
V.A. Rezchikov, wt (Rezchikov V.A., Dubinicheva

e (5)
R.P. Dubinicheva where: Vp - mass velocity of air, kg/m?; R.P., 1988)

w - grain moisture content,%;
t - coolant temperature, °C

900+ 273w + &°
N.N. Nevsky 0p=————-10lgz,
V.L. Prokofiev @ (6) (Tits Z.L., 1967)
- where: w - grain moisture content,%;

T - time of grain heating, min.

It is most appropriate to determine the drying regime according to the biological properties of the grain.
Acceptable values of temperatures at different time values of impact on the grains, which does not affect the
processes of life in it, depend on the moisture content of the grain — the higher the humidity, the lower the
permissible values of temperatures.

An irreversible decrease of wet grain lifetime begins at 55°C (coagulation of protein in the germ and
aleuronic layer), and of dry grain at 65°C. During drying it is necessary to reduce the final temperature of
heating of seeds by 10-12C, which will allow to preserve the seed properties of the material (fig. 1). (The
results of the investigation of physical processes during the drying of grain, 2018).
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Fig. 1 - Change grain permissible temperature during drying
for different humidity of seed grain

It is necessary to apply a milder drying regime for seed grain. According to M.G. Golik, a complete
loss of wheat seeds germination occurs when heated to 60°C, at initial moisture content of 20% and higher.
The germination of unprocessed seeds at a humidity of 20% was 97%, when heated to 45, 50 and 55°C, the
germination was 87, 82 and 47% respectively. The intensity of moisture removal, which should not exceed
5%, was indicated in the work. (Golik M.G., Delidovich V.N., Miller B.E., 1972).

In the work of Savchenko, the studies on the germination of wheat seeds differ significantly from the
data presented by M.G. Golik. Experimental studies are carried out at the temperature of 75, 85°C,
respectively, heating the grain up to 50.56°C with a germinating capacity of 90 and 85% respectively
(Savchenko S.V., 2009).

The temperature change of the grain and the reduction of the material mass were determined using
special devices and the developed program in an automatic mode on a convective drying stand. In order to
assess the quality of the wheat seeds, the standard methods of research were provided by SS 4138 - 2002
and SS 2240 - 1993 (State Standard 4138 - 2002, 2003; State Standard 2240 - 1993, 1994).

The research program involves removing the wheat drying kinetics by recording the changes in the

mass of the material, temperatures of the coolant and in the middle of the material (fig. 2).
6 9 7 9

a / \ S g7

\ / /

= \n%}\u/ eS|

‘ ~
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Fig. 2 - Scheme of the experimental stand:
1 - drying chamber; 2 - heater; 3 - fan; 4 - temperature controller; 5 - control panel; 6 - thermometers; 7 - pipe fittings;
8 - psychrometer; 9 - special gratings; 10 - a bar of scales; 11 — scales
RESULTS
An example of removing the kinetics of the wheat seed drying process at a coolant temperature of

50°C and a flow velocity of a coolant of 0.5 r_n/s is shown in fig. 3 _
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Fig. 3 - Removal of kinetics of wheat drying at the coolant temperature of 50°C
and the speed of 0.5 m/s
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The main direction of the intensification of wheat seeds drying process is coolant temperature; the
higher the temperature, the drying rate increases (fig. 4).

H‘umidity, %

Humidity, %

H, m

(b)

Humidity, %

2 i 1

H,m

()

Fig. 4 - Curves of wheat seed drying depending on the coolant temperature,
at initial humidity of material 16 (a), 20 (b), 24 (c), 1.5 m/s

1-50°C; 2-65°C; 3-80°C

The increase of the coolant temperature accelerates the drying process, so at a temperature of 80°C
compared with 50°C, the wheat drying is faster by almost 3 times. The initial moisture content of the material
increases the drying time, so the duration at a moisture content of 24% to the final moisture of 13% is 57
minutes, and a decrease of moisture up to 20% reduces the duration of the process by 16 minutes.

On the presented temperature curves of wheat seeds heating it can be seen that the material is most
rapidly heated for 6 - 8 minutes, and then there is a gradual heating to the final temperature (fig. 5). So the
final temperature is: at 50°C - 48,6°C; 65°C — 62,26°C; 80°C - 74,62°C.
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Fig. 5 - Temperature of wheat seeds heating during drying period
at initial humidity of material 16 (a), 20 (b), 24 (c), 1.5 m/s

1-50°C; 2-65°C; 3-80°C

Wheat seeds drying rate, depending on the coolant temperature, is shown in fig. 6. When wheat seeds
are dried, there is a period of warming up of the material and a period of falling drying rate. In the period of
warming, the material is heated and a partial evaporation of the moisture from the surface layers takes place.

Fig

Drying speed, % m

Humidity, %

. 6. Curves of wheat drying rate at an initial humidity of 24% and

coolant speed 1.5 m/s from temperature
1-50°C; 2 - 65°C; 3 - 80°C
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The maximum drying speed at a temperature of 80°C is 0.95%/min., the decrease to 65°C reduces the
speed up to 0,67%/min, and when reduced to 50°C, it is 0,41%/min.
The curves of wheat seed drying from the effect of the heat transfer velocity showed that with an
increase in the velocity of the coolant from 0.5 to 1.5 m/s, the increase in the drying rate is 7.3%. Drying
occurs to the final moisture content of wheat 13%, which corresponds to the equilibrium moisture content of

the material (fig. 7).

Fig. 8 shows the curves of the drying speed at different coolant flow velocities, so at coolant velocity of
1.5 m/s the maximum drying speed at 18.6% humidity corresponds to 0.3%/min. At coolant flow velocity of
0.5 m/s, the drying rate is reduced up to 0.25%/min, namely by 20%.

/

Humidity, %

H,m

Fig. 7 - Curves of wheat seed drying at coolant flow
velocity and a temperature of 50°C

1-05m/s; 2 -

1,0m/s;3-1,5m/s

Drying speed, %/m

/£

1

Humidity, %

Fig. 8 - Curves of drying rate of wheat seeds from the
coolant flow velocity at the temperature of 50°C

1-05m/s;2-1,0m/s;3-1,5m/s

The rational drying regime was determined by the biochemical properties of wheat seeds, depending
on the temperature, the initial humidity and the coolant flow velocity (table 2).

Table 2
The influence of drying parameters on wheat germinating capacity on the 7-th day of germination
Temperature of the Initial moisture content . TR
drying agent, °C of grain,% Drying agent speed, m/s Seed germination,%
Output - - 99
50 16 15 96
50 20 0.5 96
50 24 1.5 96
65 16 1.5 94
65 20 0.5 93
65 24 15 90
80 16 15 1
80 20 0.5 9
80 24 1.5 0

From the data given in tab. 2, we can draw a conclusion about the significant influence of these
parameters in the area of high temperatures. Rational drying mode is the temperature of 50°C, where the
influence of the initial moisture and the speed of the drying agent are not significant.

The graphs of the drying parameters’ influence on wheat germinating capacity on the seventh day of
germination are shown in figure 9.
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Fig. 9 — The effect of drying parameters on wheat germinating capacity on the 7-th day of germination
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We can assess visually the influence of the coolant temperature on the presented fig. 10.

—

Output 50 65

Fig. 10 — The influence of coolant temperature on the germinating capacity of wheat seeds on the 7-th day of
germination at the initial moisture content of 20% and the speed of 0.5 m/s

For a mathematical description of the wheat drying process in an elementary layer, we take a three-
factor experiment in accordance with an orthogonal compositional plan of the second order.

The total number of points in the plan is determined by:

N = 2"+ 2n + No; Q)
where: N1 = 2" - number of points of the factor space, determined by the core of the plan. For a three-factor
experimentn =3, thatisN1 =28=8

N2 = 2n = 6 - the number of stellar points;

No = 1 is the number of central (zero) points of the plan.

So, holding a three-factor experiment on three levels requires the conducting of 27 experiments.

That’'s why it is necessary to establish the optimal amount of experiments required. This task can be
solved using modern methods of planning an experiment, in particular mathematical, the basis of which is
the creation of a mathematical model in the form of a regression equation.

In orthogonal central planning, the criterion for optimality of the experiment plan is the orthogonality of
the planning matrix columns. Because of the planning orthogonality, all the coefficients of the regression
equation are determined independently of each other. The core of the composite plan is the plan for a
complete factor experiment CFE 2",

Experiment planning included the following steps:

— compilation of the coding table of factors and levels of variation;

— drawing up a plan - matrix;

— conducting the experiments according to the plan-matrix

— compilation of the regression equation and definition of the coefficients of the equation;

— analysis of the mathematical model in the form of a regression equation.

In the first stage we will compile a table of factors and levels based on the results of the research on
a convective drying stand (table 3):

Table 3
Factors and levels of variation, that influence the wheat seed drying process
Factors
Indexes Heat carrier Material
Temperature Speed Initial humidity
t, °C V, m/s Wo, %
Top (+1) 80 15 24
Average (0) 65 1.0 20
Lower (-1) 50 0.5 16
Variable interval 15 0.45 4
Code mark X1 X2 X3

According to the plan, the research was conducted using three levels for each factor - upper (+1), zero
(0) and lower (-1), the code values of which were determined by the formula:

t-t, t-65, V-V, V-10, W-w, w-20
= =—, Xzz—z—’ X3= = , (2)
& 15 & 0,5 & 4
where: to, Vo, Wo — the value of the factors at the main level, respectively, the temperature and velocity of the
coolant, the initial humidity and the height of the canola layer;
&1, &2, &3 — the interval of factors variation.
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The mathematical models of the process were constructed in the form of regression equations:

M

y=ao+a1xl+azxz+a3X3+311X12+a22X22+a33X§+ (3)

Fa, X X, + 83X X3 + 853X, X;.
The coefficients of regression can be determined by the following formulas:

N N
aozﬁiyk—qiaﬁ; a :blzN:xikyk; a;; =b3kZ; (Xi/kz_q)yk; a;; :bZkZl:Xikaky’ (4)
k=1 i=1 k=1 = =]
where: q - the value that provides the orthogonality of compositional plans:
q:%(2"+2R2):%(23+2-1,2152):0,73, (5)

bo, b1, b2, bs — elements of the plan matrix bo = 0.0667; b1 = 0.0913; b2 = 0.125; bz = 0.298.
The estimation of the errors’ variance when calculating the estimates of the coefficients of the
guadratic regression equation is calculated by the formulas:

b \ b b
2 _Mog2 2 2. . .
So=pSyta 2 Sa s =%s§, Si=tSji Shi=-s], ©)
where:
S?, - estimation of the reproduction dispersion:
1 N
2 2
SZ==>"S;. @)
N i3

Recommended form of the plan matrix and the results of experiments on Podolianka variety wheat
seeds drying are presented in table 4.

Table 4
The plan matrix and the results of the experiments on Podolianka variety wheat seeds drying

Ne Experimental conditions T, (o}

B X1 X2 X3 X% X2, x23 X1X2 | X1X3 | X2 X3 X1 X2 x3 |min| %
1. -1 -1 -1 +1 +1 +1 +1 +1 +1 0.27 0.27 0.27 | 30 | 95
2. +1 -1 -1 +1 +1 +1 -1 -1 +1 0.27 0.27 0.27 8 9
3. -1 +1 -1 +1 +1 +1 -1 +1 -1 0.27 0.27 0.27 | 23 | 96
4, +1 +1 -1 +1 +1 +1 +1 -1 -1 0.27 0.27 0.27 6 1
5. -1 -1 +1 +1 +1 +1 +1 -1 -1 0.27 0.27 0.27 | 64 | 95
6. +1 -1 +1 +1 +1 +1 -1 +1 -1 0.27 0.27 0.27 | 24 0
7. -1 +1 +1 +1 +1 +1 -1 -1 +1 0.27 0.27 0.27 | 57 | 96
8. +1 +1 +1 +1 +1 +1 +1 +1 +1 0.27 0.27 0.27 | 20 0
9. |-1.215 0 0 +1.472 0 0 0 0 0 0.75 | -0.73 | -0.73 | 42 | 93
10. [+1.215 0 0 +1.472 0 0 0 0 0 0.75 | -0.73 | -0.73 | 14 | 10
11. 0 -1.215 0 0 +1.472 0 0 0 0 -0.73 | 0.75 | -0.73 | 28 | 96
12. 0 +1.215 0 0 +1.472 0 0 0 0 -0.73 | 0.75 | -0.73 | 22. | 94
13. 0 0 -1.215 0 0 +1.472 0 0 0 -0.73 | -0.73 | 0.75 | 17 | 94
14. 0 0 +1.215 0 0 +1.472 0 0 0 -0.73 | -0.73 | 0.75 | 31 | 90
15. 0 0 0 0 0 0 0 0 0 -0.73 | -0.73 | -0.73 | 25 | 93

After carrying out the experiments, the test of experiments’ reproduction using the Cohren’s criterion is
carried out:
SZ
Gmax = Nkmax ! (8)
2.5
k=1
where:
S? is the selective variance of the output quantity y in the k-line of the planning matrix, obtained from
"m" of parallel experiments.

1 m
Sy =m§(ym -y, ©)

If Gmax < Gyp, With the number of degrees of freedom vi = m - 1, v2 = N and the level of significance
a =1 -y, then the hypothesis of dispersion homogeneity is accepted.
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The hypothesis about the static significance of the estimates of the coefficients of the regression
equation a; is checked by means of t - the Stjudent’s criterion:

t =m (10)

ip S !

The verification of the mathematical model adequacy by the results of the experiment is carried out
according to Fisher's criterion in the form of the ratio:

ai

SZ
F = Zinad (11)
2 1
P Sy
where: S?n,q - estimation of inadequacy variance.
1 & — n
See :mé(yj =Y (12)

where: N - number of points of the orthogonal CCP;
r - number of significant parameters of the regression equation;

n

i the value of the response, calculated by the regression equation;

Y - the average for the series "m" of experiments is the value of a real object reference.
If the condition is fulfilled:

Fp < FKp1 (13)
then the mathematical model is considered adequate, that is, the scattering of the experimental values of the
response relative to the values of the regression equation of the same order as the scattering, caused by the
experimental errors.

The critical significance of the statistics is according to the corresponding tables for the given level of
significance a and the degree of freedom vi=N-randv2=N = (m - 1).

The results of a three-factor experiment on an orthogonal compositional plan of the second order are
presented in the form of quadratic regression equations:

- for the germinating capacity of wheat seeds:

C=160.4 —3.618t — 25.06V — 2.53W — 0.16t? — 28.72V? — 0.57W? — 0.21tV — 0.026tW +0.5VW; (14)
- for drying time:
7=204.72 — 0.54t — 13.65V + 7.78W + 0.01t*> + 4.8 V2 + 0.13tV — 0.08tW. (15)

Based on the regression equation of wheat seeds’ germinating capacity and duration, the response
surfaces are constructed (fig. 11).

C.%

Fig. 11 — Surface response of the germinating capacity and duration of "Podolianka" variety wheat seeds at the
action of the coolant temperature, °C
1-50;2-65; 3-80
CONCLUSIONS
Analyzing the carried out research on the germination of "Podolianka" variety wheat seeds after

drying, we can conclude:

e  The temperature regime of drying is the most rational at a temperature of 50°C, the germination being
16%.

a7
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e At this temperature, the speed of the drying agent in the range v = 0.5...1.5 m/s does not significantly
affect the germination.

e At this temperature, the initial moisture content of the grain in the range of 16-24% also does not
significantly affect the germination.

e At the temperature of the drying agent of 65°C, the germination limits to 93-94% may be at velocity of
the drying agent of 1.5 m/s and an initial moisture content of 20%, or at a velocity v = 0.5 m/s and an initial
moisture content of 16%.

e Atthe increase in temperature of drying agent to 80°C, the germination is practically small (9%), which
goes beyond agrotechnical requirements.
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ABSTRACT

Soil preparation based on ploughing is a conventional method commonly adopted for cereal cultivation
in silty-clay soil. Replacing this method with conservation tillage was the subject of this study based on the
evaluation of eight implements used in conventional and conservative tillage. By differently combining the
implements, we hypothesized eight methods and assessed the overall energy balance and quality of work for
each method. Basing on test results, we proposed an approach to the choice of proper tillage methods,
aiming at integrating the benefits of conventional and conservative tillage methods.

RIASSUNTO

La preparazione del terreno basata sull'aratura € un metodo convenzionale comunemente adottato
per la coltivazione di cereali in terreni limoso-argillosi. La sostituzione di questo metodo con le lavorazioni
conservative e stato l'oggetto di questo studio basato sulla valutazione di otto attrezzature usate nelle
lavorazioni convenzionali e conservative dei terreni. Combinando tali attrezzi, abbiamo ipotizzato otto metodi
e valutato il bilancio energetico e la qualita del lavoro per ciascun metodo. Sulla base dei risultati dei test,
abbiamo proposto un approccio alla scelta corretta dei metodi di lavorazione, con l'obiettivo di integrare i
vantaggi dei metodi di lavorazione tradizionali con quelli conservativi.

INTRODUCTION

The meanings of the definitions “conventional tillage” and “conservation tillage” imply that such
categories cannot be uniquely defined. In other words, each type of intervention on the soil should be
assigned to one category or the other depending on the specific type of soil and environmental conditions.
On the other hand, the soil tillage methods considered conventional for a given environment are dictated by
the experience gained over the centuries and, therefore, can be identified as the most suitable to preserve
the characteristics of the soil. From this point of view, there should be a virtual identification between
conventional and conservation techniques. Such identification is often interrupted within intensive farming
that progressively eliminated practices such as crop rotation and organic fertilization, maintaining traditional
(conventional) soil tillage methods and causing, during the years, the occurrence of several problems
involving both the aspects of energy requirements and soil fertility.

For instance, the most common conventional method adopted in silty-clay soils of Central Italy to
prepare the seedbed for winter cereals, is based on the chopping (rarely the burning) of the residues from
previous crop, on a medium depth ploughing (0.20 - 0.30 m aimed at burying the residues, and on the
harrowing of the upper layer, by means of a rotary harrow, a disk harrow or a combined seeder (a machine
with working tools operated by the tractor’'s P.T.O. (Power Take-Off) and a pneumatic seed drill).

Unwanted effects of such technique can be: excessive energy requirements (Fanigliulo et al., 2016)
and related costs (Fedrizzi et al., 2015), worsening of soil structure due to compaction, loss of nutrients in
deeper layers, mineralization of organic matter in upper layers, increasing soil erosion caused by wind and
runoff (De Laune and Sij, 2012). Such effects can be limited, in some cases, by adopting conservation
methods (Lal et al., 2007; Fanigliulo et al., 2017) that contribute to energy savings and to preserving soil
fertility through the reduction of number of passes and of working depth, by using one pass combined
machines characterized by wide working width (5-7 m) and working tools with geometry (Godwin, 2007).
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Combining these points with the maintenance of a surface coverage of at least 30% and with crop rotation
allows reducing soil erosion, surface disturbance and compaction, preserving natural fertility.

Among conservation methods, we can find interventions with different intensity in terms of working
depth. The main approaches are (ASABE Standard, 2005): reduced tillage, aimed at soil lifting and
shattering, reducing the compaction of both shallow and deep layers, without inversion (e.g. by means of
subsoilers or combined cultivators) leaving 15-30% residue cover on soil surface (Townsend et al., 2016);
minimum tillage, in which the level of soil manipulation is reduced to the least compatible with crop
production (e.g. with use of disk harrows); no tillage, that entails direct sowing into the previous crop stubble
with no prior tillage. The comparison among conservation methods was the subject of many studies,
especially focused on grain yield, greenhouse gas emissions and economic profitability, as few data were
provided on tillage quality parameters. Other studies regarded the measurements of fuel consumption, force
of traction and power required by tillage implements (Pochi et al., 2013) under various soil conditions.
McLaughlin et al. (2008) measured the force of traction and energy inputs of eight tillage implements in a
clay loam soil. The results showed that significant energy savings can be realized through the selection of
proper tillage methods and tractor-implement coupling.

CREA carried out tests with a series of implements, commonly used for tillage and sowing, collecting,
for each of them, the data of energy requirements and tillage quality. Combining the implements and relative
data, allowed to hypothesize four conventional (CONT) and four conservation (CT) methods and to assess
their relative energy balances and quality of work with the purpose of their comparison, assuming CONT1 as
a reference. Lastly, the data of measurements have been used to develop a proposal for an integrated tillage
system capable to adapt, time by time, to the actual needs dictated by the conditions of the soil.

MATERIALS AND METHODS

The tests were carried out in the farm of CREA in Monterotondo (Rome, ltaly; 42°5'51.26"N;
12°37'3.52"E; 24 m a.s.l.), on flat surface plots (< 1% slope) and on untilled soil classified as silty-clay (clay
543 g kg1, silt 434 g kg, sand 23 g kg?) according to the USDA sail classification system (USDA, 2014).
Before the tests, in ten random points for each plot, the following parameters were measured at a depth of
0.40 m (Table 1): water content, dry bulk density, penetration resistance (cone index) and soil biomass
coverage index (SCI). The first two parameters were determined on soil samples of 100 cm? extracted by
means of a manual soil coring tube (Eijkelkamp) and dried in oven at 105°C up to constant mass. Cone
index (c.i.) was determined according to the ASAE Standard S313.3 (ASABE Standards, 2004), by means of
a hand-operated Penetrologger (Eijkelkamp), measuring the force needed for the penetration in the untilled
soil. It provides a detailed vertical profile of soil strength compaction. Then, the SCI was determined by
analysing digital pictures of square sections of the ground surface with an area of 1 m2. A graphic editor
programme (Adobe Photoshop), was used to quantify the percentage of soil areas covered by residues.

Table 1
Average values of the physical-mechanical characteristics of the soil
M.U. | Four furrow | Rotary |Pneumatic|Combined|Combined . Disk Seed_drlll for
Implement type : . Subsoiler direct
plough harrow |seed drill | seeder [cultivator harrow .
seeding
\Water content % 19.4 18.8 22.7 17.3 16.7 22.5 19.5 15.0
Dry bulk density kg m3 1460 1490 1410 1260 1600 1400 1470 1200
IAverage cone index | MPa 1.90 - - - 2.10 1.70 2.25 -

The main technical data of the tested implements are reported in Table 2. The selected implements
are commonly used in soil tillage aimed at cereals cultivation. The tests with the seed drills were conducted
with filled hoppers (seeding rate: 190 kg ha'). All implements were operated by a 4WD tractor (Case IH MX
270) with a nominal power of 205 kW and total mass of 11,000 kg. The P.T.O. speed was 104.7 rad s
corresponding to an engine speed of 206.7 rad s1. All tests were performed with diesel fuel in compliance
with the EN 590 (EC Standard, 2013). It was always provided by the same supplier. Consequently, its quality
was assumed to be constant, with a Low Heating Value of 42.7 MJ kg-*.

The following parameters were measured: width and depth of tillage; speed, time and capacity of
work; P.T.O. torque, speed and resulting power; force of traction and resulting power; tractor’s slip and
corresponding power losses; fuel consumption and energy required per surface unit and per volume unit of
tilled soil.
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Table 2
Main technical data of the tested implements
Four furrow | Rotary |Pneumatic |Combined| Combined . Disk Seed.dnll
Implement type . . Subsoiler for direct
plough harrow | seed drill seeder cultivator harrow seeding
skim coulter, | vertical vertical straight notched sinale disk
. knife blades, | vertical hoe shanks, straight | and plain 9
Working tools blades, . openers,
ploughshare, | packer opener notched disks,| shanks | concave
hoe opener . depth band
mouldboard roller roller disks
5+10
Tools humber 2x4 40 40 24+24 (@ 610 mm) 7 18+18 33
Lateral tools 1150 245 125 245/125 | 920shanks |4, 230 180
spacing (mm) 480 disks
Total mass (kg) 2560 2910 1930 2680 1730 1670 3465 6380

Before field tests, the tractor's engine performances were verified at the dynamometric brake that
provided the updated characteristic curves of the engine. After field tests, the tractor was newly connected to
the dynamometric brake used to reproduce the working conditions: the engine speed was set on the same
values adopted at the start of each test. Then, the engine load was increased in such a way that the resulting
engine speed reductions were equal to the average speeds measured during the field test. This method
provided the average values of total torque and power required to the engine and the corresponding fuel
consumption (Pochi and Fanigliulo, 2010). Multiplying the total power (W;, kW) by the actual working time
(To, h hat), will provide the energy required per surface unit area:

Ena = 3.6 Wi To [MJ ha] (1)

Dividing Ena by the working depth (P, m), will give the energy per unit of volume of tilled soil (Evol),
expressed in:

E
Epol = —% [MJ 103 m?]

10-P @

Knowing the power required by tractor self-dislocation (Wsq, kW), it is possible to assess the power
losses for slip (Ws, kW), by means of the relation (3):

Ws =S (Wtr + Wp[o + Wsd) [kW]

where s is the tractor slip, Wy is the traction power and Wy is the P.T.O. power.

In addition to the aforementioned components or power, the total engine power also includes the
power dissipated in the transmission of motion to the wheels (Wys, kW) and to the power take-off. It was
assumed the transmission efficiency equal to 0.87.

As to the quality of tillage, the evaluation was based on the determination of: crop residues/biomass
burying degree (BBD), soil surface roughness index (SRI), roughness reduction degree (RRD), clod-breaking
index (CBI), cloddiness reduction degree (CRD) and seedbed quality index (SQI). They were measured in
ten random points in each test.

The BBD is calculated from the values of the SCI determined before and after the implement tillage by
means of the equation 4.

®3)

SClys— SCltg [%]
SClys

where SCls is the soil coverage index of untilled soil and SClis is the index of tilled soil.

The SRI and the working depth were determined immediately after the passage of the implement, by
means of a profile-meter. The sensor was a laser (Leica Geosystem Disto, Switzerland) moving on a
horizontal rail placed perpendicularly to the tilled strip. Running along the rail, every 10 mm the sensor
measures its distance from the ground, drawing the surface profile of the ground. A personal computer
collects and processes the data. The surface profile is detected in the same point before and after the
passage of each implement, obtaining the roughness indexes o1 and o (Standard deviations of the
detected heights series). In addition, were also calculated the average levels of surface before and after the
tillage, and of the bottom of the tilled layer (after manually removing all the ground).

The RRD resulting from the secondary tillage is calculated as follows:

RRD =100 "1(;;1"2 [%]

BBD = 100 4)

®)
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The cloddiness was measured digging a 0.5 m side square trench to the working depth. The soil
aggregates were removed from the trench avoiding any manipulation and left to dry for at least 20 min. Then
they were divided into six size classes by means of hand-operated standard sieves and weighed. An index
(la), ranging from O for the biggest class to 1 for the smallest class, was attributed to each class. The
cloddiness results as the percent of each size class mass referred to total mass of the sample. From the
cloddiness, the CBI (l) is calculated as follows:

i=

Milai
lo = X0 =" (%] (6)

where: M-l is the product of the index assigned to a clod size class and the mass (kg) of ground belonging
to the same class; M; is the total mass of the sample (kg).

Comparing the CBI values observed before (la1) and after (l.2) the secondary tillage, will provide the
CRD by means of the equation 7.

CRD = 100@ [%] )
a2

The quality of the seedbed is assessed basing on the cloddiness values observed after the passage of
the implements. It is described by the SQI, by means of the Eq. (8):
_ Mg<10
SQI = Mooz (8)
where: M, < 10 is the mass of the clods with diameter less or equal to 10 mm and Mg >10is the mass of the
clods with a diameter over 10 mm (kg).

An instrumental system was used in the tests. A digital encoder, mounted on a rear wheel of the
tractor measured wheel revolutions on a given distance, allowing calculation of travel speed under tractor
self-displacement, working conditions and slip. Two mono-axial load cells, with full-scale respectively of 98
kN (tests with plough, subsoiler and combined cultivator) and 49 kN (tests with rotary harrow, disk harrow,
seed drill and combined seeder), measuring the force of traction as follows. In traction tests, the load cell is
lodged in a drawbar properly designed to protect it from transversal stresses and connecting a traction
vehicle to the tractor-implement system. This is pulled, with gear in “neutral”, at the same working speed set
in the actual tillage with the same implement: this test executed with implement working will provide the
gross traction force. Repeating the test with implement raised will provide the force required by the self-
displacement of the tractor-implement system. The net fraction force will result as the difference between
said values. Two torque meters were alternatively applied at the tractor's P.T.O. (full scale 3 kNm and 500
Nm respectively) depending on the characteristics of tested implements. Torque meters measure the P.T.O.
torque and speed during the work, required for P.T.O. power calculation. The signals from the sensors were
recorded at a scan rate of 10 Hz and collected by an integrated data acquisition system on the tractor (field
unit). By means of a radio-modem, the data collected during the tests are transmitted to a support unit (a van
equipped as a mobile laboratory) where real time test monitoring and data processing are made.

Working speeds and depths were set considering soil physical-mechanical characteristics and tillage

possibility (according to water content). The plough was set in the in-furrow configuration. Three replications
were made for each tractor-implement coupling. The experiment was carried out following a randomized
distribution of the plots treated with each tillage method. The plots were 100 m long and 20 m wide.
Eight tillage methods (Table 3) were considered in this study, including: four conventional tillage (CONT), two
reduced tillage (RT), a minimum tillage one (MT) and a no-tillage one (NT). The parameters of field
performances were measured for each implement and referred to the surface unit area (hectare).
Consequently, the values of actual and operative working time, fuel consumption, energy requirement and
energy losses for slip for each tillage method, resulted as the sum of the values measured for each of the
implements used in it. As to the slip, for each implement, the average values of each replication were used to
calculate power and energy losses. Regarding the tillage quality indexes (SCI, BBD, SRI, CBI and SQI), for
each tillage method were considered the values observed after the intervention of the last implement. In the
case of no-tillage, the quality indexes were assumed to be identical to those resulting from disk harrowing on
untilled soil, given the similarity between the two operations.

The probability of statistically significant differences among tillage methods in terms of field
performance parameters and tillage quality indexes was assessed by one-way analysis of the variance
(ANOVA) and subsequent multiple pair-wise comparisons, performed by the Tukey’s HSD test.
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The significance of differences (a = 0.05) among treatments was determined after the Bonferroni correction.
The statistical procedure was executed by means of the software R (R Core Team, 2013).

A Principal Component Analysis (PCA) was conducted using the software PAST (Hammer et al., 2001), to
observe the ordering of treatments and to indirectly analyse which variable best contributes to differentiate
treatments. Before the PCA, all variables were standardized (i.e., normalized to mean 0 and variance 1) to
avoid problems caused by different units of measurement.

Table 3
Description of the eight tillage methods hypothesized
Type | Method Operations Implements
CONT1 main tillage + seedbed preparation in a single four-furro_w revers.ible plough + rotary harrow +
_ pass pneumatic seed drill
g CONT2 main tillage + seedbed preparation in a double | four-furrow reversible plough + offset disk harrow +
= pass pneumatic seed drill
g CONT3 main tillage + sowing with contemporary | four-furrow reversible plough + combined seeder
8 seedbed preparation
main tillage + sowing with contemporary | subsoiler + combined seeder
CONT4 .
seedbed preparation
S RT1 main tillage + seedbed preparation in a single | subsoiler + offset disk harrow + pneumatic seed
= pass drill
g RT2 combined tillage in a single pass combined cultivator + pneumatic seed drill
@ MT minimum tillage in two passes offset disk harrow + pneumatic seed drill
8 NT no-tillage and direct sowing on untilled soll pneumatic seed drill for direct seeding
RESULTS

Table 4 shows the average values of the parameter measured for each tractor-implement coupling.
The highest requirements of energy per surface unit (MJ hat) were observed for plough and rotary harrow,
implements using considerable power at rather low speed. The energy required per volume unit of moved
soil (MJ 10 m=3) was higher for the combined seeder and the rotary harrow (due to the higher power
required by the tractor P.T.O.).

Table 4
Average values of the parameters describing the technical performances of the tested machines
Implement M.U A B C D E F G H I
Soil conditions """ |untilled | ploughed | ploughed | ploughed | refined | untilled | untilled | untilled | untilled
?g;‘é%' working | 2 431 3.36 6.33 5.03 7.94 5.12 5.40 7.46 7.21
Working width m 2.50 5.03 3.92 3.00 5.00 2.45 3.00 3.92 5.94
Working depth m 0.41 0.15 0.19 0.10 0.04 0.37 0.35 0.16 0.04
Actual working time h ha? 0.94 0.60 0.42 0.67 0.25 0.81 0.65 0.36 0.24
t?nﬁgra“"e working | - a1 1.44 0.69 0.69 0.89 0.38 1.10 0.81 0.63 0.37
Operative  working | .1 | g9 1.44 1.45 113 263 | 0091 1.24 1.60 2.72
capacity
Fuel  consumption | s 31.2 33.8 24.4 30.1 13.1 26.7 31.0 26.6 22.3
per hour
Fuel ~ consumption | a1 | 294 20.2 10.3 20.2 3.3 217 | 202 9.6 5.3
per hectare
Force of traction kN 60.5 11.9 19.0 19.1 9.7 43.5 52.7 30.0 16.5
Traction power kw 73.4 111 33.4 26.7 21.4 61.8 78.9 62.1 33.1
P.T.O. speed rad s* - 107.2 - 108.2 97.0 - - - 104.4
Torque at the P.T.O. Nm - 860 - 635 38 - - - 70
Power at the P.T.O. kw - 92.2 - 68.5 3.7 - - - 7.3
Total engine power kw 119 132.0 85.9 110.6 43.1 91.3 115.0 95.3 91.3
Er’:ifrgy per surface | \;ypa1 | 403 284 131 267 39 267 270 124 77
-3

Er’:ifrgy per volume | MJ10°m" | g4 191 68 268 - 73 76 77 ;
Tractor slip % 28.9 3.6 7.7 5.9 3.1 14.8 11.0 8.8 1.4
Energy losses MJ hat 125 38 21 39 6 62 55 23 10

Implement: A: reversible plough; B: rotary harrow; C: offset disk harrow; D: combined seeder; E: pneumatic seed drill;
F: combined cultivator; G: subsoiler; H: offset disk harrow; I: pneumatic seed drill for direct sowing.
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The plough showed the highest fuel consumption for surface unit (kg hal), due to high operative
working time. The higher values of fuel consumption per hour were obtained for the rotary harrow (33.8 kg h-
1), the plough (31.2 kg h'1) and subsoiler (31.0 kg ht). The average force of traction required for tillage
ranged from a minimum of 11.9 kN for the rotary harrow, to a maximum of 60.5 kN for the four-furrow plough,
depending on the high variability of working width and depth. Such parameters can vary depending on the
conditions of use of each tractor-implement coupling, which, within certain limits, can be managed with the
aim of reducing power requirements and losses.

As to the quality of tillage, Table 5 shows the values of the parameters describing the effects of the
implements on the soil. The best BBD was provided by the plough (96.6%). Good performance was also
provided by the combined cultivator (86.6%), with two ranks of disks with opposite angles, which determine
effective reversing of the soil and its mixing with surface biomass residues. The best SRI was produced by
the combined seeder, the rotary harrow and the combined cultivator, due to the compacting action of the rear
rollers. The best performances on CBI were provided by combined seeder and rotary harrow. Even for this
parameter, the result of the combined cultivator is worth mentioning, considering that it operates a deep
vertical soil crushing and a good soil breaking in a single pass. As for the SCI, a value higher than 15% was
observed only with the offset disk harrow on untilled soil. Thus, the observed surface cover cannot be
considered fully adequate for preventing soil erosion. Statistical analysis showed significant variations of soil
quality values caused by the implements. Consequently, it was possible to perform, for each parameter, the
Tukey's HSD post-hoc test and to separate the averages (i.e. the averages with the same letter are not
significantly different) (Table 5).

Table 5
Average values of work quality parameters for each implement and results the Tukey’s HSD test
(the values followed by the same letter are not significantly different)

| Reversible| Rotary Disk |Combined|Combined . Disk
mplement type u.m. . Subsoiler

plough harrow | harrow seeder | cultivator harrow
Soil condition untilled |ploughed| ploughed | ploughed untilled untilled | untilled
Coverage index % 331lc 0.28d | 2.07cd 0.55d 11.57b 10.74b | 17.08 a
Biomass burying degree % | 96.59a |91.67a | 33.03b | 79.14a 86.56a | 75.93a | 82.92a
Surface roughness index - 6.70 a 241e 4.86 b 1.70f 3.60d 3.90c 3.80c
Roughness reduction degree | % - 63.7 b 328¢c 8l.1la - - -
Clod-breaking index - 0.35d 0.81a 0.60c 0.84a 0.66 b 0.61c [ 0.64bc
Cloddiness reduction degree | % - 56.3 a 55.0 a 37.0b - - -
Seedbed quality index - 0.20 g 0.87c 0.43f 1.08 b 0.82d 0.75e 147 a

Basing on the values reported in Table 4, we obtained the overall values of the parameter that
describe the energy requirements for the eight composed tillage methods. Also in this case the results
underwent ANOVA and subsequent Tukey’'s HSD test to separate the significant differences (Table 6).

Table 6
Technical performances of the eight tillage methods and results of Tukey’s HSD test.
The averages followed by the same letter do not differ significantly

Parameters u.m. |CONT1|CONT2[CONT3|CONT4| RT1 | RT2 | MT NT

Actual working time hhal | 1.79b | 2.05a | 1.61¢c | 1.32d |1.33d[1.07e| 0.97f|0.24 g
Operative working time | hha® | 251b | 3.20a | 2.33¢c | 1.69e [1.88d|1.499|1.63f|0.37h
Fuel consumption kgha!| 529a | 53.4a | 49.6a | 40.4b {339c|25.0d|225d| 5.3¢e
Energy requirement MJhal| 725a | 704a | 670b | 537c |440d|307e|286e| 77f

Average tractor slip % 119b | 11.8b | 174a | 85cd |7.3cd| 9.0c [ 6.9d | 1.4e
Energy losses MJhal| 168a | 172a | 163a | 94b |82bc| 67c | 52d | 10e

Figure 1 shows the percent variations in energy requirements obtainable moving towards more CT, compared
with CONTL1. NT requires about 90% less energy. Moreover, MT and RT2 allow the highest savings of working time.
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NT .
Energy losses (slip+transm.), MJ/ha

u Tractor slip, %
MT

u Energy per surface unit, MJ/ha
RT2 Fuel consumption per hectare, kg/ha

u Operative working time, h/ha

RT1 u Actual working time, h/ha

CONT4

CONT3

CONT2

CONTI1

=3
=
S

20% 40% 60% 80% 100% 120% 140% 160%

Fig. 1 - Percent reduction of the main technical performance from traditional to more conservation tillage
methods compared with CONT1 (CONT2, CONT3, CONT4, RT1, RT2, MT, NT =tillage methods)

The PCA regarded both the energy parameters of Table 6 and the tillage quality indexes of Table 5
assuming, for each tillage method, the same indexes observed for the implements involved. A bi-plot graph
(Figure 2) shows the results of the PCA, providing a comprehensive picture of the relationship among
parameters and tillage methods.
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Component 1 (64.6%)

Fig. 2 - Biplot graph with the results provided by PCA
Energy = energy requirement (MJ ha%); fuel = fuel consumption (kg ha'); actual time = actual working time (h ha'*);
operative time = operative working time (h ha'); losses = energy losses for slip and transmission (MJ ha™*); burying = BBD (%);
roughness = SRI; seedbed = SQI; coverage = SCI (%); breaking = CBI.
CONT1, CONT2, CONT3, CONT4, RT1, RT2, MT, NT = tillage methods

The first two principal components (PC) explained 91.6% of the total variance (64.6% for PC 1 and
27.0% for PC 2). PC 1 was responsible for the separation between conventional and RT methods: this was
especially evident for CONT1, CONT2 and CONT3 versus MT and NT, while CONT4, RT1 and RT2 were
intermediate. NT was the most distant from all other methods. As to PC 2, the visible separation between
CONT2 and RT1, compared to CONT1, CONT3 and CONT4 can be related to tillage quality aspects.

The Table 7 shows the PCA loading values, which define the discriminatory power of each variable in
the principal component 1 and 2 and its position on the diagram. For instance, the PCA indicates that NT is
characterized by low working times, fuel consumption, energy requirement and energy losses. These
parameters are highly related to the conventional methods, especially CONT1, CONT2 and CONT3 (i.e. the
methods entailing the use of the plough), characterized by the highest energy and fuel requirements and
operative and actual working times. RT1, RT2 and CONT4 seem more similar in terms of operative
parameters, as they clearly differ for the quality of tillage: CONT4 provides a better seedbed than RT1
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(especially in terms of roughness index); the position of RT2 in the diagram is intermediate, (evident with
respect to PC2). The methods NT, MT and RT2, different in terms of operative parameters (see position with
respect to PC1), are more similar in terms of tillage quality, providing a medium quality of seedbed, with
energy saving compared to conventional methods. In this context, the combined cultivator (RT2) seems to be
an efficient implement, offering reduced energy requirements and good agronomic performance.

Considering what is conventional or conservation and the environmental conditions of the tests subject
of this work, the question is if an indefinite adoption of conservation tillage method is sustainable or not in
order to preserve soil fertility. In a medium or long-term perspective, it seems probable that the indiscriminate
application of RT, MT or NT methods in a silty-clay soil could negatively affect its fertility. The natural ground
settling and the traffic of machines, would determine progressive loosing of structure and increasing soil
compaction, accelerated by the lack of organic matter (confined, when present, in the surface layer).
Consequently, the soil could gradually lose its nutrients and the capability to store water in depth, becoming
asphyxiated and inhospitable to plants’ roots. Such a process can have different duration depending on the
type of tillage, resulting longer in the case of more energetic techniques (RT1 and RT2) involving deeper
interventions that, anyway, beyond relatively limited energy savings, would not allow the organic matter to be
incorporated into the soil and to express its beneficial action towards soil structure.

The occurrence of this process could be prevented through a less rigid approach to soil preparation,
based on the alternation of different tillage methods. This would lead to the definition of flexible tillage cycles
whose duration and constitution (the whole of the interventions on the ground) will depend on the specific
environments (e.g.: pedological and climatic characteristics, slope), on the needs of the types of crop to be
carried out, on the possibility/willingness to apply crop rotation, on the available types of machines. The
criteria that will guide the decision through such factors should be as simple as possible: for example, they
could be represented by a few, easily measurable parameters, capable to provide wide and useful
information. Soil resistance to penetration and moisture are probably the most comprehensive parameters,
requiring simple measurements. The moisture provides the first indications on soil practicability and the risk
of damaging its structure. Consequently, the value of field capacity can be assumed as the reference
moisture value (30 - 35% for silty-clay soils). In general, with moisture above the field capacity, any soil
manipulation should be avoided, but in case of urgency, such as a delayed sowing following a rainy period,
MT of NT techniques could represent solutions for seedbed preparation with low impact on the soil. Below
the field capacity, the possibility of choosing the tillage method will certainly be wider, but still depend on
other soil actual conditions (mostly the structure and the organic matter). The cone index (c.i.) could be a
useful parameter to describe the status of the soil. The availability of the trend of the c.i. along the layer
explored by the roots, rather than its average value, will increase the quality of information. The diagram of
Figure 3 shows the trend of the c.i. at increasing depth (0 cm up to 40 cm), in a silty-clay soil used for the
tests described above.

3.5 5

2 years undisturbed soil: c.i.= 2,11 MPa (average 0-40 cm depth)
— 1year after ploughing: ¢.i.= 1.7 MPa (average 0-40 cm depth)
30 immediately after ploughing: c.i.= 0,76 MPa (average 0-40 cm depth)

Cone Index (MPa)

0,0 +4=

0 S 10 15 20 25 30 35 40
Depth (cm)

Fig. 3 - Different trend of the c.i. in the same silty-clay soil of the tests, depending on different types of
intervention, in the 0 - 40 cm depth layer. All measurements were made with soil moisture between 22 and 24%

The measurements were made during prior CREA’s test activities, by means of the described
penetrologger. The curves of c.i. are grouped by colour and their shapes clearly differ by each other
depending on the three operations to which they refer. After two years of spontaneous soil settling, without
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transit of machines, but characterized by rainy weather, the c.i. increases up to over 2 MPa in the first 5 cm
of depth. Increasing the depth, the c.i. increases very slowly. The resulting average value is 2.2 MPa. This
means a high level of compaction interests the whole layer involved in crop growth. One year after medium
depth ploughing, the general shape of the related curves changes showing the maximum (2.0 - 2.3 MPa) at
25 - 30 cm of depth, in correspondence of the bottom of ploughing. In this case the c.i. increases, and in the
0 - 25 cm layer, the soil conditions remain good for the plants. The resulting average c.i. value is 1.7 MPa.

The measurements made immediately after the ploughing, show general lower c.i. values although the
presence of big clods affects its trend that increase in the first 10 cm, then decreases and increases again,
keeping however distant from the values of the previous cases. The average value is 0.76 MPa. The
evolution of moisture and c.i. in the layer explored by the crop roots will suggest the most proper methods to
be adopted with the purpose of maintaining the soil characteristics within a range of sustainability for the
plants. At the same time, the resulting alternation of methods will allow reducing the overall energy
requirements, compared to the continuous use of conventional tillage methods. The test results reported
above can be a basis for formulating hypotheses of an integrated tillage system (based on annual cycles) for
cereal cultivation and estimating the relative energy demands and the energy savings.

Table 8 shows an example of such an approach, showing the evolution of “cycle 1” followed by the
beginning of “cycle 2”. The cycles have not predefined duration and alternation of methods, but evolve,
adapting to the actual soil conditions described by c.i. and moisture. In the example, each cycle starts with a
conventional technigue (CONV1) and ends when the deterioration of soil conditions requires the
conventional technique anew. The necessary information is provided by the average values of c.i., by the
shape assumed by the curves of the c.i. vs. increasing depth, by the moisture, considering the reference
values proposed for these parameters in Figure 3.

Example of application of the integrated tillage system with reference to the silty-clay soil of thzat?elstg
Cycle | Year ccﬁnveeirr?gsx* cgggesdoefx Mols(gz;e** n-lw-le”t%%% rquLEJianrrants En((aKAgJyAgi)ses
(MPa) curves** adopted (MJ ha)

1 1 2.2 1 21 CONT 725 168
1 2 1.8 2 25 RT1 440 82
1 3 2.0 2 35 MT 286 52
1 4 2.2 2 34 MT 286 52
2 1 24 1 22 CONT 725 168

* the values reported must be compared with those reported in Figure 3 for that soil. ** The shapes of c.i. curves refer to the diagram of
Figure 3, i.e.: “1”: long period of untilled soil, showing high c.i. values already from the first few centimetres, as described by the red
curves; “2”: cone index gradually increasing to a maximum in correspondence of the tillage bottom at 25-30 cm, as described by the

blue curves. “...n": c.i. curves with different shapes can be observed depending on actual soil specific manipulations. *** The reference

moisture value is the “field capacity”, around 35%

“Cycle 1” starts with CONV1, based on the ploughing, needed because of the high soil compaction
level in the surface layer (average cone index: 2.2 MPa; shape of c.i. curve: 1) and lasts 4 years during
which the tillage methods vary depending on the evolution of soil moisture and compaction. The moisture
does not represent an obstacle to the ploughing. This operation allows the burial of the surface residues,
which contribute to restore the organic matter and the structure of the soil. In the 2™ year, the c.i. (average:
1.8; shape: 2) and moisture testify of still good conditions in the first 25 - 30 cm of soil, with probable
presence of tillage bottom. RT1 seemed suitable to break it, limiting the risk of water stagnation. In the 3
and 4" years, the compaction progressively increased, but the high humidity did not allow significant
interventions on the soil. Its preparation for the sowing could be done by MT. At the end of the 4! year, the
compaction reached the initial level, requiring starting a new cycle, “Cycle 2", with CONV1, to restore
conditions favourable to plants’ growth. The overall energy requirement and losses of the “cycle 1” over 4
years can be estimated by means of the data of Table 6 for each implement. The sum of the annual energy
requirements reported in Table 8 is equal to 1,737 MJ hal. Adopting CONV1 over 4 years would result in
2,900 MJ hal energy requirements. The about 40% energy saving deriving from the comparison of these
values is the consequence of lower overall energy requirements and of lower energy losses. The latter,
calculated similarly to the requests, are equal to about 47% compared to CONV1 repeated over 4 years. The
lower relative weight of the losses on the global energy balance testifies a progress toward the optimization
of the energy use. The results of such calculations probably overestimate the actual achievable benefits,
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because indefinitely repeating CONV1 would keep the soil in such conditions that the requirements and
losses of energy are lower than those used as reference for the comparison just above.

CONCLUSIONS

This study evaluated the effects of the adoption of eight tillage methods (four conventional, CONT, and
four conservative CT methods) on energy requirements and tillage quality in a silty-clay soil. The results
showed that CT (specially NT, MT and RT2) allow to achieve significant energy savings (up to 89%), working
time reduction (up to 85%) and a satisfactory quality of tillage, compared to CONV1, thus widening the range
of possible options for the farmers. Aiming at preserving the soil fertility, the commonly spread distinction
between the meanings of CONT and CT gets less rigid, in relation to the characteristics and needs of the soil
in question, as in the case of the silty-clay soil of this study. In general, conservation and conventional tillage
methods (according to their common definition) should not be considered antithetical and adopting the
former or the latter should not be the consequence of ideological, definitive choices, but should derive from
the continuous evaluation of actual soil conditions, defining, each time, the more proper type of intervention.
This results in the alternation of different tillage methods, according to flexible integrated tillage system, with
variable duration, in which the benefits of both conventional and conservation methods are integrated in a
compromise solution that should allow achieving an overall reduction of energy requirements compared to
conventional methods and maintaining soil fertility at a satisfactory level during time.
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ABSTRACT

The objective of this study was to develop a technique for calculating the resultant force and moment
of soil resistance to cutting by the blade of the earlier proposed rotary tillage tool as functions of the rotation
angle on the basis of the developed mathematical model of soil-blade interaction. The dependences taking
into account the constructive and functional parameters were obtained and analyzed. It was shown that the
blade is subjected to repeated loads during the soil cutting, so the equivalent resultant force of soil reactions
acting on the blade changes its magnitude, direction and the point of action periodically with changing the
rotation angle. The obtained formulas can be used both for carrying out the long-term strength analysis of the
rotary tool and for optimizing its constructive and functional parameters. The proposed technique allows to
simplify experiments for determining the rotary tool force characteristics and to reduce their number
significantly. Thanks to the commonality of the assumptions it can be transferred mainly to other rotary tillage
tools.

PE3IOME

Llenbto 0daHHO20 uccriedosaHusi S8uUNIoCb Co30aHue MemoOUKU pacyema pes3ynbmupyruezo
COMPoOmMuB/IeHUsI 104Y68bl U Pe3yNbmupyowezo MOMeHma COMpPOmMuUB/IeHUsT [04Y8bl Pe3aHulo rie3euem
rpeonoXeHHO20 paHee JlIornacmHo20 PomayuoHHo20 paboyeeo oOpeaHa 8 3asucumMocmu om yeana €20
rnogopoma Ha OCHoge rpednioxeHHOU Mamemamudyeckol modenu esaumodelicmeusi feseusi ¢ o4Yeoll.
lMonyyeHHble 3asucuMocmu y4umMbI8AOM BfIUSHUE KOHCMPYKMUBHbLIX U PEXUMHbLIX Mapamempos.
lMoka3zaHo, Ymo rpu pe3aHuU ro4Yebl /1e38ue UCMbiMbigaem UYUKIUYecKue Haepy3ku. PasHodelicmeyrouwas
cun peakyul ro4ebl Ha Jrie3gue nepuoduUYecKU U3SMEHSIem C80K B€eflUYUHY, HamnpaesieHue U MmOYKy
npunoxeHusi. lonyyeHHble ¢hopMyribl MOXHO UCM0/b308amb He MOJbKO O/ pacyema pomauloOHHO20
paboyeao opzaHa Ha OnuUMesbHY MPOYHOCMb, HO Makxe U Ofs1 ONMuUMU3ayuUU €20 KOHCMPYKMUBHbIX U
pexumHbix  napamempos. [lpednoxeHHass ~MemooOuka [10380/iI5lem  CYU,eCmMBEHHO  yrpocmumeb
3KCrepuMeHmbl 10 OnpedesieHUl0 Cuslo8bIX Xapakmepucmuk paboye2o opeaHa U 3HA4YUMesibHO
yMeHbwums ux obbem. bnazodapsi 06LWHOCMU OCHOBHbIX UCXOOHbIX NOMOXeHUl npednazaemas Memooduka
Moxem 6bimb 8 OCHOBHOM NepeHeceHa Ha Opyaue pomayuUoHHbIe paboyue opaaHsbil.

INTRODUCTION

The problem of finding the resultant of soil reactions on a rotary tillage tool blade is up-to-date, since
its solution allows not only to calculate the strength of the blade, but also to determine the rational values of
its constructive and functional parameters.

Professor N. Nerli was one of the first who took into account a distribution of elementary soil reactions,
when he determined the resultant of soil reactions on the blade of a flat disk, free rotating in soil (Nerli,
1929). Later, many researchers solved similar problems with different success (Sineokov G.N., 1949;
Luchinskij N.D., 1977). The case of the PTO (power take-off) powered flat disk was researched (Medvedev
V.l. et al.,, 1974), and the generalized mathematical theory of soil-disk interaction has been developed
(Medvedev V.I. et al., 2001). This model allowed setting and solving the single criterion optimization problem
of the disk constructive and functional parameters (Akimov A.P. et al., 2008) and the bicriterion one for the
powered disk (Akimov A.P., Konstantinov Y.V, 2016; Akimov A.P., Konstantinov Y.V, 2017).
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Directions of elementary soil reactions on the blade of a rotary tillage tool depend not only on the
position of its instantaneous rotation axis, but also on the rotation angle. So the resultant of soil reactions on
the blade and their resultant moment are functions of that angle.

When researchers determined the resultant soil resistance force to cutting by a rotary tiller blade, they
did not take into account the distribution of elementary soil reactions on the blade and it did not allow them to
calculate the values of resultant soil resistance and resultant moment of soil resistance at an arbitrary
rotation angle value of the blade (Thakur T.C., Godwin R.J., 1989; Thakur T.C., Godwin R.J., 1990; Kalantari
D., 2000). Some researchers have plotted the graphs of such dependences on the basis of special
experiments (Chertkiattipol S., Niyamapa T., 2010; Niyamapa T., Chertkiattipol S., 2010; Matin M.A. et al.,
2015).

As an alternative to existing rotary tillage tools for the purpose of improving the quality of soil treatment
and simultaneously reducing its specific tilling energy, the rotary tillage tool (RTT) was proposed, which can
be used for various agricultural operations (Medvedev V.. et al., 1984, Akimov A.P. et al., 2015). The
method to determine the resultant force and the resultant moment of soil reaction forces acting only on the
surface of this rotary tillage tool depending on the rotation angle was proposed (Akimov A.P., Konstantinov
Y.V, 2011; Akimov A.P. et al., 2012; Akimov A.P. et al., 2017). But the soil reactions on the RTT blades have
not been taken into account.

The major objective of this study was to develop a technique for determining the resultant force and
resultant moment of soil resistance to cutting by a RTT straight rotary blade, which takes into account the
distribution of elementary soil reactions and allows determining dependences of these characteristics upon
the RTT rotation angle.

MATERIALS AND METHODS

The RTT consists of the flange, to which four identical flat vanes are attached. These vanes are
quarters of plate, bounded by an ellipse. The blades of the vane small semi-axes are located in a vertical
plane, and the vanes constitute some angle with it. The projection of all the vanes on the plane is a circle of
radius r, equal to the small semi-axis of the ellipse. A model sample of the RRT and the RRT row on a shaft
of rotary plough are shown in Fig. 1 a, b.

() N (b)
Fig. 1 — A model sample of the RRT (a) and the RRT row on a shaft of rotary plough (b)

This rotary tool can be used also in other rotary machines, which perform various agricultural
operations. It can effectively work as a furrow opener in seeders (Medvedev V.l., Kazakov Y.F., 1984), as a
ridger in rotary cultivators (Leshhankin A.l,, 1991) and as an active coulter (power-take-off driven) in
ploughing units (Chatkin M.N., 1990).

For calculating the RTT strength and optimizing the process of its operation it is necessary to develop
a mathematical model of the RTT interaction with soil and, in particular, to determine the resultant force of
soil resistance to cutting by this rotary tool.

Let us assume that a tillage machine or a unit moves rectilinearly with a constant speed vo, the RTT
rotates around the rotor axis with a constant angular velocity o and its blades during work plunge to a
maximal depth h into homogeneous soil. The RTT operating regime is characterized by two constant
dimensionless parameters: by the ratio of rotor peripheral speed to forward velocity of the tillage machine
(kinematic parameter) A = or/vo and the maximal relative depth & = h/r.
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The minor semi-axis blade of a RTT vane cuts the soil, performing a plane-parallel motion in a vertical
plane. In the Oxz coordinate system with the origin O on the RTT axis of rotation and uniformly moving with
the RTT, the position of minor semi-axis blade is set by rotation angle a from the vertical (Fig. 2, a). A sall
cutting speed, varying along the blade edge, is defined by position of the RTT straight blade instantaneous
centre of velocity, located at the point C(0; a), a = r/A. Let us also connect with the RTT another coordinate
system Ox'z’, directing the axis Ox 'on the major semi-axis of vane, and the axis Oz’ — on its minor semi-
axis.

Fig. 2 — Diagram of soil cutting by the first (a) and a non-first (b) blade of the RTT

On an infinitesimal elementary segment of the blade cutting part, adjacent to a point M’(0; z’), with
length dz', the elementary soil reaction force dR acts, which is directed opposite to the vector of absolute
speed v of this point (Fig. 2, a). The magnitude of the force is equal to dR = Q-dz’, where Q is the average
specific force of cutting per unit length of the blade [N/m].

Let us denote by ¢ the angle between the force vector dR and the positive direction of Ox axis, then
cosp = (z—a)/[x*+(z-a)*]"?, sing = x/[x*+(z-a)*]¥%; and x=z5ina, z = -z oS (Fig. 2, a). By integrating the
equality dRy=Qdz t0os¢ on the segment of the blade cutting part and passing to the dimensionless variable u
= Az'[r, we obtain the formula for the horizontal component of the resultant of soil resistance to cutting (RSR)

Qr T (ucosa+1)du

: @

Ry = -
A Ao \/u2 +2ucosa+1
where ¢ = 1-1(a,&/r, and | («,¢) is the length of cutting part of the blade corresponding to the rotation angle

value o and the maximal depth of the blade equal to h [m].
Absolutely similarly the formula for the vertical component of this force is obtained:

A .
Qr usinadu

R, = (2

A Ao \/u2 +2ucoso +1

Let us choose as the positive direction of the moments of forces the direction coinciding with the RTT
rotation direction, then the moment about the point O of an elementary force of soil resistance to cutting will
be defined by the equality dMo = —z-dRx + X-dR; (Fig.2,a). By integrating this equality, we find the resultant
moment of soil resistance to cutting (MSR)

Qr2 T u(u +cosa)du
Mo =-

. 3
% 2o \/u2+2uc05a+1 ©
The integrals in formulas (1) — (3), depending on the variable o and on the parameters A4, v, are easily

calculated by the method of undetermined coefficients (Gradshteyn I.S., Ryzhik I.M., 2007). The obtained
explicit expressions are cumbersome, and we use a way of sequential designations. Let us introduce three
functions of two variables:

Fi(o,u) = (U? + 2u-cosa + 1)°°

Fa(e,u) = In(u + cosa + Fi(u,))

Fa(e,u) = 0,5(u — cosa) -F1(u, ) 4)
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Then the components of resultant of soil reactions and the resultant moment of soil resistance to cutting by
the blade will take the following forms:

Re = —Qr{(Gi(a,4,4) cosa + Ga(a, A,40) sin*a)l A,
R, = -Qr{(Gu(a,4,4) — G2(at,A,c0) cosa)sinad A,
Mo = erz (Gs(a, 4, 0) — 0,5G2( e, A, 5v) sinza)//iz, (5)

where the functions Gi(a,4,¢) = Fi(a,2) — Fi(a,Aq), 1 = 1, 2, 3.

The sequential expressions (4)—(5) have a simple structure, and are easily programmed. They allow
calculating the values of Ry, Rz, and Mo at given values of «, A and go with the help of a computer.

The blade, which is the first to enter into soil (further the first blade), is represented in Fig. 2,a. From
the diagram it follows that for the first blade (e, &)=r + (r — h)/cose, hence for it

co = (§ — 1)/cosa (6)
For any blade entering into soil after the first one (further non-first blade), formula (6) is valid only at the initial
stage of cutting. The condition g = 1 determines the angle of the beginning of soil cutting process by a blade
op = arccos(&-1). The cutting process by the first blade is completed at a = 277 (Fig.2,a). Thus, formulas
(4) — (6) determine the resultant force and the resultant moment of soil resistance to cutting by the first vane
blade of RTT at the initial stage (a0 <a<27— ).

For a non-first vane blade of the RTT formula (6) is valid only until the moment of contact of the blade
edge with the upper surface of the cut soil slice in the point Do (Fig.2,b). At the final stage of soil cutting the
edge of the considered RTT blade crosses the upper surface of the slice in some point D of the trochoid
formed by the previous blade. To this point there corresponds the angle o' measured from the vertical
through the point O “which is located on the horizontal straight line passing through point O of the considered
blade and lying at the distance r from the point D (Fig.2,b). When the RTT rotation axis moves from the
position determined by the point O “to the position determined by the point O, the rotary tool rotates through
the angle 24z,+(a—a’), and at the same time its rotation axis passes the O'O distance equal to
d=[24z, + (a—a)] ¥/ A, where Zb=4 is the number of rotary blades. The equality (7) follows from the theorem
of sines for the triangle O'DO (Fig.2,b):

[272, + (a-a)] -A*cosa + sin(a—a’) = 0 7
As we can see from the Fig. 2, b, rsin(a' — 42) = (r — I)sin(a — #2).
Hence: g=cosalcosa (8)

The angle o' is a function of the angle a. This function is defined implicitly by the transcendental
equation (7). It is found by means of solving the equation (7) using one of numerical methods. The
substitution of this function into the equality (8) allows us to express ¢ through the angle a. Thus, equalities
(7), (8) and (4), (5) at the final stage of cutting determine the resultant force and the total moment of sail
resistance to cutting by a non-first RTT blade as the composite functions of the angle .

The point Do is located on the soil surface and upper surface of slice. Therefore, if we substitute
a’= arccos(&-1) into equation (7), we obtain the transcendental equation for determining the angle a=a of
the completion of cutting process of the soil surface (initial stage) and the beginning of cutting process of the
upper surface of soil slice (final stage). This equation is solved numerically for different values of .

The value of angle « = a, corresponding to the completion of soil cutting process by a non-first blade
of RTT in the point K of cycloids intersection at the bottom of a furrow (Fig. 2, b), is also determined by using
the equation (7). At this point ¢ = 1, @’ = 27, so we have Sinaz = (7— o — alzp)/A. This transcendental
equation is also solved numerically. If we pass from angle a2 to angle o'q by &' = a2 - 7, then equation (7)
transforms into the well-known equation, determining the location of crests at the bottom of a furrow during
the work of rotary tiller (Sineokov G.N., Panov I.M., 1977).

RESULTS
It follows from formulas (1) and (3) that for the first blade the MSR and the horizontal component of

RSR depend only on cos «, therefore their graphs versus « for the relative depth £=0.5 and the values A=3;

3.5 and 5 are symmetric relative to the line o = 7 (Fig.3a,c). The component Ry is nonnegative, that is, the
resultant of soil resistance to cutting is the driving forward force. The vertical component R, (Fig. 3, b) is
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negative for a < 7, that is, the RSR is the lifting up force and for & > 7 this component is positive, and the
soil resistance to cutting is the deepening force. As the MSR is always non-positive, it slows down the RTT
rotation, and for overcoming the moment of soil resistance, it is necessary to apply to the rotary tool the
positive, equal in modulus, torque. Formulas (1)—(3) show, that for a<r-h the maximal values of the MSR
modulus and the RSR horizontal component are reached at the point = and are respectively equal to P = Q-h
and to M = P-(r — h/2), and the vertical component of RSR at « = x is equal to zero. These expressions
must be taken into account to carry out the strength analysis of the RTT and the empirical coefficient Q can
be easily determined experimentally. It also follows from these formulas that at the vertical position of the
RTT blade reactions of soil resistance to cutting are replaced by the single resultant with the magnitude P,
directed horizontally towards the RTT motion and applied to the blade edge at the point lying at distance h/2
from its tip. The moduli of the resultant force components and the resultant moment of soil resistance to
cutting monotonically increase with increase of the parameter &, but with increase of A only the Rx and MSR
moduli slightly increase, while the R, modulus slightly decreases.

R.\‘ R: LIO
61—' 01. Ql':
0,4 0.2 03
03 0,1
' 0 0,2
e 0,1
0,1
0,1 -0,2
0 -0,3 0
120 140 160 180 200 220 o’ 120 140 160 180 200 220 o 120 140 160 180 200 220 o

(a) (b) (c)
Fig. 3— Components of the resultant resistance force of soil to cutting on the axis Ox (a), Oz (b) and
the resultant resistance moment (c) versus angle a for the first blade
Fig. 4 shows the graphs of the resultant force components and the resultant moment of soil resistance
to cutting by the edge of a non-first RTT blade versus the angle a and the parts of the corresponding graphs
for the blade which is immediately following the non-first one at &£ = 0.5 and A = 3; 3.5; 5.

R R: -M,
Qr Qr or?
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(a) (b) (c)
Fig. 4 — Components of the resultant resistance force of soil to cutting on the axis Ox (a), Oz (b) and
the resultant resistance moment (c) versus angle a for a non-first blade

With increasing o the horizontal component Ry increases from zero monotonically and almost linearly
at the initial stage of cutting, then continues to increase at the beginning of the final stage (for A = 3.5 and 5)
until it reaches the maximal value and then it decreases to zero again. The graph of Rx versus the angle a
has the breaking point in a passage point from the first stage of cutting to the second one. Through the
period 360°/Zy = 90° the blade of the following vane of the RTT begins to interact with the soil, therefore the
specified change of the component Ry repeats again (Fig.4,a). The graph of the vertical component R,
(Fig.4,b) versus « is approximately a join of two halves of sinusoids of different amplitudes (for A = 3 and
3.5). The amplitude of lifting action on the RTT at the initial stage of cutting is much more than the amplitude
of deepening effect at the final stage. The MSR modulus monotonically increases with increase of the angle
o at the initial stage of cutting, and it monotonically decreases at the final stage, reaching the greatest value
at the breaking point of the graph of the MSR versus o (Fig. 4, c). With the increase of the & parameter, the
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maximal values of MRC and the moduli of RSR components significantly increase, and with increase of A
they decrease, that is explained respectively by increase and by decrease of the linear dimensions of a soil
slice.

Carrying out the long-term strength analysis of the RTT, it is necessary to take into account that during
the interaction of the second and subsequent vanes with soil, the rotary tool is subjected to cyclic loads, the
vibration amplitude of which is less than the corresponding greatest values of the forces and the moments,
when soil is being cut by the blade of the first vane. At the large values of A this distinction between the
amplitudes is considerable.

The soil-cutting reactions by a blade are generally equivalent to the main vector of forces applied at
point O with components, which are given by the expressions (1), (2) and to the couple with the main
moment determined by the formula (3). This system of forces can be replaced with the single equivalent
resultant force, applied at the point of blade edge, lying from the RTT rotation axis at the distance
ro = — |Mo|/[R-cos(a + ¥)], where R = (R + R)%®, and y = —arcsin(R./R) is the angle between the
resultant and the positive direction of the Ox axis.

The graphs of the ratio ro/r versus the angle a for the first blade at a relative depth & = 0.5 practically
coincide for the values of A=3, 3.5 and 5 (Fig. 5, a). For a < = the distance ro monotonically decreases from
the greatest value ro = r at the moment of contact of the blade edge with the soil surface to the least value ro
=r - h/2 at o = &, and then increases to the value equal to r at the moment, when the edge goes out from
soil. On the contrary, the modulus of the resultant R, almost not depending on the parameter A, at the above
mentioned values of & and A, for o < z increases monotonically from the least value R = 0 to the greatest
value P at the point 7 and then decreases again to zero for a > = (Fig. 5, b). The angle y, weakly depending
on A, decreases monotonically with increase of o according to an almost linear law (Fig. 5, c).

Io R ve
T Qr 60
0,95 0,4 40
0,9 0,3 0

0
0,85 0,2 20
- B -40

-60
0,75 0 -80

120 140 160 180 200 220 o® 120 140 160 180 200 220 o° 120 140 160 180 200 220 o°
(a) (b) (©

Fig. 5 — The relative distance from rotation axis to point of action of the resultant resistance force of soil
to cutting (a), the RSR modulus (b) and the RSR tilt angle (c) versus angle a for the first blade

At o = © elementary forces of soil resistance to cutting acting on the blade are equally directed
(horizontally) and equal in magnitude, so they are equivalent to the single resultant force with the point of
action in the middle of the cutting part of the blade edge. If the instantaneous centre of velocity is located
above the soil surface, then for the non-first blade it follows from the formulas (1) — (3), that Ry = Qr(1 — c1),
Rz =0, Mo = —-Qr?(1 — ¢1?)/2, where g1 = —cos(a/(n)). Therefore, the ratio ro/r = (1 + c1)/2.

Iy
-
0,95
0,9
0,85

08

0,75
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Fig. 6 — The relative distance from rotation axis to point of action of the resultant resistance force of soil
to cutting (a), the RSR modulus (b) and the RSR tilt angle (c) versus angle a for a non-first blade
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The graphs of the ratio ro/r versus the angle a for a non-first blade plotted for the values of the € and A
parameters mentioned above show, that the ratio ro/r decreases at the initial stage of cutting and increases
on the final one (Fig. 6, a). When soil is being cut, the point of action of the equivalent resultant force
changes its position from the most remote one from the RTT rotation axis at the beginning and at the end of
the cutting process, to the nearest position at the transition point from the first stage of cutting to the second
one at a=au. With increase of angle o the change character of the modulus of the resultant of soil cutting
reactions by non-first blade is similar to the change character of the MSR (Fig. 6, b). The angle v
monotonically decreases with increase of angle o (Fig. 6, c), and the graphs of y versus o practically
coincide with the corresponding parts of graphs of the angle vy for the first blade (Fig. 5, c).

CONCLUSIONS

With the help of the developed mathematical model of soil-blade interaction it is shown that the RTT
blade is subjected to repeated loads during the soil cutting. The equivalent resultant force of soil reactions
acting on the blade changes its magnitude, direction and the point of action periodically with changing the
RTT rotation angle. The proposed technique allows calculating the resultant force and the resultant moment
of soil resistance to cutting by the RTT blade as a function of the rotation angle and the RTT parameters.

It was found that the maximal values of the RTT driving force, of the MSR and of the RSR modulus
monotonically increase with increasing relative depth £ for any value of kinematic parameter A. The angle,
which the resultant resistance of soil to cutting constitutes with the positive direction of horizontal Ox axis,
decreases almost linearly with increasing rotation angle a.

The obtained formulas can be used both for carrying out the long-term strength analysis of the RTT
and for optimizing the RTT constructive and functional parameters.

The developed technique of calculation of the resultant force and the resultant moment of soil
resistance to cutting by the RTT blade as functions of the rotation angle and the RTT parameters is valid also
for the case of soil cutting by the straight parts (legs) of blades of rotary tillers, and also with some changes it
can be transferred to calculating the force characteristics of blades of other rotary tillage tools. This
technique allows simplifying the experiments necessary for determining the resultant force and the resultant
moment of soil reactions on blades of rotary tillage tools and reducing the number of these experiments
considerably.
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NUMERIC MODEL OF THE GRAIN MIXTURE FLOW IN A CYLINDRICAL SIEVE
WHICH REVOLVES AROUND THE INCLINED AXIS
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ABSTRACT

A mathematical model of a grain mixture interaction with a cylindrical sieve was proposed. Two
options of the model were considered: the axis of the cylindrical sieve rotation is horizontal; the axis is
inclined to the horizon at a certain angle.

The calculation scheme of the "a grain heap — a sieve" system assumes that the grain mixtures move
integrally affected by the forces of interaction with the sieve, which arise on the contact surface. The forces
of weight and the centrifugal forces, which arise during the rotation, also affect the integral motion of the
grain mixtures. It is assumed that the consumption of the mixture at the inlet of the sieve is equal to the total
grain consumption during the separation and the removed impurities.

The differential equations which describe the motion of the heap along a cylindrical sieve were
obtained. These equations can be used both to substantiate the geometric and kinematic characteristics of
the sieve, and to choose the rational operating mode.

The graphic illustration of numerical solution of differential equations for a concrete example was
given. It allows determining the position of the grain heap in the sieve at any time.

PE3IOME

BanpornoHosaHa mamemamuyHa molerib 83aemMolil 3epHo80i cymiwi 3 bapabaHoM rpu OYUUEHHI
3epHa. PosansaHymi eapiaHmu 0na eunadkis, Konu gicb obepmaHHs1 bapabaHa € 20pu3oHmMarsnbHOK ma 05
oci HaxuneHoi 0o 2opu3oHmy nid desikum Kymom. PospaxyHkogea cxema CUCmeMU «3epHO8UU B80POX —
pewemoy nepedbavae, WO Macue 3epHOBOI CyMili pyxaembcs sk €OuHe uine nid Oieto cusn e3aemolii 3
pewemom, siKi BUHUKaoOmb Ha KOHMaKMmHIl rnoeepxHi, cun eaau ma 8idyeHmposux cusl, Wo 8UHUKaMmMb rpu
obepmatHi. lpuliMaembcs, Wo seumpama Cymiwi, Wo rnomparnsse 8 pewemo O0PIBHKE CyMapHil sumpami
3epHa npu cenapysaHHi ma OOMIWIOK, siKi 8UdansamMbcsi 3 Macugy id 4ac OYUCMKU.

BueedeHi dugbepeHuiarnbHi pi6HSIHHS, WO ONUCYrOMb pyxX 8opoxa o UumiHOpu4YHoMy pewemy, SKi
MOXymb Bymu eukopucmaHuMu SiK rpu obrpyHmMyeaHHi 2e0MemMpPUYHUX | KIHEMamu4YHUX Xapakmepucmuk
pewema, mak i npu eubopi pauyioHanbHoO20 pexumy toao pobomu.

HaeedeHa epachiuHa intocmpayis 4ducenbHo20 po3e’sasKy dOugbepeHuianbHUX pigHsHb  Ons
KOHKpemHoe2o npuknady, sika 0o3eosnsic 8 OyOb-sKuli MOMEHM 4Yacy eu3Hadyamu rOJIOXEHHS 3epH08020
8opoxa 8 pewem.

INTRODUCTION

Grain production has the biggest impact on the supply of food to the population and the development
of forage resources for several agrarian branches (Matveev et al, 2016). The creation of new machines is
mostly aimed at improving conventional principles, making basic constructions more complex (Awgichew
A., 2017; Werby R., 2010). The grain postharvest cleaning and separation problem is new challenge for
implementing advanced technologies and creating next-generation grain cleaners (Linenk et al, 2012).
Introducing new grain crops production technologies require high performance of grain cleaning and its
compliance with the standards of cleanliness (Nesterenko et al, 2017). It is impossible to improve
postharvest cleaning and separation of grain without implementing advanced technologies and creating next-
generation grain cleaners (Capov & Shepelev, 2010; Jing Z., 2013). There were several attempts to solve
the problem at hand by optimizing the rational set of particular operations and parameters of grain cleaners
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that determine the sequential and step-by-step efficient cleaning schemes (Eskhozhin et al, 2016; Tyschenko
et al, 2010). Outdated grain cleaners have been replaced by new ones for many years, since no significant
progress has been made in the design of new efficient grain cleaners of local manufacture or the
development of improved grain cleaning techniques (Li et al. 2009; Mingjie et al, 2012). It is necessary to
improve separation of grain and create next-generation grain cleaners (Liang et al 2016). Dynamics of corn
cleaning still remains a complex problem. The commonly used approaches on particle dynamics and
trajectory tracing and high-speed photography was adopted to quantify the cleaned grain (Li J. et al., 1997,
Wenging et al., 2001; Wengqing et al., 2002). The mainstream efforts of research are mostly of parameterized
characteristics, e.g., adjusting physical parameters of processed materials and changing construction and
motion to illustrate its cleaning performances (Li H.et al., 2009).

The goal of this work is to develop a mathematical model for the interaction of a grain heap with a
drum, which can provide a study of the dependence of the sieve performance on the kinematic and
geometric characteristics of the system.

MATERIALS AND METHODS

The research of the grain motion in a cylindrical sieve which rotates around the axis is important for
substantiating its geometric and kinematic characteristics. These characteristics are necessary to maintain
the predetermined operating modes and the throughput of the drum during the separation. The common
approach to the calculation scheme "grain heap - a drum" has not been found yet concerning the interaction
of the grain mixture with the surface of the cylindrical sieve. In one case the grain heap is considered as “air-
fluidized medium” (Kharchenko S., 2014). In other cases, it can be characterized as a bulk material (Pershin
et al, 2009). It was described the movement both homogeneous and heterogeneous, granular media, the
vibro viscous factor of which is differently dependent on one of the spatial coordinates. The hydrodynamic
theory describes the standard vertical movement of pseudo rarefied mixture on the inner surface of the
cylindrical vibratory centrifugal sieve, which rotates at a constant angular velocity around a vertical axis
(Tyschenko et al, 2010). The application of the hydrodynamic theory is impossible for cases in which the “air-
fluidized medium” does not occur. In addition, there are some doubts regarding the exactness of models of
the grain interaction with a sieve, in which the grain is loaded with a centrifugal force of inertia, which is
defined by the angular velocity of the drum. For the moment it has not been mentioned how the model can
be used to analyse the motion of the grain heap. In this respect, it is interesting to implement a stationary
process of grain separation when the axis of the sieve rotation is horizontal. The scheme of forces acting on
the grain heap in the sieve in the equilibrium state is shown in Fig. 1.

In this case, the mixture in the sieve is in a state when the free surface of the heap is inclined to the
horizon at an angle of natural slope.

For a sieve with horizontal axis of rotation, it is possible to implement a stationary grain separation
process in accordance with the scheme shown in Fig. 2.
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Fig. 2 - Scheme for analyzing the motion of a grain heap in a cylindrical sieve

The friction force FM and the weight force P are distributed along the interaction area from below,
when the material is slid in the sieve. It is assumed that the grain heap, the cross section of which is

bounded by a chord AB above and an arc AB below, moves in a sieve with the rotation without deforming
from the lower position, in which the axis of symmetry (OC in Fig. 1) occupies the vertical position OCO .

The differential equation of the rotational motion of the heap about the sieve axis has the form
(Yablonsky and Nykyforova, 1966):

I0¢5:MO(Ff)—P-OCSin¢) Q)
where
|,— is the polar moment of inertia of the heap, the cross section of which is considered to be

unchangeable, kg-m?;

@ — an angular acceleration of the heap during the rotation, s?;
MO(Ff )—the moment of friction forces that arise between the heap and the sieve about the sieve axis,
N-m;

P —the weight of the heap, N ;

OC - the distance from the centre of the sieve cross-section to the centre of the weight of the heap
cross section, m;

@ — an angle of rotation, rad .

In determining the frictional forces, we take into account that they will arise from the hydrostatic
pressure of the heap on the sieve and from the centrifugal forces which act on the heap during the rotation.
The component of the friction forces, which depends on the hydrostatic pressure of the material at an

arbitrary point A (Fig. 1), determined by the angle (¢ + f3), is calculated as:
dF, =y-f-H-l-ds ()
where ) - specific weight of the material, N /m?;
H - the distance from point A to the free surface of the heap cross section ( A B, in Fig. 2);

| - the length of the sieve, M ;

ds - elementary section of the arc of the sieve cross section, in the centre of which is the point A, m .
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Taking into account that ds = Rd /3, for frictional force on the section ds, we obtain:
For the height H of the triangle ADB we obtain:
Ccos Ccos cosf cos R
H:R[l——ﬂo)—ﬂ:R( B_ ﬂoj: (cos 3 —cos f3,) 4)
CoS @

cosf ) cose COS@ COS@
Then dF, = f7/|R2 [1—M]'wdﬂ=7ﬂl?z cos f —cos 4, (5)
sinf ) cose cos ¢
The centrifugal force that falls on the arc ds is determined by the scheme shown in Fig. 3.
ax
= ]
T}
0 Vi .
0 7
— 1
Cosf)
cosp
X
R

Fig. 3 - Scheme for determining the centrifugal force falling on the elementary arc ds

A centrifugal force acts on an element of mass with dimensions (in Figure 3 its cross-section is
shaded):

1

AdF, = = yIxd Bdxwm?x (6)
g

Integrating this expression from point D to point A we obtain dFV :
R 3
dR, == [ J@’dBx?dx = —— y1?R [1—%}1,3 (@)
g Rcosﬁo 39 Ccos /8
cos 3

Thus, the total frictional force that falls on a section of width dS is defined as

Rao? cos® Cos 3 —cos

dF, = fyIR?| R [1 008 o | COSP=COSpy |y 4 ®)
39 cos’ cos @
For the moment of frictional forces, distributed over the interaction area of the heap with a sieve, it is
obtained:
Ro’ . cos® (ﬂ' B T B sinfB, . cosp
M, (F, )= fyIR*<——]| 23, —sin 3, cos 3, - Ol Inftg| = +22 | ~Inftg| =22 || ||+ 2—22 -2 —20 9)
o( f) 4 {39 l: by B, cos 3, 2 [ ‘g 1 g 1 s cosp By

According to the known specific weight of the bulk material ¥, the square of the heap cross section S

and the length of the sieve |, for the moment of the heap weight and for the moment of inertia of the heap
about the sieve axis of rotation, respectively:

i 1. 4 Rsin’p . 2 5. i
P-OC-sing=yR? —Zsin28, | —————% _.sinp=y-=R3sin® B1-sin 10
p=7y (:Bo > ﬂoj 3(2p—sin2p) 073 Bol-sing  (10)
4
|0J'gR (ﬂo—%sinZﬂo—ésiMﬁoj (11)
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Substituting the expressions for the geometric characteristics of the heap cross section and for the
load acting on the heap, after the obvious transformations of the formulas (9), (10) and (11) in equation (1)
we obtain:

R 1. 1 . .
a(ﬁo —gsmﬂo —Esm 4ﬂ0]'(0:

g

(+%)
e

+25inﬁo _2cosﬂ0 plo (12)

2 3
Ro 23, —sin f3, cosﬁo—cos 2t In
COSp  COS@

=f
39 2

tg

—%sinsﬁosin .

RESULTS

The differential equation (12) makes it possible to analyse the motion of a heap in a sieve, the axis of
which is horizontal. The motion of the heap will be considered as composition of a rotational motion around
the axis and translational along the X - axis, when the sieve is rotated about the axis, inclined to the horizon

at angle ¥ (Fig. 4).

X ,v.”v.,,,,v

o
Fig. 4 - The scheme of frictional forces acting on the elemental volume of the heap in the sieve with an
inclined axis of rotation to the horizon

The differential equation of rotational motion will have the form:
l, =M, (F")-P-OC-singcosy (13)
where ¥ - an angle of inclination of the sieve, rad : MO(FfT) - moment of friction forces, N -m.
The differential equation of motion of the heap along the sieve has the form:
mX =Psiny —F* (14)
where m — mass of the heap, kg ; X - projection of acceleration on the x-axis; F,* - resultant

frictional forces directed along the axis of the sieve, N .

Taking into account the information mentioned above, for differential equations of the heap motion we
obtain:
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e for the rotational component movement

R 1. 1.
—| B,—=sin g, ——sin4pg, |-¢ =
9 (ﬂo 3 B 12 ﬂoj ®

z. B
cos’® 3, ‘tg(4+ 2]
3 In

2 . infB. —
_ /R 23, —sin f3,cos f3, - L SINGy =By Cosfy |
39 ig T B COS @ COS Y
4 2
R 2 . .
x——2 ___Zsin® B,sing-cosy ;
Vit + R 3 s)
e for the translational component motion of the heap along the axis of rotation
o
. 1yR? 1.
x—yg [ﬂo —Esmzxfoj:
R’ cos 9 (Z+ﬁ20) sin 3, — /3, cos (16)
= f7|R2 A 2, —sin g, cos S, — 5o In +2 Bo =5 5o «
. 3¢ 3 tg(”—'g"j COS p COSY
4 2

x

#Hyw +(,6'0 —%sin Zﬁojsin w.
X"+ w

The considered mathematical model allows us to investigate the motion of the grain heap in the
sieve during its rotation. The numerical solution of the system of differential equations, (15) and (16) is
carried out by the Runge - Kutta method (Porshnev and Belenkova, 2005) according to the initial data given
in the table 1.

Table 1
Output data to a numerical solution
R ,80 l// f g I ¢0 a)o VO At
[m] [rad] [rad] [m/s'] [m] [rad] [rad/s] [m/s] [s]
0.45 0.8 0.1 0.3 9.81 1.2 0 0 0 0.01

In integration it was assumed that the grain heap, the cross section of which is determined by the
radius of the sieve R and the loading angle ﬂo , moves from the rest state, with =0; w=0;V =0.
The integration process with the step At = 0.01 swas completed at the passage of weight centre of

the heap cross section along the entire length of the sieve (I =1.2m). The graphic illustration of the solution
shown in fig.5 makes it possible to determine: the position of the centre of the sieve cross section along the
sieve length for any moment of its movement (curve 1); the angle of deviation in the normal section of the

sieve (curve 3); the angular velocity at any moment of time (curve 2).
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Fig. 5 - Kinematic characteristics of the grain heap during the interaction with the sieve
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The numerical solution of the equations above, (15) and (16), allows, based on the analysis of the
motion of the grain mixture in the sieve, to assign the most efficient operating mode for grain separation.

CONCLUSIONS

The mathematical model of interaction of the grain heap with a drum, which rotates around an axis
inclined to the horizon, has been suggested.

The solution of differential equations of motion allows determining the speed and time of the egress of
grain during the separation in a sieve.

The given mathematical model of a grain heap interaction with a drum can be used in substantiating
the geometric and kinematic characteristics of the sieve, as well as in choosing a rational mode of its
operation.
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ABSTRACT

Traffic parameters of the road transport means are influenced beside the loads to be transported, the
travel speeds, the constructive and functional characteristics by the air pressure in the tires which has a
direct impact on the tire tread wear, rolling resistance, compaction, soil compaction and rolling track wear,
and finally on the transport operation costs.

This paper presents the research on a transport articulated vehicle made up of an agricultural tractor
and a semi-trailer, aiming at continuous monitoring of the transported load in order to determine the optimal
air pressure in the tires.

In order to monitor the tire pressure, which is directly influenced by the tire load, an installation was
created and placed on the articulated vehicle that continuously measures and monitors, in real time, the
transported load, consisting mainly of two force transducers, two force amplifiers, a micro PLC
(Programmable logic controller), an operating terminal, and the connection elements between them.

The records made during experiments are managed using software specifically created for these
researches.

The experiments were performed at different loads of the semi-trailer, the results obtained from the tests
allowing us to determine the authenticity of the software created, on the one hand and the value evolution of
the measured parameters, on the other hand.

The determined results allow the operator to make optimal decisions on the air pressure in the tire
corresponding to the measured load, also taking into account the nature of the transported load, the type and
condition of the rolling track.

REZUMAT

Parametrii de rulare ai mijloacelor de transport rutiere sunt influentati, pe l1&nga sarcinile de transportat,
vitezele de deplasare, caracteristicile constructive si functionale, si de presiunea aerului din pneuri, care are
impact direct asupra uzurii benzii de rulare a pneurilor, a rezistentei la rulare, a tasarii, compactarii solului gi
uzurii cdii de rulare, si, in final, asupra cheltuielilor efectuate cu operatia de transport.

In lucrarea de fatd se prezints cercetérile efectuate asupra unui autotren de transport alcétuit dintr-un
tractor si 0 semiremorca agricola, scopul fiind monitorizarea continua a sarcinii transportate, in vederea
stabilirii presiunii optime a aerului din pneuri

Pentru monitorizarea presiunii din pneuri, care este influentata in mod direct de sarcina pe pneu, a fost
realizaté si amplasata pe autotren o instalate care masoara si monitorizeaza continuu, in timp real, sarcina
transportata, alcatuita in principal din doua traductoare de forta, doua amplificatoare de forta, un micro PLC
(Controler logic programabil) , un terminal de operare si elementele de conexiune intre acestea.

linregistrarile efectuate in timpul experimentarilor sunt gestionate cu ajutorul unui soft, special creat
pentru aceste cercetari.

Experimentarile s-au efectuat la diferite sarcini de incarcare a semiremorcii, rezultatele obtinute in urma
testarilor permitdndu-ne s& stabilim veridicitatea softului creat, pe de o parte, si evolutia valoricd a
parametrilor masurati, pe de alta parte.

Rezultatele determinate permit operatorului s& ia decizii optime privind presiunea aerului din pneu,
corespunzatoare sarcinii masurate, tinand seama totodata si de natura sarcinii transportate, de tipul si starea
cdii de rulare.
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INTRODUCTION

The main rolling parameters of road transport means are the transported mass (mass of the load +
mass of the means of transport) and the travel speed.

Depending on these parameters, the appropriate rolling system and tire type are established, such as
air pressure in the tire, with direct implications for tread wear, compaction, soil compaction and rolling track
weatr, rolling resistance, and finally for the transport operation costs.

The problem of the tires influence in general and of the air pressure in them on the rolling track,
regardless of its nature and condition, in particular, has been constantly in the attention of the specialists in
the field, at present being published many papers addressing both the theoretical and experimental aspects.

The influence of tire parameters on soil compression and compaction processes has been approached
in various theoretical papers in which equations have been developed for the calculation of the contact area
of agricultural tires (Biris S. St., 2012), the interaction between vehicle wheel and soil and the estimation of
soil compaction (Cardei P., et al.,, 2007; Popescu S. et al., 2006), soil degradation as a result of the
compression and compaction process (Diserens E. et al.,, 2011; Robescu V.O., Elekes C., 2008;), finite
element modeling of tire/terrain interaction (Xia K., 2011).

The influence of tire parameters on the traction characteristics was also an aspect studied over time in
specialized works of which we mention a traction prediction model for an agricultural tire (Rosca R., et al.,
2014; Rosca R., et al. 2017; Tiwari V.K, et al. 2010) traction performance simulation on differently textured
soils (Battiato A., Diserens E., 2017; Ciuperca R. et al., 2018; Diserens E., 2017; Zebrowski J, 2010;).

Considering the importance of tires in general and their air pressure in particular on the rolling
performance, researchers in the field have also been concerned with the development of practical systems
for correcting air pressure in the tire in accordance with the type and condition of the rolling surface (Dinu, L.,
2010), systems implemented in particular on military vehicles.

Existing rolling systems perform as main functions: supporting the load, rolling, braking and partial shock
absorption.

The rolling system which is the subject of the present work is equipped with a load monitoring
installation that allows, besides the functions that any existing system performs, to continuously measure the
weight of the means of transport. Thus, it provides real-time information on the variation of the weight
transferred to the articulated vehicle in the transport situations encountered, as well as on the air pressure in
the tires required according to the load transported, the tire type and the rolling conditions.

The information provided by the load monitoring installation can be used both in the stage of design and
realization of the means of transport and the choice of the autotractor in the aggregate as well as in the
correct choice of the air pressure in the tires or in the monitoring of the means of transport loading operation.

MATERIALS AND METHODS
It is considered a transport articulated vehicle made up of an autotractor and a means of transport, in

this case, an agricultural tractor and an agricultural semi-trailer that is placed at rest on a horizontal land.

The action of the semi-trailer on the tractor (Fig. 1) is represented by the bonding forces R and F.. The
force R represents the part of the total weight of the semi-trailer Gs that is distributed on the tractor and which
contributes to increasing the adhesive weight of the tractor, and F; is the traction force (Tecusan N., lonescu
A., 1982; Badescu M. et al., 2014).

bS ag C bt at
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Fig. 1 - Forces and moments acting on the tractor-semi-trailer system
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The normal reaction of the ground on the semi-trailer wheels (tire load) Zs, is determined from the
momentum equation written in coupling point C, according to the equation (1):

Z.-LL -G, ,-a, =0 1)
By grouping the terms, we determine the expression of the Zs reaction according to the equation (2):
G, -a
Z . =—— 2
s L 2)
Component R is determined with the equation (3):
R=G,-Z, @)

Substituting the expression of the Zs reaction with its expression in equation (2), results the expression
for the component R, according to the equation (4).

R=GS_GS-'as=Gs(Ll_as) 4

L, L,

The normal ground reaction on the semi-trailer wheels, Zs is the size that will be continuously
measured and monitored by the monitoring installation, which determines the value of the optimal air
pressure in the tires, depending on the tire type, the travel speed, the nature and the condition of the rolling
track.

To accomplish this, an operating program was designed, according to the logical schema presented in
(Fig. 2).

Input data:

- fixed: tire type; air pressures in the tire recommended by the manufacturer, depending on the load
and travel speed,; rolling track type.
- variable: load measured by the monitoring installation.

Output data: optimal air pressure in the tire.

Operating mode: Select the travel speed of the means of transport and the rolling track type and,
depending on the load measured by the monitoring system, the operating program will show the optimal air
pressure in the tire on the display.

Setting travel
speed
Setting rolling
track
Mass Displaying the
measurements mass on OT
Recommended .| Displaying the
pressure calculus recommended
pressure on OT

Fig. 2 — Operating program logical schema
OT — Operating terminal

The tests were carried out with a transport articulated vehicle consisting of an autotractor and a
means of transport at rest on a horizontal land, in this case a New Holland TD80D agricultural tractor
and an agricultural semi-trailer equipped with bogie-type drivetrain (Fig. 3), the semi-trailer being
equipped with a load monitoring installation, (Fig. 4).

77



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

Fig. 4 — Load monitoring installation scheme:

1 — force transducer; 2 — force amplifier; 3 - micro PLC; 4 — operating terminal;
5 - accumulator battery; 6 — double pole fuse; 7 — connecting cables.

In the case of the present paper, we were interested in the forces acting on the semi-trailer, namely
Z.; R based on which the operating program determines the required air pressure in the tires.

Working methodology

In the first stage of the tests, the semi-traile’'s own mass Gy, and its distribution Z,, R, were
determined by weighting when stationary using the classic system (the weighting machine), and its
constructive dimensions were measured and calculated (fig.3), the results being:

- Gp=4310 daN; Zp = 3770 daN; Rp = 540 daN.
where: Z, - distribution of G, on the semi-trailer axle; R, - the component of G; that is transferred to the
tractor.

Also, the constructive dimensions of the semi-trailer were measured and calculated as follows:

L1i=4.8m;as=4.2m;bs=0.6m; hs=1.6 m; hc =0.45m

Since the monitoring system transducers were located between the trailer chassis and the top of the
rolling system, as shown in (Fig. 4), the weight monitored by them is reduced by the weight of the rolling
system, the operating program of the system being realized accordingly.

For these reasons, in order to verify the viability of the previous relations, in the second stage the
value of the weight measured by the two transducers was set at 3770/2 = 1885 daN each, the actual load
sustained by the tires on the same side of the trailer.

In the third stage, the same parameters were determined by weighing and measurements, with the
semi-trailer loaded at Gs = 7250 daN (own weighting + load) for three values of Gs, the determined values
being:

- Gs= 7250 daN; Zs= 6080 daN; R= 1170 daN;
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L1=4.85m; as=4.07m; bs =0.78 m; hs=1.65 m; hc = 0.42 m
where: Zs - distribution of Gs on the semi-trailer axle; Rs - the component of G that is transferred to the
tractor.

In the fourth stage tests were carried out to check the functionality of the monitoring system for three
values of Gs (own mass + load), the established values being determined by the existing used load (metal
tare weights), respectively:

1. G = 7250(4310+2940) daN:
2. Ge = 6830(4310+2520) daN;
3. Gg = 5570(4310+1260) daN.

Equipment used for experiments
- The weighting machine: max. capacity 10t; accuracy class 0.1 — it weights the semi-trailer mass.
- The monitoring installation: placed as shown in (Fig. 4):

- force transducer: max. capacity 10 t; protection class IP 68; accuracy class, 0.05; input
resistance, = 4350 Q; high output signal of 2.85mV/V — It converts the mechanical force into an electric
signal;

- force amplifier: output, + 10V, 0...10 V and 4...20mA,; protection class IP 20. - It amplifies the
electrical signal received from the transducer;

- micro PLC: no I/O 14; electrical connecting, 24 VDC; digital input, 8; work blocks max. 200. — It
processes the signal received;

- operating terminal, main characteristics: power terminal, 24 VDC; number of touch keys,
maximum 50 keys/screen; user memory 512 kB or less - It displays the results obtained and represents the
operator interface.

RESULTS
The results determined by the monitoring system are presented in Table 1.
Table 1
Values determined for Zsand R
Values
Test Parameter Determined by | Determined by P
no. determined P S Difference | Deviation
the  monitoring | weighting [daN] 0
system [daN] machine [daN] (%]
Gs[daN] 5558 5570 -12 -0.2
1 Zs [daN] 4854 4860 -6 -0.1
R [daN] 704 710 -6 -0.8
Gs[daN] 6840 6830 +10 0.1
2 Zs [daN] 5975 5968 +7 0.1
R [daN] 865, 862 +7 0.3
Gs [daN] 7261 7250 +11 0.2
3 Zs [daN] 6082 6080 +2 0
R [daN] 1179 1170 +9 0.8

It can be noticed that the differences between the values determined by the classic system and those
by the monitoring system were insignificant, so the monitoring installation is functioning correctly, the
deviations having values that fall within the constructive error margin of the used measuring equipment.

Using the data specified in Table 1, the operating program determined the optimal tire pressures pa, in
accordance with the rolling track type and the pre-set travel speeds, the results being shown in Table 2, for
the tire equipped with the 16.00-20/12PR outer cover.
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Table 2
Values determined for the air pressure in the tire
Values determined by the monitoring system
Test Parameter
no. determined Speed = 15 km/h Speed =30 km/h Speed = 40 km/h
Ground road Concrete road Highway
1 Gs[daN] 5558 5558 5558
pa[bar] 1,25 2 2,25
) Gs[daN] 6840 6840 6840
pa[bar] 15 2,25 2,5
3 Gs[daN] 7261 7261 7261
pa[bar] 1,75 25 2,75

The operating program interface is presented in (Fig. 5).

File Edit View Insert Tools Search Controller Com Option Window Help

D8] £ |=[@la] 2| foox <] ]| s(ssla ¥ | sils]
JL”/EIO——-L'B-IE(*.

N EJE‘BJ & Monitoring in System Sketch EI@ alg

For Help, press F1 |ALZ Series [4%Used | [NUM]

Fig. 5—The operating program interface

The variation of the values of the components Zs and R at the same amount of Gs depends on the
position of load placement in the trailer to the axis of the driving system. A placement more toward the tractor
could lead to a situation in which the value of R exceeds the value of the maximum permissible load on the
tractor from the articulated vehicle, as declared by the manufacturer, which can be dangerous.

The information provided by the monitoring system, on the operating terminal, can avoid this situation
because the operator has information about the value of R reconnected during loading of the trailer and can
coordinate the proper placement of the load in the trailer.

For the experiments carried out in his work, with articulated vehicle, the variation of R according to the
position of the load on the trailer, determined by the cart as, is presented in (Fig. 6), in which is marked the
maximum value of R, allowed by the tractor from the articulated vehicle.

Experiments have been carried out for the Gs= 7261 daN.
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R [daN) Gg=7261daN
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Fig. 6 — The variation of the component R depending on the position of the load on the trailer
Articulated vehicle: New Holland TD80D agricultural tractor and agricultural semi-trailer

CONCLUSIONS

1. The rolling system which was the subject of the present paper is equipped with a load monitoring
installation that performs real-time, continuous measurement of the weight sustained by the trailer rolling
system and its variation as a result of the weight transferred to the tractor;

2. The values measured in the experiments for the trailer weight Gs, the soil reaction to the trailer rolling
system Zs and the weight transfer from the semi-trailer to the tractor R was very close to those determined
theoretically with the mathematical relations, the deviations calculated as the ratio of the theoretically
calculated value to the value measured in experiments ranging between 0.1 - 0.8%, values that fall within the
constructive error margin of the measuring equipment;

3. The operating program that was realized is working properly, providing the operator with information
regarding the load on the rolling system and the optimal air pressure in the tires;

4, Continuous, real-time monitoring of the transported loads provides useful information to the
operator so that he can optimally control the articulated vehicle rolling parameters by adapting the air
pressure in the tires according to the transported load, the rolling track type and the travel speed, thus
reducing the imminent dangers that may occur during the transport operation and ensuring an efficient
transport.
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ABSTRACT

To ensure maintaining the biological quality of harvested seeds represents a challenge for scientific
research in ecological agriculture. The production of seed material, organic certified, depends to a great
extent on the functional quality of seed conditioning equipment and installations, but also on the quality of the
raw material. Given the importance of knowing the conditioning process of different culture seeds the paper
presents a seed conditioning technology and installation that combines two functioning principles:
counterflow aspiration and separation on cylindrical sieves. From the results obtained in the experimental
research a comparative analysis of the performances of the equipment that could be used by the producers
was made.

REZUMAT

Asigurarea mentinerii calitétii biologice a semintelor recoltate, reprezintd o provocare pentru
cercetarea gtiintifica in agricultura ecologica. Productia de material semincer certificate ecologic, depinde in
mare masuré de calitatea functionald a echipamentelor si instalatiilor de conditionare a semintelor, dar si de
calitatea materiei prime. Avand in vedere importanfa cunoasterii procesului de conditionare a diferitelor
seminte de culturd, lucrarea prezinté o tehnologie si o instalatie de conditionare a semintelor, care combina
doud principii de functionare: aspiratie in contracurent si separarea pe sitele cilindrice. Din rezultatele
obtinute in cercetarea experimentald s-a realizat analiza comparativd a performantelor echipamentului ce
poate fi utilizat de producatorii.

INTRODUCTION

After the harvesting process, agricultural products (seeds, fruits, vegetables, etc.) cannot be used
directly for various purposes such as: preservation, consumption, industrialization, marketing, sowing, etc.,
as they also contain impurities (plant remains, seeds, weeds, other bodies, etc.) and damaged products.
Prior to receiving a specific destination, it is necessary and obligatory for the harvested products to undergo
cleaning and sorting operations. In order to reduce and even eliminate the negative influences of the cereal
grain impurities, it is necessary to make a pre-cleaning with different equipment or installations. At the same
time, for the use of cereal and industrial plant seeds as sowing material, it is hecessary to eliminate foreign
bodies, which differ from the seeds of agricultural crops in general, by their physical characteristics, as well
as the removal of seeds with low germinating capacity, poorly developed ones and cracks. For this reason,
the realization of cleaning and sorting technical equipment is a necessity.

MATERIALS AND METHODS

Within the primary processing operations of agricultural products for obtaining high quality final
products are also the cleaning and sorting operations, which involve an adequate technological flow
(Bracacescu C., Gageanu I., Popescu S., Kemal C.S., 2016).
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If currently, in some countries, the focus is on predominantly organic agriculture, it is estimated that in
the next few years, the importance of technical equipment for cleaning and sorting cereal and technical plant
seeds will obviously increase due to the high degree of crop contamination resulting from the elimination of
chemical processes to prevent factors that negatively influence their development (herbicide application,
chemicalization, etc.) (Ciobanu V.G., Visan A.L., Paun A, Nedelcu A., 2015).

The cleaning operation, as the first operation within the technological flow of processing agricultural
products requires, first of all, cleaning and sorting equipment having its working process based on the
difference between the physical characteristics of seeds and those of foreign bodies.

In order to meet the needs of cereal and technical plant processors and agricultural farmers, INMA
Bucharest has developed a technology, (Fig.1) (Pdun A., et al., 2016) and a pilot installation for seed
conditioning ISC (Fig. 2) (Paun A., et al., 2016), which is composed of high capacity combined-type technical
equipment (pre-cleaning module and cylindrical sieve) (Paun A., et al.-2016).

| Matenal supply
'

Crushed seeds

Big mpurities
gvacuation

Full seeds cleaned Full seeds cleaned 1--3eed-pre-

cleaning-
2-Cylindrical sieve-3C- module-MPS-0
- y m‘_
Fig. 1 - Seeds for conditioning technology [9] Fig. 2 — ICS seed conditioning installation

The seed conditioning installation is designed to improve harmonised technologies for the production
of organic seed in cereals, legumes for grains, oilseeds, industrial and fodder plants, aromatic and medicinal
plants, to solve practical problems concerning the production of organic seed for field cultures and planting
material, organic certified, at farmers. It has the role of removing from the processed product the impurities
that affect its quality.

Aligned to the most modern trends, incorporating the latest design solutions, the ICS installation uses
in the seed pre-cleaning process, within the pre-cleaning module, two combined principles: separation on
two sieve drums and the counter flow aspiration of the product. The product, pre-cleaned of coarse foreign
bodies and light impurities, reaches the cylindrical sieve where separation in several fractions takes place.

The adopted constructive solution allows changing the inclination angle of the cylindrical sieve and
also, to increase the productivity and the technological sorting effect, it is provided with inner inclined planes
(Paun A. et al., 2016).

Main technical and functioning characteristics of the pilot installation ICS are:

e Seed pre-cleaning module MPS-0. This equipment has a productive capacity of 8 [t/h] for a
standard product, respectively a working capacity higher than 5 [kg/hl] for wheat (humidity of 6 + 8 [%]) and a
cleaning degree of 40 + 50 [%];
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e Cylindrical sieve SC-0. This equipment presents a selection capacity of 3 + 4 [t/h], a sieve
rotation frequency of 14 [min-1] and an installed power 75 [kW].

In order to determine cereal seed pre-cleaning degree, experiments were carried out with the seed
conditioning installation, at INMA, under operating conditions, using as raw material seeds of; wheat that was
not pre-cleaned, camelina and soy, purchased on the market.

Considering the technological role of the seed conditioning installation, samples were taken and
laboratory analyses were performed at: seeds entering the pre-cleaning module; seeds going out from the
pre-cleaning module; the outlet of the product decanted in the cyclone; the outlets (sieved products) from the
three segments of the cylindrical sieve and the plus material on the last element of the cylindrical sieve.

The technological effect of the installation was analysed against product standards and assessed
according to the following results obtained at a single pass through the installation of the product to be
processed (Tarcolea C. et al, 2008, Paun A. et al, 2012).

During the experimental research activities of the pilot installation, the following determinations were
made: large impurities extraction evaluated using the Ecwm [%)] coefficient and defined in eq. (1); small
impurities extraction evaluated using the Ecsm [%] coefficient and defined in eq. (2) and light impurities
extraction (weeds, dust particles, bents, vegetal pieces, husks with dimensions smaller than 1.5 [mm])
evaluated using the Ecsy [%] coefficient and presented in eq. (3).

Ecsm= [( Csmi- Csme ) / Csmi] x 100 [%] )
Ecsm= [( Csmi- Csme) / Csmi] X 100 [%] (2)
Ecsu= [( Csui- Csue) / Csui] X 100 [%)] 3)

The terms used in the above equations have the next significations: the Cswi is the content of large
impurities at installation inlet, [%]; the Cswe is the large impurities content at the installation outlet, [%]; the
Csmi is the small impurities content at the installation inlet, [%]; the Csme is the content of small impurities
content at the installation outlet, [%]; the Cgi is the light impurities content at the installation inlet, [%] and
the Cque is the content of light foreign bodies at the installation outlet [%].

RESULTS

The results obtained from experimental research activities carried out under operating conditions of
the ICS installation that is equipped with MPS module are presented in Tables 1 and 2.

During the laboratory analyses were obtained the humidity and impurity of the samples extracted from
the supply and evacuation seed material and their pictures are presented in Fig. 3, 4 and 5.

Table 1
Experimental results obtained from ICS under operating conditions
Camelina seeds Soy seeds Wheat seeds
Measured Sample no Product | Product | Product | Product
parameter " | Product inlet | Product outlet . .
inlet outlet inlet outlet
S| 7.6 7.4 7.355 7.35 7.6 7.4
Sl 7.4 7.5 7.358 6.6 7.4 7.3
Humidity [%
umidity [%] S 7.7 7.5 7.356 6.5 7.7 7.35
Average value 7.57 7.47 7.36 6.82 7.57 7.35
S| 61.2 61.2 69.35 69.168 74.3 74.1
Seed mass S 63.3 63.3 69.35 69.05 79.3 79.05
[kg/hi] s 64.1 64.1 69.35 68.95 79.1 78.95
Average value | 62.87 62.87 69.35 69.06 77.57 77.37
S| 63.01 93.05 90.5 98.54 96.2 98.9
S 63.1 93.15 91.3 98.82 94.8 99.1
Seed purity [%
eed purity [%] S 63.28 931 911 97.64 | 951 988
Average value | 63.13 93.10 90.97 98.33 95.37 98.93
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Table 2
Determinations regarding the quality of processed seeds
Camelina seeds Soy seeds Wheat seeds
Measured sample Product Product Product Product Product
parameter no. . Product outlet . .
inlet inlet outlet inlet outlet
Csui Csue Ecsu Csui Csue Ecsu Csui Csue Ecsu
Light impurities Sl 19.58 3.7 81.10 0.54 0.006 | 98.89 0.72 0.19 | 73.61
content Sl 19.7 3.68 | 81.32 0.59 0.005 | 99.15 0.68 0.2 | 70.59

collected at fan S

evacuation [%] 19.68 3.74 | 81.00 0.47 0.006 | 98.72 0.65 0.17 | 73.85

Average
valle 19.68 3.71 |81.15| 0.533 |0.006 |98.87 | 0.68 0.19 | 72.06
Csmi Csme Ecsm Csmi Csme Ecsm Csmi Csme Ecsm
Small impurities | S | 13.63 261 [8085| 024 |0008]|9667| 022 0.04 | 81.82
evacuated by ST
the helical 13.6 264 | 8059 | 022 |0007|9682| 0.25 0.04 | 84.00
horizontal Sl 13.65 266 |8051| 025 |0.009|96.40]| 0.23 0.06 | 73.91

conveyor [%]

Average
value 13.63 2.63 |80.70 | 0.237 | 0.008 | 96.62 | 0.23 | 0.047 | 79.57
CsMi CsMe EcsM CsMi CsMe EcsM CsMi CsMe EcsM
, N Sl 3.51 0.54 | 84.62 15 0.3 | 80.00 1.7 0.2 | 88.24
Large impurities S
evacuated by 3.59 0.58 | 83.84 1.55 0.4 | 74.19 1.9 0.28 | 85.26
the tram [%] Sl 3.58 06 |[8324| 142 0.3|7887| 1.65 0.3 | 81.82
Average
3.56 0.56 | 84.27 1.49 0.33 | 77.85 1.75 0.26 | 85.14
value
S - - 2.10 0.4 15 0.2
Sl - - 2.01 0.6 1.7 0.25
0,
Cracks %] gy - - 1.74 0.9 14 0.21
Average ; - 1.95 0.63 1.53 0.22
value

’ . - Y T e S
- . . = . P &

Quality of unprocesed camelina seeds By product colected after MPS

Camelina seeds sieved by seive no.2  Camelina seeds sieved by seive no.3 Material evacuated by sieve no.3

Fig. 3 - Samples collected during the technological flow of ICS when it processed the camelina seeds
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Soy seeds sieved by seive no.2  Soy seeds sieved by seive n0.3 Material evacuated by sieve no.3

Fig. 4 - Samples collected during the technological flow of ICS when it processed the soy seeds

Wheat sieved by seive no.2 ~ Wheat sieved by seive no.3  Material evacuated by sieve no.3

Fig. 5 - Samples collected during the tehnological flow of ICS when it procesed the wheat

In fig. 6 is presented the graphical distribution of impurities extraction from seed mass during the ICS
technological process for different types of seeds, beginning form the small ones — camelina seeds and
ending with soy seeds.

100.00
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70.00
&0.00
50.00
40.00
30.00
20,00
10.00

0.00

W Ecsu
m Ecsm

W EcsM

Coefficient value [%]

Bracks

Camelina Soy Wheart
Fig. 6 - The distribution of the impurities extraction from seeds that are processed by ICS installation
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Analysing this data can be concluded that the separation process by fractions can be easily made if
the seed dimensions are considerably higher, but at the same time the amount of breakage is much higher
(see also Table 2) while the cracks evacuation percentage is maintained at the same value.

1.2

0.8

06 W

0.4

Humidity [%]

0.2

1.5 2.5

Cracks [%]
<a» Camelina < Soy «» Wheat Linear (Soy) Linear (Wheat)

Fig. 7 - The distribution of the cracks from procesed seed mass in acordance with material humidity

If we take a close look at the crack percentage of cracks in the processed seed material it can be seen
that it has increased. The most concerning case is that of the soy beans because its tendency increased
rapidly by almost 50% from sample to sample, even if the feeding material is maintained constant and the
humidity has decreased only by 0.855 [%].

25

15 I ;Lul) = ‘

0.5

Average humidity [%]
S -
G §
%
J
-
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0 0.5 1 1.5 2 2.5 3 3.5

0.5
Average cracks [%)

«» Camelina - Soy ~» Wheat ~———Llinear (Soy) Linear (Wheat)
Fig. 8 - The distribution of the cracks from procesed seed mass in acordance with material humidity

In fig. 8 is presented an important aspect of the seed mass processing: if the separation process takes
place into the air tunnel, the seeds can modify their humidity and sometimes can increase their fragility; this
way, the processed seed mass can increase the cracks percentage, as it can be seen in Table 2.

In fact, the camelina seed mass has no cracks and their humidity can be compared easily with the
wheat material, but the dimensions are smaller and also their external surface, fact that has no influence
during the seed dynamics and assures its integrity during the technological process.

Comparing wheat humidity with soy seeds, it can be noticed that there is a slight difference, and if it is
correlated with dimensional and mass aspects it can be clearly concluded that, from a certain point, the
technologic parameter must be controlled in order to decrease the cracks percentage in the processed
material. If this aspect is not considered, the technological process cannot be adequately controlled and that
leads to the fact that the separation process can be compromised.
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CONCLUSIONS

This installation has the ability to remove impurities of unthreshed wheat seeds and due to the pre-
cleaning process performed by ICS they are successfully eliminated. This process must be well controlled so
that the speed of the air flow above the seed flow limit can aspirate beside the impurities also the good
seeds that are then directed to the cyclone and from there to the residues, applying the principle of impurities
separation based on the difference in aerodynamic properties between seeds and impurities. The separation
module has the ability to adjust the flow rate of the air flow in the suction channels by altering the geometry
of the transverse section thereof by actuating some control valves.

To eliminate large impurities like straws, cobs, ears, etc. which can cause installation clogging, which
obstruct or stop the grains flowing from the installation, the module with cylindrical sieves is mounted. The
pre-cleaning module MPS-0 ensures an optimum drive mode of the seeds and impurities mass using two
sieve drums which can be replaced depending on the seeds undergoing pre-cleaning.

The ICS has been designed to ensure high-purity cereal and industrial plant seeds used in organic
crops establishment, a need that is increasingly present to farmers who want to set up crops with high
nutritional and economic value.

In this paper are underlined some technological aspects that must be considered during the seed
separation process in order to lead to a product in line with market product standard. In the next papers will
be presented further research results on different seeds with different humidity, and will be presented a
dedicated controlling system that will allow adapting the process parameters to seed humidity and
dimensions.
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ABSTRACT

Yellow-feather chicken is a common breeding chicken in China. In view of the uncontrollable factors of
pasture-raised chickens, the team proposes a precise breeding method of small chicken chamber. In this
way, two problems are solved, including heat stress and the effects of environmental factors, such as
bedding, fodder, water, wind speed, ammonia and fine particulate matter (PMzs) on chickens. This
experiment studies heat stress and air quality during the 20-day experiment period using the method of a
negative pressure fan controlled by an inverter. The experimental results show that under design conditions,
all the environments are up to standard, and the weight gain efficiency of chickens is higher than that of free-
range chickens and no death is witnessed. This experiment proposes a new breeding model which has been
approved by some breeding companies and thus has a broad application prospect.
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INTRODUCTION

With the popularization of the scientific concept of “animal welfare”, environmental quality is an
important factor that restricts the health welfare and production performance of chickens (Liu Y., 2015). In
Jianghuai Region of China, it often appears high temperature and high humidity in summer. Due to the lack
of sweat glands and the difficulty in heat dissipation of chickens, different heat stress response occur at this
time (Farooqi H., 2005). The heat stress response of chicken refers to a series of abnormal reactions caused
by temperature regulation and physiological dysfunction under high temperature conditions, which have
different effects on feed intake, production function and feed conversion rate of chickens, and even causes
shock and death of chickens (Yuan J., 2007). Saffar and Rose (2002) studied that the physiological function
of poultry was greatly influenced by environmental factors, among which ambient temperature was one of the
most important factors (Al-Saffar A., 2002).

At the same time, air quality in the chicken house also affects the health of chickens. For traditional
chicken houses in China, a scraper-type defecating system is used for dung removal, which has problems
such as long cleaning cycle, incomplete cleaning and water leakage of drinking water equipment. As a result,
the fecal fermentation in the chicken house is easy to occur, resulting in high temperature, humidity and
ammonia concentration in the chicken house (Kocaman B., 2006). In chicken house, ammonia is produced
by microorganisms degrading substances such as feces. Higher concentrations of ammonia may damage
the respiratory lining of chickens, decrease their immune function, increase their risks of infectious and
respiratory diseases, and adversely affect their weight gain, feed conversion rates, carcass quality, thereby
reducing their breeding benefits (Beker A., 2004; Lin T., 2016; Xing H., 2015). Studies show that the dust in
chicken house mainly comes from feed, feces, chicken skin, feathers, the foam produced during cackling,
airborne microorganisms and fungus (Chen F., 2014). Ammonia is also an important source of PMzs (Li Q.,
2014).
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Only a small amount of pathogenic microorganism inhaled by chickens can lead to airborne infection,
affecting normal life and health of chickens, and leading to the decline of production performance (Yang W.,
2016). In order not to affect the health and normal production performance of chickens, China’s livestock and
poultry farm environmental standard (NY/T 388-1999) stipulates that the concentration of ammonia in
chicken houses shall not exceed 10mg/ms3.

To solve the above mentioned problems, this paper studies the precise breeding mode of yellow-
feather chickens based on small chicken chamber and analyzes the effects of heat stress, PMzs and
ammonia on the growth performance of yellow-feather chickens in terms of colour of excreta, feed and water,
wind speed in the chamber, concentration of ammonia and PMz s particles.

MATERIALS AND METHODS

The experiment was conducted at Jinniuhu Street, Luhe District, Nanjing City, Jiangsu Province,
China. The geographical coordinates of the chicken house are 32°26’77”N in latitude and 118°52'64"E in
longitude. The chicken house has two symmetrical structure chambers and the walls of chambers are
designed by two layers of steel plate with heat insulation cotton in the middle. Each chamber is 1.9m in
width, 2.9m in length and covers a total area of 5.51m?2. The roof is a slope, and its west side is 1.88m in
height and east side is 1.77m in height, which makes rain drain easy. In the chamber, temperature and
humidity monitoring system, ammonia monitoring system, inner and external circulated ventilation system,
and video monitoring system were equipped.

The experiment began on July 20, 2018, and the yellow-feather chickens were 24-day old. The
experimental period is 20 days. On the first day of the experiment, each chicken was numbered. The yellow-
feather chickens after registration were put into two chambers for feeding according to their identifications.
The 35 chickens in Chamber 1 are numbered consecutively from the number of 101 and a plastic ring is put
on their feet for identification, while the 35 chickens in Chamber 2 are numbered consecutively from the
number of 201.

Figure 1 (a) shows the location and surrounding environment of the chicken house. The red frame the
red arrow points at is the chicken house used in the experiment. The internal structure of the two chambers
and their internal landscape are shown in Figure 1 (b) and Figure 1 (c).

s

(b) The internal structure of the chambers ‘ c) The inteh ar{dscape of one camber

Fig. 1 - Overview of the experimental chicken house
1. internal circulated air outlet, 2. external circulated air outlet, 3. Drinking water pipe, 4. water tank, 5. air conditioner,
6. camera, 7. internal circulated air inlet, 8. feeder, 9. external circulated air inlet
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During the 20-day experiment, the water trough in the chicken chamber is cleaned every morning to
avoid water contamination problems caused by clogged water outlets or the accumulation of the bedding in
the water trough as a result of movement of yellow-feathered chickens.

At the same time, temperature changes in the chicken chamber also need to be recorded in the
control room many times per day. If the temperature exceeds 30°C, the inlet air brake of the chicken
chamber needs to be adjusted to the largest degree to speed up heat dissipation and slow down
temperature rise speed in the chamber, and when the temperature in the chamber exceeds 34°C, the air
conditioner will be open (set to 30°C) for cooling until the external temperature of chicken chamber drops to
lower than 34°C to avoid mortality of chickens because of heat stress.

The daily work is arranged as follows:

(1) Daytime (6:00 AM - 11:00 PM): check the status of the chicken every hour, record the temperature
of the chicken chamber and check every half hour when the temperature is high at noon. The recording time
shall be precise to minute.

(2) Adjust the frequency of variable frequency fan according to the temperature reference table.

(3) At high temperature: C1, C2 > 34°C, use inner cycle fan, close damper, open air conditioning, air
conditioning set at 30°C, set frequency converter of internal cycle fan to 30Hz, frequency converter of
external cycle fan to OHZ, constantly monitor temperature. When the temperature outside the chicken
chamber drops to 34°C, open frequency converter of the external cycle, frequency converter of the internal
cycle and the external cycle are set to 50Hz, close air conditioning.

(4) Other arrangements are as follows:

11:00 PM ~ 5:00 AM (the next day): Detect particulate matter mass and ammonia concentration at
night.

6:00 AM ~ 8:00 AM: Check and clean the chicken chambers, and check feed and water to ensure
water level is no less than 70cm.

8:00 AM ~ 2:00 PM: Detect particulate matter mass and ammonia concentration etc.

2:00 PM ~ 4:00 PM Check feed, water and chickens status.

4:00 PM ~ 10:00 PM Detect particulate matter mass and ammonia concentration etc.

The whole experiment mainly consists of the following aspects.

The experimental plan of bedding

Good quality bedding encourages yellow-feather chickens to engage in some natural behaviours and
physiological activities, such as foraging for water, combing their feathers and walking back and forth. In this
experiment, wood chip is used as bedding. Wood chip bedding is flat and loose, not prone to agglomeration,
and can effectively absorb the excreta of yellow-feather chickens (Robins A., 2011).

On the day when the experiment ends (Day 20 of the experiment), a small amount of the bedding
samples will be collected at 2 points at external and internal circulated air outlets of the chicken chamber (10
cm from the air outlet), 2 points at external and internal circulated air inlet (10 cm from air inlet), 2 points at
water area centre and feed area centre, and 1 point at the centre of chicken chamber. These samples will be
analyzed and tested.

The experimental plan of feed and water

This experiment adopts Zhengda 511 chicken feed (suitable for 22-day chickens to chickens 7 days
before vyielding). Ingredients: corn flour, soybean meal, protein powder, rice bran, fish meal, calcium
phosphate, copper sulfate, ferrous sulfate, compound vitamin, amino acid, etc., and it contains all the
nutrients required for the growth of chicken. This product is puffed and thus easier to intake.

Studies show that the addition of vitamin C can maintain a normal body temperature and normal
concentrations of calcium, protein and cortisol in the blood, thus relieving heat stress response of the
chickens. Addition of vitamin C to daily ration is good for chickens at high or low temperatures to maintain
body temperature (Al-Masad M., 2012). Therefore, vitamin C is added to feed in 1%o or drinking water in
0.5%o.

The experimental plan of real-time environmental monitoring

Temperature and humidity monitoring system, ammonia monitoring system and video monitoring
system are installed in chicken chambers.
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Temperature and humidity monitoring system: temperature and humidity sensor of Swiss Sensirion
SHT11 is adopted, and the maximum temperature error: £0.4°C, and the maximum humidity error: +3%RH.
Four temperature and humidity sensors monitor the temperature and humidity in Chamber 1 and Chamber 2,
in front of the chambers and in back of the chambers.

Ammonia monitoring system: Daan Instruments gas monitoring host and electrochemical ammonia
gas sensor are adopted. The sensor range is 0-200ppm and the resolution is 1ppm. The sensor is mounted
(equipped) on a wall 30cm above the top of the chambers.

Video monitoring system: HIKVISION N1W monitoring host and hemispheric network camera are
adopted, and the camera focus is 2.8mm and pixel is 2 million.

The control room with the control system is shown in Figure 2.

Fig. 2 - Control room and control system

The experimental plan of ventilation system

A small chicken chamber for precise breeding mode must have a perfect ventilation system. A
reasonable ventilation system can promote indoor gas flow and exchange indoor and outdoor air to a certain
extent, and has the effect of eliminating harmful gases, lowering temperature, and improving the environment
inside the chamber (Cheng L., 2015; Wu P., 2013; Zhao F., 2014). The ventilation system adopted in the
experiment is mainly composed of frequency converter and negative pressure fan. Each chamber has two
sets of frequency converter and fan, including internal and external circulated ventilation systems, and cycle
power is driven by negative pressure fan controlled by frequency converter. The negative pressure fan of
external circulation exhausts directly to outside and the air inlet directly intakes fresh air from outside. For
external circulation, the negative pressure fan returns the air through the air passage under the floor is used
to complete the internal air circulation. The return air passage has a length to width ratio of
2900mm*550mm=*270mm.

The plan of negative pressure fan controlled by the inverter is shown in Table 1 (Du Y., 2016). It is
proved by literature and pre-experiment.

Table 1
The plan of negative pressure fan controlled by the inverter
The frequency of The internal The frequency of .
. ) . . - . The air
Temperature external circulated circulated air internal circulation o
. . . conditioner
inverter inlet inverter
Less than 24°C 10 Hz Open to 30% 0 OFF
24°C~26°C 20 Hz Open to 30% 0 OFF
26°C ~28°C 30 Hz Open to 60% 10Hz OFF
28°C ~30°C 40 Hz Open to 60% 20 Hz OFF
30°C ~32°C 50 Hz Open to 100% 30 Hz OFF
32°C ~34°C 50 Hz Open to 100% 50 Hz OFF
Greater than 34°C 0 Close 30 Hz Turned on to 30°C
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The experimental plan of wind speed detection

15 detecting points are set in Chamber 1 and Chamber2, respectively. The first detecting point starts
from the air inlet and the points set in the two chicken chambers are symmetrical. The positions of the
specific detection points are shown in Figure 3. The high precision hand-held anemometer of Testo 405i with
the precision of £0.1m/s is used for wind detection and the results are transmitted to the smartphone via
Bluetooth.

make 1 2 3 4 5[] outht
6 7 8 9 10

11 12 13 14 15

11 12 13 14 15

& T B 9 10

intake [[1 2 3 4 5[] outlet

Fig. 3—-The distribution of the wind speed detecting points in Chamber 1 & Chamber 2

The experimental plan of ammonia concentration detection

ZG-1 gas sampling pump and ammonia detection tube made in the Research Institute of Beijing
Labour Protection Science are used for ammonia detection. During the experiment, ZG-1 sampling pump is
stopped after extracting 100ml air and kept still until the indicator in the tube stops changing colour. The data
can be read from the scale corresponding to the yellow column. 9 detecting points are set in Chamber 1 &
Chamber 2, respectively. The first detecting point starts from the air inlet and the points set in the two
chicken chambers are symmetrical. The positions of specific detection points are shown in Figure 4.

Chamber 1 (h=10cm) (h=90cm) Chamber 1 (h=180cm)
intake [|| 1 2 3 []] outlet intake [[ 1 2 (] outlet
4 5 6 3
7 8 9 4 5
7 2 9 4 5
4 5 6 3
intake [] 1 2 3 []] outlet intake []] 1 2 [[] outlet
Chamber 2 (h=10cm) (h=90cm) Chamber 2 (h=180cm)

Fig. 4 - The distribution of the ammonia detecting points in Chamber 1 & Chamber 2

The experimental plan of PM2s mass detection

The lighting time of chicken chamber is from 5:00 AM to 11:00 PM and the lights-out time is from
11:00 PM to 5:00 AM. LB-120F PM2zs sampler in an intermediate flow produced by Qingdao Lubo Weiye
Environmental Protection Technology co., LTD is used during the lighting and lights-out time, and the
collection of PM2s is implemented by ®90mm super fine glass fibre filter membrane working for 6 hours at
the sampling rate of 100 litres per minute.
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The filter membrane is weighed by ESJ182-4A automatic electronic analytical balance with the
accuracy of 0.01mg and maximum range of 30g before and after sampling. For each weighing, the analytical
balance is first internally calibrated. The filter membrane is weighed three times after zero clearing and the
mean value of the weighting values is taken as the mass. The mass of PM:zs can be calculated by calculating
the mass difference of each filter membrane before and after sampling.

Figure 5 (a) shows the working condition of PM2s sampler in the chamber and Figure 5 (b) shows the

experimenter weighing the filter membrane at a certain temperature (26~30°C) and humidity (45~55%).

R L 9 e T ke \
(a) PMzAs‘s:':lmpIer in the chamber (b) The experimenter weighing the filter membrane
Fig. 5 - The experiment of PM2s mass detection

RESULTS

During the 20 days of the experiment, a large nhumber of yellow-feather chickens gathered at the air
outlet of chicken chamber each day at the high temperature of 32~34°C and their body got close to the
bedding, with their mouth open for breathing and reluctant to move. It suggests that when the temperature
reaches 32°C, yellow-feather chickens have already had heat stress symptoms. Once the temperature drops
below 32°C, life condition of chickens will restore to a relatively normal state. They will move actively in the
chicken chamber, increase water drinking and food intake.

In this experiment, HOBO temperature and humidity instrument, Testo 405i high-precision hand-held
anemometer, ZG-1 gas sampling pump and sampling tube and LB-120F PMzs sampler are used. The
collected data are analyzed by software to provide the following results.

Temperature and humidity recording results

In the experiment, the HOBO thermo-hygrometer is set to collect temperature and humidity per
minute. After the data collected, the HOBOware Software is used to read data that can be visualized to view
the data or stored as CSV format for further analysis. Graphical results in HOBOware are shown in Figure 6.

a1 chamber on

=—Termp, "C (Temp_C1) [ [
—RH, % (RH_C1) ras
& Coupler Detached

¥ Coupler Atached
# Host Connected
* End Of File
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31 |82
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| s ——

Y1 ———
06:00:00 A 12:00:00 PM 06:00:00 PR 12:00:00 A 0&:00:00 A 12:00:00 Ph
07/23/18 06:00:00 Al GWT+0&:00 0724418 12:00:00 Ph GWT+08:00

Fig. 6 — The result of HOBO thermo-hygrometer
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After statistics in HOBOware, the number of minutes in Chamber 1 where the temperature is greater
than 32°C is 3,844 minutes while that in Chamber 2 is 2,854 minutes during the 20-day experiment. The time
of high temperature experienced by the chickens of Chamber 1 is 1.35 times as large as that of Chamber 2.

Wind speed measurement results
The wind speed data are measured at 30 points in Chamber 1 and Chamber 2 with Testo 450i and the
specific results are shown in Table 2 and Table 3.

Table 2
The results of the wind speed measurement in Chamber 1 related to the inverters able
Point FOECI:10HZ | FOECI:20HZ | FOECI:30HZ | FOECI:40HZ FOECI:50HZ FOECI:50HZ
FOICI: OHZ FOICI: OHZ | FOICI: 10HZ | FOICI: 20HZ FOICI: 30HZ FOICI: 50HZ
1 0.17 0.24 0.48 0.74 1.13 1.44
2 0.12 0.17 0.29 0.34 0.36 0.48
3 0.04 0.04 0.08 0.11 0.23 0.32
4 0.05 0.15 0.06 0.16 0.25 0.36
5 0.25 0.45 0.86 1.13 1.50 1.77
6 0.01 0.01 0.01 0.04 0.04 0.07
7 0.09 0.13 0.18 0.28 0.39 0.46
8 0.08 0.06 0.10 0.22 0.46 0.60
9 0.05 0.03 0.12 0.16 0.35 0.38
10 0.00 0.01 0.02 0.02 0.03 0.03
11 0.02 0.07 0.41 0.71 1.25 1.74
12 0.01 0.01 0.07 0.20 0.60 0.71
13 0.04 0.01 0.09 0.13 0.44 0.58
14 0.01 0.01 0.06 0.17 0.41 0.49
15 0.02 0.04 0.22 0.60 0.97 1.81

FOECI: frequency of external circulation inverter
FOICI: frequency of internal circulation inverter

Table 3
The results of the wind speed measurement in Chamber 2 related to the inverters
Detecting FOECI:10HZ | FOECI:20HZ | FOECI:30HZ FOECI:40HZ FOECI:50HZ FOECI:50HZ
point FOICI: OHZ FOICI: OHZ FOICI: 10HZ FOICI: 20HZ FOICI: 30HZ FOICI: 50HZ
1 0.21 0.44 0.51 1.02 1.73 1.79
2 0.13 0.35 0.52 0.84 0.90 1.55
3 0.08 0.23 0.24 0.25 0.34 0.59
4 0.02 0.16 0.24 0.39 0.26 0.19
5 0.22 0.48 0.81 1.26 1.81 1.97
6 0.01 0.01 0.01 0.02 0.04 0.12
7 0.03 0.01 0.07 0.14 0.18 0.46
8 0.01 0.06 0.04 0.29 0.33 0.40
9 0.04 0.04 0.05 0.11 0.25 0.34
10 0.00 0.01 0.01 0.04 0.05 0.06
11 0.03 0.04 0.36 0.59 1.24 2.32
12 0.01 0.02 0.18 0.44 0.41 0.95
13 0.01 0.02 0.15 0.24 0.08 0.67
14 0.02 0.03 0.07 0.05 0.13 0.59
15 0.01 0.06 0.13 0.43 0.96 1.59

FOECI: frequency of external circulation inverter
FOICI: frequency of internal circulation inverter

Wind speed at air inlet and outlet during heat stress response at 32~34°C meets ventilation
requirements of 1.78 ~ 2.03 m/s; this is also the reason why the chickens gather at air inlet and outlet during
heat stress response.
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Ammonia detection results

Ammonia is not detected since insufficient chicken excrement accumulates on the bedding at the early
stage of the experiment. Table 4 shows the concentration of ammonia measured at each test point in
Chamber 1 at a height of 10 cm from the ground on August 2, 2018. Table 5 shows the concentration of
ammonia measured in chambers at a height of 10cm, 90cm and 180cm from the ground on August 6, 2018.

From Table 4 and Table 5, the ammonia concentration distribution also indicates that the chickens
prefer to gather at the air inlet and outlet. According to the environmental quality standard of livestock and
poultry farm of the Ministry of Agriculture, the ammonia gas concentration in the chicken chamber for
chickens within 50 days should be less than 10ppm. After multi-point detection, the ammonia concentration
value is less than 10ppm, meeting the breeding requirements.

Table 4
The ammonia concentration in Chamber 1 on Aug. 2, 2018
Height Detecting point Detect.ing value
(unit: ppm)
10cm 1 25
10cm 2 1.5
10cm 3 2.0
10cm 4 15
10cm 5 0.5
10cm 6 15
10cm 7 1.5
10cm 8 1.0
10cm 9 15
Table 5
The ammonia concentration in Chamber 1 & 2 on Aug. 6, 2018
Height Detecting Detecting value (unit: ppm)
(cm) point Chamberl Chamber2
10 1 6.0 4.5
10 2 35 3.8
10 3 4.5 4.5
10 4 4.5 5.0
10 5 5.5 4.0
10 6 5.0 4.0
10 7 4.0 6.0
10 8 4.0 4.5
10 9 4.5 4.0
90 1 4.0 4.2
90 2 3.8 3.8
90 3 3.0 4.0
90 4 3.8 4.0
90 5 3.5 3.8
90 6 3.0 4.0
90 7 3.8 4.5
90 8 3.5 4.0
90 9 3.0 4.0
180 1 4.0 4.0
180 2 3.8 4.0
180 3 4.0 4.5
180 4 4.0 3.8
180 5 4.0 4.0
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PM:s detection results

Statistical results after measuring PM2.s mass are shown in Table 6. Table 6 shows that in the daytime
when chickens are active, the mass of PMzs in the chicken chamber is much higher than that outside the
chicken chamber, which is about three times higher. In the lights-out time for 6 hours when the chickens are
sleeping, the PM2s mass is measured to be much less than that of the chickens when they are active during
the day, which is less than 10% of that during the daytime. Moreover, in the lights-out time at night, the PM2s

mass inside and outside of the chicken chamber is similar under the effect of air exchange.

Table 6

PM2s mass per hour both inside and outside of the chambers during the daytime and lights-out time

Daytime Lights-out time
Chamber PM2z.s mass per PM2z.s mass per PMz.s mass per PMzs mass per
Number hour inside the hour outside the hour inside the hour outside the
chamber (unit: g) | chamber (unit: g) | chamber (unit: g) | chamber (unit: g)
1 0.00180 0.00066 0.00015 0.00021
2 0.00249 0.00074 0.00020 0.00021

Weight of chicken

At the end of 20 breeding days, the yellow-feather chickens in Chamber 1 and Chamber 2 are
weighed and the weight of yellow-feather chickens measured on the 1st and 20th day in each chamber is
averaged, thus the weight gain rate is obtained using formula (1) as follows.

after

W her =W,
_after before . 100% 1)

before

Growthrate =

where:

Growth rate denotes the growth rate of chickens, Wheore denotes the average weight of chickens
before being put in Chamber 1 or Chamber 2, Waser denotes the average weight of chickens after being bred
in Chamber 1 or in Chamber 2 for 20 days.

After calculation, the final result is obtained as shown in Table 7.

Table 7
Statistical result of chickens weight gain in Chamber 1 & Chamber 2
Chamber The average weight | The average weight
of chickens on the of chickens on the Growth rate
number 1st day (unit: g) 20th day (unit: g)
Chamber 1 217.0 399.7 84.22%
Chamber 2 2159 420.2 94.64%

CONCLUSIONS

At the end of the 20-day experiment, there is no mortality of yellow-feather chickens due to heat stress
or air quality problems and the following conclusions are obtained via the experiment.

(1) The heat stress response will slow down the growth of broilers and change the colour of excreta.
Under the effect of the ventilation system, yellow-feather chickens will have slight heat stress response at 32
~ 34°C, but not life-threatening. If the ambient temperature of the chicken chamber keeps 32°C above for a
long time, the chickens grow slowly. If the ambient temperature is controlled within 32°C, the chickens grow
faster.

(2) When proper bedding and feed are selected and reasonable ventilation management system is
set, the concentration of ammonia gas and PMzs can be effectively reduced, the air quality in the chicken
chamber can be improved, so that the normal growth of yellow-feather chickens can be guaranteed. It also
suggests that this kind of small chicken chamber is easy to carry out precision control and the health of
chickens can be further guaranteed.
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ABSTRACT

The expediency of using diesel biofuel heating in a fuel tank at low ambient temperatures has been
substantiated. The article represents a mathematical model of dynamics of diesel biofuel heating in a fuel
tank, with the help of a cooling liquid, of the internal combustion engine. Comparative experimental and
theoretical studies of diesel biofuel heating in a fuel tank have been made. On the basis of the obtained data,
a mathematical dependence has been generated to determine the additional operating costs of diesel fuel
associated with the use of diesel biofuel on the basis of fatty acids as the main fuel. The work presents the
results of the carried out tests.

PE3IOME

ObrpyHmosaHo doyinbHicmb sukopucmarHs rnidigpigy dusesibHo20 bionanuea 6 najusHomMy 6aky npu
HU3BKUX memrepamypax HaeKonuwHb020 cepedosuuja. B cmammi npedcmasneHo Mmamemamuy4Hy Mooesib
OuHaMmiKu Haepigy Ou3ernbHo20 bionanuea 6 rnasusHomMy baky 3a AoroMo2oto 0xXonodxyyoi piduHu deuayHa
8HYMPILWHbO20 320paHHs. BUKOHaHO MOpPIBHAMbHI eKcriepuMeHmarsbHi ma meopemuyHi OO0CiOXeHHS
npouecy Haepigy OusernbHoeo bionanuea e nanueHoMmy baky. Ha ocHosi ompumaHux daHux cghopmosaHO
MameMamuyHy 3anexHicmb 0rns eu3HadyeHHs1 do0amKoeux eKcrnyamauiliHux eaumpam Ou3efbHO20 rnasnuea
roe’a3aHux 3 8UKOPUCMAaHHSIM 8 SIKOCMi OCHOBHO20 nanuea du3esibHo20 bionanuea Ha OCHO8I XXUPHUX
kucnom. Poboma npedcmaernsie pe3dynbmamu rnpogedeHux aurnpobyeaHsb.

INTRODUCTION

Lack of energy resources, high prices and environmental problems associated with the use of fossil
fuels encourage the production and use of alternative energy sources derived from renewable raw materials.
Diesel biofuel based on fatty acids of vegetable or animal fats manufactured using the reaction of
transesterification, has the most similar properties in comparison with standard fuel of diesel engines.
Physical and chemical properties allow using diesel biofuel with minimal changes of constructions and
settings of existing diesel engines.

Mentioning the advantages of using diesel biofuel, a number of shortcomings should be noted, which
should include high indicators of kinematic viscosity, temperature of turbidity and hardening in the first place
(Agarwal A.K., Gupta J.G., Dhar A., 2017; Alptekin E., Canakci M., 2009; Dunn R.O., 2009). The analysis of
physical and mechanical properties of diesel biofuel obtained from various vegetable and animal fats
indicates problems associated with the use at temperatures below plus 10 degrees (Pérez A., Casas A.,
Ferndndez C., Ramos M., Rodriguez L., 2010; Sandhya K. Vijayan, Mary Naveena Victor, Abinandan
Sudharsanam, Velappan Kandukalpatti Chinnaraj, Vedaraman Nagarajan, Sandhya K. Vijayan, 2018). The
use of diesel biofuel at low ambient temperatures leads to blockages of filters and fuel lines (Kerschbaum S.,
Rinke G., Schubert K., 2008; Ramos M.J., Fernandez C.M., Casas A., Rodriguez L., Perez A., 2009; Park J.
Y., Kim D.K., Lee J.P., Park, S.C., Kim Y.J., Lee, J.S. 2008), the appearance of uncharacteristic vibrations
(Lapuerta M., Herreros J. M., Garcia-Contreras R., Briceno Y., 2008) in structural elements of fuel
equipment, the formation of soluble and insoluble precipitates in fuel tanks and storage tanks (Kerschbaum
S., Rinke G., Schubert K., 2008; Dwivedi G., Verma P., Sharma M.P., 2016).

Peculiarities of low temperature of biofuel are associated with the length and branching of the fatty
acids structural chain, the location of double bonds along the length of the chain and the degree of
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unsaturation of the molecules (Dunn R.O., 2009; Sierra-Cantor J.F., Guerrero-Fajardo C.A., 2017; Ramos
M.J., Fernandez C.M., Casas A., Rodriguez L., Perez A., 2009; Yuan M.H., Chen Y.H., Chen J.H., Luo Y.M.
2017). Nowadays quite a lot of studies have been carried out allowing to improve the low-temperature
properties of diesel biofuel to some extent, but the proposed methods will require the implementation of
additional technological operations (Knothe G., Krahl J. & Gerpen J Van., 2015; Pérez A., Casas A.,
Fernandez C., Ramos M., Rodriguez L., 2010), additional components (Maximo G.J., Magalhdes A.M.S.,
Gongalves M.M., 2018; Udomsap P., Sahapatsombat U., Puttasawat B., Krasae P., 2008; Ali O.M., Mamat
R., Abdullah N.R., Abdullah A.A., 2016; Lapuerta M., Herreros J. M., Garcia-Contreras R., Briceno Y., 2008)
and leads to a decrease in the output of the finished product (Pérez A., Casas A., Fernandez C., Ramos M.,
Rodriguez L., 2010), which negatively affects the profitability of production and the economic attractiveness
of this fuel for the end user.

The work (Trehub M.I., Chuba V.V., 2008; Golub G.A., Chuba V.V., Pavlenko M. U., 2012) considers
the temperature aspects of using pure diesel biofuels and their mixtures with petroleum fuels. The authors
propose the use of pre-heating diesel fuel in a fuel tank during the cold season in order to optimize viscosity
to ensure fluidity and filtration. In terms of quality of the filtration process - the best filtering of diesel fuel with
coarse filters and fine purification occurs when the kinematic viscosity of fuel in the range 2.5-4.0 mm?/s. For
diesel biofuels, this kinematic viscosity can be reached in the temperature range from 30 to 45°C, and
heating of fuel to this temperature range can be achieved without significant changes to existing fuelling
systems of the internal combustion engine.

The goal of this work is to increase the efficiency and assess the use of diesel biofuel by
substantiating the performance indicators of the heating system.

MATERIALS AND METHODS

To determine the cloud point and pour point the fuel samples were previously dehydrated. After
dehydration, the fuel was poured into two transparent glass tubes. The test tube, which had double walls,
was placed into a cooling thermostat, the other one served as a standard. When the temperature dropped by
0.1°C the tubes were lit, with signs of cloudiness it was recorded the appropriate temperature. With further
cooling, the tube was periodically pricked, when the fuel lost mobility at an angle of 45 degrees, the pour
point was fixed.

Viscosity of diesel biofuel and its mixtures with diesel fuel of oil origin was determined using liquid
viscometers, which were placed into a thermostat maintaining a constant set temperature.

To study the effectiveness of diesel biofuel heating, the fuel system of the tractor type “MT3-100" was
modernized according to the scheme (Golub G.A., Trehub M.1., Chuba V.V., Pavlenko M. U., 2018). A diesel
fuel tank is equipped with a liquid heat exchanger, which is included in the small circle of the cooling system
of the diesel engine for internal combustion (fig. 1).

The heat balance of the system

Qc _QFB _QTF _QTE =0

N
2 The heat flow for heating the fuel )
% Q dqr The heat flow from the tank to the environment
=M .C, — .
“E T TF=P dr Qe = kCOFCO(TTF - TE)
i The heat flow for heating the tank body
[ dT
Qrs = MgpCrg E
T T T T The heat flow of coolant cooling system
T +T,
m Coolant of the engine cooling Q; =k;F; (XTZET - TTF)
v v v ¥

The heat flow from the heat exchanger to
the environment

T, +T,
QTEZ = kTEFTE[XTzET - TE)

Fig. 1 - Scheme for calculating diesel biofuels heating
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The notations in the figure are:

Qc — the heat flow that gives the heat-carrier during the passage of the heat exchanger, W; Qg — a
heat flow transmitted to the fuel tank body, W; Qs — a heat flow transmitted to fuel, W; Qe — a heat flow lost
to the environment, W; mre — is the fuel mass in a tank, kg; ce — specific heat of fuel, J/kg°C; mgs — tank
mass, kg; crs — specific heat of a tank material, J/kg°C; kt — a coefficient of heat transfer through a flat wall
between the heating medium and fuel, W/m2°C; Fr — the area of heat exchange between the heating
medium and the fuel in the tank, m?; Txr — the temperature of the coolant at the inlet to the heat exchanger,
°C; Ter — temperature of the cooling fluid at the outlet of the heat exchanger, °C; Ttr — the fuel temperature in
the tank, °C; kco — the coefficient of heat transfer through the outer walls of the tank to the environment
W/m2°C; Fco— the area of the external surface of the tank in contact with the environment, m?2; Te — ambient
temperature, °C; kte — a coefficient of heat transfer through the external wall of the heat exchanger to the
environment, W/m2°C, Fre — the area of the external surface of the heat exchanger in contact with the
environment, m2.

To measure the temperature of the fuel in the fuel tank, the temperature of the coolant at the inlet to
the heat exchanger and at the exit from it, a thermocouple is installed. The temperature change recording
was carried out continuously with the help of program- hardware complex on the basis of the personal
computer “ASUS” and a temperature meter “Regmik”. The coolant flow through the heat exchanger was
fixed using a liquid flow meter. The velocity of air motion in the basin area of the tank was measured using
an anemometer. General view of experimental equipment during research is shown in fig. 2.

Fig. 2 - General view of experimental equipment during research
a - general view of a tractor with a biofuel tank with heating; b - diesel biofuel tank with heating

Before the measurement, the engine was heated to the working temperature, and the ambient and
fuel temperatures in the fuel tank were recorded. After reaching the working temperature, the engine opened
the supply of the heated coolant to the heat exchanger of the fuel tank and the changes in fuel temperature
in the fuel tank were measured, as well as the temperature of the coolant at the inlet and outlet of the heat
exchanger. The research was carried out at engine idling mode at constant turnovers, and during the study
period the coolant flow rate and air flow velocity were determined.

Using the experimental data obtained, a theoretical modelling of the diesel fuel heating time in a fuel
tank was performed. A comparison of the obtained theoretical and experimental dependence has been
performed. On the basis of the obtained data, a mathematical dependence has been generated to determine
the additional operating costs of diesel fuel when using biofuels.

RESULTS
The obtained indicators of the cloud point and pour point of diesel biofuels produced from the main
oilseeds of Ukraine for determining the maximum temperature range of the use of diesel biofuels are shown
in table 1. The cloud point of diesel biofuel characterizes the appearance of particles that can clog the fuel
line and the filter elements of the engine.
Table 1
Cloud point and pour point of diesel biofuel

. Diesel biofuel based on
Indicator - - -
soybean oil sunflower oil rapeseed oil
Cloud point, °C 10.0 9.6 7.9
Pour point, °C 2.7 0.9 -0.8
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The analysis of the obtained results allows asserting the inexpediency of the use of diesel biofuel at a
temperature of less than 10°C.

An important parameter that provides fuel filtration is the kinematic viscosity. We have performed
comparative studies to determine the effect of temperature on the viscosity of diesel biofuel produced from
rapeseed and soybean oil depending on temperature (table 2). It should be noted that in order to improve the
low-temperature properties, diesel biofuel based on soybean oil is additionally frozen.

Table 2
Kinematic viscosity of fuels, mm?/sec

Fuel type Temperature, C
0 3 8.5 14 17.5 20
Diesel fuel 10.22 8.43 6.13 5.27 4.85 4.5
Diesel biofuel from rapeseed oil 17.42 13.31 10.97 8.92 8.2 7.64
Diesel biofuel from soybean oil 14.23 11.06 8.5* 7.21 6.68 6.15

* — data is recorded at a temperature of 8.2 °C.

It was found that in the studied temperature range from 14 to 20°C the kinematic viscosity of diesel
biofuel from rapeseed and soybean oils when compared to diesel fuel is higher by 70% and 37%,
respectively. When comparing diesel fuel with biofuel from soybean oil, the viscosity of diesel biofuel from
rapeseed oil is higher by 24%.

One of the directions of diesel biofuel use is the use of mixtures with diesel fuel of oil origin. We have
researched the effect of temperature on the viscosity of mixtures of diesel biofuels based on soybean and
rapeseed oils with the addition of 30 and 50 percent of diesel fuel of oil origin (table. 3).

Table 3
Kinematic viscosity of mixtures of diesel biofuel with diesel fuel, mm?/sec

Temperature, °C
Fuel
0 3 8 14 19

70 % biofuel from rapeseed oil

+30 % diesel fuel 1523 | 11.34 8.96 7.36 7.22
70 % biofuel from soybean oil

+30 % diesel fuel 11.92 9.97 7.74 6.42 6.27
50 % biofuel from rapeseed oil

+50 % diesel fuel 14.83 10.83 8.29 6.94 6.02
50 % biofuel from soybean oil

+50 % diesel fuel 11.42 9.31 7.18 6.09 5.91

The analysis shows that the kinematic viscosity of fuel mixtures also decreases with increasing fuel
temperature. Fuel mixtures with 30% of diesel fuel content have a kinematic viscosity higher by 2-8% when
compared to a mixture containing 50% of diesel fuel depending on the temperature. This proportion is typical
for both rapeseed and soybean oil biofuels.

Studies have shown that at a temperature of 19°C, the addition of biofuel from rapeseed oil and 30%
of diesel fuel leads to a decrease in the viscosity of the mixture by 5.5%, and the addition of 50% of diesel
fuel reduces the viscosity of the mixture by 13 %. When the temperature drops down to 14°C the difference
in kinematic viscosity increases up to 17% and 27%, respectively. The addition of diesel fuel to biofuels from
soybean oil reduces the kinematic viscosity by 2 % and 4 % at 19°C, respectively, for mixtures containing
30% and 50% of diesel fuel and 11% and 17% at 14°C. Consequently, the addition of diesel fuel leads to a
certain decrease in the kinematic viscosity of diesel biofuel, but does not allow increasing its kinematic
viscosity at low temperatures.

In Ukraine, a significant number of technological operations of agricultural production are carried out at
an ambient temperature below 10°C. In this case, the most appropriate way to improve the efficiency of
diesel biofuels use is its heating in the fuel tank.

Taking into account the expressions for determining the heat flow, the equation of heat flows balance
of a fuel tank with a liquid heat exchanger takes the form:

dT Ty +T,
(mTFCp + MepCrg )E = (kR — ke FTE)(%j — (Kt B + Koo Feo) Tre + (K Fre + Koo Feo)Te (1)
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Having solved the differential equation (1), we obtain the equation for changing the final temperature
of fuel in the tank from the values of the parameters of the heat transfer equation:

T, +T
(kT FT - kTE I:TE ) (XTZETJ + (kTE FTE + kCO I:CO )TE

TFTT = X

(kT I:T + kCO I:CO)

@
(kT I:T + kCO FCO) T

_ (kr B +KeoFeo) -
(mTFCp T mFBCFB)

1 (M, + M)

+TITT EXp

where:

Tirr — the initial temperature of fuel in the tank, °C;

Terr — the final temperature of fuel in the tank, °C;

T — time of fuel heating in the fuel tank, s.

The given equation (2) determines the relationship between the technological and structural
parameters of a fuel tank and a liquid heat exchanger for heating fuel in a fuel tank.

In order to verify the obtained theoretical dependence (2), experimental research of the process of
diesel fuel heating in a fuel tank was carried out at engine running at idle speed, the parameters of the heat
exchange process (Table 4) were determined, and an experimental dependence of the temperature change
of fuel in a fuel tank (Fig. 3) was obtained. Heat transfer coefficients (Table 4) are calculated in accordance
with the well-known formulas and empirical dependencies.

Using the dependence (2), on the basis of the parameters of the heat exchange process and the
structural parameters of the fuel tank (Table 4), the theoretical modelling of the fuel heating process in the
fuel tank was made, and the theoretical dependence of the heating fuel dynamics (Fig. 3) was constructed.

The value of the deviation of the experimental and theoretical values of the fuel temperature is
estimated by the determination index, which is n? = 0.953, which gives an opportunity to draw a conclusion
on the correctness of the chosen method of theoretical calculations. The discrepancy between experimental
and theoretical data is due to the fact that during theoretical research, due to the complexity of the
determination, the heat loss wasn’t taken into account during the heat transfer between the tank and the
tractor body parts at the points of the tank fixing.

Table 4
Constructive and technological parameters of the heat exchange process of
diesel biofuel heating during theoretical calculation
Parameter marking Parameter
Ne Parameter name .
and measure unit value
1 The area of the tank outer surface Fco, m? 0.388
2 The thickness of the tank wall Otw, Mm 0.004
3 The thermal conductivity coefficient of the tank wall material Arc, W/m °C 51.5
4 Air movement speed Vam, m/s 2
5 The_ coefficient of heat transfer through the tank outer wall to the krv, W/m2°C 13.275
environment
6 The area of heat exchange between the heating medium and fuel in Fr. m2 0.08
the tank
7 Coolant flow rate V7, m/s 0.01683
8 Heat transfer coefficient from the heating medium to the fuel kr, W/im?°C 220.196
The area of the heat exchanger external surface in contact with the 2
9 i Fre, m 0.268
environment
10 The coefﬂ(:lent_ of heat transfer through the heat exchanger exterior kre, W/m2°C 13.295
wall to the environment
11 The temperature of the engine coolant at the inlet to the heat TxT, °C 81
exchanger
12 The temperature of the engine coolant at the output of the heat Tet, °C 77
exchanger
13 | Ambient temperature Tg, °C 13
14 Initial fuel temperature in the fuel tank TirT, °C 13
15 | Mass of fuel in the tank mrs, Kg 25
16 | Specific heat of diesel hiofuel ce, J/kg °C 2100
17 | Tank mass Mak, kg 30
18 | Specific heat capacity of the tank material crs, J/kg °C 462
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Heating time, sec

Fig. 3 - Dynamics of the process of heating diesel fuel in a fuel tank

In order to prevent the introduction of diesel biofuel into motor oil, the start of diesel engine while
working on diesel biofuel should be carried out only on diesel fuel. The variable consumption of diesel fuel
associated with starting of the engine can be determined based on the design features, in the formula:

Q\IZ/)F = kRR (VCFF +VFFF +VF +VIVHP) (3)

where:

QVor — variable diesel fuel consumption for engine start, |;

krr — reserve coefficient, relative unit;

Vcee — volume of a coarse fuel filter, |,

Verr — volume of fine fuel filter, |;

Ve — internal volume of fuel lines, I;

Vivup — internal volume of the head of the high-pressure fuel pump, I.

The variable fuel consumption of diesel fuel when the diesel fuel tank is heated at an ambient
temperature below 10°C can be determined as follows:

QDHF =1,Gy (4)
where:
QMor— variable diesel fuel consumption for engine start and fuel heating in the fuel tank, I;
th — an operating time of the engine on diesel fuel, required for heating diesel biofuels in a fuel tank, h;
Gue — hourly fuel consumption, at the operation mode of the engine in the heating of diesel biofuel, .
The total additional consumption of diesel fuel when diesel oil is replaced by biofuel, can be
determined based on the consumption of diesel fuel as follows:

QI:E))F = ﬁ[kDF kRR (VCFF +VFFF +VF +VIVHP)+(1_ kDF )tHGHF ®)
Qr
where:

kor — is a coefficient of diesel fuel consumption distribution, in accordance with the maximum
temperature of diesel fuel without heating, relative unit;

Qor — amount of diesel fuel spent on the execution of the unit or volume of work, I;

Qvr — average fuel consumption variable, I.

The obtained dependence (5) allows calculating the consumption of diesel fuel due to the operational
features of the use of diesel biofuel and the need for its heating at low temperatures.

CONCLUSIONS

The results of studies on the cloud point and pour point, as well as the kinematic viscosity of diesel
biofuels and its mixtures with diesel fuel at temperatures ranging from 0 to 20°C, indicate that the effective
range of use of diesel biofuels, in which the properties of biofuels will not significantly affect the operation of
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the diesel engine, is at a temperature higher than 10°C. At ambient temperatures below 10°C, to ensure fuel
filtration, it is advisable to use preheating of fuel in the fuel tank.

The differential equation of diesel biofuel heating in a fuel tank has been defined, which connects the
design parameters of the fuel tank, the temperature conditions of the environment and the parameters of the
heat exchange process.

The comparative theoretical and experimental studies allow stating the adequacy of the solution of the
differential fuel heating equation in the fuel tank. The obtained mathematical dependence can be used in
further research on operation modes of the internal combustion engine and the heating of a fuel tank, from
an optimization method of diesel biofuel heating time in a fuel tank.

As a result of the analysis of the diesel engine performance when using diesel biofuel, an expression
has been obtained to determine the additional operating costs of diesel fuel associated with starting the
engine and heating diesel fuel in a fuel tank.

The obtained results allow to design the operating modes of the engine during diesel fuel heating in a
fuel tank at low ambient temperatures and to evaluate the additional operating costs of diesel fuel of oil
origin.
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ABSTRACT
Experimental analysis of air velocity and temperature distribution in poultry houses is laborious, especially for
large scale houses. Enhanced broiler yield can be obtained when the house is suitably ventilated. Therefore,
efficient prediction tools would be vital. Computational fluid dynamics (CFD) provides detailed data on indoor
flow patterns, air velocity and temperature distribution in poultry houses giving promising outlooks as an
efficient and cost-effective tool to establish optimum ventilation systems. This work focused on evaluation
and numerical analysis of the influence of differential pressure (20, 30 and 40 Pa) and fan activation
scenarios on indoor air velocity and temperature distribution in a poultry house. Results showed that air
velocity tends to be maximum toward the centre of the cross-section of the house and minimum near the
floor next to the side walls. Furthermore, it is elucidated that considerable thermal discomfort for chickens is
likely due to temperature variation at the proximity to the exhaust fans. Based on the evaluations of pressure
variation on the air velocity distribution, quick estimation of the air velocity can be obtained in the zones
occupied bychickens. Generally speaking, humerical computation of the equations dominating the poultry
house leads to desirable control model of the ventilation and aeration. This would be vital in decision making
and economical management of the house.
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Nomenclature

P Pressure, Pa AH total chicken heat, W

p Density, kg m AHS sensible heat from chicken, W

S,  Total entropy, J K1 AHL latent heat from chicken, W

T Stress tensor, Pa m mass of chicken, kg

E Total energy, J Ti indoor temperature, °C

k.ss Heat transmission coefficient Sm Mass source, kg m=

h Specific enthalpy, J kg? J Component of diffusion flux, kg m?s!

INTRODUCTION

Meat production in poultry is a crucial and economical industry in the world (Mostafa et al., 2012).
Controlling poultry conditions is an increasingly important issue in rearing processes. Environmental control
systems in poultry houses include heating, ventilation and cooling which in turn are featured by temperature,
air velocity, relative humidity, concentration of oxygen, ammonia, carbon dioxide, dust and microbial
contamination (Blanes-Vidal et al., 2007). Ventilation in poultry houses is an action that prepares required air
and oxygen, thermal comfort and reduces polluted gas concentration of chickens. The most common system
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in poultry houses is forced ventilation based on negative-pressure. Velocity range at the animal level, rate of
air exchange and air distribution are three basic principles for ventilation design (MWPS., 1990; ASAE
EP270.5., 2009; Pedersen., 1999). Operational factors such as fan operation, adjustment of air inlet
openings and pressure drop are essential to define an optimal ventilation system (Bustamante et al., 2012).
Among ventilation systems, tunnel ventilation is extensively used in most poultry houses in order to remove
extra heat and to simultaneously prepare the required amount of fresh air during hot seasons (Kwon et al.,
2015). A significant distinction between tunnel ventilation and conventional poultry housing is the uniformity
of air movement. The uniform air movement results in increased cooling for the birds throughout the house.
In ventilation systems, poultry breeders usually control the internal environment by changing the amount of
slot opening inlets and the activity of fans. These changes are performed by automatisms that cause
changes in the differential pressure and air velocity values (Bustamante et al., 2013). Air flow rate in the zone
occupied by the birds is one of the main parameters affecting the creation of an appropriate indoor
environment (Zajicek and Kic, 2013). When the ambiance climate is hot and humid, temperature inside the
poultry house rises above the recommended levels. As a result, air flow rate strongly affects convective
animal heat losses and plays a vital role in animal welfare. However, experimental measurement of air
velocities in poultry houses has obstacles such as lack of comprehensive details of interior air velocity in
various parts of the building, high cost of measuring devices and finally sensitivity of some electronic devices
to environmental parameters which distort the output data (Blanes-Vidal et al., 2008).

In the last few years there has been a growing interest in using computational fluid dynamics (CFD) in
order to remove experimental measurement limitations and get careful results (Lee et al., 2007;Seo et al.,
2009). This method has several benefits for setting the experimental conditions within poultry houses,
enabling airflow predictions. Hence, CFD has been widely used for ventilation of concentrated agricultural
systems, such as greenhouse (Bartzanas et al., 2002; Campen and Bot, 2003; Campen, 2005; Fatnassi et
al., 2006; OuldKhaoua et al., 2006; Baeza et al., 2008; Bournet et al., 2007), poultry houses (Norton et al.,
2010; Li, 2012; Zajicek and Kic, 2012; ElI Mogharbel et al., 2013; Rojano et al., 2015; Bustamante et al.,
2015), livestock houses (Bjerg et al., 2013; Wu et al., 2012) and storage (Ghoreishi-Madiseh et al., 2015;
Tseng et al.,, 2016). CFD has been considered as a strong and versatile tool for analyzing complex
phenomena, such as turbulent flow or heat transfer, according to various environmental conditions (Kwon et
al., 2015). CFD could also save the cost, time and effort associated with field experiments to establish the
optimum system (Lee et al., 2009). Another effective parameter inside the poultry house is static pressure.
Indeed, when the exhaust fan is active, it pulls air out of the house. Air from outside the house moves into
the house to replace the air removed by the exhaust fan. Theoretically, when the fans are active, they could
pull all the air out of the house and creating a vacuum (Czarick et al., 2002). The higher static pressure the
harder the fans have to work. As the level of static pressure increases, the amount of air moved by a fan
decreases and power usage increases (Czarick et al., 2010).

In this work, we study a poultry house equipped with tunnel ventilation, using a powerful numerical
method, CFD, to characterize the accurate internal environment. Thermohydraulic parameters governing the
house ventilation and hence optimum management are quantified. The impact of static pressure and nhumber
of active fans on the air velocity and temperature distribution in the zone occupied by the birds (0.2 m above
of floor) are argued.

MATERIALS AND METHODS
Simulated broiler house

The poultry house simulated in this study was typical of that popularly used in Iran. It was located in
the city of Nooshin Shahr (latitude: 37°, 43, longitude: 45°, 3' and 1320 m above sea level). Fundamental
geometric dimensions of the hall are as follows: length, 80 m; width, 15.80 m; side-wall height, 2.7 m, and
the maximum distance from floor to ceiling, 3.6 m. This broiler house uses a mechanically ventilated tunnel
system by negative pressure with multiple tunnel fans during the summer and a mechanically cross-
ventilated system using a number of inlets in the winter. The house was provided with 10 side-wall inlets,
each 120 cm wide and 100 cm high, whose central horizontal axis was located 1.1 m above the floor, and
seven fans located at the end wall with a diameter of 0.65 m. Brick was the main material used in all the
walls and polystyrene as insulation between bricks and sandwich panels with a thickness of 4 cm used for
roof (Fig. 1).

The actual arrangement of the house is given in Fig 2. Characteristic of poultry house used in
simulation are indicated in Table 1.
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Fig. 1 -Structure of poultry houses walls

Fig. 2 -Schematic and dimensions of poultry house

Table 1
Characteristic of poultry house used in simulation
Poultry house dimensions

Length 80m
Width 15.8m
Height 27m
Ceiling height 3.6m
Chicken number 19000
Chicken density 15 chickens per m?
Chicken age 3 weeks
Number of exhaust fans 7 (diameter 1.3 m)
Number of air inlets 10 (1.20 * 1.00 m)

Numerical model

Numerical methods for calculating air velocity and temperature distribution of poultry house are
attractive in terms of time and costs given the difficulty to experimentally determining the flow and
temperature field. In this study, three-dimensional CFD models were generated by COMSOL Multiphysics
(ver. 5.1) software. Fine and dense meshes were used to improve the accuracy of the CFD model. The
standard k-w model was used to simulate the air velocity and temperature in the summer (high ventilation
rate) conditions and simulations were carried out under steady-state conditions. This model performs
excellent near the wall, as a result of its simple low Reynolds number formulation and its ability to accurately
compute flows with weak adverse pressure gradients (Yang, 2004).
Governing equations

CFD indeed acts as a powerful alternative for implementation of sensors and massive
experimentation. The fundamental theory behind all CFD methods is the resolution of a set of nonlinear
partial differential equations where the equations correspond to conversation of mass (Eq. (1)) or continuity,
momentum (Eg. (2)) or Navier-Stoke’s law and energy (Eq. (3)) (Shivkumar, 2014; Mostafa et al., 2012 ; Seo
et al., 2009; ElI Mogharbel et al., 2013).

aP _
E"' V-(,Dv) - Sm (1)
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%(ﬁ) +V.(pvv) = —VP+ V.(D + pj+ F 2)
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Boundary condition

Boundary conditions for air inlets and outlet fans, differential pressure was chosen. The differential
pressure variable was set at 20, 30 and 40 Pa. At each pressure level, two groups of fans worked: first stage
5 fans active and second stage 7 fans active. Average ambient temperature for summer conditions in
western Azerbaijan was chosen 25°C and heat flux boundary condition for the floor, instead of the heat
generated by the hens, determined with Eq. (4), was applied. Also for heat exchange with the exterior, heat
flux boundary condition were considered. Eq. (5) and Eq. (6) compute the produced sensible and latent heat,
respectively (CIGR, 2002).

2020 —T;)
— 0.75 !
AH =10.62m ><<1+ 000 > (4)
0.228
= — (=== 2 5
AHg = 0.61 x AH (1000>le (5)

RESULTS

The main objective of this article is to show effect of differential pressure between inlet and outlet on
air velocity and temperature distribution in the zone occupied by the birds by CFD methods. A comparison of
velocity profiles and temperature profiles at various differential pressure and fans activation was done.
Air velocity variation

Fig. 3 illustrates the air velocity distribution of the poultry house at 20 Pa differential pressure and 5
fans active conditions. The results, as seen in fig. 3, indicate that maximum value for air velocity obtained in
centerline of the house and the region near the inlets. In half end of house distribution of air velocity is
approximately uniform. It can be seen infig. 3 that air velocity tends to be highest toward the center of the
house cross-section and lowest near the floor next to the side walls. There are similarities in the distribution
of velocities between the present study and (Blanes-Vidal et al., 2007; Czarick et al., 2015) study. Variation
of air velocity at 30 and 40 Pa differential pressure and 5 fans active condition are shown in figures 4 and 5,
respectively.
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Fig. 3 - Variation of air velocity at 20 Pa differential pressure and 5 fans active condition
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Fig. 4 - Variation of air velocity at 30 Pa differential pressure and 5 fans active condition
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Fig. 5 - Variation of air velocity at 40 Pa differential pressure and 5 fans active condition

Fig. 6, 7 and 8 present the distribution of air velocity within the poultry house at various differential
pressures (20, 30 and 40 Pa) and 7 fans active condition, respectively. The maximum value for air velocity in
the centerline of the house at 20, 30 and 40 Pa differential pressures is 1.2, 1.8 and 2 m/s, respectively.
Proper air velocity in the poultry house is essential for ensuring thermal homogeneity in the zone occupied by
the chickens. Also sufficient air velocity is required to keep the litter inside the house dry. When ambient
temperatures are above that in the chicken zone, air velocity must be kept relatively high to reduce bird body
heat (Mostafa et al., 2012). According to (Bustamante et al., 2015) high air velocity values (~2 m/s) in the
poultry house can help for chicken thermoregulation by increasing the convective flux heat of them and
therefore decrease their thermal stress and reduce mortality. Also this finding corresponded to (Czarick et
al., 2010) who indicate that with increasing static pressure, speed increases. This result is shown in figure 9.
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Fig. 6 - Variation of air velocity at 20 Pa differential pressure and 7 fans active condition
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Fig. 7 - Variation of air velocity at 30 Pa differential pressure and 7 fans active condition

Slice: Velocity magnitude (mjs)

%
X &000
b

Fig. 8 - Variation of air velocity at 40 Pa differential pressure and 7 fans active condition
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Fig. 9 - Relationship between air velocity and the static pressure in tunnel-ventilated houses
(Czarick et al., 2010)

Temperature variation

Figures 10-12 describe the monitored thermal distribution along the zone occupied by the chickens
(0.2 m above the floor) according to the variables of differential pressure (20, 30 and 40 Pa) and 5 fans
active, respectively. It is shown in figure 10 that air temperature increases when it moves through the poultry
house length. When entering air temperature was 25°C, the CFD model predicted an increase in air
temperature in the order of 4 or 5°C at the outlets; This increase is due to heat production by animal.
Therefore, additional heat is transported from the inlet towards the outlet. This result has best agreement
with (Lee et al., 2007; Osorio et al., 2011; Rocha et al., 2014) searches. Also this temperature increasing for
figures 11 and 12 observable, but value of output temperature reduces due to increasing air velocity.
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Fig. 10 - Distribution of temperature at 20 Pa differential pressure and 5 fans active condition
Slice: Temperature (degC)

Fig. 11 - Distribution of temperature at 30 Pa differential pressure and 5 fans active condition
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Fig. 12 - Distribution of temperature at 40 Pa differential pressure and 5 fans active condition

The maximum temperature in the zone occupied by the chickens by CFD in the poultry house is 33, 28
and 27.5°C which is shown in fig. 13, 14 and 15 respectively. These figures show that temperature gradient
variation proximity to the exhaust fans causes thermal discomfort for chickens. For ventilation with 20 Pa
differential pressure (fig.13), temperature at the bird’s height varied between 26 and 33°C. The lower
efficiency of this system may be explained by the fact that this system generates a low velocity which
prevents the convective transport of heat produced by the chickens (Osorio et al., 2013). Increasing air
velocity makes the animals increase the heat loss and causes thermal comfort. According to (Simmons et al.,
1994) for chickens in fifth week of age with outside temperature of 29°C and air velocity increasing from 1.01
to 3.05 m.s-1, the loss of heat increases from 1.19 to 2.09 W kg-1 and in the sixth week of age from 1.30 to
2.33 W kg-1. The result obtained from figures 14 and 15 indicated that increasing differential pressure from
30 Pa to 40 Pa has no significant effect on outlet air temperature. Considering the previous results, it was
concluded that the suggested CFD simulation can be used to sufficiently characterize the air velocity and
temperature distribution inside poultry houses.
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Fig. 13 - Distribution of temperature at 20 Pa differential pressure and 7 fans active condition
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Fig. 14 - Distribution of temperature at 30 Pa differential pressure and 7 fans active condition
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Fig. 15 - Distribution of temperature at 40 Pa differential pressure and 7 fans active condition

CONCLUSIONS

The present work demonstrates the advantages of using the numerical method (CFD) modeling in the
environmental control process of a poultry house. Commercial CFD software (COMSOL Multiphysics) was
used to conduct the numerical simulations. Differential pressure (20, 30 and 40 Pa) and fans activation (5
fans active and 7 fans active) are main variable parameters in poultry simulation. This simulation is useful for
investigating the effect of differential pressure and fan activation on the parameters of comfort (air velocity
and temperature distribution). The result showed that in differential pressure variation (20, 30 and 40 Pa) and
7 fans active condition the maximum value for air velocity in the poultry housecentreline is 1.2, 1.8 and 2 m/s,
respectively. Also it results for all conditions that air temperature increases when it moves through the poultry
house length and additional heat is transported from the inlet towards the outlets. The generated model can
be used to help enhancing poultry design, in terms of enhancing the efficiency of the ventilation system.
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ABSTRACT

Investigation of the process of sunflower seeds separation during its movement under the influence of
air flow has been carried out in two stages. The first (theoretical) stage is implemented in the software
package STAR-CCM+ using the corresponding physical models. The second stage has been made to carry
out the experimental research on the installation with the base of the aerodynamic separator of the "Almaz"
series. The results of numerical simulation and experimental researches of the sunflower seed separation
process during its movement in the airflow are presented. As a result of numerical simulation and
experimental studies of the mechanical and technological process of sunflower seeds separation during
movement under the influence of air flow, there has been developed the dependences of the distribution of
each seed fraction on the length of the area (average value, average square deviation, filling factor,
distribution coefficient) and the consumed power from the seed effective diameter, air flow velocity and the
seed supply. Statistical analysis has showed that the correlation coefficient between the theoretical and
experimental dependencies in the variation of the factors’ values in the given range is 0.96. During the
research, a compromising problem was solved, namely, there had been reached minimization of consumed
power at the maximum value of the distribution coefficient and the seed supply.

PE3IOME

HocnidxeHHs1 npoyecy cenapayii HaCiHHS COHAWHUKY rpu (020 rnepemiuwjeHHi nid dicto nogimpsiHo2o
rnomoky npogodunuck 8 08a emanu. lNepwuli (meopemuyHuUl) eman peani3ogaHo 8 rpoepamMHOMy nakemi
STAR-CCM+ 3 sukopucmaHHsM 8i0rnoegiOHux isudHux modened. [pyaum emarnom 6yno nposedeHHs
eKkcriepumeHmarbHuUx docridxXeHb Ha ycmaHosui i3 6a3or aepoduHaMiyHo20 cernapamopa cepii «Anma3sy.
lMpedcmaesneHi pe3dynbmamu 4YucernbHO20 MOOeN8aHHs | eKcriepumMeHmarnbHuUx 0ocridxXeHb npouecy
cenapauji HaciHHs COHAWHUKY npu (o200 nepemiweHHi nid dieto nosimpsiHo2o rnomoky. B pesynbmami
qucesibHO20 MOOer8aHHs | eKcriepuMeHmarbHUX OOCHIOXeHb MexaHiKo-mexHOI02idYHo2o rpouecy
cenapauii HaciHHA COHSIWHUKY rpu (020 rnepemMiweHHi nid J0ieo rnosimpsHo2o0 nomoKy ompumaHi
3anexHocmi  po3nodiny  KOXHOI  ¢bpakuii  HaciHHsa no JdoexuHi obnacmi (cepedHe 3Ha4YeHHS,
cepedHboKkgadpamuyHe 8iOXuneHHs, KoecpiyieHm 3ario8HeHHs, KoegpiuieHm posnodiny) i crnoxueaHy
nomyxHicmb 8i0 eghekmugHo20 Oiamempa HaciHUHU, weudkocmi nodadi nosimpsi ma rnodayi HaciHHS.
CmamucmuyHul aHani3 rnokasas, Wo KoeiuyieHm Kopensauii MK meopemuyHor i eKcriepuMeHmasibHO
3anexXHocCmsaMuU Mpu 8apito8aHHi 3Ha4YeHHSIMU ghbakmopie e 3adaHomy diana3oHi cknadae 0,96. B npoueci
OocnidxeHb byna eupiweHa KomrpomicHa 3alaya, a came MiHIMi3auis crioxueaemol nomyxHocmi rnpu
MakcumarbHOMY 3HavYeHHI koegiuieHma po3nodiny i nodayi HaciHHsI.

INTRODUCTION

The unsatisfactory quality of sunflower seeds results in a significant reduction in agricultural
productivity and a high over expending of seed material (Zaika P., 2006). According to the current standards,
oilseed crop varieties and crop yields are determined mainly by their varietal purity, which should equal 99.6-
99.9% for the elite seed (elite, superelite) - depending on the crop (Aliev E., 2016).

The task of separating sunflower seeds by density (specific weight, texture) is reduced to its previous
calibration by geometric dimensions (Tishchenko L., Olshansky V., Olshansky S., 2010). In other words,
there are two variables: sailing and density. It is obvious that at the seed with same density and smaller
mass flies further under the air flow influence, than seeds of greater mass that fly shorter distances.
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In addition, depending on the orientation of the seed to the vector of the air flow velocity, the sailing range
appears, which leads to a random trajectory of the movement of seeds (Nurullin E., Salakhov I., Dmitriev A.,
2014). Of course, within the long-term airflow impact, the seed will take the best aerodynamic position in
which the lowest resistance is observed (Aliev E., Shevchenko 1., 2017).

In addition to the above, the air flow must have a uniform structure, in terms of the turbulence
parameters (scale and intensity), and on the speed diagram (Aliev E., Yaropud V., 2017).

Considering all the difficulties of the task, the process of sunflower seeds separation during their
movement under the air flow influence must be theoretically and experimentally explored.

MATERIALS AND METHODS

Investigation of the process of sunflower seeds separation during their movement under the influence
of air flow has been carried out in two stages.

The first (theoretical) stage is implemented in the software package STAR-CCM+ using the
corresponding physical models. The initial positions and velocities of sunflower seeds and the air flow have
been determined using the finite element method. Then, based on this initial data, given physical laws of
contact interaction, the forces acting on each seed at each interval of time have been calculated. For each
seed, the resulting force has been calculated and the Cauchy problem has also been solved on the selected
time interval, the result of which is the initial data for the next step. The following physical models have been
selected for numerical modeling: k-¢ disturbed flow turbulence model, gravity field, Van der Waals real gas
model, discrete element model, multiphase interaction model (Aliev E., Bandura V., Pryshliak V., Yaropud V.,
Trukhanska O., 2018). The method of discrete elements is based on the laws of conservation of impulse and
impulse momentum for Lagrangian models of a multiphase environment. However, to construct a physico-
mathematical model, one must assume that the seeds are represented in the form of identical ellipsoids with
a defined density and effective diameter.

According to previous researches of physical and mechanical properties of Prometheus variety
sunflower seeds, selected by the Institute of Oilseeds of NAAS, (Burenko K., Vedmedeva E., Pershin A,,
2012; Aliev E., Shevchenko 1., 2017; Aliev E., Yaropud V., 2017) the following averaged values were
adopted for numerical modeling: Poisson's coefficient — 0.5; Young's modulus — 0.2 MPa; density — 200-
1000 kg/m3; coefficient of friction of rest — 0.8; normal recovery factor — 0.5; tangential recovery factor — 0.5;
coefficient of rolling resistance — 0.3. Properties of the environment have been fixed as follows: environment
— air; dynamic viscosity — 1.85508:10° Pa-s; Prandtl's turbulent number — 0.9; free fall acceleration —
9.8 m/s?; temperature — 293 K; pressure — 101325 Pa. The size of the grid cell modeling is 0.001 m. The
exposure is from 3to 7 s.

For the implementation of numerical simulation, a computational scheme of sunflower seed separation
process has been made when it was moved under the air flow influence (Fig. 1).

For the factors of numerical modeling, the following most important technological parameters have
been adopted: seed effective diameter Dy, air supply rate V, seeding Q.

The effective diameter of sunflower seed D, was determined by the formula

D, :s‘llx-ly-lZ (1)

where: Iy, ly, |- — length, width and thickness of sunflower seed, respectively, mm.

According to researches (Vedmedeva K., Makhova T., Kirpichova N., 2017), the geometric dimensions
of sunflower seed are Ix = 8-15 mm, ly = 3-8 mm, | = 2-4 mm, so it can be stated, that the effective diameter
of sunflower seeds Dy varies in the range of 3-7 mm. Due to the fact that the seeds can be integral, partial
and empty, then, according to researches (Vedmedeva K., Makhova T., Karpychova N., 2017), their density
can vary in the range of 200-1000 kg/m3. Therefore, the seed flow has been represented by 5 fractions, the
weight of 1000 seeds of each being presented in Table 1.

Table 1
Weight of 1000 seeds for a determined effective diameter muooo, g
Effective diameter of seed Seeds density p, kg/m?®
Dp, mm 200 400 600 800 1000
3 3 6 9 12 15
5 13 26 39 52 65
7 36 72 108 144 180
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Fig. 1 — Scheme of numerical simulation of the sunflower seed separation process during its movement
under the air flow influence

Numerical simulation has been conducted on a complete factorial study with a total number of
experiments — 3% = 27. The numerical modeling factors variation boundaries are presented in Table 2 based
on the previous studies (Aliev E., 2017).

Table 2
Factors variations levels in numerical simulation of the seeds movement in the air flow
Factors
Factors variations level Seeds’ effective Seeds supply Air flow velocity
diameter Dp, mm Q, kals V, m/s

Top level (+) 7 0.09 25

Base level (0) 5 0.06 20

Low level (-) 3 0.03 15
Factors variations interval 2 0.03 5

As a result of the seeds separation under the air flow influence, the distribution of each fraction along
the length of the area can be represented by a normal distribution with a defined value and a value deviation
o (fig. 2). For a normal distribution in the area, a probability of 95.45 % is observed.

According to fig. 2, the best separation (95.45 %) is achieved with the condition:
20, +2(20, + 20, + 20, )+ 20, < Xs — Xa @)
or
i X~ %
20, +2(20, + 20, + 20,)+ 20,

— max 3
where: 8 — filling factor.

It should be noted that the entire area has been divided into 20 identical vertical zones, each of which
determines the amount of seeds in each fraction.
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Fig. 2 — Functions of normal distribution of each fraction by area length

The fill factor 8, mentioned before, means values of the fractions distributions in length and their
square deviations o characterize the size and location of the gathering areas (samplings). However, in
existing aerodynamic separators, preservatives of the same size are used, which complicates the
assessment of the separation process quality. Therefore, another criterion for the quality of fractions
distribution in the receptacles is introduced — the distribution coefficient 8, which is defined as follows. Let the
input material be divided into N fractions, then the number of gatherable areas should be N. For each fringe
area, the fractional composition of the seed mixture is determined, which can be mathematically represented
in the form of a square matrix NxN:

Wll W12 WlN
Wy, Wy oo Wy @)
Wyt Wao - Wy
where: wij — mass fraction of fraction i in the collection j:
L 0
w, = —-—-100% ®)

1]

M=

1]
LN

>

i=1l j

mij
m; is the mass of fraction i in the collection j.

The distribution coefficient 6 is defined as the largest sum of the diagonal elements of the matrix (4):

N N N N N
0= max(z Wig» Z Wi (ks) 1009 Z Wi (k+N-1) 1 Z Wik 1eees Z Wik N-1)k J (6)
k=1 k=1 k=1 k=1 k=1

where: k is a natural number.

The second stage has been made to carry out the experimental research on the installation with the
base of the aerodynamic separator of the "Almaz" series (produced by the PE PF "Agrotech™), consisting of a
bunker 1 for loading seed material to be separated from a vibroplate 2, generator of air jet cascades 3, which
is installed below it and connected to the pressures air flow source 4 into generator 3 and separation
chamber 5. Under the separation chamber 5 are the collections of fractions 6 (I-1V). A collection of dust and
light fraction 7 (V) was mounted at the end of the separation chamber 5. The design and technological
scheme and the general view of the experimental installation are presented in Fig. 3. To ensure a certain
supply of seeds, a calibrated valve 8 is used to limit input performance. The specified air supply is set using
the 9 (Danfoss VLT Micro Drive) frequency converter, and controlled using the anemometer 10 (Benetech
GM-816).
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The source material during the experimental researches was represented by sunflower seeds of the
Prometheus variety, selection of the Institute of Oilseed Crops NAAS, which were calibrated to a fraction of
3.2-3.4 mm. One experiment was conducted by passing through a pilot sample of a supply unit of 100 kg of
seeds.

Factors for experimental studies are the air supply rate V and the supply of seed Q. The intervals and
levels of variation by these factors coincide with the theoretical ones (Table 1).

As optimization criteria were adopted: power consumption — P, kW and distribution coefficient — 6. The
power consumed by the fan drive is measured using one of the additional functions of the Danfoss VLT
Micro Drive frequency converter. Since the task of separating sunflower seeds during its movement under
the influence of air flow is the division into 5 fractions (integral, partial, naked core, empty and dust), then at
the experimental installation exposed 5 fence regions. For each experiment, for each fringe area, fraction
composition is determined according to the generally accepted methodology (GOST 10854-88, 2010) and
the corresponding distribution coefficient & is calculated according to the formula (6).

Experimental studies have been conducted on the D-optimal second-order Boxing-Benkin plan for 2
factors (9 trials) in a three-time repetition. The processing of the research results has been carried out by the
mathematical factor planning of experiments method, using the Mathematica software package. The
mathematical model is determined by one optimization criterion.

1 — air flow
& — seed
5
- = =
= « = =
- - 0=
° \%
°l 7
[
11 111 v

Fig. 3 — Structural-technological scheme (a) and general view (b) of an experimental plant for studying the
process of sunflower seeds separation when they are displaced by airflow
1 — bunker; 2 — vibroplate; 3 — air jets oscillator; 4 — fan; 5 — separation chamber; 6 — collections of fractions;
7 — dust collector and light fraction; 8 — valve; 9 — frequency converter 10 — anemometer

RESULTS

According to the first stage, as a result of numerical simulation, a visualization of the technological
process of sunflower seeds separation was obtained when they were displaced under the influence of air
flow (fig. 4).

The average value and the average square deviation o have been calculated for each experiment, for
each fraction of seeds accordingly. According to the data obtained by formula (3), the filling factor 8 is
calculated. Using Mathematica software package, a mathematical expression is compiled in a skilled form
after the reduction of non-significant parts of the equation according to Student's criterion, which links the
coefficient of filling 6 with the research factors:

0 = 0.658343 — 0.065448 D, — 0.00711689 D, — 4.31791 Q + 0.00181584 V +
+0.00683085 D,V + 0.159939 QV — 0.00138784 V2 (7)

The graphical interpretation of the dependence (7) is shown in Fig. 5. The optimum parameters of
equation (7) under the condition of the maximum filling factor 8 are D, = 3 mm, Q = 0.03 kg/s, V = 15 m/s. As
it can be seen from Fig. 5: with the increase of the seed diameter Dy, the fill factor 8 decreases by parabola;
with an increase in the seeds supply Q, the fill factor © decreases linearly; and for the air flow velocity V = 15
m/s, the optimal value of the fill factor 6 is present.
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Fig. 4 — Distribution of seed fractions with effective diameter D, =5 mm along the length
of the area formed by the air flow influence
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Fig. 5 — The dependence of the filling factor 8 on the effective diameter of the seed Dp,
the supply of seed Q and the air velocity V

According to the obtained data, the coefficient of distribution & is calculated by the formula (6). Using
Mathematica software package, a mathematical expression is compiled in a skilled form after the reduction
of non-significant parts of the equation according to Student's criterion, which links the coefficient of
distribution o to the factors of research:

0 = 67.568 — 4.87605 D — 0.537449 D°— 152.139 Q — 1.22609 V + 0.542871 D V +

+6.11275Q V — 0.0510141 V2 8)
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The graphical interpretation of the dependence (8) is shown in Fig. 6. The optimum parameters of
equation (8) under the condition of the maximum distribution coefficient & are D, = 3 mm, Q = 0.03 kg/s, V =
15 m/s. As it can be seen in Fig. 6, with increasing the seeds supply, the distribution factor 6 decreases by
parabola; the diameter of the seed D, and the air velocity V affects the distribution coefficient & by the
function of the hyperbolic paraboloid.

The second stage, namely experimental research, has been carried out using the method of
mathematical planning of the multifactorial experiment, which allows determining the mathematical
processes’ models in the form of regression equations. The obtained mathematical model of the influence of
the investigated factors on the coefficient of distribution & is the following:

0 = 36.8588 — 0.87431 x; + 0.0222222 x;2 + 3.12163 X, + 0.883579 X1 X, — 1.25313 x,* 9)

For this equation, the 95 % probability level of the dispersion is homogeneous, the value of the
Cochran criterion G = 0.2594 <Go.0s (2; 9) = 0.4755. Dispersion of the adequacy of the mathematical model
Saad® = 1.879; variance of experimental error Sy? = 1.4870; Fisher's value F = 1.26 <Fo.05 (5; 18) = 2.77. The
model is adequate at any level of confidence probability. According to the calculated values of the correlation
coefficients and Student's criterion toos (18) = 2.1, all coefficients are significant at the confidence level of
over 95 %. In a sketched form, the model (9) has the following form:

d = 6.07089 —29.1437 Q + 2.62933 VV — 0.0501251 V/? (20)

V=15m/s Q=0,03kg/s

0.08

Fig. 6 — The dependence of the distribution coefficient & on the effective diameter of the seed Dp,
the seeding Q and the air flow velocity V

Analyzing equation (10), it can be argued that the factor of distribution & is affected by all of the above-
mentioned factors. At the same time, with increasing air flow velocity V, the distribution coefficient &
increases. And with increasing seed Q supply, the distribution coefficient 6 decreases. The graphical
interpretation of the experimental (10) and theoretical dependences (8) obtained at Dp; = 6 mm and Dy, =
7 mm is shown in Fig. 7. Statistical analysis showed that the correlation coefficient between the theoretical
(8) and experimental (10) dependencies in the variation of the factors’ values in the given range is 0.96.

The mathematical model of the influence of the investigated factors on the power consumed by the
experimental installation, has the form:

P = 1.62667 + 0.0116667 x; — 0.0183333 x;*+ 0.995556 x» — 0.000833333 x; X, — 0.01 x>  (11)
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For this equation, the 95 % probability level of the dispersion is homogeneous, the value of the
Cochran criterion G = 0.1675 <Go.os (2; 9) = 0.4755. Dispersion of the adequacy of the mathematical model
Saad®> = 0.00215; variance of experimental error S, = 0.00135; value of Fisher's criterion F = 1.59 <
Fo.os (7; 18) = 2.58; the model is adequate at any level of confidence probability. According to the calculated
values of the correlation coefficients and Student's criterion toos (18) = 2.1, all coefficients are significant at
the confidence level of over 95 %. In a sketched form, the model (11) has the form:

=-2.35556 + 0.199111V (12)

Fig. 7 — The dependence of the distribution coefficient & on the seeds supply Q and air flow velocity V
1 — experimental dependence (10); 2 — theoretical dependence (8) with Dy, = 6 mm;
3 — theoretical dependence (8) with Dy, = 7 mm

The graphic interpretation of the obtained dependence (12) is presented in Fig. 8. Analyzing Equation
(12), it can be argued that the power consumed by the experimental installation linearly affects only the air
flow velocity V.

15

Fig. 8 — The dependence of the power P, consumed by the experimental installation,
on the seeds supply Q and air velocity V

The task of solving a compromise problem was to minimize the power P consumed by the
experimental installation, with the maximum value of the distribution coefficient & and the seeds supply Q,
that is:

0(Q,V) — max,
P(Q,V) — min, (13)
Q — max.
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Convert the system of equations (13) to the form:
PQ.V)
Qxs5(Q,V)
The solution of the problem (14) with the aid of Mathematica software package leads to optimal

technological regimes of the sunflower seeds separation during movement under the influence of air flow:
Q =0.09kg/s,V=15m/s, =316 %, P = 0.63 kW.

—> min. (14)

CONCLUSIONS

As a result of numerical simulation of the mechanical and technological process of sunflower seeds
separation during movement under the influence of air flow, there has been developed the dependences of
the distribution of each fraction of the seeds on the length of the area (average value, average square
deviation o, filling factor 6, distribution coefficient ) from the seed effective diameter Dy, air flow velocity V
and the seed supply Q. Under the condition of a maximum filling factor 6 and a distribution coefficient o,
rational regime parameters of the specified process are defined: for effective diameter of the seed D, =5 mm
supply is Q = 0.03 kg/s, and air velocity V = 15 m/s.

As a result of experimental studies of the mechanical and technological process of sunflower seed
separation during its movement under the action of air flow, a physical-mathematical model was developed
that linked the distribution coefficient & and the consumed power P to the supply of seed Q and air velocity V.
Statistical analysis has showed that the correlation coefficient between the theoretical and experimental
dependencies in the variation of the factors’ values in the given range is 0.96.

During the research, the compromise problem has been solved, in particular, the minimization of the
power P consumed by the experimental installation with the maximum value of the distribution coefficient &
and the seeds supply Q: Q =0.09 kg/s, V=15 m/s, 6 =31.6 %, P = 0.63 kW.

REFERENCES

[1]  Aliev E.B., (2017), Numerical modeling results of the mechano-technological process of the oilseed
seeding material transfer under the air flow influence, Bulletin of Zhytomyr National Agroecological
University (BicHuk XKumomupcbKo20 HayioHalbHO20 agpoekosioagidyHo2o yHieepcumemy), Nel (58),
T.1, pp. 173-180, Zhytomyr / Ukraine;

[2] Aliev E.B., (2016), Technical and technological support of oil crop seeds purification and separation
processes, Records of the Ukrainian Scientific and Practical Conference of Young Scientists and
Specialists from May 25-26, 2016 The role of scientific research in providing the processes of the
Ukrainian agrarian production innovative development./ NAAS, GA ISC NAAS, Ministry of Agrarian
Policy and Food of Ukraine, Ukrainian Institute of Plant Variety Expertise (Mamepianu BceykpaiHcbKoi
HayKo80-rpakmu4yHoOI KOHgbepeHUii Morodux edyeHux i crnieyianicmie 25—26 mpaeHsi 2016 p. Ponb
HayKkoBMX OOCHiMKeHb B 3abe3nedeHHi npoueciB iHHOBALUINHOrO pPO3BMTKY arpapHOro BUPOOHULTBA
Ykpainn. / HAAH, Y 13K HAAH, M-Bo arpap. nonitvku Ta npod. YkpaiHu, YKp. iH-T ekcnepTusn copTiB
pocrnivH.). pp. 4-5, Vinnytsya/Ukraine;

[3] Aliev E.B., Bandura V.M., Pryshliak V.M., Yaropud V.M., Trukhanska O.O., (2018), Modeling of
mechanical and technological processes of the agricultural industry, INMATEH Agricultural
Engineering, Vol. 54, Nr. 1, pp. 95-104, Bucharest/Romania;

[4] Aliev E.B., Shevchenko I.A., (2017), Investigation of aerodynamic properties of oilseeds, Bulletin of
Agrarian Science (BicHuk agpapHoi Hayku), Ne3 (769), pp. 63-65, Kiev/Ukraine;

[5] Aliev E., Yaropud V., (2017), Research of physical and mechanical properties of oilseed crops,
MOTROL. Commission of Motorization and Energetics in Agriculture, Vol. 19, No 3, pp. 103-108,
Lublin/Poland,;

[6] Aliev E.B., Yaropud V.M., (2017), Physical and mathematical apparatus of seeds movement in the air
flow, Ukrainian scientific journal "Technology, energy, transport, agribusiness" (BceykpaiHcbkul
HayKoeo-mexHIiYHUl XypHan «TexHika, eHepaemuka, mpaHcriopm AllK»), Ne2 (97), pp. 19-23,
Vinnytsia/Ukraine;

[7]1 Burenko K.S., Vedmedeva E.V., Pershin A.F., (2012), Studying of sunflower collection for the trait of
large fruit (U3yyeHue konnekumyn MNOACOMHEYHUKA MO COCTaBMSKOLUM NPU3HaKa KPYNHOMMOAHOCTH),
Scientific and technical bulletin Institute oilseeds NAAS (Haykoso-mexHidHuli 6ronnemeHb IHcmumymy
onitiHux kynbmyp HAAH), Ne 17, C. 42—-47, Zaporizhia/Ukraine;

127



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

(8]
(9]

[10]

[11]

[12]

GOST 10854-88 (2010), Oilseeds. Methods for determining the weed, oil and specially accounted
impurity, Enter: 23.12.88. Standartinform, 10 p, Moscow/Russia.

Nurullin E.G., Salakhov I.M., Dmitriev A.V., (2014), Mathematical model of the seeds movement in the
main chamber of the pneumatic and mechanical treating machine, Bulletin of the Kazan State
University of Agriculture (Becmruk KasaHckozo F'AY), Ne 1 (31), pp. 6972, Kazan/Russia;

Tishchenko L.N., Olshansky V.P., Olshansky S.V., (2010), Hydrodynamics of grain separation:
monograph (fudpoduHamuka cenapupogaHusi 3epHa: MoHoepagus),174 p, Kharkiv/Ukraine;
Vedmedeva K.V. Makhova T.V., Kirpichova N.M., (2017), The result of selection for a large-fatty line
and a sunflower variety, Collection of scientific works of the Selection-Genetic Institute of the National
Centre for Seed and Selection Studies (36ipHuk Haykosux npaub CeneKkyiliHo-eeHemu4yHoO20
iHcmumymy HauioHanbHO20 UeHmpy HaciHHE3Hagcmea ma copmoguBYeHHs), issue 29 (69), pp. 26—
34, Odessa/Ukraine;

Zaika P.M., (2006), The theory of agricultural machines. Volume 3, Section 7. Cleaning and sorting
seeds (Teopisi cinbcbkozocnodapcbkux mMawuH. Tom.3, po3din 7. Oyucmka i copmyeaHHs1 HaciHHS),
407 p, Kharkiv/Ukraine.

128



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

DESIGN OF SHAPED-HOLE VOLUME-VARIABLE PRECISION SEEDER
/
ZF B A B

Lect. Ph.D. Jiaxin Zheng?, M.S. Yanyu Gao?, Lect. Ph.D. Hongfang Yuan?, Lect. Ph.D. Rong Chen*D
9 School of Mechanical and Electrical Engineering, Yunnan Agricultural University, Kunming 650201, China;
2 Key Laboratory of Bionics Engineering, Ministry of Education, Jilin University, Changchun 130025, China
Tel: 15808841895; E-mail: 15808841895@163.com

Keywords: seeder, volume-variable hole, compulsory seed metering, seed spacing

ABSTRACT

To improve the seed spacing consistency of vertical-disc seeders and starting from the mechanical
compulsory seed metering, we designed a variable-volume hole precision seeder that adopts a cam push-
rod structure to realize the compulsory seed metering. We studied the overall design of this new seeder. The
optimal hole parameters were determined. Response surface method (RSM) was used in trial design, and
this scheme was implemented on the discrete element software EDEM. RSM regression and prediction
optimization show the optimal hole parameters are hole diameter 10 mm, depth 6.5 mm, and chamfer 2 mm.
Comparative tests on the bench show that the new seeder is over the vertical-disc device showing 14%-21%
higher longitudinal consistency and 18%-26% higher transversal consistency. The hole-typed volume-
variable precision seeder with a cam push-rod structure would significantly improve the seed spacing
consistency.
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G, PRI SZHOR Yy, B 10mm. JR/F 6. 5mm. (31 Zmm. 5 0F 17 BB B m e, T T B8
TCAI JPS-12 HEFIE T8 G XTI i 5, g 25 RHIVT, 20 B c 17 B 40 75 H 19 45 RA2 G, T 25010
RILAEF] 5. 2852 I ET [ 28 HEFR s R T K SR 0 A7 6 JEXT L i 52, 77 H1 2T 250 ] (R B AR as i) &
PSR — 201 A 325 14% ~26%,

INTRODUCTION

During precision seeding, the number (single-seed or multi-seed), space and depth of seeds are
precisely controlled as per the agronomic requirements and plowed into soils. As a result, the seed spacing
consistency is improved, which facilitate the growth, development of seeds and finally improve the crop yield
(Zheng, 2017).

The premise of precision seeding is precise seed metering of the seeder. Precision seeders can be
divided by the working principle into mechanical and pneumatic ones. Precision seeders are limited in
maintaining the consistency of seed spacing. 1) As for mechanical devices, due to the difference in seed
sizes (Arzu and Adnan, 2014) and the impacts of metering structures, three seed dropping methods (prompt
dropping, delayed dropping and compulsory dropping) coexist. As a result, the seeds are not dropped from
the same position of the seeder and at the same start speed at a constant time interval. 2) As for pneumatic
devices, the consistency of seed spacing is impacted by the air pressure, rotating speed of seeder and the
number and size of suction holes. Due to the difference in seed sizes, the pneumatic device is not as stable
or reliable as the mechanical one. Even though the suction holes on the suction cup can precisely fill seeds,
the departing speeds of seeds from the metering device would differ, which leads to the differences in seed
spacing (Zdzislaw et al., 2015; Fang et al., 2018; Rasool and Qayoum, 2018).

Two commonly-used precision machinery seeders are vertical-disc and horizontal-disc devices. The
seed spacing consistency can be improved if the seed dropping methods of these two devices are restricted
to one method such as compulsory seed dropping, so that the seeds would be ejected from the same
position of the metering device.
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There is rare research on the seed spacing consistency from the perspective of compulsory seed
metering. For instance, the addition of a vertical disc or a ball-roll pusher seed planter significantly improves
the seed spacing consistency of horizontal-disc seeders.

Compared with the pneumatic one, the precision mechanical metering device is superior with simple
structure, low machining cost, working stability and reliability, and ability in improving the seed spacing
consistency (lke, 2018). Among the mechanical seeders, the vertical-disc device is more able to maintain the
seed spacing consistency due to the height and direction of seed dropping. Thus, we selected the vertical-
disc seeder and made the research from the perspective of mechanical compulsory seed metering. We aim
to establish a shaped-hole volume-variable soybean precision seeder with point-fixed compulsory seed
metering (Yao, 2018).

MATERIALS AND METHODS
Experiment part
Design of a Novel Seeder

This seeder was built by adding a cam push rod structure into the traditional vertical-disc seeder. This
cam push rod structure had a fixed cam and was driven by the hole disc to rotate around the cam. The push
rod was controlled by the cam outline curve to regularly shrink in the hole, which thereby changes the hole
volume, so that the compulsory seed metering is adopted when the hole shrinks.

1
i 114

Fig. 1 - The structure of volume-variable hole precision seeder
1. Transmission shaft; 2. Bearing seat; 3. Front lid of seed box; 4. Upper right support; 5. Hole disc; 6. Cam; 7. Push rod; 8.
Upper left support; 9. Seed brush; 10. Protection board; 11. Lower left support; 12. Rear lid of seed box;

(a) Hole disc assembly (b) Back of the seeder
Fig. 2 - The shaped-hole volume-variable soybean precision seeder

Soybean used in the Experiment

The properties of the soybean (Hefeng 50) used here are listed in Table 1. The equivalent diameter of
soybean approximately obeys the normal distribution with a mean of 6.52 mm and standard deviation (SD) of
0.31 mm. The beans with equivalent diameter within 6.00-7.20 mm account for 88.7%.

Table 1
Properties of soybean
Water content Density Poisson's ratio | Shear modulus
9.4 % 1.27 g/cm? 0.4133% 45.56 MPa3*
Table 2

Properties of materials that get in contact with soybeans

Al Rubber | Q235 | PMMA
Poisson's ratio 0.334 0.49 0.26 0.33
Shear modulus (GPa) 25.5 0.006 | 81.34 | 0.08
Density(g/cm?) 2.7 1.52 7.85 1.19
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Table 3
Mechanical parameters between soybeans and contact materials
Seed&Seed | Seed&Q235 | Seed&PMMA | Seed&Rubber | Seed&Al
Recovery coefficient 0.472° 0.6 34 0.58 2° 0.60 3438 0.6 34
Static friction coefficient 0.27 35 0.23 36 0.32% 0.34 26 0.25 3
Rolling friction coefficient 0.05 34 0.20 %° 0.12° 0.26 %7 0.19

Parameter setting on EDEM software

The use of EDEM software into design of seeders helps to improve the research and design levels,
shorten the development period and increase the performance.

The use of DEM (Discrete Element Modeling) into simulation of seeders necessitates the provision of
multiple physico-mechanical parameters such as water content, density, three-axis dimensions, and static
rolling friction coefficient.

The fault Hertz-Mindlin (No Slip) model was selected as the between-seed and seed-boundary contact
physical model. The physical properties of the seeds and boundary were set as per Tables 1 and 2. The
contact parameters between the seeds and the components of the seeder were set as per Table 3. The
simplified seeder model was introduced. The material properties of all components were added as per Table
3. The seed spacing was set as 50 mm, when the seeder worked at the limit speed 2.57 km/h. After
simulation tests with different speeds, we determined the final rotating speed to be 25.56 rpm (at the real
working speed of 2.3 km/h). A spherical model was used to simulate beans. Their diameters within 6.00-7.20
mm obeyed the normal distribution with mean of 6.52 mm and SD of 0.31. During the simulations, totally
1500 seeds were generated, and their sizes and positions were randomly formed (Bilonoga Y., Maksysko O.,
2018). The time step length was 9.79x10s, about 20% of Rayleigh time step. The simulation duration was
22 s, data collection interval was 0.01 s and mesh size was 2R.

Description of test Equipment

We conducted verification tests with this seeder on a JPS-12 seeder bench. The trial scheme was that
trials were conducted on EDEM and the test bench separately. The working speeds (seed spacing =5cm)
and the rotating speeds of the seeder are listed in Table 4.

Table 4
The working speeds and the rotating speeds of the seeder
Working speed (km/h) 1 1.5 2 25 3 3.5
Rotating speed (rpm) | 11.1 | 16.7 | 22.2 | 27.8 | 33.3 | 38.9

The bench trials were conducted on a JPS-12 seeder performance test bench (Jointly developed by
Heilongjiang Institute of Agricultural Machinery Engineering Science and Harbin Bona Technology Co. Ltd).

(C) seed metering performance test unit.

(A) mechanical structure unit (B) control unit
Fig. 3 - Overall composition of the seeder test bench
1. Industrial camera 2. Metering device universal mounting bracket 3. Variable-volume hole precision seeder. 4. Oil zone 5.
Nozzle 6. Oil brush 7. Mounting bracket front and rear inclining angle adjusting device 8. Mounting bracket height and left/right

inclining angle adjusting device 9. seed metering shaft 10. bench operation control plane 11. metering performance test software

Research Method

The parameters of hole structure are all continuous, so the significant ones should be selected as per
regression fitting, factor analysis and interactions. Finally, the parameters are optimized (Liu, 2018). The
response surface method (RSM) is more suitable for optimization of hole structure parameters of seeders.
Here the Box-Behnken RSM trial design from Design-Expert was used to optimize hole structure parameters.
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Simulation experiment: There were totally 17 trials including 12 trials of factor analysis, 5 trials of zero
tests. Each trial was conducted in triplicate.
The factor levels and trial design are showed in Table 5.

Table 5
Factor levels
Level Factor/mm
diameter(A) | depth(B) | chamfer(C)
1 10 7 3
0 9 6.7 2
-1 8 6.4 1

Contrast experiment: Like the simulations, with reference to the results of simulation processing and
manufacturing material, the new seeder and a vertical-disc seeder (a bristle brush wheel seeder) were sent
into seed spacing consistency comparative test on the JPS-12 test bench, so as to validate whether the new
device can improve the seed spacing consistency.

To more precisely study the consistency of qualified seed spacings, we used longitudinal consistency
(longitudinal seed spacing consistency) and transversal consistency (transversal seed spacing consistency)
to measure qualified grain interval consistency. Specifically, the longitudinal seed spacing consistency was
reflected by the seed spacing SD (oz), while the transversal seed spacing consistency was measured by the
SD away from the centreline (on).

RESULTS
Hole parameter optimization with the seeder.

Regression analysis

Table 6
Final analysis of variance (ANOVA) of single-seed rate
Source Sum of squares | df Mean Square F Value | p-value
Model 6892.60 5 1378.52 161.18 | <0.0001
A 2733.19 1 2733.19 319.57 | <0.0001
C 2831.66 1 2831.66 331.09 | <0.0001
AC 991.62 1 991.62 115.94 | <0.0001
A? 89.17 1 89.17 10.43 0.0080
c? 230.00 1 230.00 26.89 0.0003
Residual 94.08 11 8.55
Lack of fit 64.46 7 9.21 1.24 0.4403
Pure Error 29.62 4 7.40
Total 6986.67 16
Std.Dev 2.92 R2 0.9865
Mean 80.63 Adj R? 0.9804
CV.% 3.63 Pred R? 0.9676
PRESS 226.66 Adeq Precision 45.416

1) At the significance level p<0.05, the significant items are A, C, AC, A?, C?, at the insignificance level
p>0.1, there is no insignificant item.

2) The F-value of the regression equation is 161.18, indicating significant (p<0.01).

3) The regression equation shows no lack-of-fit (p<0.05). The coefficient of determination (R2=0.9865)
and adjusted R square (Adj R?=0.9804 are both close to 1, indicating this regression equation is precise and
effective significantly.

The predicted R? (Pred R2=0.9676) and precision value (Adeq Precision=45.416>4) suggest this

regression equation predicts well within the preset range.
Moreover, the significance levels of all factors rank as follows: chamfer > diameter > depth.

132


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

Vol. 56, No. 3 /2018

INMATEH —Ayticuttutal Engineeting

After substitution into the coding equation, we get the regression equation of single-seed rate
against the real factors:

Single-seed Rate=-802.90+132.700+190.045-15.75d5-4.60d* — 7.385° (1)

single-seed rate(

.
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Fig. 4 - Contours of diameter (A) and chamfer (C) against single-seed rate (R1)

100 **Fm
Ir,O 250 >

single-sced rate(%)

(llllll).l)jllllﬂ{.\ 9

8.00 8s0 900 950

10.00
At diameter(mm)

Fig. 5 - Response surfaces of diameter (A) and chamfer (C) against single-seed rate (R1)

The contours and response surfaces can be used to determine whether the impact of a factor on the
effect is significant, the changing trend of effect against the factor and the area of the optimal value. The
contours (Fig. 4) and response surface (Fig. 5) of hole diameter (A) and chamfer (C) against single-seed
ratio (R1) were plotted on Design-Expert. The contours show that the single-seed rate (R1) is significantly
affected by the hole diameter (A) and chamfer (C). The single-seed rate increases from 20% at A=8 mm to
100% at A=10 mm. The single-seed rate rises from 20% at C=1 mm to 100% at C= 3 mm and then declines.
The interactive effect between A and C on single-seed rate is very significant. The maximum of single-seed

rate is obtained at A=10 mm and within C= 2-3 mm. This phenomenon is also revealed on the response
surface. Similarly, the final ANOVA of cavity rate is showed in Table 7.

Table 7
Final ANOVA of cavity rate

| Source Sum of squares | df Mean Square F Value | p-value
Model 6676.60 5 1335.32 146.03 | <0.0001
A 2665.23 1 2665.23 291.47 | <0.0001
C 2601.73 1 2601.73 284.52 | <0.0001
AC 1036.84 1 1036.84 113.39 | <0.0001
A? 76.35 1 76.35 8.35 0.0147
c? 279.08 1 279.08 30.52 0.0002
Residual 100.59 11 9.14
Lack of fit 70.97 7 10.14 1.37 0.4009
Pure Error 29.62 4 7.40
Total 6777.18 16
Std.Dev 3.02 R2 0.9852
Mean 19.77 Adj R? 0.9784
CV.% 15.30 Pred R? 0.9629
PRESS 251.17 Adeq Precision 43.846
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2) The F-value of the regression equation is 146.03, indicating significant (p<0.01).
3) The regression equation shows no lack-of-fit (p=0.4009<0.05).

The coefficient of determination (R?=0.9852) and adjusted R square (Adj R?=0.9784) are both close to
1, indicating this regression equation is precise and effective significantly.

The predicted R? (Pred R?=0.9629) and precision value (Adeq Precision=43.846>4) suggest this
regression equation predicts well within the preset range. Moreover, the significance levels of all factors rank
as follows: diameter > chamfer > depth.

After substitution into the coding equation, we get the regression equation of cavity rate against the
real factors:

Cavity Rate=881.05-127d-195.455 +16.1d5 + 4.25d° +8.135" (2)

The contours and response surface of hole diameter (A) and chamfer (C) against cavity rate (R?) were
plotted on Design-Expert. The contours show that the cavity ratio (R?) is significantly affected by the hole
diameter (A) and chamfer (C). The cavity rate increases from 80% at A=8 mm to 0 at A=10 mm. The cavity
rate first declines and then rises with the increase of C from 1 to 3 mm. The interactive effect between A and
C on cavity rate is very significant. The minimum of cavity rate is obtained at A=10 mm and within C= 2-3
mm. This phenomenon is also revealed on the response surface.

The working performance of the seeder is jointly reflected by the single-seed rate, cavity rate, and
double-seed rate. During the simulations, nearly no double-seed in one hole was found. The data obtained
during the trials were insufficient to build a regression equation of diameter (A), depth (B) or chamfer (C)
against double-seed rate. According to experiences, when the hole chamfer and diameter are very large, the
seeds are more likely to fall into holes, but if the depth only accommodates one seed, other seeds will be
cleaned outside anyway.

Prediction optimization
The RSM is feasible for prediction optimization. In the design domain, we provided the maximum of
single-seed rate, the minimum of cavity rate, and obtained the contours and response surface of fitness.
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Fig. 6 - Contour of fitness
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Fig. 7 - Response surface of fitness
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As showed in Fig. 7, in the area with the fithess close to 1, we obtain the optimal solution. The optimal
solution is found at hole diameter of 10 mm and chamfer of 2 mm. When the diameter and chamfer were
assigned with integers, it facilitated the hole machining. Thus, we set hole diameter = 10 mm and chamfer =
2 mm. The hole depth has no significant effect on single-seed rate or cavity rate, but at large depth, the hole
accommodates two seeds. The equivalent diameters of the seeds are 5.45-7.46 mm (mean 6.52), so the
hole depth was set at 6.5 mm. Finally, the optimal combination of hole parameters is listed in Table 8.

Table 8
Optimal combination of hole parameters (mm)

Diameter d Depth h | Chamfer &

10 6.5 2

Contrast experiment

In this section, the new seeder and a vertical-disc seeder (a bristle brush wheel seeder) were sent into
seed spacing consistency comparative test, so as to validate whether the new device can improve the seed
spacing consistency.

(a) volume-variable hole precision seeder; (b) bristle brush wheel seeder.
Fig. 8 - Comparative test of seeders

To more precisely study the consistency of qualified seed spacings, we used longitudinal consistency
(longitudinal seed spacing consistency) and transversal consistency (transversal seed spacing consistency)
to measure qualified grain interval consistency. Specifically, the longitudinal seed spacing consistency was
reflected by the seed spacing SD (oz), while the transversal seed spacing consistency was measured by the
SD away from the centreline (on).

Transverse

Longitudinal

midline of seed zone

Fig. 9 - Seed zone transversal and longitudinal schematic diagrams
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Fig. 10 - oz on of two seeders
Note: A-0z changes with velocity; B-oy changes with velocity
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Comparative tests on the JPS-12 test bench show that the new seeder is superior over the vertical-
disc seeder in terms of 14%-21% higher longitudinal consistency and 18%-26% higher transversal
consistency. The variable-volume hole precision seeder with a cam push-rod structure would significantly
improve the seed spacing consistency.

CONCLUSIONS

1) To improve the seed spacing consistency of vertical-disc seeders, we, starting from the mechanical
compulsory seed metering, designed a variable-volume hole precision seeder that adopts a cam push rod
structure to realize the compulsory seed metering. We studied the overall design of this new seeder.

2) The hole parameters of the new seeder were optimized via Box-Behnken trials. The trial scheme was
implemented on the discrete software EDEM. Response surface regression and prediction optimization were
conducted on Design-Expert. The single-seed rate and cavity rate were significantly affected by both hole
diameter and chamfer. The regression equations of hole diameter, depth and chamfer against the single-
seed rate or cavity rate were determined separately. The optimal solution of hole parameters is: diameter 10
mm, depth 6.5 mm and chamfer 2 mm.

3) Comparative tests on the bench show that the new seeder is superior to the vertical-disc device in
terms of 14%-21% higher longitudinal consistency and 18%-26% higher transversal consistency. The
shaped-hole volume-variable precision seeder with a cam push-rod structure would significantly improve the
seed spacing consistency.
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ABSTRACT

The air-suction seed metering device with automatic detection and reseeding function was designed.
The device is mainly composed of metering disc, reseeding device, detection system, signal processing and
control system, alarm device and power supply. Based on the photoelectric sensors, the seed metering
device is detected. The timed reseeding function was realized through the detection and control system. The
correlation performance tests were done by comprehensive weight score value method. The test results had
shown that: under the operating conditions of 4kPa and 15r/min, the seed metering device has the best
seeding effect; the qualification rate of the seed metering device with the reseeding device is 93.68%, the
over-seeding rate is 3.91%, the miss-seeding rate is 2.38%; compare the installed reseeding device with the
uninstalled reseeding device, the qualification rate of the seed metering device is increased by 2.34% and
the miss-seeding rate is dropped by 3.09%, and the seeding quality of the seed metering device has been
greatly improved.
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INTRODUCTION

Air-suction precision seeding is the main direction of corn precision seed metering device
development, but currently there is a large miss-seeding problem in the seeding work (Lv X.L. et al, 2012;
Shi Song et al, 2014). In recent years, many researchers have been made in the field of timed detection
method and detection system for miss-seeding of the seed metering device. SINGH and others (Singh T.P.
et al, 2011) used electronic control measurement system to timed monitor and feedback the seeding process
of metering seed device. Jae Wan Lee and others (Jae Wan Lee et al, 2013) have studied the relationship
between the vibration frequency of the metering seed disks and the PTO vibration frequency of the tractor in
FlexPDE and ANSYS software. Zhou Liming and others (Zhou Liming et al, 2012; Zhu Ruixiang et al, 2014)
have studied the monitoring system of the seeding performance of the corn precision seed metering device.
Tian Liquan and others (Tian Liquan et al, 2016) have developed the seed metering device with the function
of missing seed compensation and the device satisfied the accurate and effective reseeding requirements.
Wu Jianmin and others (Zhang Xiaodong et al, 2013; Cao Dong, 2013) have researched and designed the
missing seed detection and compensation system for the potato seed metering device. Ding Youchun and
others (Ding Youchun, 2014; Li Ming et al, 2010) have studied the timed detection system for the missing
seed of rape planting. At present, the method of delay time reseeding is adopted in the missing seed
detection and reseeding systems for the precision seed metering device. It has the problems of complex
structure and inaccurate reseeding. The foreign research is relatively mature, but its cost is high and
unsuited for the planting mode of our country. In the paper, the air-suction corn precision seed metering
device with automatic detection and reseeding device was designed, and the test was done on the influence
of the working factors and the effect of the reseeding.
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OVERALL SCHEME DESIGN
Structure and composition

The seed metering device mainly consists of main seed metering disc, reseeding device, detection
and control system, transmission shaft, seed chamber, gas chamber and seeding pipe, as shown in Fig.1.
The seed chamber and the gas chamber are installed on the transmission shaft. The gas chamber is
connected with the seed chamber by the bolts. The gas chamber is connected to the fan through the gas
pipe. The negative pressure of sucking seed is provided by the fan. The reseeding disc is installed on the
drive shaft, and is fitted with the outside of the seed chamber. On both sides of the main seeding disc and
reseeding disc a pair of photoelectric sensors is separately installed. The signal transmitter is fixed in the
corresponding position of seed chamber. The signal receptor is fixed on the outside shell of the gas
chamber, and corresponds to the transmitter. The sensors are used to detect the sucking seed situation on
the seed metering discs. The seeding tube is installed on the frame and is located under the seed metering
discs. A pair of sensors is installed in the pipe to detect the seeds flowing. The sensors are connected with
the Microcontroller Unit (MCU) to transfer and deal with the signals. The MCU is connected with the stepper
motor driver and control the reseeding disk sucked seed and timed reseeding.
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Fig. 1 - Structure diagram of the air-suction corn seed metering device
1-Seeding pipe; 2- Detection sensor | ; 3- Main seed metering disc; 4- Gas chamber; 5-Detection sensor I;
6-Main drive shaft; 7-Gas pipe; 8- Seed chamber; 9-Reseeding chamber; 10- Reseeding gas chamber;
11- Detection sensor lll ; 12- Reseeding drive shaft; 13-Rack; 14- Single chip microcomputer; 15-Stepper motor

As shown in Fig. 2, the detection and control system is mainly composed of the detection module, the
MCU, the reseeding device, the stepper motor, the alarm module and the power supply module.
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Fig. 2 - Structure block diagram of hardware system of reseeding detection
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The detection module consists of three pairs of photoelectric sensors. The MCU is the core of the
detection and control system. It deals with the transfer signal of the detection module and controls the
operation of the reseeding device and alarm system. In order to ensure the safety and reliability of the
system, the aeronautical plugs were used for the connection between each module. The working power is
generated by the 24VDC power of the tractor.

MATERIALS AND METHODS
Working principle

With main seed metering disc rotated, the seeds were adsorbed on the suction holes by gas chamber
negative pressure. The photoelectric sensor detected the sucking seeds situation. If the seeds were sucked
on the suction hole, the signal receptor didn’t receive the emission light of signal transmitter and the
detection circuit was not changed so the reseeding device is in the static state. The seeds were carried out of
the seed chamber. The negative pressure disappeared and the seeds fell into the seeding pipe. When there
weren’t seeds on the suction hole, the signal receptor received the light of the signal transmitter and the
detection circuit was changed. The MCU sent out work instructions to the reseeding device according to the
program setting, and started the stepper motor to drive the reseeding disc. At the same time, the
photoelectric sensor installed on both sides of the reseeding disks was used to detect the next suction seed
hole of the reseeding disc. When the seeds were adsorbed on the suction hole, the MCU sent out the stop
instruction to the stepper motor. The sensor on the seeding pipe timely sent the pulse signal to the MCU.
The seed dropping speed was reflected through the frequency of the transmitted signal. When the seed
metering device has a problem, the MCU doesn’t receive the pulse signal in the set time range and the alarm
device starts.

DESIGN OF AUTOMATIC RESEEDING SYSTEM
Reseeding device

As shown in Fig.3, the reseeding device is mainly composed of the reseeding gas chamber, reseeding
drive shaft, reseeding disc, reseeding chamber and gas pipe. The gas chamber is connected with the fan
through the gas pipe and generates negative pressure. The gas chamber is installed on the drive shaft
through a bearing and fixedly connected with the bracket. The reseeding chamber is installed on the gas
chamber. The reseeding disc is installed on the driver shaft and is attached to the outside of the gas
chamber and of the reseeding chamber. The reseeding disc rotates to the gas chamber and the reseeding
chamber by the reseeding drive shaft. The MCU controls the rotation of the reseeding disc to real-time
reseeding. When the seed metering device missed a seed, the control system controlled the metering seed
disc to perform timed reseeding. The motor received the pulse signal from the control system, and then
converted the pulse signal into the angular value (LI Leixia, 2012). The stepper motor 86BYGH250C is
adopted. The 32 bit DSP digital type stepper motor driver HB-860H is selected, adopts PWM current control
and the working voltage is 24VDC.

Fig. 3 - Structure diagram of the reseeding device of air suction corn precision seed metering device
1- Reseeding gas chamber; 2-Reseeding drive shaft; 3- Gas pipe; 4-Reseeding disc; 5-Reseeding chamber; 6- Adding seed pipe

Detection and control system

The detection device is provided the reseeding signal according to the output level of the sensor.
When the suction seed hole had seed, the light of the laser transmitter was shielded, the laser receptor was
unable to receive the light signal and output the high level. When the suction seed hole had no seed, the
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laser receptor received the optical signal and outputted a low level. When the seed was normally falling, the
sensor outputted a continuous high level signal. When the device had a problem, the sensor outputted a
continuous low level signal. The starting of the alarm device is determined by the test result of the
discriminating circuit. The M12 laser sensor is used to detect seed on the suction seed hole, and the HD-
DS25CM-3MM photoelectric sensor is used to detect the seed flowing in the seeding pipe. The signal
conversion circuit of the photoelectric sensor is shown in fig. 4.
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Fig. 4 - Circuit diagram of the signal conversion

The signal processing and control module is the core of the detection and control system (Sun Wei et
al, 2016; WANG Lifen, 2015). As shown in Fig. 5, the system needs to deal with more comprehensive
information, so that the digital analogy hybrid circuit is used. The STC89C52 MCU is adopted in the
reseeding system. The clock circuit in this module connects with the controlled reverse phase amplifier
through the XTAL1 and XTAL2 pins of the MCU. The MCU was controlled by external oscillator. The value of
the capacitor of the oscillator is 30pF and X1 crystal oscillator is 12MHz. After pressing the reset button, the
high level was transmitted to the RST terminal, and the components’ reset was realized to avoid
unnecessary operations. The alarm module detects seed flowing by photoelectric sensors inside the seeding
pipe. The work of metering seed device and the seeding pipe are judged by the sending high and low level
signals of the sensor. If the sensor continuously sends the low level signal in the set time range, the MCU
starts the alarm device. The alarm device adopted the buzzer and LED.
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Fig. 5 - Circuit diagram of the control system

The software of automatic reseeding device

The main program flow chart of the detection and control system is shown in Fig. 6. The program
executes the initial value setting of the global variable and the start of the photoelectric sensor, and presses
the reset key to realize the reset of the system. First, the program is to monitor whether the components are
in normal state, initializes the parameter, then receives the detection signal of the photoelectric sensor and
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determines whether the seed metering device missed seeding, then it controls the corresponding action of
the stepper motor. The action of the stepper motor is controlled by sensors on the main seed metering disc
and reseeding disc. The detection device provides the reseeding signal through level of the sensor. In the
process of the detection, when there were seeds on the suction hole of the main metering seed disc with the
metering seed disc rotating, the laser receptor didn’t receive the light signal, the high level was outputted and
the stepper motor did not start. When there were no seeds on the suction hole of the main metering seed
disc, the low level was outputted, the stepper motor was rationed the set angle for reseeding. At the same
time, the next suction hole was detected. If there was no seed on the next suction hole, the stepper motor
was controlled to continue turn 18° (the angle between the two holes), and the next suction hole was
detected. Until the seed was detected on the suction hole, the stepper motor stopped. The seed flowing
situation in the seeding pipe is detected by the output signal in the set time. When the seeds normally fell,
the sensor outputted a continuous high level signal. When no seeds fell, the sensor outputted a continuous
low level signal. If there were no seeds falling in a set time, the LED was lighted and the buzzer started for
real-time alarm.

Start
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"‘ Driving stepper motor

Whether or not to
suck seed on main
metering disc

'

Whether or not to
suck seed on reseed
metering disc
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the seed falling
in seed pipe

‘ Step motor stop ‘

Start alarm device }—b‘ Press reset button after repair ‘

Fig. 6 - The flow chart of main program of the automatic reseeding system

MATERIALS AND METHODS

As shown in Fig.7, the designed air-suction precision corn seed metering device was installed on the
JPS-12 automatic test bench to test the performance of the seed metering device. In order to simulate the
actual seeds falling into the seedbed, the oil was coated on the seeding area of the seedbed to accept and
carry the seeds. The Guiyu No. 1 corn seed was selected in the test. The seeds of the reseeding were
coated with red, which is different from the planting seeds.

Fig. 7 - Test bench of the seed metering device performance
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The seeding performance of the seed metering device were tested, mainly including: The orthogonal
experiment of the influence effect of working factors, and the comparison experiment of the working effect of
the seed metering device without the reseeding device and the seed metering device with the reseeding
device. The planted seeds were selected as samples during the seedbed belt and metering device stable
working. The test results were processed according to the “GB/T6973-2005 single grain (precision) seed
metering device test method” (Wu Nan et al, 2016; Yi Shujuan et al, 2014). For the orthogonal experiment,
the seed metering device had uninstalled reseeding device. The seeding spaces of the 150 seeds were
measured in the each test, and the test was repeated 3 times to get the average value. The comparison test
done at the vacuum degree was 4KPa and the speed of the reseeding disc was 15r/min. The seeding
spaces of the 150 seeds were measured in each test. Whether the seeding was qualified, it was judged
according to the seed spacing. The theory seed spacing was X =250mm in the test. When Xi was greater
than 1.5 X, it was the miss-seeding; When X; was greater than or equal to 0.5 Xr and less than or equal to
1.5 X, it was the qualified one; When Xi was less than 0.5 X;, it was over-seeding.

RESULTS
Orthogonal test of the seeding performance

In the orthogonal test, the influencing factors were the vacuum degree A and the rotation speed B of
the seeding disks, and the indexes were the qualification rate Q, the over-seeding rate O and the miss-
seeding rate M. The factor and level are as shown in table 1.

Table 1
Factor and level table for orthogonal test

Factor Vacuum degree Rotating speed of the seed
metering disc

A [kPa] B[r/min]
1 35 15
2 4 20
3 4.5 25

When the seed metering device is operated, the influencing effect of each factor to different operation
indexes is different. In order to determine the optimal combination of the factors, the comprehensive
weighted score method was adopted to evaluate the orthogonal test results. According to the importance
degree of each test index in the test, the weight proportion is determined. The evaluation matrix of the test
index is as follows:

X =\ : : @

Where, i—test number, j—the three index in test, the qualified rate, over-seeding rate and miss-
seeding rate. In the test, the expected change direction of the qualified rate, over-seeding rate and miss-
seeding rate is different. In order to make the direction of each index change consistent, the rule of the
chosen the score is that if the value is the smaller the better. The test index is converted by formula (2).

Xii jeu

Ximx- — X, JeU,

@)

where, Ui-miss-seeding rate and over-seeding rate, Uz-qualified rate.
According to the formula (2), the magnitude of the index is unified and the dimension is eliminated.
The standardized evaluation matrix for the test index is Z=(y; ).

(yij _yjm'n)

Z, =100x
yjmax - yjmin (3)
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where
Y jmin = MIN {yij|i =12, N} Yy = max{yij|j =1,2,---,m}.

Referring to the relevant agricultural technology requirements and experience (HU Zhichao et al,
2013; Wang Xiaoyan et al, 2013), and considering the importance degree of each index, the weights of each
index are: the weights of qualified rate is w1=0.6, the weights of over-seeding rate is w,=0.1, the weights of
miss-seeding rate is w3=0.3. The weights are substituted into the formula (3), and the score of each index is
as follows:

m

f =Z ) _lezij
)= i=1,2,...n 4)

Where, w; - the weight of each index.

The result of the test, comprehensive weighted score value and the result of the range analysis, is

shown in Table 2.

Table 2
Test and analysis results
Factor Index value .
_ : : Comprehensi
No. Qualified rate Over-seeding Miss-seeding ve weighting
A B AxB [%] rate rate score value fi
[%] [%]
1 1 1 1 83.11 3.38 13.51 64.4
2 1 2 2 76.58 4.43 18.99 98.0
3 1 3 3 84.71 1.91 13.38 55.3
4 2 1 2 94.96 2.16 2.88 3.9
5 2 2 3 92.11 3.29 4.61 19.1
6 2 3 1 85.19 1.23 13.58 524
7 3 1 3 92.81 5.23 1.96 17.0
8 3 2 1 87.12 1.84 11.04 43.1
9 3 3 2 91.52 1.82 6.67 21.0
K1 72.6 28.4 53.3
K2 251 53.4 41.0 Sequence of factors: A>B>AxB
K3 270 429 305 Optimal combination: A2B1
R 47.5 25.0 22.8

In table 2, it can be obtained: the influence order of the factors is A > B> AxB. When Comprehensive
weighting score value was the smallest, the factors combination was the optimal combination. The optimal
combination was A:2B1, it was that the vacuum degree of the gas chamber was 4kPa and the rotating speed
of metering seed disc was 15r/min. Under the optimal combination condition, the qualified rate of the seed
metering device was 94.96%, the over-seeding rate was 2.16%, and the missing seed rate was 2.88%, and
all indexes can meet the technical requirements of seeding performance.

Comparison test of the automatic reseeding performance of the seed metering device

When the vacuum degree of the gas chamber was 4kPa and the rotating speed of metering seed disc
was 15r/min, the comparative test of the seeding effect was done on the seed metering device of not install
the reseeding device to the seed metering device of the install the reseeding device. The results of the test
had shown in Table 3, and the comparison results of the indexes had shown in Figure 8.
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Comparative test results of air suction seed metering device

Table 3

Qualification rate Over-seeding rate Miss-seeding rate Comprehensive
No. [%6] [%6] [%6] weighted score value
No reseedin No reseedin No reseedin No reseedin
reseeding g reseeding g reseeding g reseeding g
1 92.26 93.24 2.58 4.73 5.16 2.03 35.93 45.25
2 93.88 96.60 2.04 2.72 4.08 0.68 12.45 3.50
3 91.84 96.00 2.72 1.33 5.44 2.67 42.02 16.72
4 90.54 95.92 2.03 3.40 7.43 0.68 63.59 11.05
5 91.95 93.66 2.68 3.52 5.37 2.82 40.43 43.19
6 88.82 90.58 1.97 5.23 9.21 3.92 90.06 80.33
7 91.45 89.61 0.66 4.55 7.89 5.84 52.98 98.11
8 92.11 95.07 5.26 4.23 2.63 0.70 31.73 20.55
9 91.67 93.79 1.92 4.14 6.41 2.07 46.56 39.28
10 88.67 91.56 3.33 4.55 8.00 3.90 89.05 70.09
11 89.33 92.72 8.00 5.30 2.67 1.99 67.63 50.92
12 93.55 95.42 5.16 3.27 1.29 1.31 9.93 18.68
()
% ()
5 % 91.34 93.68 3.20 3.91 5.47 2.38 48.53 41.47
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Fig. 8 - Distribution contrast diagram of test results
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Table 3 shows that: when the vacuum degree was 4kPa and the rotating speed was 15r/min, when
the seed metering device had a reseeding device installed, it was that the highest qualified rate was 96.60%,
the maximum over-seeding rate was 5.84%, the minimum comprehensive weighted value was 3.50, the
average qualified rate was 93.68%, the average over-seeding rate was 3.91%, the average miss-seeding
rate was 2.38%, the comprehensive weighted average value was 41.47; when the seed metering device had
no reseeding device installed, the highest qualified rate was 93.88%, the maximum over-seeding rate was
9.21%, the minimum comprehensive weighted score value was 12.45, the average qualified rate was
91.34%, the average over-seeding rate was 3.20%, the average miss-seeding rate was 5.47%, the
comprehensive weighted average value was 48.53. When the seed metering device had a reseeding device
installed, the qualified rate was increased by 34% and the miss-seeding rate was decreased by 3.09%. As
shown in Figure 8, the effect of automatic reseeding device was very significant to improve the seeding
performance of the seed metering device. When the automatic replanting device had been installed, the
qualified rate was greatly increased, the miss-seeding rate was reduced, and the comprehensive weighted
average value was reduced. The influence of the over-seeding rate was not obvious and the analysis shows
that the environment conditions of the work were very complicated and the detection system sometimes had
some misjudgements, which led to the increase of the over-seeding rate.

CONCLUSIONS

The air-suction corn precision seed metering device with automatic reseeding device was designed.
The scheme of automatic reseeding detection and control system was designed. The STC89C52 MCU was
chosen as the core of signal processing and control system of the reseeding device. The photoelectric
sensors were adopted as reseeding detection element. The design and selection of hardware parts of the
detection and control system were finished, and the software program of the system were written.

(1) The orthogonal test of the seed metering device working performance was carried out. The
comprehensive weighted score method was adopted to comprehensively evaluate the test indexes, and the
comprehensive weighted score value was used to evaluate the seeding effect of the seed metering device.
The analysis of the test results showed that: when the vacuum degree was 4kPa and the rotation speed was
15r/min, the seeding performance was the best and the qualified rate was 94.96%, the over-seeding rate
was 2.16%, the miss-seeding rate was 2.88%.

(2) When the vacuum degree was 4kPa and the rotation speed was 15r/min, the comparison test was
done about the seeding effect of the seed metering device without the reseeding device and the seed
metering device with the automatic reseeding device. The result showed that: when the seed metering
device had a reseeding device installed, the qualified rate was increased by 2.34% and the miss-seeding
rate was decreased by 3.09%, the comprehensive seeding performance was greatly improved. The
automatic reseeding device had obvious effect on improving the seeding quality of the air suction corn
precision seed metering device..
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ABSTRACT

We developed finger-type lifter test bench to address low fruit removal rate and high breakage rate
during the lodging of Cerasus humilis branches. The bench is mainly composed of a frame, branches lifter,
gripping delivery device, fruit removal device and control system. A single factor experiment was carried out,
and fruit removal rate and breakage rate were used as the evaluation indexes. The elevation angle,
declination angle, poking finger speed and conveying speed were selected as the experimental factors.
Results showed that the influence of the declination angle was small. To determine the optimum parameter
combination, we performed the three factors and three levels central composite orthogonal experiment, using
the fruit removal rate and breakage rate as the evaluation indexes, while elevation angle, speed of poking
fingers and conveying speed as the experimental factors. The results showed that elevation rate had the
largest effect on removal rate, followed by poking fingers speed and conveying speed. Meanwhile, conveying
speed had the largest effect on breakage rate, followed by poking fingers speed and elevation angle. The
optimal parameter combination includes elevation angle of 56°, poking fingers speed of 1.02 m/s and
conveying speed of 0.27 m/s and corresponding fruit removal rate of 96.07% and breakage rate of 4.58%.
The bench verification experiment was performed according to the combination of the parameters, and the
results showed that the removal rate was 97.28% and the breakage rate was 5.01%. The relative errors of
the experimental value and the theoretical optimisation value were 1.24% and 8.58%, respectively.
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INTRODUCTION

Cerasus humilis is a new and unique fruit plant resource in China (Sun et al., 2016; Liang et al., 2006),
and its yield reaches 15,000 kg/hm? (Liu, 2003).The fruit is rich in minerals, vitamins and amino acids, has
high edible and medicinal value and a broad development prospect (Li, 2015; Liang et al., 2008). However, a
single fruiting branch has high mass, so lodging remains a serious problem in the mature period (Zhang et al.,
2018). Thus, mechanical harvesting is very difficult, and thus the fruits are mainly picked by hand.
Consequently, harvesting incurs substantial economic loss (Liu et al., 2013; Kang et al., 2017) because it
has low efficiency despite the high labour intensity and the best picking time is delayed. The lodging of
branches restricts the development of the Cerasus humilis industry, so lifting becomes a problem that needs
to be solved in the process of harvesting C. humilis.

Crop lifting has been extensively investigated. The tilted maize stalks can be quickly straightened and
fed into a picking area orderly by a new type of maize harvester with reel star wheel, which improves picking
performance (Hao et al., 2014). The parameters of a soybean lifter can be optimised by a virtual prototype,
and lifter angle and conveying speed greatly influence the performance of a soybean lifter (Chen et al., 2012).
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To solve the problem of rice lodging, an electric drive system was developed. Rice harvesting efficiency can
be improved by automatically adjusting the speed of poking fingers in the range of 0.7-1.0 m/s with a PWM
governor (Pan et al., 2016). The lifting device of a safflower harvester retains its relative position with the
safflower plants, thereby improving harvesting efficiency (Gu et al., 2018). A study found that using a guide
rod ensures that a corn stalk has a good upright posture when it enters a picking mechanism, so this device
ensures orderly feeding and reduces the loss of cutting (He et al., 2007). Another study found that the
forward speed of the lifting device, poking fingers speed, elevation angle, declination of a lifter considerably
affect the angle of lodging of sugarcane (Mou et al., 2009). However, no research has been reported on
lifting of C. humilis.

In this paper, we designed a finger-type lifter test bench to address the problem in lodging mature C.
humilis branches. The design considers the growth characteristics of the branches. Fruit removal rate and
breakage rate were used as evaluation indexes, while elevation angle, declination angle, poking fingers
speed and conveying speed were used as experimental factors. Our aim is to obtain an optimal structure and
working parameter combination for the design of C. humilis picking machine.

MATERIALS AND METHODS
Cerasus humilis variety and sample preparation

C. humilis branches were obtained from Juxin Modern Agriculture Base in Taigu County, Shanxi
Province, China (E 112°29', N 37°23'), and the variety was ‘Nongda 6. The harvest date was August 15,
2018. The diameter D; of the branches was 4—6 mm, the length L; was 600—-800 mm, the diameter D of the
fruiting zone was 50-60 mm and the length L, of the fruiting zone was 400-500 mm (Fig.1a). The mass of a
single-branched fruit branch was 0.8-1.2 kg, which easily caused lodging (Fig.1b).

The Cerasus
humilis branch

a. The physical parameters of the Cerasus humilis
branch b’.‘Th

Y, 'Y oA

Fige = 2y
menon of Cerasus humilis branch

.

-é Iodgig pheno

Fig. 1 - The characteristics of Cerasus humilis branches

Design of lifter test bench

As shown in Fig. 2, the bench was mainly composed of a frame, branches lifter, gripping delivery
device, fruit removal device and control system. The branches lifter was used to guide the fruiting branches
towards the fruit removal device and straighten them. The dividing plate gathered the fruiting branches
towards the branches lifter. The gripping delivery device mainly transports the initially lodging fruiting
branches to the branches lifter and fruit removal device. During transportation, the branches lifter first
straightened the branches, and then the fruit removal device detached the fruit. The elevation angle a of the
branches lifter was adjustable from 20° to 90°, the declination angle 8 was -15° to +15°, the speed v: of
poking fingers was 0-4.7 m/s and the conveying speed vm was 0—-1.0 m/s.

Before the experiments, the branch root was fixed to the gripping delivery device. At this time, the
branch was in a lodging state because of gravity. Then we adjusted the elevation angle a and the declination
angle B of the branches lifter to change the direction angle of the poking fingers movement. During the
experiments, the gripping delivery device conveyed the branch to the branches lifter in a linear motion at a
speed vm. The poking fingers turned the branches up continuously at the speed of v; and lifted the branch up
to provide good posture conditions for the follow-up fruit removal device.
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Fig. 2 - The branches lifter test bench of Cerasus humilis
1 - Rack; 2 — Control system; 3 — Poking finger; 4 — Stalk lifter; 5 — Fruit removal device; 6 — Dividing plate;
7 — Limit switch; 8 — Cerasus humilis branch; 9 — Gripping delivery device

Experiment design
Design of single factor experiment

To clarify the effects of elevation angle a, declination angle B, poking fingers speed v: and conveying
speed vm on the fruit removal rate and breakage rate, we design the single factor experiment. The
experimental factors and levels are shown in Table 1.

Table 1
Scheme of single factor experiment

tem [ 1 [ 2|3 ]4[5]6 | 7 [8] 9 |10 [11]12[13|14[15]|16[ 17 [18[ 19|20
a[?] [30]40[50]60]70 50 50 50
B[] 0 15| 75| 0] +75]*15 0 0

vi [m/s] 1.2 1.2 08[10[12]14]16 1.2

Vm [m/s] 0.4 0.4 0.4 02]03]04]05]06

Design of orthogonal experiment

The results of the single factor experiment showed that the declination angle in the experiment range
had no significant influence on the fruit removal and breakage rates, whereas elevation angle, poking fingers
speed and conveying speed had considerable influences.

To study the influences of interactive factors on the performance of lifting, the three factors at three
levels central composite orthogonal experiment was carried out. Fruit removal rate and breakage rate was
used as the evaluation indexes and the elevation angle, the poking fingers speed and the conveying speed
as the experimental factors. The experimental factors and levels are shown in Table 2.

Coding schedule of experimental factors

Table 2

Elevation angle, a Poking fingers speed, vt Conveying speed, Vm
Coded value [°] [m/s] [m/s]
A B C
Lower level (-1) 30 0.8 0.2
Middle level (0) 50 1.2 0.4
Upper level (1) 70 1.6 0.6

Note: factors encoding: A=a, B= v, C= vy,

To reduce the number of experiments and obtain the regression equation, the mathematical method of
the experiment planning based on Box-Behnken Centre combination method (Golub et al., 2018) was used.

Performance evaluation of lifting

The key factors affecting lifting performance were selected for the test. The factors included elevation

angle, declination angle, poking fingers speed and conveying speed. Lifting performance was evaluated by
using the important indicators of fruit removal rate and breakage rate during the harvesting process. The
calculation method of fruit removal rate and breakage rate is shown in Formulas (1) and (2). To reduce the
experiment error, each group of the tests was conducted three times, and the results were averaged.

Nl

p=" (1)
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_N
n= N, )
Where: y is the fruit removal rate, [%];
n is the breakage rate, [%];
N1 is the number of Cerasus humilis fruit removed;
N2 is the number of fruit damaged in the removed Cerasus humilis fruit;
N is the total number of Cerasus humilis fruit on the branch before the experiment.

RESULTS
Results and analysis of single factor experiment

Data analysis was conducted using SAS 9.1. The results of the single factor experiment are shown in
Fig.3. Fig.3a shows the polynomial relationship between elevation angle and fruit removal rate and breakage
rate, with r2 values greater than 0.93 and 0.88, respectively. With the increase of the elevation angle, the fruit
removal rate increased from 91.3% to 97.7%, then decreased to 90.9%, and the breakage rate decreased
from 9.7% to 2.5%.

Fig.3b shows the polynomial relationship between declination angle and fruit removal rate and
breakage rate, with r2 values greater than 0.64 and 0.80, respectively. With the increase of deviation angle,
the variation trend of fruit removal rate and breakage rate was not obvious, and the difference between the
maximum and minimum values of fruit removal rate and breakage rate were only 1.2% and 0.84%
respectively.

Fig.3c shows the polynomial relationship between the poking fingers speed and the fruit removal rate
and breakage rate, with r? values greater than 0.96 and 0.90, respectively. With the increase of the poking
fingers speed, the fruit removal initially increased from 92.8% to 95%, then decreased to 91.8%, and the
breakage rate gradually increased from 2.64% to 8.79%.

Fig.3d shows the polynomial relationship between the conveying speed and the fruit removal rate and
breakage rate, with r2 values greater than 0.83 and 0.97, respectively. With the increase of conveying speed,
the fruit removal rate decreased gradually from 98.2% to 93.0%, whereas the breakage decreased initially
from 8.12% to 2.82%, then increased to 10.5%.
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Results and analysis of orthogonal experiment
The Box-Behnken Centre combination plan was used for the three-factor and three-level experimental
design. The plan included 17 test points, of which the points 1-12 were factorial design points and the points
13-17 were central design points for the estimation of experimental error. The results are shown in Table 3.
Table 3

The orthogonal test results

Elevation angle | Poking fingers speed | Conveying speed | Fruit removal rate | Breakage rate

No. A B C Y1 Y2
[°] [m/s] [m/s] [%] [%]
1 -1 -1 0 88.4 6.08
2 1 -1 0 90.1 3.66
3 -1 1 0 89.2 6.24
4 1 1 0 90.3 5.85
5 -1 0 -1 92.4 6.45
6 1 0 -1 94.2 5.27
7 -1 0 1 91.5 8.35
8 1 0 90.7 6.15
9 0 -1 -1 96.8 5.44
10 0 1 -1 96.7 7.52
11 0 -1 1 94.7 6.35
12 0 1 1 93.7 8.10
13 0 0 0 95.1 4.31
14 0 0 0 94.7 4.59
15 0 0 0 96.2 4.65
16 0 0 0 94.4 4.39
17 0 0 0 93.5 5.24

Analysis of variance and regression model

Variance analysis was performed on the experiment results (Table 4). The regression equations are
shown in Equations (3) and (4). The quadratic regression models of fruit removal rate Y1 and breakage rate
Y, were extremely significant, and the r? values of the regression equation were 0.956 and 0.963,
respectively. These results indicated that the predicted value of the regression model was well fitted to the
actual value and thus can be used in the prediction and analysis of the influences of elevation angle, poking
fingers speed and conveying speed on the fruit removal rate and breakage rate in the lifting process.

Table 4
The results of variance analysis
Degree Degree
Item gf Mean F Value P Value Item gf Mean F Value P Value
square square
freedom freedom
Model 1 9 11.87 16.87 0.0006** Model 2 9 3.01 19.96 0.0003**
A 1 59.87 85.09 <0.0001** A 1 1.03 6.82 0.0348*
B 1 4.15 5.90 0.0456* B 1 1.21 8.02 0.0253*
C 1 4.17 5.92 0.0452* C 1 3.51 23.24 0.0019**
AB 1 0.09 0.13 0.7312 AB 1 1.03 6.83 0.0348*
AC 1 1.69 2.40 0.1651 AC 1 0.26 1.72 0.2306
BC 1 0.20 0.29 0.6083 BC 1 0.027 0.18 0.6838
A2 1 77.04 109.49 | <0.0001** A2 1 0.29 1.92 0.2089
B2 1 4.23 6.01 0.0440* B2 1 1.32 8.73 0.0212*
c? 1 12.13 17.24 0.0043** C? 1 11.56 76.61 <0.0001**

Note: P < 0.01 (extremely significant, **), P < 0.05 (very significant, *); Model 1 is variance analysis of fruit removal rate; Model 2 is
variance analysis of breakage rate.

Y, =61.31+1.18- A+17.07-B—28.39-C—0.16- AC—2.81-BC —0.01- A* —6.27-B* +42.44-C*>  (3)

Y, =18.52—0.15- A—9.22-B—26.05-C +0.06- AB—0.06- AC—1.03-BC +3.50-B* +41.43-C*> (4

Where:
- Ais elevation angle, [°]; B is poking fingers speed, [m/s]; C is conveying speed, [m/s];
Y is the fruit removal rate, [%]; Y- is the breaking rate, [%].
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Analysis of the influence of interaction factors on lifting performance

The 3D response surface was generated according to the Box-Behnken Centre combination method,
and the comprehensive influence of the three factors: elevation angle A, poking fingers speed B and
conveying speed C on the evaluation indexes was analysed according to the response surface.

1) Analysis of the test factors on the fruit removal rate

The response surface of elevation angle A, poking fingers speed B and conveying speed C to the fruit
removal rate Y; is shown in Fig.4a—4c. When the conveying speed was 0.4 m/s, the fruit removal rate
increased initially before decreasing with the increase of the elevation angle and poking fingers speed.
However, the variation range of the response surface along the elevation angle was large, indicating that the
elevation angle had more influence than poking fingers speed (Fig.4a). When the poking fingers speed was
1.2m /s and the conveying speed was low, the influence of elevation angle on the fruit removal rate
increased. With the increase of elevation angle, the fruit removal rate obviously increased first before
decreasing. However, with the increase of the conveying speed, the fruit removal rate decreased significantly,
indicating that the elevation angle had larger effect on the fruit removal rate than the conveying speed
(Fig.4b). When the elevation angle was 50°, the interaction between poking fingers speed and conveying
speed had no considerable effect on the fruit removal rate (Fig.4c).

As indicated by the change range of the response value of the experimental factors to the fruit removal
rate, the order of influence of the experimental factors on the fruit removal rate was elevation angle A >
poking fingers speed B > conveying speed C. The overall influence trend was that the poking fingers speed
B is moderate when the elevation angle A is moderate and that the fruit removal rate increases when
conveying speed C is low. The main reasons were as follows: when the elevation angle was moderate, the
branches were lifted to an appropriate elevation angle. This process is conducive to the carding operation by
the fruit removal device. When poking fingers speed was moderate, the branches were in the appropriate
angle range under the action of the fingers. When conveying speed was low, the effect frequency of fruit
removal device on branches increased, thus improving the fruit removal rate.
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Fig. 4 - Response surface of various factors on fruit removal rate

2) Analysis of the test factors on the breakage rate

The response surface of elevation angle A, poking fingers speed B and conveying speed C to the
breakage rate Y: is shown in Fig.5a—5c. When the conveying speed was 0.4 m/s, the breakage rate
increased considerably with the increase of elevation angle and poking fingers speed (Fig.5a). When the
poking fingers speed was 1.2 m/s, the breakage rate decreased significantly with the increase of elevation
angle (Fig.5b). When the elevation angle was 50°, the breakage rate decreased first and then increased with
the increase of conveying speed, and the breakage rate increased with the increase of the poking fingers
speed (Fig.5¢c).

The change range of response value of the experimental factors to the breakage rate indicated that the
significant order of influence of the experimental factors on the breakage rate was conveying speed C >
poking fingers speed B > elevation angle A. The overall influence trend was that the poking fingers speed B
is moderate when elevation angle A is large and that breakage rate decreases when conveying speed C is
low. The main reasons were as follows: the elevation angle was extremely large, and the branches were
relatively erect when they entered the fruit removal device. This condition prevented damage to the C.
humilis fruit. When the poking fingers speed was extremely low, the impact force of the finger on the fruit was
small, and the C. humilis fruit was not easily damaged. At an extremely low conveying speed, the number of

152



Vol. 56, No. 3 /2018 INMATEH —Ayricubtutal Enginceting

collisions of the fruit removal device on the Cerasus humilis fruit increased. At an extremely fast conveying
speed, the collision speed of the C. humilis fruit and the fruit removal device increased the damage rate.
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Fig. 5 - Response surface of various factors on breakage rate

Parameter optimization and validation

The best lifting performance vyields high fruit removal rate and low breakage rate. By analysing the
effects of interaction factors on fruit removal rate and breakage rate, we found that moderate elevation angle
and poking fingers speed and low conveying speed are required for increasing the fruit removal rate.
Moreover, breakage rate can be decreased by increasing the elevation angle, decreasing the poking fingers
speed and using a moderate conveying speed. Given that the impact of each evaluation index on each factor
varies, multi-objective optimisation is needed. In the range of the test factors, where the elevation angle A
was 30-70°, poking fingers speed B was 0.8-1.6 m/s and conveying speed C was 0.2-0.6 m/s, the fruit
removal rate was set to its maximum value, whereas the breakage rate was set to its smallest value. The
weight coefficient was 0.5, looking for the optimal combination of parameters under the condition of the
above two objective functions. Combined with the actual test conditions, the optimal results of this paper
were as follows: elevation angle of 56°, poking fingers speed of 1.02 m/s, conveying speed of 0.26 m/s. The
comprehensive response value of the model surface was optimal, and the fruit removal rate and breakage
rate were 96.07% and 4.58%, respectively.

To verify the accuracy of the prediction model, we tested the optimised parameter combination three
times, and the results were averaged. The elevation angle was set to 56°; the poking fingers speed, to 1.02
m/s and conveying speed, to 0.27 m/s. The test was carried out under this scheme and the fruit removal rate
and breakage rate were 97.28% and 5.01%, respectively. The relative errors with the predicted values were
1.24% and 8.58%. The test results are consistent with the predicted values and the test error is small, so the
parameter prediction model is reliable.

CONCLUSIONS

1) The finger-type lifter test bench designed in this paper is mainly composed of frame, branches lifter,
gripping delivery device, fruit removal device and control system, which can adjust several key parameters,
such as elevation angle, declination, poking fingers speed and conveying speed. By combining these
parameters, the effect of lifting effect on the rate of fruit removal and the rate of breakage was studied.

2) The single factor experiment results found that declination had no significant effect on the effect of
lifting. A quadratic multiple response model was established. The research analysed the influence of
elevation angle, finger speed and conveying speed on the rate of fruit removal and breakage rate. The
results showed that elevation angle had the largest effect on the removal rate, followed by poking fingers
speed and conveying speed. Meanwhile, conveying speed had the largest effect on breakage rate, followed
by poking fingers speed and elevation angle.

3) The Box-Behnken Centre combination test method was used for the optimisation of the analysis, the
optimal parameters of the operation of lifting were as follows: elevation angle, 56°; poking fingers speed,
1.02 m/s and conveying speed, 0.27 m/s. The analysis predicted that the fruit removal rate reached 96.07%,
and the breakage rate reached 4.58%. The bench verification test had an elevation angle of 56°, poking
fingers speed of 1.02 m/s and conveying speed of 0.27 m/s. The fruit removal rate and breakage rate were

97.28% and 5.01%, respectively, and the corresponding relative errors with the predicted values were 1.24%
and 8.58%.
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ABSTRACT

The purpose of this study is to improve the operation reliability and running positioning accuracy of full
automatic vegetable transplanting machine. To this end, in this paper, a horizontal automatic seedling-
feeding (SF) mechanism for transplanting machine was designed, and the initial-position positioning control
and the incremental Proportional-Integral-Derivative (PID) control algorithm based on Kalman filter (KF) were
adopted to improve its operational reliability and positioning accuracy. Then, the mathematical model of the
transfer function in this mechanism was analysed and MATLAB simulation was performed; the simulation
results show that the KF-based incremental PID control can well suppress the influence of external
disturbance to avoid system overshoot and improve the robustness and reliability of the system. Finally, the
actual operation test was carried out, the test results show that at the seedling tray speed below 350mm/s,
the error of moving a new seedling tray (570mm) is £4.19mm, and the positioning accuracy is 299.27%; the
error of moving a column distance (42mm) is <1.05mm and the positioning accuracy is 296.79%. The
automatic SF mechanism of the transplanting machine designed in this paper has a wide range of running
speed and high positioning accuracy, which can meet the requirements of the positioning accuracy for the
full-automatic transplanting machine feeding mechanism. This provides a reference for the design of the
transplanting machine.
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INTRODUCTION

Seedling transplanting is the main planting method in the production of protected vegetable in China.
With the increase of planting quantity and labour cost, mechanical transplanting has been more applied.
However, the currently used transplanting machinery is mostly the semi-automatic transplanting machine
with artificial seedling feeding, which cannot fundamentally solve the problems of high labour intensity, low
efficiency of transplanting and low accuracy of transplanting etc.

The field transplanting technology of plug seedlings in the developed countries is relatively mature and
advanced. The Japanese full automatic transplanting machine (Tsuga, 2000; Nambu and Tanimura, 1992)
relies on pure mechanical structures such as cam grooves etc. to realize full-automatic transplanting, but it
has very complicated structure and poor adaptability to different types of plug seedlings. The Ferrari's
automatic transplanting machine (Zhou, 2009) in Italy operates pneumatically or hydraulically, with high
efficiency in the seedling picking and feeding process. In addition, the price of transplanting machines in
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developed countries is very high and they’re developed according to the transplanting process of foreign
plug seedlings, which is not applicable to domestic conditions (Ni et al., 2015).

At present, only a few scientific research units in China have been developing full automatic
transplanting machines. The typical one is developed by Wei et al. (2016). It can realize high-speed
transplanting of plug seedlings. However, the seedling-pick up mechanism remains in a high-speed
operation state with excessive workload and has low reliability during long-term operation. The automatic
seedling pick-up and feeding device of the plug seedling transplanting machine developed by Han et al.
(2013) uses high pressure gas as the power source. It has a simple mechanical transmission system, but the
vibration of the pneumatic system is large, the positioning accuracy is low and the pot seedling matrix loss is
also higher. Wu et al. (2013) developed a full automatic transplanting machine with a gas-liquid damping
cylinder as the driving component, but it has the disadvantages of high cost, large mechanical vibration and
unstable performance. On the whole, domestic transplanter technology is relatively backward. Domestic field
transplanting machines are all semi-automatic machines. Now, the development of automatic transplanting
machines for field transplanting stays at the experimental research stage and there still exist the problems
such as low precision and poor reliability.

In this paper, the SF mechanism of automatic transplanting machine needs to cooperate with the
seedling picking mechanism for continuous start and stop, and then accurately send the seedling tray to the
designated position. Too much dynamic positioning error can cause failure in the seedling picking. During
operation, this SF mechanism will be affected and disturbed by such factors as seedling mass, running
speed, high-frequency signal of power supply, etc., and its mechanical characteristics of the mechanism will
also change after long-term operation, resulting in low long-term operational reliability and operational
positioning and directly affecting the performance of the entire transplanter. In view of that above, combined
with the structure of the seedling picking mechanism and feeding mechanism etc. for the full automatic
transplanting machine mentioned, a horizontal automatic seedling feeding mechanism ( Han et al., 2013) for
transplanting machine was designed in this paper. Besides, the incremental PID positioning control algorithm
based on Kalman filter was proposed, and the simulation analysis and prototype operation test were carried
out, in order to improve the positioning accuracy and long-term reliability of the mechanism.

MATERIALS AND METHODS
Working principle and running speed of transplanting machine automatic seedling feeding
mechanism

Fig. 1 - Structural diagram of automatic seedling feeding mechanism
1. Side plate 2. Tensioning wheel 3. Sprocket 4. Seedling support rod 5. Support rail 6. Seedling picking mechanism 7. Stepper motor
8. Seedling tray clamp 9. Rotary encoder 10. Position switch 11. Horizontal seedling feeding mechanism

Fig.1 shows the seedling feeding mechanism in the automatic transplanting machine. For the SF
mechanism, the total length is 2,100 mm and the width is 450 mm. By the chain drive mode, the chain
tension is changed by the tensioning wheel; the power source is a stepper motor which is mounted on the
side plate and connected together by the coupler and the sprocket to drive the chain conveyor. The seedling
support rod is installed on the chain, and three support rods support a 540 mm-wide seedling tray; the
support rod is fixed with a support wheel with an outer diameter of 15mm, and the support wheel rolls on the
support rail to support the chain and the load of the seedlings on the chain, thus reducing the operating
resistance of the mechanism. The position of the seedling tray is settled by its position switch, i.e., Hall
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sensor, which is composed of a sensor probe and a circular permanent magnet. The circular permanent
magnet is mounted on the support rod of the seedling conveyor belt and the sensor probe is fixed on the
frame. The position is adjusted to ensure that the new seedling tray moves and stops at the set position.

During operation, three seedling trays can be placed on the SF mechanism at the same time, with the
tray spacing of L1 (30 mm). The seedling picking mechanism is used to grab the seedlings in the rightmost
seedling tray, and the new seedling tray is placed on the left or the middle for the next-time picking. The
design of the transplanting machine in this paper is applicable to 6 rows, 12 columns and 72 holes of
seedling trays, with the spacing between the two seedlings of M (42 mm). The seedling picking mechanism
has 6 seedling hands which pick seedlings per row and simultaneously work so as to improve the picking
efficiency. Due to the limited spacing between adjacent seedlings, the method of picking seedlings at
intervals was adopted. In operation, the seedling picking mechanism first takes the odd-numbered seedlings,
and grabs the seedlings of the first to sixth rows successively. Then the seedling feeding mechanism moves
a distance M (one column) from left to right shown in Fig. 2 and grabs the even-numbered seedlings. After
grabbing, the conveyor belt moves the distance L,=W+L;=570 mm to bring a new seedling tray and the
empty seedling tray automatically falls into the seedling tray collection box on the right. The seedling feeding
mechanism automatically repeats the above working process until a stop command is issued. Each time one
seedling tray is completed, the seedling tray is repositioned by its position switch to avoid the cumulative
error.

The automatic SF mechanism needs to start and stop frequently during the running process. Its
running speed determines whether it can deliver the seedling tray to the designated position in time at the
seedling picking interval, and also directly affects the design of the positioning control algorithm. The running
speed of the automatic SF mechanism is determined by the design index of the full automatic transplanting
machine for the plug seedlings. The design indicators include: (1) operating speed, ranging from 0.8 to 1.5
km/h; (2) plant spacing, i.e., the distance between the two adjacent seedlings in the same row of 300-500
mm; (3) the number of rows in operations, with two rows working simultaneously.

The transplanting interval between two adjacent seedlings is calculated as:

361
\'

t x107° 1)

where: | - plant spacing, mm;
v- operation speed of transplanting machine, km/h.

According to the design index of transplanting machine, at the fastest speed of 1.5 km/h and the
shortest plant spacing of 300 mm, the shortest interval of transplanting between two adjacent seedlings is
calculated as tmin=0.72 s; at the longest plant spacing and the slowest speed, the longest time interval
tmax=1.5 s. The transplanting machine adopts two-row working system with six seedling hands running at the
same time; each time three seedlings are transplanted in the same row, the seedling tray moves once; the
move time interval is tx3 three times of the transplanting time interval between the adjacent seedlings.

The highest speed of the seedling conveyor belt appears when the new seedling tray is moved to the
designated position. At this time, the longest moving distance of the seedling tray is up to L.=570 mm. For
the running speed of the seedling tray, according to formula (2), by taking the shortest running time interval
tminX3, removing the seedling picking time of the mechanism, and plus certain time margin t,=0.5 s, it's
calculated as vmax=343.5 mm/s.

The sprocket bearing diameter D of belt is 96.5 mm and the maximum working speed of the stepper
motor can be calculated according to formula (3) as Vs max=68 rpm. Substituting tmax, it's derived as vmin=142.5
mm/s, Vs min=28.3 rpm. Then, the running speed of the stepper motor is calculated to be 28.3-68rpm, which
can meet the design requirements of the transplanter.

V= : @)
3t-t

y

where:
v - operation speed of seedling tray, mm/s;
L-moving distance, mm,;
t - transplanting time interval, s.
ty - time margin, s
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v.=——-60 (3)

where: vs - stepper motor speed, rpm;
D-sprocket bearing diameter, mm.
Positioning control algorithm
The automatic SF mechanism of the transplanting machine is a closed-loop control system composed
of a stepper motor, a position switch and a rotary encoder under the control of the PLC. In order to achieve
accurate positioning, an appropriate positioning control algorithm needs to be designed.
Positioning control precision analysis
The SF mechanism of the transplanting machine is driven by the stepper motor and the relationship
between the running distance of the feeding mechanism and the pulse number of the stepping motor issued
by the PLC is:
L 360-H
7D 6,

= (4)
where:

L- running distance, mm

6o- standard step angle of stepping motor, 1.8°;

H- the number of subdivisions for the stepper motor driver, 16;

The maximum angle error of the stepper motor occurs when the picking is changed from the odd-
numbered seedlings to even-numbered ones. The distance travelled by the stepper motor to drive the SF
mechanism is Li; according to formula (4), the number of pulses in the stepper motor is n1=443.32 and the
rounding error is An1=0.32. Based on the stepper motor parameters of Table 3, the accuracy is +5%, and the
relative error of the maximum angle for the stepping motor can be calculated as a1=0.089% by the formula
(5).

= A +1.8x5%

x100% (5)
n

1
The relative error of the maximum position for positioning the seedling tray is calculated by the formula
(6) to be B1=8.33% and the positioning accuracy is 1-1=91.67%.

f= %xlOO% ®)

where, s is the maximum position error allowed by the seedling tray positioning, which is +3.5mm by
experiment. If it exceeds this value, it will cause the failure of seedling picking, seedling damage or excessive
damage of seedling substrate.

Similarly, the maximum angle relative error of the stepping motor when the seedling mechanism
moves a new seedling tray to the designated position can be calculated as a2=0.011%, the relative error of
the maximum position is §2=0.61% and the positioning accuracy is 1-82= 99.39%.

According to a1<B1 and a2<f(2, it can be concluded that the running accuracy of the stepper motor
can fully meet the seedling tray positioning requirements of the SF mechanism. However, in the actual
operation process, the positioning accuracy of the seedling tray is interfered by various factors, e.g., the
chain conveyor belt has nonlinear errors caused by the tooth gap, the insufficient rigidity of the drive disk
component causes the stepping motor to lose the step, and the randomness of the seedling tray quality and
the complexity/variability of the field operation environment disturbs the control signal. The simple positioning
control is not enough to meet the system requirements and then an effective control algorithm should be
taken to achieve accurate positioning control.

Kalman filter-based incremental PID Control

In order to improve the positioning accuracy, this paper designs an incremental PID position control
based on Kalman filter. The block diagram of the control system is shown in Fig.2.

The trapezoidal curve, exponential curve, S-curve and PID control algorithm are often used to make
position control of stepper motor. The first three algorithms can play a certain role in preventing sudden
changes in speed, but with the fixed motor speed in the algorithm. After the step loss and overshoot
phenomenon occurs, it must be processed by another program, which is inflexible. PID control is widely used
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in the field of motion control and process control, which can greatly improve the control effect. Since the
stepper motor is a control object with an integral mechanism, the increments should be also controlled. Thus,
in this paper the incremental PID control (Zhao et al., 2015) was adopted, and the incremental PID control
algorithm is given as Eq. 7-10.

> ,
. Seeding Kalman Ye
+ St r y - —»
Ya > N > Incremental || ) p m‘-‘CIl’tI(’:‘ Stepper | » tray | Yy +‘ Y Jr filter
vy PID controller ' driver motor feeding > vy >
- +T mechnism + T

w v

Fig. 2 - Kalman filter-based PID control system

Y =y, +Ay 0

U, = Kp(e: L4t K Z g + Kd(et 17 & *2)) ©

Ay =y -y, ©

Aut = Kp (et _et—l) + Kiet + Kd (et -2 €1 +et—2) (10)

where:

Ui, Ur1-control amount at the time t and t-1;

€, er1, Er2-position error at the time t, t-1 and t-2 ;

Kp-proportional coefficient;

Ki-integral coefficient.

From formula (7), it can be seen that the incremental PID control algorithm does not need to be
accumulated and the control increment Au: is only related to the last two samplings, so it is influenced
slightly when the malfunction occurs, so as to achieve a better control effect.

The stepper motor adopts the PTO (Pulse Train Output) pulse control mode and the PID controller output
quantity u is the pulse frequency, at the low speed of stepper motor. In order to avoid overshoot phenomena
etc., the upper limit of the u; pulse frequency is set. According to formula (11), the pulse frequency of the
stepper motor control signal corresponding to different running speeds of the seedling tray is calculated and
the calculated value is rounded to obtain the upper limit of the pulse frequency (Table 1).
h:L%OXlﬁ (11)
7D 6,
where, 6o is the standard step angle of the stepper motor, 1.8°; 16 is the subdivision number of the stepper
motor driver.
Table 1
Upper limit of control signal pulse frequency

Speed (mm/s) 150 200 | 250 300 350 400

Upper limit of the frequency (Hz) 1585 | 2115 | 2640 | 3170 | 3700 | 4230

Incremental PID has little calculation and also small impact range when the controller fails. However,
since the transplanting machine SF mechanism is subject to a lot of interference from the outside during the
operation, KF has a good effect in suppressing interference and weakening noise. For this, this paper
incorporates Kalman Filtering algorithm on the basis of incremental PID control (Kalman, 1960; Halber and
Chakravarty, 2018; Washha et al., 2017).

The KF uses the recursive algorithm in the time domain to perform filtering processing and estimate
the state value of the current moment by using the estimated value of the previous moment and the
observed value of the current moment. This algorithm can effectively suppress the control interference
signals and measurement noise signals that may occur during the working process through the estimation of
the system state (Chen and Du, 2012).
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The mathematical model of control system is discretized as:
X =AX 1 +B (U +w) (12)
Y =C X +V, (13)

where:
Xt - System state vector
Yvt - System measurement vector
U - stepper motor control
w; - control interference signal
vV - measuring interference signals
A - system state matrix
B - system control matrix
C - output observation matrix
According to the system model, the current state can be predicted based on the previous state of the
system.

A N
Xe-1) = A Xearn + B U, (14)
Where:

Xt -1 - State prediction result at the time (t-1)

X@ -1t -1) - State optimal value at the time (t-1)

A
The covariance matrix Pg.1) corresponding to X -1 iS:

Ry =A P(t—m-l)AT +Q (15)

Where:
AN
P11y - the covariance matrix corresponding to X(t-1]t-1)
Ar - transpose matrix of A.
Q - system process hoise covariance

Combining the measured values of the system in formula (13) with the prediction results of the current
state in formula (14), the optimal estimate of the current state is derived as:

AN N A
Xty = Xce-ny+ K (Y, - C Xy ) (16)
where, K; is the Kalman gain

;
Ri)C

= 17
(t) Cp(qt,l)CT +R (17)

where: Cy - transpose matrix of C
R - measurement noise covariance matrix.
To ensure the continuous operation of KF, it is also necessary to update the covariance of the current
moment:

R =(1 =K C )Ry (18)

Since the system is a single-model single measurement, then I1=1 in the formula above.
The KF output is given as:

Yer =C Xt (19)

Automatic seedling feeding system simulation and seedling feeding operation test
Simulation analysis of automatic seedling feeding system

The automatic SF system is mainly composed of a stepper motor, a stepping motor driver, a driving
belt and a rotary encoder. Its transfer functions are Gq(s), Gs(S), Gm(s) and Gr (s), respectively. The total
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transfer function of the system is:

G(S)= Gd(s)Gs(S)Gm(S)Gr(S) (20)
1+Gy(5)G,(5)G,(5)G,(s)
According to the literature (Wang et al., 2013), the transfer function of stepper motor is given as:
Li’Z2 123 (21)

G,y (s)=

s2+Ds/J+L,i2Z7/2]

where: Lo-inductance, [mH]; i-rated current, [A]; Z:- number of rotor teeth; J-moment of inertia, [kg.cm?];
D-viscous damping coefficient.
Table 2
Parameters of stepper motor
Number Step Rated Rated Resistance | Inductance | Static | Moment of Vicious Mass
Type of rotor angle voltage current torque inertia damping

teeth © V) (A) (Q) (mH) (N.m) (g.cm?) coefficient | (kg)

HBS860H 50 1.8+5% 3.36 5.6 0.6x10% | 5.5x20% 8.5 2500 0.06 4.1

According to Table 2, substituting the relevant parameters into formula (21), the stepper motor driver
adopts a bridge circuit, which can be regarded as a proportional element; then, taking the subdivision
selection into consideration, its transfer function is Gq (s)=10. The SF mechanism converts the angular
displacement into the linear displacement of the seedling conveyor belt through bearing rotation, which can
be regarded as a proportional element, and its transfer function is Gm(s)=(11d?)/360=0.84. The rotary encoder
can also be seen as a proportional element with a transfer function of G,(s)=0.1.

G(s)= : 263.4
s“+0.04s+577 (22)

The system simulation program was written in M language under MATLAB. The Isgnonlin () nonlinear
least squares function in MATLAB was used to optimize the PID parameters and then obtain the initial Kp, K;
and Kgy. Based on this, the NCD (nonlinear control design) optimization was performed to complete the PID

parameter tuning. The final setting is Kp=14.5, K; = 1.8, Kqg = 0.2.
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Fig. 4 - Incremental PID control
response output curve

Fig. 5 - Kalman filter incremental PID control
response output curve

Fig.4 and 5 show the system simulation results. The given signal by the test is a unit step signal. The
blue line in the figure shows that the control interference signal and the measurement interference signal are
both white noise signals with amplitude of 0.002. Fig.4 indicates that the incremental PID control is obviously
affected by the external interference signal; Fig.5 indicates that the KF-based PID control effect is
significantly improved, which has a good suppression of external interference, so as to avoid the overshoot
phenomenon and promote the robustness and stability of the system.

Operation test of automatic seedling feeding mechanism
Test location and materials

The operation test was carried out in the Agricultural Machinery Equipment Laboratory, College of
Mechanical and Electrical Engineering of Shandong Agricultural University. The 6x12 seedling tray was
adopted. The transplanting machine in this paper was designed for the seedling transplanting of the
eggplant, tomato, pepper, and lettuce etc. In the test, about 24-day eggplant seedlings were selected having
an average seedling mass of 40 g and certain quality of the seedling substrate.
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Test plan

The main purpose of this operation test is to verify the accuracy of the automatic SF mechanism under
the control of the positioning algorithm (Fan et al., 2017; Yu et al., 2018). By adding the seedling substrate
for different seedling tray tests, the running speed and moving distance of the SF mechanism were set
through the touch screen, as shown in Fig. 6.

Fig. 6 - Test control system interface of touch screen Fig. 7 - Operation test of seedling feeding

Main test indicators:

a=‘l Ly x100% (23)

where:

a-positioning accuracy

Lm-actual displacement, mm

Ln-theoretical displacement, mm
Test results and analysis

Fig.7 shows the feeding operation test. During the test, the SF mechanism ran smoothly under the
driving of the stepping motor and the initial positioning was performed when the new seedling tray moved to
the seedling position, to avoid the cumulative error and ensure accurate system positioning. Six operating
speeds of 150, 200, 250, 300, 350 and 400 mm/s, and the seedling mass of 40, 50 and 60g were selected.
The running speed and the average mass were combined in pairs. Each group ran 10 times and then took
the average. The test results are shown in Table 3.

Table 3
Test results
Speed Seedl_ing Mobile new seedling tray Moving one column (42mm)
(mmis) quality Distance Time | Accuracy |Distance| Time | Accuracy
) (mm) (s) (%) (mm) (s) (%)
40 567.83 3.961 99.62 41.83 0.478 99.59
150 50 568.74 3.968 99.78 41.83 0.475 99.59
60 569.04 3.971 99.83 42.74 0.485 98.23
40 568.74 3.044 99.78 41.83 0.409 99.59
200 50 570.25 3.052 99.96 42.44 0.412 98.95
60 570.86 3.054 99.74 43.05 0.415 97.5
40 569.95 2.480 99.98 42.14 0.369 99.67
250 50 568.52 2.474 99.74 43.05 0.372 97.5
60 571.16 2.485 99.79 42.74 0.391 98.23
40 568.13 2.094 99.67 42.44 0.341 98.95
300 50 572.07 2.107 99.64 42.74 0.342 98.23
60 572.98 2.110 99.48 43.35 0.345 96.79
40 571.46 1.832 99.74 42.44 0.321 98.95
350 50 573.28 1.838 99.43 42.14 0.32 99.67
60 574.19 1.841 99.27 42.75 0.322 98.21
40 572.68 1.672 99.53 42.44 0.306 98.95
400 50 574.8 1.677 99.16 42.44 0.311 98.95
60 575.71 1.689 99.01 43.66 0.322 96.05
Average value 571.13 99.62 52.56 98.53
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It can be seen from Table 3 that the average positioning accuracy is 99.62% when moving a new
seedling tray to the seedling position. The positioning accuracy decreases with the increase of speed and
the mass of tomato seedlings. At the speed of 400mm/s, the maximum error is up to 5.7mm and the
positioning accuracy is low. At the moving speed of the seedling tray of 350mm/s or less, the SF mechanism
can meet the system positioning accuracy requirements.

When the seedling tray moves a distance of one column, the average value of the total positioning
accuracy is 98.53%, but the maximum error is 1.6mm, meeting the positioning accuracy requirements. The
main reason for the error is that with the short moving distance, the encoder can only count the integer value.

In the test process, there are also phenomena such as stepper motor overload alarm, blocking, and
pulse loss etc. The running time of the stepper motor is slower than the theoretical calculation time by 0.1-
0.2s, especially when the speed is greater than 350mm/s. The reason is that the torque of the stepping
motor decreases as the rotation speed increases and the resistance of the feeding mechanism is greater
than the torque of the stepper motor.

CONCLUSIONS

(1) In view of the high precision requirements, great load change and multiple external interference
factors during the automatic seedling tray operation, the initial positioning control and the incremental PID
positioning control algorithm based on Kalman filter were adopted. Based on the Siemens S7-1200
programmable controller, the electric control system of the automatic SF mechanism for the transplanting
machine was designed, so as to achieve the stable operation of the seedling tray transportation.

(2) The control system model of the SF mechanism was established. The simulation experiment was
carried out with MATLAB. The results show that the Kalman filter-based PID controller can effectively
suppress external interference, avoid overshoot and improve the robustness and stability of the system,
meeting the positioning accuracy requirements of the seedling mechanism.

(3) The eggplant seedlings in the 20-day nursery period were used for actual experiment. When the
seedling speed is below 350mm/s, the error of moving a new seedling tray is <4.19mm and the positioning
accuracy is 299.27%; the error for moving a column distance is <1.05 and the positioning accuracy is
296.79%, which can meet the requirements of the positioning accuracy for the feeding mechanism.

(4) In order to ensure the resistance of the SF mechanism within the torque range of the stepper
motor, the maximum running speed of the mechanism is set to be 350mm/s, keeping the sprocket, etc. in
good lubrication state and reducing the system resistance.
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ABSTRACT

Based on the viewpoint and theory of the integration between agricultural machinery and agronomy,
by taking five early-maturing varieties of potato widely planted in western Liaoning Province as the research
object, this paper applies the universal material testing machines and electric drum drying ovens etc. in the
experiment and obtains the change law of moisture content of potatoes after harvest within 0-5 months, the
compressive mechanical properties of potato with different moisture content were tested. The variation of
breaking force, maximum deformation and elastic modulus of potato with different moisture content were
obtained. Therefore, the experimental results can provide necessary mechanical parameters and theoretical
references for the harvesting, storage, the design research on processing/transportation equipment, and the
placement method of early-maturing potato in western Liaoning.
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INTRODUCTION

Potato is the world’s fourth largest food crop after rice, wheat and corn. With its production
advancement as staple food, the potato will surely achieve regionalization of cultivation, mechanization of
production, industrialization of operations, refinement of processing and diversification of staple food
varieties, further leading to its great growth of grading, transportation and storage capacity, and wide
distribution in the market (Chen, 2014; People's Daily, 2015; Tian et al., 2015). During the process of
harvesting, transporting, grading and storage, potatoes are subjected to external loads, which are likely to
cause mechanical damage. This will not only damage the epidermis tissue of the potato, affect its
appearance, but also easily cause internal decay and deformation, reduce its quality and economic value; it
can even affect their germination rate if these potatoes are used as seeding material next year (Lu, 2016;
Wang et al., 2014). In the potato tuber, the moisture occupies a large proportion and the degree of moisture
content greatly affects the compression mechanics of the potato; only with enough hardness and strength
will it not be damaged. Currently, the research on the moisture content is mostly concentrated on items such
as soybeans, corn, walnuts and fruits, and it has been demonstrated that the degree of moisture content has
a significant influence on the mechanical properties of fruits (Shen et al., 2016; Gao et al., 2012; Li et al.,
2018). Therefore, it is very necessary to understand the compressive mechanical properties of potato with
different moisture content and to further study the compressive mechanical indexes such as rupture force,
elastic modulus and maximum deformation of the potato under pressure, aiming to provide the basis and
reference for reducing the damage in storage and transportation, guiding the relevant agricultural machinery
design, making assessment and detection of potato quality.

At present, scholars in China and abroad have conducted relevant researches on the mechanical
properties of potatoes. M.G. Scanlon et al. performed the compression and stretching tests on potatoes, and
demonstrated that the moisture content of potato has an effect on the mechanical properties (Scanlon et al.,
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1996); Bentini et al. (2009) carried on the quasi-static compression tests on two potato varieties harvested
for two years and identified that Young’s Modulus and Poisson’s ratio are related to storage time. The
domestic scholars, Wu Yali and Guo Yuming (2011) conducted experiments on general mechanics of
potatoes and then obtained mechanical property indexes such as compressive strength and shear strength
of potatoes; Shi Linyi and Zhang Fengwei et al. determined the significant effects of loading direction and
loading rate on the potato rupture force through the compression mechanical test of the whole potato tubers
(Shi and Wu, 2014; Zhang et al., 2014); Wang Yumei et al. (2015) achieved the main factors affecting the
mechanical properties of potato by compressive mechanical properties test of potato. However, among the
existing research results, there have been no relevant reports on the different early-maturing potato varieties
planted in western Liaoning and there are also relatively few researches on the moisture content test and its
effect on compressive mechanical properties under different storage time after harvest.

The western part of Liaoning Province is the well-known home of potato in China, where the potato
planting area is about 13% of the total planting area, and the potato planting area in Jianping County is up to
150,000 ha (Xiao, 2013; Zhang and Lu, 2015). Mainly by taking the five early-maturing varieties planted in
Jianping County of western Liaoning Province as the research objects, this paper carries out the moisture
content test at various time periods within five months after harvest and finally conducts the single factor
compression mechanics test for different moisture contents. It aims to study the variation rule of moisture
content in different potato varieties under natural conditions and the effect of different moisture contents on
the compression mechanical properties of potato, in order to provide the theoretical basis for potato harvest,
storage and design of processing equipment in western Liaoning, as well as for the selection of reasonable
placement methods, transport time and related parameters of deep processing machinery for these potato
varieties in transportation and storage etc.

MATERIALS AND METHODS
Test materials

In our experiment, the research objects were selected from the potato experimental field jointly built by
Shenyang Agricultural University and Jianping Agricultural Technology Promotion Centre, and the
experimentally related early-maturing potato varieties were planted, mainly including the Netherland 15#,
Fujin, Youjin, Favorita and Zaodabai. They were artificially harvested on July 20, 2017, where 50 were
selected from each variety, and 4-6 pest-free, non-porous and non-injurious fresh potatoes were selected for
each plant. After harvest, they were stored at room temperature for about two weeks. The Vernier caliper
was used to measure the three-dimensional size of fresh potatoes of each variety so as to select the
potatoes with similar size and shape for about 100 g, label and store them; then the whole tuber
compression test was performed, as shown in Fig.1. To determine the moisture content of potatoes in
different storage time periods, the potatoes for the experiment were stored in the agricultural product
processing and storage laboratories and cellars at Shenyang Agricultural University at the temperature of 2-
8°C and humidity of 80%-85%. The storage lasted from August 1, 2017 to January 1, 2018, for 5 months in
total.

Fig. 1 - Potato samples used for the test

Test equipment and instruments

The test equipment includes Instron 3344-series universal material physical testing machine
(American Instron Corporation) and Model 101 electric drum drying oven (Beijing Yongguangming Medical
Instrument Co., Ltd.), electronic balance (accuracy 0.01g), Vernier caliper (measurement Range 0-300mm,
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resolution 0.01mm), fresh-keeping bags and paper labels. The universal material physical testing machine
was used to test the mechanical properties of potato static loading. It mainly consists of the data acquisition
system and test bench (Fig. 2) which can display the compression load, displacement, velocity and test
curve in real time; electronic balance and 101 electric drum drying oven were adopted to measure the
moisture content of the potato; the Vernier caliper measured the three-dimensional size of the potato sample.

Fig. 2 - Universal material physical testing machine
1-Rack and Rail; 2-Indenter; 3-Base; 4-Computer

Test design and method

(1) Determination of potato moisture content

In order to study the effects of different moisture contents on the compression mechanical property of
potato, the test method of moisture content based on the storage time was adopted in this experiment. After
one day from harvesting (fresh potatoes 6), the first moisture content determination and compressive
mechanical test were conducted; after 15 days, the second test was conducted; after 30 days, the third trial;
after 45 days, the fourth trial; after 60 days, the fifth trial; in this way the moisture content was tested once
every 15 days, and only the last test was conducted every 30 days, 150 days in total. So, it's expected to
obtain the variation of moisture content with the change of storage time and find out its impact on
compression mechanics.

There are lots of methods for moisture determination, where the internationally accepted methods are
vacuum drying and air blast drying currently (Ma and Gu, 2003; Sun et al.,, 2018). Based on the existing
conditions in the laboratory, the moisture content of potatoes was measured using the blast drying method
and the mass weighing method according to GB/T12078-2008. Firstly, the selected potato was subjected to
the compression mechanics test. Immediately after the test, the moisture content was tested: ten samples for
each potato variety were firstly prepared, which were cut into the thin slices with similar thickness (weight:
over 2g), and numbered separately; afterwards, the weight of samples was measured and the initial weight
was recorded; then, they were uniformly placed on the tray and in the blast drying box at the temperature of
85°C, and dried for Oh, 1h, 2h, 3h, 3.5h and 4h respectively; in the drying process, at the specified time, the
related varieties were taken out of the box for weighing and data recording. Those that didn’t reach the
specified drying data shall be put back into the blast box for continuous drying; but if the weight no longer
changed, it meant the end of drying. The moisture content of potato samples was calculated as:

X =M g

™ &)
where X is the moisture content of the potato, %; mi is the mass of the sample, g; mz is the mass of the
sample after drying to constant weight, g.
(2) Compressive mechanical properties test
In the harvesting, storage and transportation process, potatoes are generally subjected to external
loads under natural placement conditions. Therefore, it is very valuable to test the mechanical properties of
whole potato tubers in natural states (Guo et al, 2014). The test steps of potato compression characteristics
are: the fixed loading speed is 15 mm/min and the loading directions are Z directions. (X is placed upright, Y
is placed lateral, Z is flatwise) as shown in Fig.3a and 3b. The single-factor determination test of moisture
content was conducted. The potato tubers of five varieties were selected respectively. They were subjected
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to Z-direction compression under the moisture content of the natural storage at different time periods, so as
to obtain the epidermis rupture force, elastic modulus and maximum deformation of the potato. Then the
study was conducted for the effect of moisture content on the compressive mechanics property through the
static loading mechanical properties. For each variety, five repeated tests were carried out at the same
moisture content. The data were statistically analysed to take the average and variance. During the test, the
rigid plate was used as the loading device. The whole tuber of the potato was placed in the centre of the
indenter, and the upper indenter was adjusted to just not touch the potato. Then, the test program control
interface was entered and the control setting parameters were selected in the method interface, including
loading rate 15 mm/min, upper limit load 2000 N, upper limit displacement 50 mm, the upper limit load-
descending percentage 20%, and the upper limit load-descending 10N. In the test interface, the steps were
followed by clicking Load Zero, Reset Gage, Start and Finish. In order to reduce the experimental/test error,
each test was repeated 5 times under the same conditions and finally averaged.

b)
Fig. 3 - Diagram of potato compression loading device
a) Z-direction loading device b) Diagram of potato directions

(3) Experimental factors and indexes

In this paper, potato moisture contents are selected as the experimental factors. The maximum load
received when the potato tuber breaks, deformation and elastic modulus under compression were used as
test indexes.

RESULTS
Variation rule of moisture content for different varieties

The measurement results of moisture content for the five varieties within 0 to 5 months after harvest
were collected and analysed (Fig.4). It can be seen that the fresh potato’s moisture content of the five
varieties reached 80%-84% at harvest, but with storage time increasing, the moisture content of the five
varieties showed a downward trend: in the first 0-30 days of storage the moisture content decreased more
rapidly; at about 45 days, the decline of moisture content tends to decrease more slowly, reaching about
75%-80%. At the 60 days of storage, the moisture content of Zaodabai was the lowest and also tended to be
stabilized. From the 75" day onwards, the moisture content of potatoes in the four varieties of Fujin, Youijin,
Favorita, and the Netherlands 15# also increased slightly. Taking Favorita as example, the moisture content
of its fresh potatoes reached 83.8% at the beginning; after 30 days, it dropped to 80.5%, which was a drop of
3% or so. The moisture content at the 60" day was 78.2% and the data became stable. After about 120
days, the data was further increased. For different potato varieties, their moisture contents also vary, esp.,
Favorita had a significant drop in moisture content at the beginning of storage (0-60d). But the other four
varieties did not change so dramatically. In general, despite the different varieties, the variation rules of the
potato tubers’ moisture content are similar.

Through the reason analysis, it's found that: after harvesting, although the photosynthesis stops
immediately, the potato is still a living organism. Its life metabolism is still being carried out in an orderly
manner. The potato epidermis has not been completely corked and the respiration inside the potato block is
strong, so the moisture evaporates actively and the water is easily lost, causing it to lose weight and lose
freshness. With the increase of storage time, the potato will go into dormancy, followed by the reduced
metabolism, the decreased water transpiration, and the weakened respiration. Therefore, the relevant
moisture content will decline slowly and tends to be stable. Considering that the potato contains starch,
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sugar and other carbohydrates in addition to water, it is certain that potato tubers are not fully mature with
the tender epidermis within 0-20 days from the beginning of potato harvest, and the cork layer isn’t formed
with high moisture content and easy peeling. But it can be used for processing food such as mashed
potatoes. However, fresh potatoes with high moisture content are not suitable for long-distance
transportation. Thus, it can be concluded that after two months from potato harvest, the water loss rate of the
above five varieties of potatoes is between 4% and 6%, and the relevant energy is converted into other dry
matter.
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Fig. 4 - Variation of potatoes with storage time

Compressive mechanical properties of potato under different moisture contents

Due to the fact that most tubers are placed in piles during the transport and storage of potatoes, the
most common interaction between tubers is mutual extrusion. So, this paper focuses on the mechanical
experiment of uniaxial compression of potato under natural flat state. Through the stress test, the mechanical
properties of different varieties of potato under different moisture contents were obtained (Table 1).

(1) Relationship between moisture content and rupture force. The rupture force of potato mainly refers
to the maximum value of the external load when the potato breaks. In Table 3, it can be seen that as the
moisture content decreased, the compressive load that the potato can withstand increased and the moisture
content of the potatoes of each variety at the early harvesting stage was more than 80%; after the natural
storage for 30 days, moisture content declined rapidly, e.g., for the Zaodabai, the relevant compressive force
rose from 1,196.19N to 1,424.53N; then, after 45-day storage, the change of compressive force tended to be
stable; with the increase of storage time, at about 120 days of storage, when the moisture content
decreased, the rupture force further decreased.

The main reason of analysing the effect of moisture content on potato rupture strength is that potato is
the viscoelastic solid agricultural material, and the different moisture contents lead to the difference in its
internal structure and mechanical strength. The higher the moisture content, the softer the internal tissue of
the potato, the lower the resistance to rupture; when subjected to external loads, the fluid inside the cell can
cause the internal pressure to act on the cell wall. This allows the cells to be in a state of elastic pressure,
showing elastic properties, thus, the potato is easily deformed and its pressure capacity decreases. As the
moisture content decreases, the cellular pressure in the inner tissue of the potato decreases, showing an
increase in the rigidity and elasticity of the inner cell wall, besides, the inner tissue is tightly bound, the
hardness of the potato fruit increases, and the loading capacity is improved accordingly. Based on the
MATLAB software, the relational graph of storage time, moisture content and rupture force of each variety
was fitted in the diagram. Due to the limited space, in this paper, only the relational graph of Fujin potato
variety is given in Fig.5.

According to the test data and the MATLAB fitting graph of various varieties, it can be seen that the
compressive loads of Fujin, Youjin, and Zaodabai potatoes did not change much at the beginning of storage;
after 45 days or so, the maximum compressive force increased sharply, which was 1.5 times the initial value,
indicating that these three varieties have become more solid at this time, besides, from the perspective of
storage and transportation, the external load pressure does less damage to the potato, so it's the best time
for transport. For the other two varieties Netherlands 15# and Favorita, their changes were relatively small,
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and the overall upward trend was relatively slow; at the 60" day of storage, these two varieties bear a
greater load. This is related to the change of their internal moisture content: the effect of different moisture
contents on the potato is still relatively large, and the compressive force of the potato among different
varieties also varies, which mainly depends on their different internal structure.

The single-factor relational expression between potato rupture force and moisture content of five
different varieties was fitted by MATLAB software, which was approximated by the cubic function relation,
with the determination coefficient above 0.98. The related formula is expressed in Table 2.

Table 1
Compressive mechanical property values under different moisture contents
. . Max. rupture Max. compression Elastic
Variety Moisture content % force/N deformation/mm modulus/MPa
83.8 997.63 12.27 16.01
82.4 1073.81 13.21 17.86
80.5 1125.39 14.54 21.68
79.1 1203.48 15.05 24.93
Favorita 78.2 1341.03 16.45 26.88
78.3 1318.97 16.49 26.95
78.6 1287.91 15.96 25.82
79.3 1165.32 14.61 25.26
79.8 1163.02 14.06 24.22
82.8 986.7 13.43 24.34
81.2 1097.1 14.89 26.93
80.6 1047.34 15.31 28.21
80.3 1057.8 15.78 28.70
Netherland 15# 79.6 1254.97 16.59 30.66
79.5 1265.27 16.61 30.99
79.8 1171.82 15.99 30.24
80.2 1063.44 15.61 28.52
81.1 1048.82 14.69 26.91
81.6 1196.19 17.30 22.84
79.3 1339.57 16.06 26.39
78.6 1424.53 15.65 28.67
77.8 1418.84 14.56 30.49
Zaodabai 78.1 1592.44 15.18 28.68
78.2 1390.78 15.11 28.54
78.8 1342.9 15.36 28.17
79.2 1322.43 15.59 26.44
79.5 1311.73 15.84 26.17
81.8 958.4 16.03 21.25
80.2 974.48 15.41 23.65
79.6 1059.1 14.53 25.13
78.3 1180.85 12.63 27.72
Youjin 78.4 1178.27 12.96 27.97
78.5 1170.34 13.01 27.95
78.8 1129.2 12.83 25.95
79.4 1049.24 13.34 24.36
79.9 1062.44 13.06 21.11
80.1 846.91 15.79 16.03
78.5 1054.77 13.59 18.54
77.8 1148.61 12.66 19.56
76.5 1267.51 11.42 21.23
Fujin 76.3 1286.23 11.88 21.75
76.4 1269.78 11.89 21.31
76.6 1243.37 11.56 21.38
76.4 12633.2 11.53 21.67
77 1120.93 12.19 19.12
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Table 2
Fitting function of potato rupture force and moisture content

Varieties Fitting function R2determination coefficient
Zaodabai F (x)=4.14x%® —992.7x* + 79240 — 2105000 0.979
Favorita F (x)=-5.317x% +1300x* —106000x + 2881000 0.993
Netherland 15# F (x)=-62.3x* +15190x? —123500x + 3344000 0.985
Youjin F (x)=5.578x% —1320x? +10400x — 2729000 0.987
Fujin F (x)=-20.35x%+4769x* —37250x + 9703000 0.980

where F(x)is the maximum loading force when the potato is placed flat, N; X is the moisture content of the
potato.

(2) Relationship between moisture content and elastic modulus. The elastic modulus of potato is a
measure of the difficulty degree of deformation. The greater the elastic modulus is, the greater the pressure
of the external load is, and the smaller the elastic deformation is. The INSTRON universal material testing
machine used in this test has the function of automatically measuring and recording the elastic modulus, and
it can measure the elastic modulus of potato under any pressure and deformation.

From the test data in Table 1, it can be seen that the modulus of the five varieties increased with the
decrease of moisture content, and the elastic modulus values of Zaodabai and Netherlands 15# were the
largest, but after four months, the changes of the elastic modulus for the five varieties were similar, where
the modulus value of Favorita potatoes was the maximum, followed by the Zaodabai, Netherlands 15# and
Fujin, and Youjin’s elastic modulus was the minimum. The higher the elastic modulus value, the better its
tuber firmness. The reason analysis shows that after the moisture content is reduced, the elastoviscosity of
the potato is reduced and the density of the material is increased. So, the potato is close to the rigid body
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and is not easily deformed under pressure with a certain load carrying capacity. According to MATLAB
software, the relational graph of storage time, moisture content and elastic modulus of each variety was
fitted. Due to the limited space, only the relational graph of Fujin potato variety was given in this paper as
shown in Fig.6.

The single-factor relational expression between the elastic modulus and moisture content of five
different varieties of potato was fitted by Matlab software, which was approximated by the cubic function
relation, with the determination coefficient above 0.96. The related formula is expressed in Table 3.

Table 3
Fitting function of potato elastic modulus and moisture content

Varieties Fitting function R2 determination coefficient
Zaodabai E (x)=0.02537x> —5.871x? +450.5x —11420 0.975
Favorita E (x)=0.06203x® —15x? +1206x — 32260 0.986
Netherland 15# E (x)=-0.1365x> + 33.49x? — 2741x + 74580 0.981
Youjin E (x)=-0.2594x® +62.55x? —5029x +13480 0.965
Fujin E (x)=-0.3418x> +80.2x? —6274x +16360 0.992

Note: E(x) in the formula is the elastic modulus of the potato when it is laid flat; X is the moisture content of the potato

(3) Relationship between moisture content and compressive deformation. The compressive
deformation of potato refers to the deformation of potato under the action of external compressive load,
which is the maximum displacement of potato at the rupture point. From the test data in table 3, it can be
seen that as the moisture content decreased, the amount of deformation tended to decrease, and the trend
of change among different varieties was the same. E.g., for the variety Fujin, the variation of potato
deformation with moisture content is shown in Fig. 8; when the moisture content decreased from 80.1% to
76.5%, the deformation showed a downward trend, but on the whole, the downward trend was relatively
slow; after 45-day storage, when the moisture content dropped to approximately 76%, the changes of
deformation were small and potato variation in other varieties had their own characteristics; the Netherlands
15#, Favorita and Fujin had less variation, while the Zaodabai and Youjin changed significantly, but the
overall trend was the same. According to MATLAB software, the relational graph of storage time, moisture
content and deformation amount of each variety was fitted. Due to the limited space, only the relational graph
of Fujin potato variety was given in this paper, as shown in Fig.7.

Deformation/mm

o

Storage time/D M oisture content/%

Fig. 7 - Relationship between deformation amount and moisture content

The reason analysis shows that the moisture content of potato is the main factor affecting its tissue
cell turgor pressure. The freshly harvested potato with more moisture content shall have a higher internal cell
turgor pressure. As the storage time increases, the moisture content gradually decreases, and the potato
internal tissue gradually becomes more compact; besides, the degree of maturity increases, the hardness
increases, and the ability to resist external loads becomes stronger, so the amount of deformation
decreases. In comparison, in order to reduce the potato’s compression damage during transportation, it is
most reasonable to transport the potato in the minimal-deformation period.
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The single-factor relational expression between the deformation and moisture content of five different
varieties of potato was fitted by MATLAB software, which approximated by the cubic function relation, with
the determination coefficient above 0.97. The related formula is expressed in Table 4.

Table 4
Fitting function of potato deformation and moisture content

Varieties Fitting function R2determination coefficient
Zaodabai S (x> =0.1261x> —30.14x* + 2401x — 63750 0.976
Favorita S (x) =-0.06224x° +15.19x? —1237x + 33580 0.993
Netherland 15# S (x) = —0.06283x> +15.37x* —1254x + 34150 0.987
Youjin S (x)=-0.2852x° + 68.23x> —5440x +14450 0.991
Fujin S (x) =-0.06469x°® +15.32x* —1209x + 31750 0.982

Note: S(x)is the maximum deformation displacement when the potato is placed flat, mm; x is the moisture content of the potato.

CONCLUSIONS

Through experiments on the static mechanical properties of different potato varieties in western
Liaoning Province, the mechanical properties of the whole potato tubers and their variations were explored
with different moisture contents, and the relations between moisture content and rupture force, elastic
modulus, and maximum deformation of all five potato varieties were analysed. The main conclusions are
made as follows:

(1) The moisture content of five varieties of potatoes in the period after harvest of 5 months has been
studied. The moisture content of different varieties has similar change law. The moisture content of potatoes
in the early harvest period is high. At about 60 days, the moisture content decreases to the lowest level, and
then increases. Among them, the moisture content of Fujin is lowest.

(2) The moisture content greatly affects the mechanical properties of the potato such as rupture force,
elastic modulus and deformation: the elastic modulus and rupture force increase with the decrease of the
moisture content, and the deformation decreases with the decrease of the moisture content. The correlation
coefficients of polynomial regression fitting are all above 0.95, indicating that the regression equation is well-
fitted, and the numerical value changes regularly, which can be used for routine judgment.

(3) Potatoes with low moisture content show better static pressure mechanical property, therefore,
from the perspective of reducing potato damage, storage and transportation should be made about 45-60
days after harvesting, when the moisture content drops below 80%, the hardness of potatoes increases, and
the ability to resist deformation is improved to avoid damage.
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ABSTRACT

The paper covers theoretical investigations of the movement of bulk material flow when it is fed by a
pneumatic screw conveyor. Process calculation of the impact of bulk material particles during their
transportation in guiding covers has been conducted. A mathematical model, which characterizes the overall
energy spent on the impact of two particles, depending on impact velocity, physical and mechanical
properties of bodies and impact conditions, has been developed. The limits of design and kinematic
parameters that provide the effective application of pneumatic screw conveyors for transporting bulk
materials have been defined.

PE3IOME

B cmammi HasedeHO meopemuyHi OOCriOXeHHsI pyXy MOMOKY CUMKUX mMamepianie npu ix nodadi
HeMo-wWHeKoguMU mpaHcriopmepamu. [lposedeHO po3paxyHOK rnpouecy crigydapy 4HacmuHOK CUMKO20
mamepiany nid 4Yac (o020 mpaHCropmyeaHHs 8 Harnpaesnsdux Koxyxax. [lobydosaHo mMamemamu4Hy
moderb, siKka xapakmepusye 3a2alibHy eHepeilo, empadyeHy nid Jyac criigydapy 080X YaCmMUHOK, 3aiiexHo eid
weudkocmel crigydapy, bisudko-mexaHiYHUx eracmugocmel min ma ymoe cepedosuwa yoapy.
BcmaHoeneHo Mexi KOHCMpyKmueHoO-KiHeMamuyHuUx rnapamempie, ski 3abesnedyromb eghekmueHe
3acmocyeaHHs MHe8MO-UWKeKo8UX mpaHcriopmepig Onsi nepeMilieHHs CUNKUX mamepianis

INTRODUCTION

There is a number of scientific works, which deal with the problems of material transportation in airflow
(Ackerman N.I. and Shen H.H., 1982; Haydl H.M., 1986; Hewko B.M. et al., 2015; Hevko R. Et al., 2018;
Hevko R.B. et al., 2017; Hevko R.B. et al., 2018; Li Y. and Li Y.Z. , 2008; Loveikin V. and Rogatynska L.,
2011; Owen Philip J. and Cleary Paul W., 2010; Tian Y. Et. Al., 2018; Lyashuk O.L. et al., 2015; Lyashuk
O.L. et al., 2018; Rogatynska O. et al., 2015; Rohatynskyi R.M. et al, 2016; Lech M., 2001; Roberts Alan W.
and Bulk Solids, 2015; Yao Y.P. et al., 2014; Yoshihama S. et al., 2016). These works are aimed at solving
the problems that are connected with the improvement of technical production performance of screw
conveyors. The improvement of the process of bulk material transportation can be achieved by means of
using the combination or the integration of their pneumatic and mechanical movement, taking into
consideration material flow properties, which is covered in the papers (Humatylin R.I., 1987; Hychin B.M.,
2000; Manjula E.V.P.J. and Hiromi W.K., 2017; Naveen Tripathi, 2015). In the process of conducting
theoretical investigations, basic developments that are presented in the papers (Baranovsky V.M. et al.,2018;
Hychin B.M., 2000; Loveikin V. and Rogatynska L., 2011; Rogatynska O. et al., 2015) were used. However,
these problematic issues are not solved to the full extent. That is why, this paper is the continuation of our
investigations, which are partially presented in the papers (Baranovsky V.M. et al.,2018; Hevko R.B. et al.,
2018).

MATERIALS AND METHODS

In order to provide bulk material transportation in airflow in case it is fed by a screw feeder, pneumatic
screw conveyors have been developed and their detailed design description is presented in the papers
(Baranovsky V.M. et al., 2018; Hevko R.B. et al., 2018).
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The movement of single particles or their separate groups in a pneumatic pipeline takes place under
the action of the forces of a carrying air flow in the form of an air-fuel mixture. A distinction is made between
two main kinds of pneumatic transport: general pneumatic transport (material parts are conveyed by an air
flow along a pneumatic pipeline by means of “jumps”) and pneumatic transport with a continuous flow.

Let us consider the investigation of the process of bulk material transportation in case of its
transportation in the form of a continuous flow.

The energy spent during the process of transportation in case of a pneumatic way of bulk material
conveyance generally depends on the motion modes of the flow of bulk material parts. Motion modes of a
particle flow are connected with physical and mechanical properties of the transported bulk materials, the
design of a pneumatic transport unit, the geometry of a pipeline and its routing, the operation pressure and
the travelling speed of a carrying flow motion, the consistency of bulk material feeding to a pipeline etc.

The main factors of physical and mechanical properties, which influence the motion modes of the flow
of bulk material particles, are the following: density, particle size, coefficients of internal and external friction
etc. The speed of flow motion is the dominant factor of the energy spent in the process of transportation.
Energy spending during such a process is the minimum at wave and batch material movement in an aerated
condition that is achieved due to the creation of an airflow, which is fed to a pipeline through inlet nozzles. It
is typical of the process that is presented in Fig.1.

\ A LAY
=> ., N ,.l \lgrl 19 : : c O 91”1[9 ]9 1
19 i’ N \_’n 92111] nﬂ 2n
Al Q PR » 31;;1]0—» G, G 1
—> 0N 0 008 | O- T o 0 9y

a) b) c) d)

Fig. 1 - Motion patterns of the particles, which move in a pipeline
a) — particle movement types; b), c), d) — cases of the impact of particles

The main envelopes of the available motion modes of bulk material particle motion for the horizontal
segments of a pipeline are presented in the form of the operation field of the three ways of conveying bulk
materials in a pneumatic transport: continuous mass displacement, pneumatic conveyance while in flight of
separate particles or groups of material particles in suspension, intermediate motion modes.

Formal characterization of the transportation process lies in the following — let us assume that, while in
flight along a pipeline, particles of bulk material move only alongside forward and their form and mass
remain.

In this case, there are three main characteristic movement types of particles or particle groups in the
horizontal direction in the air flow of a pipeline relative to the contact with its internal surface (Fig. 1 a): along
a lower wall, having impacts with a lower wall, having impacts with both walls.

The analysis of the motion modes of the flows of bulk material particles shows that they are followed
by the relative motion of particles that have a very complex nature. On one side, due to various velocities of
the translational motion of particles in a pipeline, they have relative displacement velocity and, on the other
side, due to relative contacts (impacts) of particles, they acquire additional components of the travelling
velocity of their random motion.

Material particles, which fly in a transport medium, collide only if their travelling velocities are different
in value $in # 92n (Fig. 1 b) or in direction. The difference between the velocities of particles is particularly
important, if particles differ significantly in their weight G1 # Gz (Fig. 1 ¢) or in air flow resistance force.
However, particles of equal size can collide as well, if there are radial (hormal) and tangential speeds (Fig. 1
a, d), besides axial (instantaneous) speeds that are equal for all the material parts.

Let us consider the impact process of the two spherical particles of bulk material, which move in the air
flow of a pipeline following the pattern of contacting with the external surface of a pipeline (Fig. 1 a), here, let
us consider the material of particles to be elastic.

The analytic model of the impact process of two spherical parts 1, 2 of bulk material is presented in
Fig. 1, here, the impact process is considered in case of the movement of the two spherical particles after
their contact with the pipeline wall 3.
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According to the theory of granulated medium motion, it is known that at flow displacement, the
velocity of particles is the sum of three related velocity components: the velocity of fluctuation, travelling
(average) and rotational velocities, and, in case of solving the problems of displaced material flows, a kinetic
theory of continuous gases is applied.

dy
shows that, on the right side, the product of the squared velocity of bulk material movement d9/dy by the
coefficient of the physical constant y is identical to the specific value of the work, which is required for
moving the layer of particles, calculated for 1 m2, and, on the left side, the product of the hydrostatic pressure
analog p(y) by the dilatancy (porosity) of grain medium E(y) in the physical meaning is identical to the kinetic

2
The analysis of the known state equation of bulk material during its movement p(y)g(y):l(d‘gj

energy of relative random particle motion due to the complex movement of bulk grain medium.
The interaction of two particles 1 and 2 takes place mostly due to the exchange of impact pulses on an

oblique impact, here, the vectors §1 and 9, , which characterize impact velocities, are directed at the angle

ac to the horizon.

Fig. 2 - Calculation scheme of the impact process of bulk material particles

According to the law of energy conservation, the total sum energy E (J), which is spent during the
impact of two particles 1 and 2 of a bulk material is the following:

1 1 1 1
E ZEmlclglz +§m2C1922 _Emlc'glzl _§m2c‘9222 (1)

where maic, mzc — the reduced mass of the particles 1 and 2, kg, respectively; 91, 9. — the movement velocity
of the particles 1 and 2 before the impact, m/s, respectively; d11, J22 — the movement velocity of the particles
1 and 2 after the impact, m/s, respectively.

After the reduction of (1), we obtain:

E=m (% - )+ Sme (8- 52) @

Having denoted the difference in velocities (312 —8121) and (922 —9222) by A9 and A9, respectively, and

having taken into consideration that m, =V, p = pzd> /6, where V;, =7d3 /6 — the volume of the particle i

(m?3), di— the diameter of the particle i (m), we can write down the following:
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1 1 1
£ adp(A8) 4o mt2p(a8,) = 5 a3 (A87) + o2, (48, ] @

Let us determine the components of the difference in before-impact and after-impact velocities A9
and A, from the following considerations.

Random particle movement results in the transverse mass transfer (of particles), which is followed by
the transfer of the impulse, the carriers of which are the particles that move with various velocities depending
on the coordinates, which results in the intensity of the relative movement of bulk material particles.

According to Gauss hypothesis, it is known that the connection between the values of contacting and
normal impulses on impact is formed similar to Coulomb’s law for friction

AG=—F(L+k)d (4)

where Ad — the change of relative tangential velocity, as a result of an impact, m/s; 9 — the velocity of
particle fluctuation, m/s; k — the coefficient of recovery on impact.

The velocity of fluctuation &’ characterizes the coefficient of transverse quasi-diffusion Dxg = 0.5 9,
where s — the average distance between the particles relative to their reduced mass (m), which, in its turn,
regulates the intensity of the relative motion of bulk material particles. Here, the intensity of particle motion
increases proportionally to Dyq and to the velocity gradient dd/dy of relative particle motion in the direction of
their displacement velocity.

However, the dependence (4) does not take into account the physical properties of the surfaces of the
particles, which collide at the contact point M.

In addition, it is known that the closest relationship between the values of contacting and normal
impulses on impact is described by “A-hypothesis”, according to which, the change in the relative tangential
velocity Ad as a result of the impact of colliding points is proportional to the before-impact value of this
velocity &

AG=-189 ®)

where 1 - the average value of the coefficient that characterizes the properties of the surfaces of the
particles, which collide; & — the before-impact velocity of a particle, m/s.

Having taken into account the peculiarities of the problem of the impact of two spherical bodies, let us
apply these two hypotheses (4), (5) by means of their combination or considering them when determining the
change in the relative tangential velocity AJ, which is the result of the collision of two bodies.

Having taken into account the scheme of the impact process (Fig. 2) and the fact that

ds; ,ds; dS;

k=39;,/% :T IR where &, & — the velocity of the i particle before and after the impact,
i

respectively, m/s; dS;, dSi— the distance covered by the i particle before and after the impact, respectively,
(m); t — particle movement time, (s), let us combine these two borderline cases (4), (5) by a continuous
function in the form of:

AY =1 1+ %5 Hsin’ 78 s a;
ds, dt

(6)

AY, =—f|1+ 05, &g’sinzozz—/fﬁcoszoz2
ds dt

2

where

a1, a2 — the angle between the velocity vector of the impact of the particles 1 and 2 and the impact line
y’, respectively (deg.).

Having substituted the values of the corresponding velocity components from (6) into the dependence
(3), we obtain:
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1

Ezaiz'pf2 ) @)
ds 14+ Bz lslzﬁsinzocz—/fﬁcoszoz2
ds dt

2

2
d? 14+ Bu lsll'sinzogl—/fﬁcoszoe1 +
ds dt

In order to simplify the solution of the problem, let us assume that the particles 1 and 2 of bulk material
are of the same mass, that is to say mic=mz =mc, here, the correct identities are the following:

dic=dac = de, & =9 =&, a1 = a2 = @, respectively, where dic, dzc, dc — the diameter of the particles 1 and 2

and the average particle diameter, respectively, (m).
Thus, having taken into account this assumption, let us write the dependences (3) and (6) in a
simplified form:

1 2
Ezﬁﬂdcsp[(A'gl)z +(A‘92)J (8)

1

AG =—f 14+ Bu §'sin2ac—1ﬁcosza6;
dsS dt
ds ds ©
AY, =—f|1+—2 |9'sin*a, — 1 —2cos’
ds dt

2

where @' — the average value of the velocity of particle fluctuation, m/s.
Having substituted the values of the corresponding velocity components from (9) into the dependence
(8) and after the transformation and the simplification of the expression, we obtain:

2 2
f2(9) cos*a, || 1+ By 148z |-
ds, ds,

E =%7zd3p —2fA9'sin’ a, cos® KH ﬁJ£+[l+ dS—ZZJdi} - (10)

¢ ds, ) dt ds,, ) dt
+A%cos* (EJZ + (dijz
‘10 dt dt

The dependence (10) is a mathematical model, which characterizes the general energy that is spent
during one impact of two spherical particles of bulk grain material, depending on the velocity components of
the impact process, physical and mechanical properties of colliding bodies and the conditions of impact
medium. This model can be used in order to analyse the accepted expression of the “temperature of grain
medium” and, further, bulk material state during particle movement in a pipeline.

If the assumption is made that the coefficients of the recovery of the particles 1 and 2 on their impact
are maximally adequate or even equal in their value, then the dependence (10) can be written in the
following form:

£2(9) (1+k) cos*a, -

dt

2
+0,54% cos* Kﬁj + ( ds,
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dt
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@) .
dt
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RESULTS

Fig. 3 presents the characteristic curve of the change in the general energy E spent during one impact
of two spherical particles of bulk material depending on: a — the coefficient of recovery k and the coefficient
of the internal friction f; b — the diameter of the particles d. and the angle between the vector of impact
velocity and the line of collision a¢; ¢ — the diameter of particles d. and the bulk weight of material p.

The analysis of the graphical plotting shows that if the coefficient of recovery k increases within the
limits of 0 <k =1 and the coefficient of internal friction f increases within the limits of 0 < f <1, the general
energy E spent on the impact of two spherical particles of bulk material increases on average from 0.1 to 0.3
J (Fig. 3, a), here, the dominant factor of the change in E is the coefficient of recovery k.

The increase of the energy E (Fig. 3, b, ¢) spent on the impact of two particles with the diameter of
d £0.002 (s) is not significant and its average value is 0.01 J, if there is a change in the angle between the
vector of impact velocity and the line of collision ac within the limits of 0 < a. < 0.5 (rad) and the change in
bulk weight within the limits of 900 < p £1500 (kg/m?3), and with further increase of a. the increase in energy
spending E is practically near zero (Fig. 3, b). Significant energy E spending takes place during the
transportation of particles with the diameter of more than 2 mm, here, there is a sharp increase of E from
0.02 to 0.14 J for p = 1300 kg/m? (Fig. 3, b) or from 0.05 to 0.3 J (Fig. 3 c).

In order to provide a contact (impact) of the particles 1 and 2, the angle a. (Fig. 2) must be within the
limits of the interval (0, 17/2).

Having taken into account that particle movement in a flow of a pipeline has a complex nature, let us
write the kinetic energy of relative bulk medium movement in the form of the sum of particle kinetic energies
in their relative translational motion during their displacement and during their random motion in the process
of transverse mass transfer, that is to say:

E.=E,+E, +E, (12)

where:

E. — the kinetic energy of particle relative motion;

(9); Es, Eg, En — the kinetic energy of translational motion, random motion (fluctuation) and transverse
mass transfer of bulk medium particles, respectively, (J).

Correspondingly, the kinetic energy of the particles in their relative translational motion in the direction
of their displacement Es, in their random motion (fluctuation) Eg and in the process of transverse mass
transfer E, of the particles of a bulk medium, is determined from the following expressions

2
1 2( dg
E,=—xd’p(Ay) | — | ;
= geto(y) (S
172'd3 2 272'd3 )
E,==—%p(¥) =—=pvs5 13
v=5g PLI) =—5"pv (13)
3
E, _1rd, psS’d—gziﬁdfpvcsz—
4 6 dy 12 dy

where:

Ay — the difference in the coordinates of the particles’ centres of the adjacent layers of a bulk medium,
(m);

vc — the average frequency of the impact of bulk medium particles, (1/s).

Here,

Ay=c —C,; I =2sv, (14)
where: c1, c2 — the centre coordinates of the adjacent layers, respectively, and the average frequency of an
impact v is determined by means of Ackerman-Shen method:

r dg
e T KON dy
d y

(15)

Where:
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r — displacement potential, (Pa); Kq — the dissipation of the kinetic energy of particle impact on one

INMATEH:-- dqual.amt anqiomtinq

contact, (J); Nc — the number of particles per unit layer volume, (1/m83).
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The dissipation of the kinetic energy Kq of the impact of particles on one contact is determined from
Ackerman-Shen formula:
1 o [k f(+K) f2(1+k)’

K, =—7d - 9y 16
¢ TP Ty i 4 (%) (16)

Then, according to (14), (15) and (16), the average frequency of the impact v, of bulk medium particles
is determined as follows:

v 247 dg
T dlp| w1k )+ 4F (LK) -2 f 7 (24K)[(9)°N O

17)

Having substituted the values of Ay from (14) and the values of v. from (17) into the equation (13), we
obtain:

1 dg )
Egzﬁﬂ'd:p(cl—cz)z(d_yj ;
2 2
e _2ns’ 247 d9g 18
Y 3dip [ﬁ(l—k2)+4f(1+k)—7rf2(1+k)2}(,9’)2N dy 4o

27s%r

dgY
o [ 7(1-K7)+4F (L) -2 (2+K) ()N (WJ '

Thus, having substituted (18) into (13) and after the transformation and the simplification of the
expression, the kinetic energy E. of the relative motion of bulk material particles is determined by the

following dependence
™ 2 L[ 80 dgY
E.=—|d3p(c,—c,) +5° +Q ||| — 19
° 12{ =676 (dfp ﬂ(dy] 49

24t
[7(1-Kk?)+af (@+k)-7f7 (L+k) ()N

The equation (19) characterizes the so called “temperature of grain medium” during the relative motion
of bulk medium particles.

where Q=

Having taken into consideration (19), the known equation p(y)&(y)= ;((d.9/dy)2 of a bulk material

state during its motion can be written in the following form

T ) 80?2 daY
e= "l d3p(c - 2 ol 20
pe 7512{ cp(cl Cz) +3 (dc?’p+ J}(dyj (20)

where y' — the coefficient of the physical constant, which is identical to the specific value of work that is

required for moving the layer of particles, calculated for 1 m?; € — the average porosity of a grain medium.
The obtained dependence (20) can be used for further analysis and substantiation of the process flow
parameters of pneumatic screw conveyors.

CONCLUSIONS

The article presents the design of a pneumatic screw conveyor, which provides bulk material
transportation with less dust concentration due to impulse air feeding.
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The calculation of the impact process of bulk material particles during their transportation in a pipeline
has been conducted. In addition, a mathematical model, which characterizes the general energy spent on
the impact of two particles, depending on impact velocities, physical and mechanical body properties and
impact medium conditions, has been developed.

It has been determined that the increase of the energy E spent on the impact of two particles with the
diameter of d <0.002 (m) is insignificant and on average it equals 0.01 (J) on the change of the angle
between the vector of impact velocity and the collision line ac within the limits of 0 < ac < 0.5 (rad) and of the
bulk weight within the limits of 900 < p < 1500 (kg/m3), and with further increase of ac, the energy E spending
is practically near zero. Significant energy spending E takes place during the transportation of the particles,
the diameter of which is more than 2 mm, here, there is a sharp increase of E from 0.02 to 0,14 (J) for
o = 1300 (kg/m?) or from 0.05 to 0.3 (J).
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ABSTRACT

In this paper the numerical evaluation for heat and mass transfer during the air ventilation in poultry
houses’ premises was provided. The analysis of the proposed conditions for heat and mass transfer in
poultry houses depends on the ventilators location in the poultry house’s altitude. The efficiency of this
equipment’s location was determined. The observed climate-control supporting system for poultry-houses
is based on the external air cooling by water from underground wells. The simulation was made for 2D
computational fluid dynamics (CFD) analyses by ANSYS Fluent software. The CFD analysis for the air flow
analysis scheme CFD and heat condition inside the poultry house was proposed. The geometrical
ventilation equipment and the best ways of its location in the poultry house were found by the results of
numerical simulation.

PE3IOME

Y pobomi npogedeHo yuceribHe MOOesito8aHHS MPOoYecie mernsno- i MacornepeHocy rnpu 8eHMuUAY,i
rosimpsi 8 nMmaxigHuU4uUXx rnpumiwieHHsx. lNposedeHuli aHani3 yMoe mero- i MacornepeHocy y nmalwHuUKy 8
3anexHocmi 8i0 PO3MIWEHHS 8eHMUSIAMOopIi8 Mo eucomi nMmMawHUKa ma eu3HavYeHa egheKkmueHiCmb
posmauwiyeaHHs mako2o obnadHaHHs. Cucmema niOmpumaHHs MIKPOKaiMamy 8 fmawHuUKax
po3ensdanack Mpu Hass8HOCMI CUCMeMU OXOJTIOOKEHHSI 308HIUWHBO20 108imps 800010 3 Mid3eMHUX
ceepriosuH. ModentosaHHs nposedeHo 0ns 2D CFD modenel 3a 0rnomMozoro rpozspamHo20o 3abes3rneyeHHs
ANSYS Fluent. lNpedcmaeneHi pesynsmamu CFD aHanidy cxemu rnomoky rnogimpsi i mernmnoeo2o cmaHy
ecepeduHi nmawHuka. B pesynbmami ducernbHux 0OocriidOxXeHb 3HaldeHO eeoMempito po3mallyeaHHs
eeHmMurnayiliHoeo obnalHaHHSs, rpu KU yMO8U 8EHMUITI08aHHS NmaxieHuU4ux npumiwjeHb 6ydyms
Halkpawumu.

INTRODUCTION

There are some ventilating equipment systems that depend on the air vent and exhaust ventilator
location (Campbell J. et al., 2007). The present analysis showed that the most energy efficient ventilation
system is the tunnel ventilation. This system would be chosen as the base during the modulation and
numerical simulation of heat and mass transfer in poultry houses premises (Curi T. et al. 2017).

A paper (Zajicek M., Kic P., 2013) researched the influence of maximum air exchange and intensive
cooling of poultry by the high air velocities during the poultry houses ventilation in the summer period of the
year. The air exchange numerical simulation in different configurations of ventilating systems inlet and
outlet holes were executed by ANSYS Fluent software. The dimensions and forms of inlet holes and their
locations on the poultry houses’ walls were changed during the stimulation of heat and mass transfer in
poultry houses premises.

The CFD simulation of airflow and heat and mass transfer in poultry houses premises are provided
in the paper. The side ventilation system is used in this process. The authors (Blanes-Vidal V. et. al., 2008;
Bustamante E. et. al., 2017) considered that the method of side mechanical ventilation system is the most
effective in comparison with other methods. It allows decreasing the heat stress and poultry productivity
increase during the summer period of the year. The results of numerical simulation were compared with
the data of experimental researches. The deviation was of 12%. The authors (Blanes-Vidal V. et. al., 2008;
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Bustamante E. et al.,, 2017) have concluded that the non-enough air velocity and the absence of the
cooling system resulted in productivity decrease during the poultry growing. This absence favours the non-
homogeneity of air flow and the existence of stagnation zone decreases the conditions for poultry’s thermal
regulation.

Another paper (Zajicek M. and Kic P., 2012) presents the CFD solution of miscellaneously improved
cases for the various flow and shape configurations of the poultry house. Effects of the transversal and
longitudinal ventilation are combined with the changes of inlet air streams directions and also with the
different cross-section shaping obtained using curtains.

This paper is the next stage of researches for supporting the climate-control systems in poultry
houses (Gorobets V.G. et al. 2018). The cooling system for external air by special construction heat
exchanger is observed. The underground wells’ water is used as cooling medium in these heat
exchangers.

MATERIALS AND METHODS

In this paper is observed the effective location of exhausting ventilation equipment in poultry-house’s
altitude. The measures are directed for the ventilating system improving and microclimate enhancement.
The observed air cooling system is based on the water usage from underground well and heat exchanger
recuperators. (Gorobets V.G. et al., 2018). The specified technique allows decreasing the external air
temperature without increasing their relative humidity comparing with the cooling system of water spraying.
The paper’s aim is to propose theoretical researches connecting with the heat and mass transfer in poultry
houses. These processes run inside the house and run through its walls, by the geometry ventilators
location change.

The poultry house of standard type has the following main characteristics:

Building’s data — 90x20x5m

External barriers are made of claydite — concrete with thickness of 0.2 m.
External air temperature in the summer period +40°C.

Building’s volume 7200 m3.

Internal air temperature as per norm +17°C

The research of heat exchange and mass transfer in poultry houses is the basic aim of the present
paper. The height of the ventilating equipment has important value for decreasing the stagnation zones
dimension. These zones are characterized by the high temperature of heated air in poultry houses and by
the decrease of growing poultry productivity. These researches allow to evaluate the hydrodynamic and
heat conditions for supporting a normalized microclimate and to determine the efficiency of present
ventilation system operating. The air velocity in the poultry house is within: 2.58 through 1.64 m/s with
average temperature +27°C (Gorobets V.G. et al., 2018) according to the standards. The evaluated
average value is 1.97 m/s and it is at the border «Inlet_2D» (see fig.2a). The views of rear and lateral
surfaces in 2-D mode are showed schematically in Figure 1. This line runs through the centreline of
separate ventilators.

The poultry is kept in the floor storage mode. Poultry is the source of heat generation. The general
guantity of poultry is 1000 heads. The distance between the poultry and the ventilating equipment should
not be less than 3 m. The barrier is installed on the border with the poultry. It is designed for avoiding the
poultry entrance into the ventilators. These barriers protect the equipment against poultry break. The
barrier influence was not considered on the hydrodynamics and heat transfer for the simplifying model.
The safe distance was chosen for the poultry and ventilators in spite of it. The poultry’'s average
temperature was accepted +41°C. The poultry’s high concentration was considered and accepted 7 heads
per 1m2. The present source of heat generation around the floor was accepted at +41°C (fig.2b). The
exhausting ventilating equipment of the present system was supplied with an accepted diameter of the
wheel of 1.25 m. The ventilators were located at the height of 1.125, 1.5 and 1.875 m to the centre line of
ventilators (see fig.1).

The proposed poultry houses’ hydrodynamic flow and thermal fields’ analysis (Gorobets V.G., et. al.,
2018) showed the best conditions for vertical areas. These flows run through the ventilator’'s centre. These
flows slightly changed independently from the ventilator’s location toward to lateral walls. Some differences
were only observed for extreme ventilators. They didn’t influence on the general view of flow and
temperature separation in the whole poultry. The 2D model may be used during the modeling. This way
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facilitates the numerical simulation without influence on the physical data of heat exchange and mass
transfer in poultry houses premises. The calculations were done from the centreline through the poultry
house length. (Gorobets V.G. et al. 2018). The air velocity alignment was observed through all cross
sections of premises and it became the same on the first approximation through the whole section.
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Fig. 1 - The ventilator location configuration from centreline to the floor in terms of height:
a-1125m;b-1,5m;c-1,875m

Numerical mathematical simulation of hydrodynamic and heat and mass transfer processes in an
industrial greenhouse was conducted. For this purpose, computer-generated simulation method based on
ANSYS Fluent software was used. Navier-Stokes equations (Khmelnik S.I., 2018) and energy-transfer
equations for convective currents are the basis for this mathematical model.

Navier-Stokes equation:

(au ou 6uj op [BZU 62u]
Pl —HU—+W— |=——+ p| —+—|,

ot ox oz) o ox?  oz°
1)
R LRy Y o
o ox oz oz Mo )
where p — medium density, [kg/m3]; y — medium dynamic viscosity, [Pass]; p - pressure, [Pa];
u, w — velocity field of vectors; t — time, [s].
A continuity equation:
ou ow
—+—=0 2)
oX oz
An energy-conservation equation:
T T T T
poc (v, Ty, T2 (0T, o or @
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where T — point temperature, [°K]; A — coefficient of medium heat transfer capacity, [W/m °K];

C, — specific heat capacity of a medium, [J/kg °K].
Boundary Conditions
e by inlet on poultry houses centreline (fig.2a):
X=0,0<2<2,4; 2,5, SZ<H;; W=W, o o0 T =Ty 205 i=12,...,7; 4)

where Z,,,, Z, are vertical coordinates of the heat generation source.

It was produced by poultry arrangement during the floor storage;
H-is the distance from the floor to the roof in terms of poultry house altitude for i-ventilator.

So the number of installed ventilators equals 7, W, ... .o, Tinet 2o 1S the velocity and temperature of

air flow on inlet to poultry house centreline:
e on outlet vent doors, which locate ventilation on the rear and wall (fig, 2a):

x=L; 2, SI=17,, W :Woutlet_ZD; T :Toutlet_ZD; (5)
- conditions for the absorption of heat and air temperature at the back of the poultry house (fig.2b):
x=L, 0<z<z,; 2, <z<H; W=0; T=T, 2 7
- pollution terms and roof temperature (fig.2b):
z=H;; 0<x<L; W=0; T=T, 101 20 (8)
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- pollution terms and floor temperature (fig.2b):
z2=0; 0<x<L; W=0; T=T,a fioor 20 9)

- pollution terms of heat generation on surface source, which is formed by poultry (fig.2b):

Z1ch << ZZch; O <X< I-ch; W= 0’ T :Twall_chichen_ZD' (10)

where: L — poultry house length from centreline to rear wall, [m];
Lcn — the length of the area of the poultry house on which the birds are located [m];

Twa”_ZD, Twa,,_mof_ZD, Twa”_ﬂoor_m, T\,\,a"_chichen_2D ceiling wall temperature poultry house, on the

floor, roof, surface source of heat generation, respectively [°C]

1;
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| |
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a b
Fig. 2 - The poultry house projection view in 2 D cross-section which runs
by the ventilator’s centre line by the poultry house’s length
a-boundary conditions at the inlet and outlet of air exchange system in the poultry house; b- boundary conditions on the surface of the

interaction of the heat source with the plane of the poultry house on which the birds are located; H-poultry house’s terms of height, m;
L- poultry house’s length, m; L, — the length of the location on which the birds are located in the poultry house, m.

The turbulence model by Spalarta-Allmarasa (Spalart P.R. and Rumsey C.L., 2007; Allmaras S.R.
et.al.,, 2012; Bailly C. and Comte-Bello G., 2015) and Discrete Ordinates (DO) radiation model (ANSYS,
2017) were used in design. The cooling system of enforced air by water from underground wells in heat
exchanger — recuperators (Gorobets V.G., et.al., 2018) designs were provided.

RESULTS

The finite element method was used for the numerical simulation of hydrodynamics and heat and
mass transfer. The mesh building was made in the ANSYS Meshing mesh generator. The method of local
mesh control was used for mesh building. The index of Orthogonal Quality is 1. The mesh building of
poultry houses premises runs through the centreline of separate ventilator through the premises. This
mesh is in fig.3.
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Fig. 3 - The building of mathematical mesh of centreline through ventilator centreline by the premises length

The calculation results of computer mathematical simulation for poultry house were provided in
figures 4-7.

0 2.000 4.000 (m) I_.‘
— '

— —
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Fig. 4 - Thermal fields (°C) in longitudinal section of premises by the ventilator centreline on coordinates Ox
from ventilators location from centreline to floor on height:
a-1125m;b—-1.5m;c-1.875m

1.500 3.000 (m)

The thermal fields by the premises height in longitudinal section by the ventilator centreline on
coordinate 0x for all ventilators’ location on the poultry house rear wall are shown in fig. 4. The air inlet
temperature +27°C cools the poultry. It locates in the lowest part of the poultry house. The air's external
temperature and radiation background were considered. The increased air temperature is observed around
the ceiling. The heated air has a temperature +30°C. It is caused by the heat release from poultry heads.
The heated air runs to the exhausting ventilating units after the poultry cooling.

The poultry house air velocity data, especially around the poultry is located. Is one of the important
data for poultry keeping. The velocity field by the poultry house premises’ height and length is shown in fig
5-7. Maximum velocity on the poultry house inlet and outlet areas doesn’t surpass 2 m/s. The air velocity
equals zero, especially in stagnant areas of some premises places. But the average velocity around the
poultry, for the height of 0.5 m from the floor, was considered 1.97 m/s in spite of high turbulence and flow
non-homogeneity. The air velocity on ventilator's outlet is considered nearly 8.4 m/s (fig. 5-7)
independently from ventilators’ location.
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Fig. 5 b,c — Field of velocities (m/s) in premises’ cross-section by coordinate Ox with ventilator’s location
from centre line to floor in terms of height: a—1.125m;b-1.5m;c—-1.875m

The vortex zones are observed in the form of elliptical region in the upper part of the poultry house.
The air velocity decreases to 1.65 m/s (fig. 5-7). The excessive stagnation area is observed in the upper
angle area in fig. 5a-7a. The vortex appears in the lower part of the premises in fig. 5b-7b. The ventilator’s
location at the height of 1.5 m makes the vortex minimizing the stagnation areas in the angle parts of the
poultry house (fig. 5b- 7b).
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Fig. 6 - Streamlines (m/s) in premises’ longitudinal section by the ventilator centreline by coordinate 0x with
ventilators location from centreline to floor in terms of height:
a—-1125m;b-15m;c—-1.875m
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The stagnation area may be observed in the premises’ upper part in fig. 6a. The ventilators
streamlines and air rate velocity (fig. 6a and 7a) direct downside. That is why the air velocity around the
poultry increases. It may cause the excessive poultry cooling. The decrease in poultry’s temperature may
cause poultry disease. It will have a negative impact on the poultry farms operation indexes.
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Fig. 7 - The velocity vector (m/s) in premises longitudinal section by the ventilator by coordinate Ox with
ventilators location from centreline to floor in terms of height:
a-1125m;b-1.5m;c-1.875m

CONCLUSIONS

The numerical simulation of poultry’s heat exchange and mass transfer were provided. The velocity
and temperature distribution were received by the centreline of separate ventilator by the longitudinal
section. The velocity field analysis showed the presence of stagnation areas in poultry houses’ angle
regions. The multiple calculations of mass transfer and heat exchange during the different geometry of
ventilating equipment location on the rear wall were provided with the aim to minimize the stagnation areas,
air flow aligning and temperature indexes increasing. It is necessary to install the ventilating equipment at
the height of 1.5 m. It allows decreasing the dimension of stagnation areas and non-equality distribution of
air velocity around the poultry. Such ventilators location allows equalizing flow considering the poultry
house’s terms of height. It will not cause the excessive poultry cooling. The average air temperature for
such conditions is 1.97 m/s. The poultry house’s outlet air temperature is +27°C. Such mode favours the
productivity increase during the poultry farming.
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ABSTRACT

The large error exists in Normalized Difference Vegetation Index (NDVI) data because of soil
reflectance. An optimal corn canopy NDVI data processing method was proposed in this study. The method
was employed to reduce the effect of soil reflectance error under different leaf areas on corn canopy NDVI.
First, an experiment was established using different plant spacings to obtain different canopy leaf area
treatments. Then, the average NDVI of the largest leaf area (dense plant spacing) was used as the
evaluation standard value. The NDVI mean values
after error elimination by Box-plot, Dixon rule and Pauta criterion were obtained under other leaf area
treatments. The difference between the NDVI mean and the standard value, the R2 of the regression model
between the NDVI mean value of each algorithm with corn parameter were used to evaluate the
performance of the algorithm. Results demonstrate that the difference between the NDVI mean of the Box-
plot and the standard control value is the smallest at 9% and 16% under normal plant spacing and sparse
plant spacing, respectively. The R2 between the NDVI mean of the Box-plot and corn plant height has the
best effect, increasing to 0.7676 and 0.5966 under normal plant spacing and sparse plant spacing,
respectively. The R2 between the NDVI mean of the Box-plot and the nitrogen content of corn has a similar
result, increasing to 0.7154 and 0.5739, respectively. These findings indicate that the Box-plot reduces the
interference of soil background on corn canopy NDVI and improves the estimation ability of corn parameters.
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LIERGIN it 5 NDVI &AM T AFTLIEH T — PR (E T T Kt 5 NDVI FCH P 7770 12777
ST IE T [ [T T A= 2B J 43 iR 250 T oKt /2 NDVI [0, B o6, [/ 25 7 PE I TR HEE L P 75 7))
IR BB, NDVI “FEIE IR EE 2 227K NDVI PRI S RS H (HE, JaE) 21
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HEXTHE(E 2 [ ZZ 7R, 0% 9% Rl 16% . FETERIT NDVI -FEIE S F AR 52 T R2 A B[R A A, 7 IE
T BRI G ] T 2 0. 7676 FT 0. 7154. FHIEIEG NDVI “FEIE S F oK F 5 E.2 7T R2 A
BHMEIZER, 2 mE 0. 5966 FI 0. 5739, XLeZ5 RFEH], FHTEEW L T 1B 7X T AKAE NOVI 19T
H, 1EE T ERSENINFEGED

INTRODUCTION

Top-dressing, which is among the available measures of increasing corn production, is popular in
agricultural practices. The amount of fertilizers received in several regions is uneven because of crop growth
or spatial differences in soil nutrient (Chen P. et al, 2010). Fertilizer cycle exhibits dynamic changes, and
predicting the supply of various nutrients to plants is difficult. Therefore, the unified quantitative fertilization
method results in low fertilizer use efficiency (Fangfang Zhang et al, 2017). China’s comprehensive fertilizer
utilization rate was 34% in 2017 (Sun S.K. et al, 2018).

Previous studies have shown that a variable fertilizer applicator for corn top-dressing can effectively
improve fertilizer utilization (Torsten I., 1982). The variable decision of the fertilizer applicator in previous
studies was based on the normalized difference vegetation index (NDVI) (Geipel J., Link J., 2014).
Commercialized products have been introduced for variable fertilizer applicators based on this approach, and
examples include the Case 3230, which is equipped with Greenseeker to detect crop canopy NDVI and thus
reflect differences in growth. Greenseeker has been employed to control the motor and adjust the flow of
liquid fertilizer in real time for variable fertilization (Cicek H. et al, 2010). However, corn top-dressing in China
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uses solid fertilizer, the variable fertilizing device is mechanical and the speed of variable fertilization
regulation is limited. A variable fertilizer application machine adopts a uniform fertilizer amount on a fixed
area. The average method is employed to express the overall situation of the fixed area’s NDVI (Ali A.M. et
al, 2015). This process has become a great challenge in the accurate assessment of NDVI because of
numerous influencing factors, such as leaf shape difference, corn canopy difference, and soil reflection. On
the basis of the analysis above, this study examines a core problem in the improvement of NDVI's detection
accuracy.

Greenseeker is the most widely utilized near-surface plant canopy spectral detection sensor. The
direction of Greenseeker measurement for corn canopy spectral reflectance detection has been tested, and
results showed that the variation in the crop nutritional parameters of the output value of longitudinal
measurement is higher than that of transverse measurement (Ali A.M. et al, 2014). The optimal height for
Greenseeker measurements is 70-110 cm and sunlight exerts a minimal effect on Greenseeker’s
performance (Enciso J. et al, 2017). A previous study added an adjustment factor based on NDVI to
establish a soil-adjusted vegetation index (SAVI) and showed that corn nitrogen content prediction improves
when the corn canopy coverage is 50% of the leaf area (Chua T. et al, 2003). Another study used
mathematical iteration methods to perform an infinite number of iterations for removing the adjustment
factors and established a modified SAVI (MSAVI); However, the feasibility of the index was not further
verified (Gianquinto G. et al, 2011). Currently, NDVI is still the most widely used parameter in the estimation
of plant nitrogen content. Using statistical methods to optimize NDVI can also effectively reduce the
interference of background factors. For example, the maximum method has been applied to perform noise
reduction processing on cotton canopy NDVI data and obtain the average NDVI of the detection area, thus
reflecting the overall NDVI trend in the detection area (Ramirez M.B., Schjoerring J K, 2015). The following
problems are encountered under actual production conditions. First, the corn leaf area cannot be obtained in
real time. Second, a difference exists between cotton and corn canopy, and the application of the maximum
method in the NDVI quantification of the corn canopy has not been verified.

A method of evaluating four types of algorithms for error culling to reduce the error data of NDVI by
Greenseeker under different leaf areas was proposed. The NDVI of the optimal algorithm has the highest
correlation with the plant height and nitrogen content of corn. The applicability of the maximum method to the
NDVI of corn was also verified.

MATERIALS AND METHODS

The study area is located at the Heilongjiang Bayi Agricultural University research base in Daqing City,
with latitude 46°63'-46°64'N and longitude 125°20'-125°21'E. The area of the research base is 50 hm?. The
soil type is chernozem, in which the thickness of the black soil layer is 25-40 cm and the organic matter
mass fraction is high at 3.0%—4.0%. The basic conditions of the soil are shown in Table 1 (tested using the
soil nutrient status system research method).

Table 1
The basic characteristics of the soil
Definition of the parameter Parameter values

A. PH 67

B. Electrical Conductivity 232 ps/cm

C. Available Nitrogen 50 ppm

D. Total Nitrogen 32 ppm

E. Organic content 22 glkg

F. Soil type Chernozem

The research data were acquired using a ground-based remote sensing platform. The Greenseeker
plant canopy spectral detector mainly obtains NDVI data of the corn canopy and its own narrow-band light
emitting diode with red light at 660 nm and near-infrared light at 770 nm is used as the active light source.
The second-generation optical sensor (N Tech) is used as a detection sensor to acquire plant spectral
information under two bands. It has a measurement area of 61 cm + 10 cm (width) x 1.5 cm + 0.5 cm
(length). The RT100 GPS (Trimble Company) obtains position information with an error of 1 cm.
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Fig.1 - Test data acquisition platform
1 - Tractor of 405; 2 — GPS; 3 — Greenseeker sensor

Test Design

Three different plant spacings of corn were set (Fig. 2): dense plant spacing (N1: 12 cm), normal plant
spacing (N2: 18 cm) and sparse plant spacing (N3: 22 cm). Each plot area was 1.3 m x 100 m. Fertilizer was
applied as urea, P,Os and KO, in the ratio of 3:1:1 to give a total fertilizer application rate of 250 kg/hm?.

TELEAT -
TTTTLLY -
Agsnssssslit

Fig. 2 - Experimental setup for different plant spacing

Data Detection Methods

The data processing interval was 3 s, according to the operating speed (1.4 m/s) and separation of
Greenseeker from the tailstock spreader (4.1 m). The Greenseeker vertical distance was 70 cm from the
canopy and the detection direction was consistent with the ridge. The NDVI and GPS output frequencies
were 26 times/s and 5 times/s, respectively.

Data Processing Methods

The error based on experience was an abnormally low value. First, the maximum method was used for
data pre-processing. The 24 maximum values were selected based on the data processing interval (3 s),
operating speed (1.4m/s) and standard plant spacing (18cm). Further error elimination of pre-processed data
used the following methods:

Pauta criterion: If the difference between the measured value (x,) and the average value (x, ) is
greater than N times the standard deviation (¢ ), then (x, ) will be eliminated. In this study n was 1 based on
experience (Cheng Shen et al, 2017).

a=|xn—§|>na @)

Dixon criterion: Calculates the r values in different orders according to formula (2) after arranging the

data by size. This method compares the difference between the r value and the Dixon criterion test critical

value; the data are eliminated when I and I, are greater than the corresponding critical value F (0.05,

m), or less than the corresponding critical value F (0.05, m) (Grubbs F., 2012; Serth R.W. et al, 1986; Ozyurt
D., Pike P., 2004).
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The Box-plot method: The 25% quantiles, 75% quantiles, top borders and bottom borders were
obtained after sorting the data by size to create a Box plot, which describes the overall distribution of the
data. The box contains most of the normal data, with outliers outside the upper and lower boundaries of the
box (Zhengjiang Zhang et al, 2014).

Evaluation Methods

The NDVI of 42 meters (10 intervals) in the middle area was selected under each plant spacing. The
dense plant spacing was basically free of soil exposure, so the NDVI mean value was employed as the
evaluation standard value. Using different algorithms to eliminate the outliers of NDVI in each interval and
obtain the overall mean at different plant spacings. The performance of different algorithms was evaluated by
comparing the differences between the mean and the standard values. Five corn plants with uniform growth
were selected in each interval to measure the mean value of nitrogen content and plant height under each
plant spacing. The regression equations of NDVI, nitrogen content and plant height were established, and

the fitness ( R? ) was employed as the evaluation standard for each algorithm performance.

RESULTS

In Fig. 3, a, b, and ¢ are the NDVI time series data obtained by the plant spacing of 12 cm, 18 cm and
22 cm, respectively. The change in NDVI data was gradual with the change in plant spacing because the
area of corn canopy leaf increased and the soil background had less influence on the detection of crop
canopy reflectance with the increase in plant spacing. When the plant spacing increased from 12 to 18 cm,
the mutual shielding effects of the leaves became smaller, and the exposed area of the soil background
increased. This led Greenseeker to integrate the measured values of the soil into the measured values of the
crop canopy NDVI, resulting in a smaller NDVI detection value. Significant surface exposure was observed
between plants, and the lowest value of canopy NDVI was detected when the maximum distance between
rows was the largest. The NDVI continuous data obtained from the mean value of the largest plant spacing
could not accurately describe the overall NDVI trend.
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Fig. 3 - Change of NDVI data with different plant distance within a certain distance
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The mean after pre-processing the NDVI data of each plant spacing using the maximum value method
increased significantly, but there was still a large difference between the mean and the standard control
value (Table 2). Therefore, the NDVI maximum value needs to be further processed to reduce the error rate.

Table 2
Maximum value processing mean

Treatment Plant spacing The mean of Mean value of NDVI processed
(cm) NDVI by the maximum value
N1 12 0.781 0.786
N2 18 0.51 0.66
N3 22 0.42 0.53

Data Processing Algorithm Performance

Pauta criterion: After the elimination of data by comparison of the standard deviation of pre-processed
data using formula (1). As shown in Fig. 4, the mean of Pauta criterion for N2 and N3 were 0.709 and 0.657,
respectively. The average N2 data processed by Pauta criterion was not significantly different from the mean
of Maximum method and the difference from the standard value was 11%. The average N3 data processed
by Pauta criterion was no significantly different (F >0.05) from the mean of Maximum method and the
difference from the standard value was 18%.

17 B The mean of Pauta criterion
O The mean of Maximum method
08 F 0 Standard Value

0.6 -

NDVI

0.2

N1 N2 N3

Fig. 4 - The treatment of NDVI mean by Pauta criterion

The Box-plot method: As shown in Fig. 5-a, there were two error points and three error points for N2
and N3 which were eliminated by Box-plot, respectively (Fig. 5-a). The mean of Box-plot for N2 was 0.722;
its difference with the standard values was 9% and it had no significant difference (F>0.05) with the mean of
Maximum method (Fig. 5-b). The mean of Box-plot for N3 was 0.689, its difference with the standard values
was 16% and it had no significant difference (F >0.05) with the mean of Maximum method (Fig. 5-b).
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(a) The error values of Box-plot (b) The average value of Box-plot

Fig.5 - Line map box of different plant distance processing

Dixon criterion: The r,, and I, for all data were calculated according to the Dixon criterion

confidence factor (as shown in Fig. 6-a) and formula (2). The mean of Dixon criterion for N2 was 0.693, its
difference with the standard values was 12%. The mean of Dixon criterion for N3 was 0.649, its difference
with the standard values was 19%. At same time, the mean of Dixon criterion for N2 and N3 had no
significant difference with the mean of Maximum method (Fig. 6-b).
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Fig 6 - Different plant distance processing of Dixon criterion

Estimation of corn nitrogen content and plant height at different plant spacings

As shown in Fig.7a, at the close planting distance, the R? between NDVI and plant height was of

plant height and nitrogen content 0.877, and the R? between NDVI and nitrogen content was 0.8134. At this
time, it accurately inverted the growth state of corn. With the increase of plant spacing, the soil background
interference existed under normal plant spacing, but the fitting degree R? of plant height and nitrogen
content were greater than 0.6 (Fig.7-b), the NDVI could predict the growth parameters. At sparse plant

spacing, the R® of plant height and nitrogen content were significantly lower than other plant spacing,
indicating that NDVI could not be used for corn parameter estimation (Fig.7-c).
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Fig 7 - Estimation of plant height and nitrogen content of original NDVI data with different row spacing

In Fig. 8, a, b, and c represent the regression model of the plant height and nitrogen content of the
Pauta criterion, the Box-plot and the Dixon law under the normal plant spacing (N2), respectively. The R? of
the plant height and nitrogen content were improved to different degrees by different algorithms. The R* of
the Box-plot were processed having the maximum value. Compare with the dense plant spacing, the

difference rates of R* were 10.6% and 13.7%, respectively. However, the R® change was not obvious
compared to the original data, indicating that the abnormal value had no significant effect on the accuracy of
corn canopy NDVI under normal plant spacing.
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Fig 8 - Estimation of plant height and nitrogen content of NDVI at normal plant spacing

Compared with the original data, the R? has been significantly improved by the data processed by

different algorithms under the sparse plant spacing (N3). The Box-plot has the best results and the R of
the plant height and nitrogen content have maximum value, which are 36% and 30% higher than the original

data, respectively. There was no significant difference between R? after treatment under normal plant
spacing, indicating that the NDVI data processed by the Box-plot under sparse plant spacing significantly
reduced the disturbance of soil background.
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Fig 9 - Estimation of plant height and nitrogen content of NDVI at sparse plant spacing
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Discussion

In this study, the NDVI of corn canopy obtained from Greenseeker was used to study the effects of
different NDVI data error elimination algorithms to reduce the interference of soil background under different
leaf area. The NDVI mean after error elimination was used to accurately describe the overall trend of NDVI in
the detection area.

The corn canopy spectral reflectance is the key to real-time monitoring of corn nitrogen status. The
canopy reflectance of plants is measured by satellite, aircraft and ground equipment equipped with spectral
image sensors or plant spectral detectors. Satellite and aircraft remote sensing platforms have limited
application in crop management because of their own operational cycles and cloud, weather and low
resolution (Cicek H. et al, 2010; Geipel J., Link J., 2014). Ground remote sensing is a good way to overcome
the above problems, as it is conducted close to the plants (50—-150 cm) and can be used in conjunction with
variable-rate fertilizer applicators for real-time variable fertilization (Nakajima Teruyuki T. et al, 1996; Michael
T et al, 2016).

The bare soil light reflectance is the main problem that affects the accuracy of NDVI of corn canopy. It
is difficult to strip soil reflectance from NDVI data. Statistical methods are employed to reduce the
interference of soil background on NDVI. For example, the Curve fitting (Bradley et al, 2007; Chen J., Per J.,
2004), asymmetric Gaussian function fitting (Nan Cong, 2012; Zhuokun Pan et al, 2015) and Fourier
transform (Quiroz R. et al, 2011; Yang Shao et al, 2016; Du Ming Tsai and Wan-Ling Chen, 2017) methods
were employed to reconstruct NDVI data and reduce outliers. The appeal methods are based on the least-
squares method and the time-frequency conversion principle, which are limited in real-time applications
because of computational complexity. The experimental design was based on the work of (Ramirez M.,
Schjoerring J.K, 2015) and verified the efficiency of the algorithm in corn applications. The results showed
that the optimal algorithm reduced the influence of soil light reflectance on corn canopy NDVI to a certain
extent, but the large errors in the NDVI data after processing because the canopy is different between cotton
and corn (Atanassov R. et al, 2009). Alternative data processing methods, such as Pauta criterion and Dixon
criterion are tested because they are simple to calculate and can be applied under actual production
conditions. All of the data processing methods remove outliers based on their particular threshold values.
The Dixon criterion automatically set the threshold according to the amount of data. In this study, The Box-
plot determines the threshold according to the characteristics of the data. It does not require prior knowledge
and accurately removes outliers of NDVI data when compared with other algorithms. Simultaneously, the
correlation between the mean value of NDVI by the Box-plot and the nitrogen content is 0.94. Accuracy of
nitrogen content estimation is improved compared to other studies (Scharf P.C et al, 2002; Kyle W et al,
2007). Application of the Box-plot effectively improved the accuracy of the NDVI-based variable fertilization
model.

The test plant spacing, evaluation criteria and area of the test space are set according to the
characteristics of the fertilizer application or for a certain purpose. With the development of the electronically
controlled fertilization device, the NDVI method for a smaller area can be studied to further improve the
refinement of corn canopy growth and further reduce the amount of fertilizer applied. At the same time, the
applicability of this method can be studied in other crops such as rice, wheat, soybean, and cotton. The
method can be applied to forestry surveys, land use monitoring (Michael T et al, 2016) and other
applications, to improve the popularization of the method and to be able to use remote sensing error
analysis, remote sensing applications in statistical techniques and for other applications.

CONCLUSIONS

To reduce the interference of soil reflection on corn canopy NDVI under different leaf areas, a case
study was made to compare the performance of three types of error culling algorithms. A novel method
based on the Box-plot method was developed to reduce the effect of soil background on corn effective NDVI
and improve the accuracy of NDVI estimation of corn plant height and nitrogen content. The following
conclusions were obtained.

(1) The NDVI error depends on the leaf area. When the leaf area is small, NDVI has a large error.

(2) Under a different leaf area, the Box-plot method exhibits the best performance. When NDVI has a
large error, the Box-plot method considerably improves the estimation of NDVI, corn plant height and
nitrogen content.
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(3) Although the maximum method improves the effectiveness of NDVI compared with the averaging
method, a large error is observed when the leaf area is small. The method is suitable for small leaf crops,
such as cotton.

The resulting method considers the variation in leaf area to achieve a highly accurate simulation of the
actual application. However, leaf area is affected by many factors and the proposed method is limited to
considering the influence of plant spacing. Future research should consider other influencing factors.
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ABSTRACT

Rice is the staple food of Sri Lankans and both parboiled and raw rice forms of medium and slender
grain types are popular in Sri Lanka. These two shaped grain varieties were selected and the optimum pre-
soaking duration was calculated using the Peleg’s model. The optimum rice to water ratios were determined
for different rice types. A three factor factorial experiment was used to analyse the cooking energy and
cooking time, considering the grain shape, rice grain process condition and pre-cooking condition. Soaking
durations for 86% rice grain saturation was 10 minutes for both shapes in raw form and the optimum rice:
water ratio was 1:2.

Parboiled forms, slender grains and un-soaked rice consumed considerably higher amounts of
cooking energy and time than raw rice forms, medium type grains and pre-soaked rice. When considering
pre-cooking condition and process condition, highest cooking energy and time is consumed by un-soaked
parboiled form of rice. Pre-soaked raw rice requires the least and saved about 40% of energy and time
compared to the un-soaked parboiled rice. With respect to process condition and grain type, Parboiled
slender grains consume the highest cooking energy and cooking time while cooking Raw medium type
grains saves about 40% of those requirements.
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INTRODUCTION

Energy cost is one of the most important issues in Sri Lanka similar to most of the countries in the
world. At present, the highest amount of primary energy in Sri Lanka is provided by the biomass (43%),
followed by the petroleum (37%), hydropower (13%) and coal (4%). Electricity remains as the main
secondary energy source (Energy, 2015). According to the available statistics in 2014, households,
commercial and other sectors accounted for the largest share of energy being 44.7% while the transport and
industry sector accounted for 29.4% and 25.9%, respectively (SLSEA, 2014). Another study reveals that
50% of domestic energy use is for cooking purposes (Wijayatunga, Attalage, 2002). In the cooking context,
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rice is the staple food which is consumed two or three meals a day in almost all households and the per-
capita rice consumption is about 105 kg/year (WorldBank, 2010). Therefore, rice cooking accounts for a
significant fraction of the cooking energy at each household; a population of 20.8 million cooks approximately
2.18 million tons of rice annually. Energy conservation in rice cooking has a national importance in reducing
cost of living and minimizes the national energy crisis while reducing greenhouse gas emissions to the
environment.

The basic dimension used for the rice grain classification is size (length of the grain) and the shape
(length/width ratio). Both USDA (United States Department of Agriculture) and FAO (Food and Agriculture
Organization of the United Nations) classification systems are being used by the scientists. Out of different
rice grain types, classified according to shape classification under both systems, slender and medium types
are of the prime importance as they are the most popular two grain types consumed by Sri Lankans
(Gunasekara, Dharmasena, 2011).

A study has been carried out to investigate the effect of soaking on cooking energy conservation of a
rice variety (Belleputana) (Roy, Shimuzu, Kimura, 2004). However, in this study only three selected soaking
durations were considered instead of moisture saturation percentage and physical characteristics of grains.
Two other studies have reported a comparison of energies to cook un-soaked and pre-soaked rice of the
variety “Bangara Thigadu” with different cooking appliances (Das et al, 2006) and a kinetic analysis has been
carried out for cooking at both pre-soaked and un-soaked conditions with different levels of water with the
same paddy variety (Chakkaravarthi et al, 2008). The temperature on soaking had a significant effect on
chemical composition, glycemic index and starch characteristics of rice (Kale et al, 2015). Effect of
thermodynamic properties on pre-soaking was studied in another research and they have used five different
temperatures as 35°C, 45°C, 55°C, 65°C and 75°C for soaking. Peleg model was used for curve fitting of the
experimental data and the results revealed that the constants of the Peleg model (k1 and k2) decreased with
increasing temperature, indicating a higher initial absorption rate and higher product water absorption
capacity, respectively (Paulo et al, 2016). (Gunasekara, Dharmasena, 2011), the same research group of
this study has studied the effect of grain shape and pre-soaking conditions and established a model for
soaking pattern for two common polished rice grain types but limited only for parboiled rice.

Therefore, the objective of this study was to extend the model for polished rice grain soaking patterns
and to compare the effect of pre-soaking on cooking time and cooking energy of Raw and Parboiled rice as it
has a paramount importance at national and global perspective.

MATERIALS AND METHODS

As the consumer preference is mostly governed by the size and the shape of the rice grains, two
popular varieties were selected to represent both long grain varieties and medium grain varieties as shown in
Table 1 (Gunasekara, Dharmasena, 2011). Like most of the Sri Lankan rice varieties, the selected two
varieties are falling into intermediate category (70 -74°C) according to their gelatinization temperature
(Gunasekara, Dharmasena, 2011).

Table 1
Classification of BG 360 and BG 94-1 rice varieties according to USDA and FAO classification system

. . i Classification according | Classification according
v:rlii;y L(egg]t)h m?:]? Lengrt;z\év'dth to size (Length) to Shape (Length/Width)
USDA FAO USDA FAO
BG 94-1 6.58 1.87 3.66 Medium Long Slender Slender
BG 360 4.5 1.72 2.67 Short Short Medium Medium

A two-parameter empirical formula that was proposed by Peleg (Peleg, 1988) for milk powder was
reported as satisfactory in modeling hydration kinetics in vacuum soaking of paddy (rough rice) (Bello,
Tolaba, Suarez, 2008). The same model was used to derive sorption curves for each of the factorial
combinations after testing its fitness for sorption of polished rice grains. The Peleg model relates the
instantaneous moisture content with the initial moisture content and the soaking time as given in equation
(1).

m(t) = m, + 1)

t
Ky + Kyt

The variation of moisture content is denoted as m (t), in decimal dry basis, with the time t and m, is the
initial moisture content (decimal dry basis) while ki, ko being constants. The Mean Relative Deviation
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Modulus (P), one of the statistical tools used in assessing the goodness of fit of the Peleg model with data
was calculated using the equation (2).
p= (ﬂ) ¥ (IM;Mﬂ) )

n P

where P is the Mean Relative Deviation Modulus, M is the actual Experimental Moisture content; Mp is the
predicted moisture content; and n is the number of observations. P value less than 5, between 5-10 and
greater than 10 indicates that the model has an extremely good fit, reasonably good fit and poor fit
respectively, with the experimental data.

Since the Parboiled and Raw rice forms are popular among the consumers from different parts of the
country, four 100 g samples of both BG 94-1 and BG 360 in both Parboiled and Raw rice forms were soaked
in 300 mL of distilled water under room temperature (27+ 2°C) and at atmospheric pressure. Subsequently
the samples were drawn at 15 minutes intervals for 2.5 hours. After the surface moisture was removed from
rice kernels, the samples were kept in oven at 120°C for 24 hours (AOAC, 2000) and dry weights were
obtained and the moisture contents were calculated at each time period.

The model fitting procedure of the previous study (Gunasekara, Dharmasena, 2011) was followed for
the raw rice as well. According to the Peleg model, the highest moisture content (Equilibrium Moisture
Content (EMC)) is achieved when t->«. Even though the Peleg model, gives the highest moisture content or
EMC when t>«, prolonged soaking enhances the microbial fermentation resulting in bad odour
development. Further, the longer soaking durations are not practical with the present lifestyles. Therefore,
the maximum allowable soaking time was limited to 2.5 hours as previously reported by the same research
team (Gunasekara, Dharmasena, 2011). In order to provide the equal conditions for both samples of raw and
parboiled, the factor combination in which the sorption process is the slowest (parboiled types), was only
allowed to hydrate 150 minutes and the moisture content at that particular time and wetted percentage with
respect to the EMC was back calculated using the Peleg model. Then the required soaking duration was
calculated for the other factor combinations taking the above wetted percentage as a constant.

Four parboiled and raw samples of 250 g each from slender (BG 94-1) and medium grain types (BG
360) were cooked in an electric rice cooker using four different rice to water volume ratios; 1:2, 1:2.5, 1:3 and
1:3.5. After the rice was cooked, few kernels were taken out and pressed between two glass plates.
Minimum rice to water ratio which produced cooked rice without having an opaque core when pressed was
considered as the optimum rice to water ratio. It was found the 1:2 as the optimum volume ratio for raw rice
of both grain types. (Gunasekara, Dharmasena, 2011) have already found that 1:2.5 is the optimum ratio for
parboiled rice of both grain types (BG 94-1 and BG 360 varieties).

A three factor factorial experiment was conducted considering the pre-cooking condition (un-soaked and
soaked conditions as two levels), rice grain process condition (parboiled and raw rice forms as two levels)
and the rice grain type/variety (with two levels as BG 94-1 and BG 360) as the considered factors. Four
replicates were tested for each of the factor combination. A rice sample of 300 mL was cooked using 750 mL
of distilled water for samples containing parboiled rice while the same amount of rice was cooked in 600 mL
of distilled water for raw rice. A Mitsubishi electric rice cooker (Model NJ-Z18T) was used to conduct the
cooking trials, while an 110V digital watt meter (Model P4400 KILL A WATT™) (Fig. 1) was employed to
obtain the data on cooking energy and cooking time. The data were analyzed by General Linear Model

(GLM) using Minitab 15® (2006) statistical software.
Q 230V

opooooo 110V

L] [

Rice cooker Digital Watt meter Step DownTransformer

Fig. 1 - Instrumentation setup for the measurement of rice cooking energy
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RESULTS
¢ Mathematical model fitting for moisture sorption of polished rice grains

The characteristic hydration curves obtained for raw rice samples of both varieties are shown in Fig. 2.
Hydration curves for parboiled rice is extracted from a previous study by the same research team for the
comparison purpose of two different forms. The rapid hydration rates shown in the initial phase were
diminished to reach a plateau towards the Equilibrium Moisture Contents (saturation) in each of the four
cases (Gunasekara, Dharmasena, 2011). According to the hydration curves, the parboiled forms of both rice
varieties took much more time to reach the plateau when compared to the raw rice form. The parboiled form
of the slender type took the longest time in comparison with all other types. Hydration curves of the raw rice
forms of both varieties were more or less similar and almost overlapping with each other. In the parboiled
context, there was a huge variation of sorption pattern between two rice types or varieties. Medium grain
variety showed higher initial hydration rate compared to the slender grain variety. However, the parboiled
medium rice achieved its predetermined moisture content (86% saturation) quickly, in 44 minutes, compared
to that of parboiled slender grain variety that took 150 minutes (Gunasekara, Dharmasena, 2011).

In the mathematical model fitting procedure, the corresponding Peleg’s coefficients, Residual Sums of
Squares (RSS), correlation coefficients (R?), Mean Relative Deviation Modulus values (P) are given in Table
2.

Table 2
Peleg's model fitting for curves of rice hydration as a function of time
Variety k1 k2 RSS R? P
Slender Grains (BG 94-1) 45.28 +7.58 1.485 +0.074 0.00514 0.987 2.38
Medium Grains (BG 360) 19.32+3.34 1.973 £ 0.047 0.00166 0.993 1.53
Slender Grains (BG 94-1) 11.69 +5.53 4.065 £ 0.107 0.00059 0.988 1.59
Medium Grains (BG 360) 12.15+8.97 4,112 £0.173 0.00147 0.972 2.28

Source: (Gunasekara, Dharmasena, 2011)

According to Table 3, BG 94-1 parboiled slender rice saturated 86% with respect to its EMC in water
or water saturation within 150 minutes of soaking, while BG 94-1 slender raw rice, BG 360 medium parboiled
and BG 360 medium raw rice forms took 10, 44 and 10 minutes, respectively to reach the pre-determined
86% saturation.

Table 3
Comparison of soaking times of different rice types to reach predetermined saturation level
and the Peleg’s sorption model parameters

Variety Mo t MC(t) Me Soaking%
BG94-1 Parboiled 0.138 150 0.698 0.811 86
BG94-1 Raw 0.166 10 0.353 0.409 86
BG360 Parboiled 0.156 44 0.570 0.663 86
BG360 Raw 0.157 10 0.348 0.403 86

Source: (Gunasekara, Dharmasena, 2011)
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Fig. 2 - Comparison of sorption curves of parboiled and raw rice forms of both slender and medium grain
varieties at the room temperature (27 + 2°C) and at atmospheric pressure
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e Comparison of optimum rice to water volume ratios for cooking

Main effects of all the factors: pre-cook condition (pre-soaked or not), process condition (Raw or
Parboiled) and the rice grain type (slender or medium) were significant for both cooking energy and cooking
time. Even though pre-cook x process condition and process condition x grain shape were significant for
cooking energy, the pre-cook condition x grain shape interactions were not significant for the cooking energy
(p> 0.05). The three way interaction: pre-cook condition x process condition x grain shape was also not
significant for the cooking energy (p> 0.05) (Table 4). Similarly for cooking times, all the main effects were
significant and the two way interaction of pre-cook x process condition and process condition x grain shape
were significant (p < 0.05). However, the two way interaction of pre-cook condition x grain shape and the
three way interaction; pre-cook condition x process condition x grain shape were not significant (p > 0.05)
(Table 5).

Table 4
Analysis of variance for cooking energy, using adjusted sums of squares for tests
Source DF Seq SS Adj SS Adj MS F P
Pre-cook 1 0.0200 0.0200 0.0200 369.2300 0.000
Process 1 0.0946 0.0946 0.0946 1746.6900 0.000
Grain 1 0.0200 0.0200 0.0200 369.2300 0.000
Pre-cook x Process 1 0.0025 0.0025 0.0025 45.2300 0.000
Pre-cook x Grain 1 0.0000 0.0000 0.0000 0.2300 0.635
Process x Grain 1 0.0032 0.0032 0.0032 59.0800 0.000
Pre-cook x Process x
Grain 1 0.0000 0.0000 0.0000 0.2300 0.635
Error 24 0.0013 0.0013 0.0001
Total 31 0.1416
Table 5
Analysis of variance for cooking time, using adjusted sums of squares for tests
Source DF Seq SS Adj SS Adj MS F P
Pre-cook 1 157.530 157.530 157.530 225.720 0.000
Process 1 693.780 693.780 693.780 994.070 0.000
Grain 1 166.530 166.530 166.530 238.610 0.000
Pre-cook x Process 1 19.530 19.530 19.530 27.990 0.000
Pre-cook x Grain 1 2.530 2.530 2.530 3.630 0.069
Process x Grain 1 22.780 22.780 22.780 32.640 0.000
Pre-cook x Process x Grain 1 1.530 1.530 1.530 2.190 0.152
Error 24 16.750 16.750 0.700
Total 31 1080.970

e Effect of pre-soaking on cooking time and cooking energy

Fig.3 illustrates the cooking time and cooking energy requirements of four main factor combinations:
soaked raw and parboiled and un-soaked raw and parboiled types. According to the graph, pre-soaking
requires less cooking energy and cooking time for both parboiled and raw rice types. The amount of cooking
energy and cooking time conservation with respect to highest energy consuming factor combination
considering pre-cook condition and the process condition are illustrated in Table 6. According to Turkey
mean comparison test, pair wise comparisons among all the levels of pre-cook condition x process condition
interactions were significantly different (p < 0.05).

Table 6
Mean percentage energy and time saving in cooking Parboiled and Raw rice
Un-soaked- Soaked-
Parboiled Un-soaked-Raw Parboiled Soaked-Raw
% Energy Reduction 0 -32 -17 -40
% Time Reduction 0 -33 -18 -41
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Fig. 4 illustrates the cooking time and cooking energy comparisons of slender and medium grain types
processed as parboiled or raw. According to the graph, slender grain of both parboiled and raw consume
more energy and time than medium grain type. According to data, parboiled slender consumes the highest
cooking energy and cooking time and Table 7 provides the percentage energy and time saving for above
four rice types with respect to parboiled slender rice type. The pair wise comparisons among all the levels of
process condition x grain type interactions were significantly different (p < 0.05) for cooking energy and
cooking time.
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Mean Cooking Energy Mean Cooking Time
Fig. 3 - Mean cooking energy and cooking times for Parboiled and Raw rice types in both un-soaked
and pre-soaked conditions
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Fig. 4 - Mean cooking energy cooking times for Parboiled and Raw rice of both slender and medium types

Table 7
Mean percentage energy and time saving in cooking different types of rice
Parboiled-Slender Parboiled-Medium Raw-Slender Raw-Medium
% Energy Reduction 0 -18 -32 -40
% Time Reduction 0 -19 -34 -42

e Discussion

Establishment of a mathematical model for moisture sorption for polished rice soaking in water is very
important for predicting sorption related unknown parameters. The same research team has reported that the
Peleg’s model fits well for the sorption of parboiled rice. In the evaluation of the acceptability of Peleg’s
mathematical model, very low RSS values, very high R? values (0.97 to 0.98) and Mean Relative Deviation
Modulus (P) value less than five (5) confirms that the Peleg model fits extremely well with the all four types of
polished rice grain sorption data. Therefore, the Peleg model can be used to accurately estimate
instantaneous moisture content of polished raw rice as well as the parboiled rice when soaking in water at
room temperature and atmospheric pressure.

208



Vol. 56. No. 3 /2018 |NMATEH'-'dqua¢l:t«tal: cgnqmcctmq

It has been previously reported that prior soaking reduces the energy consumption and cooking time
during normal cooking, while the pre-soaking does not contribute to the energy conservation in the case of
controlled cooking in electric rice cooker (Das et al, 2006). Soaking rice prior to cooking, an established
energy saving practice, resulted in energy savings to the extent of 5-11% in normal cooking and 3-18% in
controlled cooking and also pre-soaking shows only a marginal reduction (Lakshmi et al, 2007).

However, according to another study (Roy, Shimuzu, Kimura, 2004) cooking of milled raw and
parboiled rice by adopting the pre-soaking method for 60 minutes with an electric rice cooker reduces the
cooking energy of cooked rice (66% moist) by 4% and 6 to 11% respectively. However, information on grain
type, gelatinization temperature and the grain saturation level are not considered in all above studies.

According the results of this experiment, 40% of cooking energy and 41% of cooking time reduction is
evident by cooking raw rice after being soaked for 10 minutes (86% saturation), 32% energy and 33%
cooking time for un-soaked-Raw rice, and 17% energy and 18% cooking time for soaked Parboiled rice
compared to cooking of un-soaked parboiled rice. Therefore, it is clearly evident that significant amount of
energy and cooking time could be conserved by switching to soaked raw rice instead of un-soaked parboiled
rice. Further, pre-soaking has reduced about 17% energy for parboiled type and about 8% for raw rice type.
The percentage energy saving for raw rice is observed as twice as the value reported in a previous study
(Roy, Shimuzu, Kimura, 2004) and the percentage cooking energy saving for Parboiled rice is also
considerably higher than their reported range. This may be due to the differences in physicochemical
properties of the grain varieties used in Sri Lanka, optimization of water requirement and the degree of pre-
soaking of the rice grains.

In addition, cooking of Raw-Medium shape grain type has shown a 40% reduction in energy and 42%
reduction in cooking time compared to Parboiled-Slender shape grain type. The cooking energy and cooking
time reduction of Parboiled-Medium shape grain type was 18 and 19%, and Raw-Slender shape grain type
was 32 and 34% respectively, compared to that of the Parboiled-Slender grains. Therefore, it is evident that
the process condition; raw or parboiled as well as pre-cook condition; pre-soaked or un-soaked have
influenced on the reduction of cooking energy and cooking time requirement. The cooking energy reduction
in pre-soaked rice may be due to the uniformity of heat and mass transfer during cooking in the pre-soaked
rice grains. Rice cooking is a process governed by two mechanisms; [1] moisture diffusion from surface to
core and [2] physicochemical reactions of grain components. According to kinetics, rice cooking is similar to
a first order chemical reaction. In the case of un-soaked rice cooking, there are two falling rate periods
similar to drying of hygroscopic foods with two corresponding rate constants. This is due to the initial
formation of an outer cooked impervious layer which acts as a barrier for moisture diffusion to the reaction
site at the core of the rice grain. Therefore, the initial reaction rate is dropped down after about 80% of
gelatinization and enters into a second reaction phase. However, in cooking pre-soaked rice, there is only
one reaction rate as the grain is adequately hydrated for gelatinization. This is the main reason for cooking
energy and cooking time conservation in pre-soaked rice (Chakkaravarthi et al, 2008).

According to results of the experiment, both slender and medium types of parboiled rice consumed
significantly higher cooking energy and time than raw types. A previous study carried out using pu-CT and
MRI technologies to identify the grain microstructure’s effect on cooking behaviour and reported that the
increasing porosity within the grain reduces the cooking time (Mohoric et al, 2009). During parboiling the
starch crystals are being gelatinized and become amorphous molecules resulting less porous within the rice
grains. Therefore, the hydration time during the cooking process is prolonged for parboiled rice resulting
higher cooking time, leading to higher cooking energy than raw milled rice (Otegbayo, Osamuel and
Fashakin, 2001).

CONCLUSIONS

The Peleg’'s mathematical model fits well with the moisture sorption data of polished raw rice. The
optimum rice to water ratios for cooking raw rice is 1:2. Parboiled forms, slender grain types and un-soaked
rice require considerably higher amounts of cooking energy and time than raw rice forms, medium type
grains and at least 86% pre-soaked rice. When considering pre-cook condition and process condition,
highest cooking energy and cooking time is consumed by un-soaked Parboiled form of rice. Pre-soaked raw
rice requires the least and could be saved about 40% of energy and time required for un-soaked parboiled
rice. With respect to process condition and grain type, parboiled slender grains consumes the highest
cooking energy and time while cooking raw medium type grains save about 40% of those requirements.
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ABSTRACT

Bruising is one of the most important factors of apple wastes. In this study, the performance of both
stimulator and receptor piezoelectric transducers in the diagnosis of Red Delicious apple bruising was
evaluated. The evaluations were conducted on damaged apples at level 1 (depth of 0.3 cm and 1.58 cm in
diameter), level 2 (depth of 0.4 cm and 2.22 cm in diameter) and level 3 (depth of 0.6 cm and 3.4 cm in
diameter). The signal processing was carried out in both time and time-frequency domains and two
properties of Root Mean Square (RMS) and Kurtosis were calculated. To transmit signals in time-frequency
domain, wavelet transform with 4 levels of decomposition including approximate al to a4 and details d1 to d4
were used. Results showed that in the time domain, the value of RMS of level 1 damaged apples was 22%
less than safe apples (P <0.05), but there was neither significant difference between damage levels, nor in
the value of kurtosis. In the time-frequency domain, the RMS values of safe apples in al, a2 approximates
and d2 and d3 details were significantly higher than level 1 damage (P <0.01), but no significant difference
was found between damage levels. In this domain, the value of kurtosis of damaged apples in level 1 in
details d4 was 86% higher than safe apples and in the a4 approximate, the difference between the levels of
kurtosis was significant in levels of damage 1, 2 and 3 (P <0.01). Therefore, piezoelectric transducers are
able to detect apple bruising.
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INTRODUCTION

The apple fruit (Malus domestica brokh) is rich in vitamin C and pectin. It has high calorie content
(Nunes, 2008). Iran has the eighth ranking between the apple producers of the world in 2015 with the
production of 1.7 million tons (FAO, 2015). The fruit quality can be determined by external (i.e. weight and
colour) and internal (i.e. firmness, sugar content and acidity) characteristics (Rostampour et al., 2013). The
apple quality contains different factors such as external features, texture, acidity, and soluble solid contents
(SSC). There are different methods for measuring these criterions including destructive and non-destructive
techniques. It can be said that non-destructive methods have no invasive effect on thermal, chemical,
mechanical, photo physical, and photo chemical properties of agricultural products. The principle of using
sound properties of materials (acoustic method) is one of the non-destructive evaluations (Arana et al.,
2004).
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In recent decades, various non-destructive methods are presented to evaluate bruises in fruits. Most of these
methods are sensitive to the physical characteristics of the fruit. These characteristics are mechanical (force-
deformation curve, sound and impact responses, and ultrasonic methods), optical (visible and NIR
spectroscopy), electromagnetic (nuclear magnetic resonance), and chemical (the olfactory machine)
(ElMasry et al., 2009). The non-destructive methods are providing higher velocities in quality measurements.
The bruises are one of the external damages of fruits that occur during harvest and post-harvest operations.
The bruises are the second important factor of quality after flourished in apple (Stajnko et al., 2004). It
happens due to applying a mechanical force to the texture of fruits. Bruise detection in “Red Delicious”
apples by using image analysis and similar techniques has a low accuracy (Kleynen et al, 2005). Bennedsen
et al. (2005) used digital imaging technique for bruise detection in apples. The results showed that it was
able to distinguish bruised fruits from intact ones with the accuracy of 85%. The sound and vibration
response method is one of the non-destructive methods to evaluate the textural quality of agricultural
products.

The amount of bruises depends on elastic parameters of the environment called Young’'s modulus E(Pa) or
shear stress modulus G(Pa) (Garcia et al., 2005). Vibrational sensors, used for identifying and measuring the
propagated signals by fruits, are classified into contact and non-contact sensors. The contact sensors
(usually piezoelectric device or accelerometer) are connected directly to the surface of fruit, but non-contact
sensors (usually microphone) do not have any contact with the samples.

According to the high importance of quality control in post-harvest period and separation of damaged
textures in fruits, the objective of the current study is checking out the ability of piezoelectric transducer as a
non-destructive method aimed at detecting bruised textures. Herein, two piezoelectric transducers have been
used to detect the bruises in “Red Delicious” apples. The performance of the developed system is evaluated
in bruise detection at three levels. The signals are processed in time and time-frequency domain by wavelet
transformation. Then, two features, RMS and Kurtosis, are extracted from signals.

MATERIALS AND METHODS
SAMPLE PREPARATION

“‘Red Delicious” apples have been harvested from a garden in West-Azerbaijan province of Iran in
2017. Then, samples were washed and allowed to dry under the free flow of air. The samples were
transferred to post-harvest laboratory in the Biosystems department of Urmia University in order to perform
the related tests. Different levels of bruises have been shown in table 1.

Tablel
Different levels of bruises
Level3 Level2 Levell Bruises levels
0.6 0.40 0.30 Depth (cm)
3.4 2.22 1.58 Diameter (cm)

PIEZOELECTRIC SET-UP

The experimental set-up based on sonic vibration response was designed and made. Piezoelectric
transducers contain two PZT layers with the thickness of 0.19mm. In this system, a linear voltage amplifier
(Model EPA-104) has been used. The non-destructive device has been shown in Figl.

!

’

Fig.1- Non-destructive set-up to evaluate bruises
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This set-up contains a soft bed with two piezoelectric transducers: one for sample excitation and
another as a sensor. The vibration passes the fruit and is received by the receiver sensor. For this reason,
the received signal goes into a microprocessor. Then, noise and disturbing vibrations were removed by low-
pass filters. Finally, filtered signal appears in voltage through the amplifier. The received signal has been
sent to a PC by USB port with a 1000 Hz sampling speed. It is notable that the receiver sensor was on bruise
areas during the experiments.

SIGNAL PROCESSING

The vibrational signals were processed in time and time-frequency domains by wavelet transformation.
In this study, two features, Root Mean Square (RMS) and Kurtosis, were used to compare the output signals
from fruits.

ROOT MEAN SQUARE (RMS)
Root Mean Square (RMS) is one of the popular quantities in vibration science. RMS is calculated from
Equation (1) for digital and random signals (Mohammad et al, 2013):

\ 1 1)
2 2

Arus =|:Zk:1a (tk)i|

Where a is the amplitude at the moment of tx and N is the number of samples.

KURTOSIS

Kurtosis expresses the magnitude and sharpness of signal extreme. Kurtosis (K) is calculated from
Equation (2) for digital and random signals (x (t)) with N samples (Hong & Dhupia, 2014):
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WAVELET TRANSFORMATION

In Wavelet transformation, the signal is passed through a series of upstream and downstream filters.
Signal is divided in two parts; the section, which passes from a high-pass filter, contains high frequency data
i.e. noise. It is called details. The second section, which passes from a low-pass filter, contains low frequency
data and identity features of signals. In general, if X(t) is the main signal and is decomposed into x levels, the
first signal can be achieved from the sum of approximation signal at the last level and detail functions at
different levels (Equation (3)) (Zanardelli et al., 2005; Soman et al., 2010):

X(t) =a, (t) + jjdj ) @3)

Decomposition operations can be continued until there is no significant data in approximations. So, the first
signal can be rebuilt using details signals without losing any necessary data. Function type selection is
different for various problems in wavelet transformation. The Daubechi function (DB) has been used in most
of the studies. The efficiency of Daubechi function is acknowledged. Hence, the mentioned function is used
in this research to decompose the signals. Herein, Daubechi function with four decomposition levels was
selected after try and error. Therefore, the signal can be written as Equation (4), (di- d4 are details and a4 is
approximation):

x[n]=a,+d,+d,+d,+d, (4)
Where x[n] is the main signal and indexes are related to the decomposition level of signal.

STATISTICAL ANALYSIS

The received signals from intact and damaged apples were compared with each other. In total, there were 48
samples and data acquisition was repeated 12 times per treatment. MATLAB R 2014a software was used for
signal processing. Duncan method compared the means with each other and SAS 9.1 software was used for
statistical analysis.
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RESULTS
SIGNAL PROCESSING IN TIME DOMAIN

Fig. 2 shows the received signals from intact and damaged apples at levels 1, 2, & 3 in time domain.
As seen, the received signals were same for both intact and damaged samples. Consequently, there was no
obvious difference between them. Therefore, RMS and kurtosis was extracted from the signal for an
accurate processing.
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Fig. 2 - Time domain signals for intact and damaged samples at levels 1, 2, & 3

RMS and kurtosis amounts are shown in Fig. 3 for time domain signals of intact and damaged
samples at levels 1, 2, & 3. The RMS amount for damaged apples of level 1 was 22% less than for intact
ones (p<0.5). However, there is no significant variation in RMS amount according to the increase in the
damage region from level 1 to level 2 and from level 2 to level 3. So, the RMS can detect presence or
absence of injuries in apples at the confidence level of 95%, but it cannot be considered as a suitable

criterion in detecting different levels of injuries.
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Fig. 3 - RMS and kurtosis amounts for intact and damaged samples at levels 1, 2& 3 in time domain

Additionally, the kurtosis amount was approximately same for intact and damaged samples in time
domain signals and means differences were not statistically significant. Hence, kurtosis in time domain
signals was not able to detect damages.
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SIGNAL PROCESSING IN TIME-FREQUENCY DOMAIN

Due to accurate processing of signals, wavelet transformation was used. Lt transferred signals to time
frequency domain and converted the main signal to some sub-signals. An example of a main signal and sub-
signals is shown for intact and damaged samples at level 3 in Fig. 4 and Fig. 5 respectively.
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Fig. 5 - The main signal and sub-signals for a damaged apple at level 3

The main signals (s) in Fig. 4 and Fig. 5 do not show any difference among the studied treatments, but
some differences can be seen with the naked eye after decomposing signals and studying sub-signals. For
example, the amplitude of d4 sub-signal for damaged samples of level 3 is less than that for intact ones at
first moments of applying vibration. It can be also seen that dz2 and ds sub-signals in damaged apples of level
3 have more beating situation than intact ones. This difference can be related to the presence of weakness
in system structure and consequently manipulate the output signal. However, there was no definite
conclusion, and for better comparison, RMS and kurtosis values of decomposed signals were calculated.

In Fig. 6 the RMS values of sub-signals and in Fig.7 the kurtosis values of sub-signals, in two sections
of approximates and details for healthy and damaged apples, in levels 1, 2 and 3 are shown. Given that the
signals were decomposed in 4 levels, the results are presented in 4 levels of approximation (a; to a4) and 4
levels of details (di to da).

As seen in Fig. 6 RMS amount in damaged samples is less than that in intact ones according to all
sub-signals of approximations (a1 — as) and details (d1— d4). Decreasing the RMS can be due to softening the
texture of damaged fruits and attenuating the passing signal from fruit. RMS amounts of intact and damaged
fruits were not significantly different at third and fourth approximations (as & as) (Fig.6).
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However, the RMS amounts of intact and damaged fruits were significantly different at first and second
approximations (a1 & ay) (p<0.01). It shows that RMS amounts among damaged samples of levels 1, 2, & 3
are not statistically significant. Also, this amount is not significantly different in first and fourth details (d1 &
da), but it is statistically significant in second and third details (d> & 43) at the confidence level of 1%.

It demonstrates that RMS is not significantly different among damaged samples of levels 1, 2, & 3.
Consequently, RMS feature is not suitable for detecting damaged samples of levels 1, 2, & 3 from each other
even using wavelet transformation and decomposing the main signal to sub-signals. Hence, the RMS can
only detect intact apples from damaged samples of level 1 in some sub-signals.

In Fig.7, the comparison of kurtosis amounts between details sub-signals shows that kurtosis in
damaged samples of level 3 is 221% more than that in damaged apples of level 2 in fourth approximation
sub-signal (a4). Additionally, this amount for damaged apples of level 2 is 325% more than that for damaged
ones of level 1. As shown in Fig. 7, the kurtosis in damaged samples of level 1 is 86% more than that in
intact ones according to the fourth details sub-signal (d.). It can be concluded that the kurtosis in the fourth
details sub-signal (d4) is used for detecting damaged samples of level 1 from intact ones.

However, the kurtosis in fourth approximation sub-signal (as) can be used for separating different
levels of injuries. The sensitivity of a4 and d4 toward the changes in fruit conditions can be due to the
destruction of homogenous structure in intact apples and disorders in passing signals from the texture of
damaged samples. These disorders in damaged samples of level 1 make little changes in general process of
signal and can be only shown in the main sub-signal of details (d4). However, the mess in the vibrational
signal increases with the increase of injuries to levels 2 and 3. So, it influences the general structure of signal
or fourth approximation (as).
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Fig. 7- The kurtosis of intact and damaged samples in details signals

CONCLUSIONS

In this article, two piezoelectric transducers were used to detect bruises in “Red Delicious “apples,
non-destructively. In this technique, vibrational signals were passed through the texture of fruits. These
signals were processed in time and time frequency (decomposition with wavelet transformation) domains.
The results demonstrated that piezoelectric transducers could correctly detect the bruises in “Red Delicious”
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apples. The detection of different levels of damages was impossible in time domain, but it was possible by
using wavelet transformation and sub-signals processing. Signal analysis in time domain showed that only
RMS could distinguish intact apples from damaged ones, but it was not helpful in the detection of different
levels of injuries using wavelet transformation in time-frequency domain and comparing the kurtosis of sub-
signals could be useful in detection of intact samples from damaged apples and in separating the different
levels of damages from each other.
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