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ABSTRACT

The original methods for determining the critical velocity impact on a metal surface, taking into account
the moisture content of the granules and the influence of the wind on the final distribution have been
developed. The research technique of influence on the airflow make possible to determine the effect of
speed, both in laminar and turbulent modes.

The proposed rotary working body designs, structural features of which enable to improve the
dispersion evenness of mineral fertilizer, are presented.

PE3IOME

Po3pobrneHi opueiHanbHi MemoOUKU BU3HAYeHHSI Kpumu4Hoi weudkocmi ydapy o6 memarnesy
r0BEPXHIO 3 ypaxysaHHsaM eorio2ocmi epaHyn i ennusy Oii nosimps Ha KiHuesul po3rnodin. Memoduka
docnidxeHb weudKocmi No8impsiHo20 MomokKy 00360/51€ 8U3HaYUMU 6r/U8 CKOpOCcmuU, 5K y 1amMiuHapHOMY,
mak i 8 mypbyrneHmHoOMy pexxumax.

BanpornoHosaHuli pomopHul poboyuli opaaH, KOHCMPYKUIlHi ocobnueocmi K020 00380/15H0Mb
roKpawumu pieHoMipHicme po3kudyeaHHs MiHeparbHuUx dobpus.

INTRODUCTION

It is known that, in Europe, over 90% of the granular fertilizers are distributed using spinning disc
spreaders. Fertilizer efficiency largely depends on proper method, combinations of their dressing into soil
(Ning et al, 2015). Depending on the terms and standards, there are main pre-sowing fertilizing and top-
dressing.

There are two ways to use granular fertilizers: solid surface spreading and subsoil fertilization (Antille
et al.,, 2013; Fertilizer Manual, 1998). The granular fertilizers must be especially properly handled and
distributed (Hofstee, 1992).

The most common granular fertilizer application device is the centrifugal disk spreader (Petcu et al.,
2014; Tijskens et al., 2008). The main advantages of this spreader are the large spread width, the simple
construction and the low cost (Petcu et al., 2015). Meantime the distribution pattern of fertilizer is affected by
many variables. It depends on machinery model, working conditions and physical characteristics of fertilizer
(Allaire and Parent, 2004; Macmillan, 2007; Sima T. et al., 2013). In this case disks with the possibility of
working with mixture application on the soil surface at an angle to the horizon are used.

First of all, it is explained by the versatility of aggregate. By disc reorienting, we can get high quality
fertilizing and achieve high performance by coverage.

However, lack of a clear interpretation of numerous design features of the working body and the car, in
general, creates problems for the implementation of agro-technical requirements and increases the burden
on the environment (Biocca et al., 2015). It is known that the optimal dose of fertilizing for each crop is
recommended for specific soil and climatic conditions (Fertilizer Manual, 1998).

Methods and terms of fertilizing depend on biological and varietal characteristics of culture,
predecessors, soil conditions, specific farm possibilities. Usually local and dispersing methods are used.
Dispersed and local fertilizing can be main, pre-sowing or top-dressing.
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Fertilizing is one of the indicators of agronomic requirements for such operations like irregularity in the
distribution by coverage - 25%, while aggregate moving - 10%.

Unfortunately, national machines for mineral fertilizing provide application evenness near 50-60%,
leading to deterioration of the quality and quantity of crops (Kravchuk et al., 2004; Vasylieva N., 2016;
Velychko O., 2015). It was established that the uneven application of mineral, organic fertlizers and lime
leads to significant yield losses and deterioration of its quality. Another negative consequence is
environmental pollution.

The main disadvantages of centrifugal machines for mineral fertilizing are:

- high distribution unevenness by coverage;
- fractions redistribution by coverage;
- coverage instability.

It is clear that the quality of national spreading machines should be raised, but it requires significant
expenditures in Ukraine. That is why improvement of the technical level of machines should be focused on
economically reasonable limits. All these indicate the need for further research regarding the fertilizing
process.

During the analytical research we have created mathematical model of the granular fertilizer which
uses a centrifugal disk. The construction diagram of our own design spreader has been suggested.

The objective of experimental research is to determine the effect of wind direction on uniformity of
fertilizing by the fertilize spreader working body.

According to the goals we identified the following tasks such as:

e to develop a methodology for determining:

- parameters of granules distribution by the soil surface in laboratory conditions;
- wind impact on the parameters of the distribution of the granules by the soil surface.
to develop constructive scheme of experimental installation and produce experimental stand;
to produce disk model with the main design parameters;
to perform laboratory experiments according to the research program;
to perform mathematical analysis of the results.

MATERIAL AND METHODS

Achievements of the laboratory research were:

- determination of basic mechanical and technological properties of the fertilizers used in experiments;

- establishing granules distribution by kinematic and geometrical parameters: rate of disk rotation n,
rad/s; angles yi, y», y3 of flow setting, deg; angles ai, a,, as, — tilting angles of blades to disk rotation area,
deg;

- calculation of distribution parameters by the surface of each stream separately and simultaneously
from all streams for different fractional composition of fertilizers;

- determination of the design parameters of the disk in which distribution is closest to even;

- research of the impact of different wind speed and direction on the final distribution of fertilizers;

- establishing the impact on fertilizers final distribution by axial vibrations of the disk and tilting angle
relative to surface of soil.

Several field testing trials were included into the program, namely:

- making prototype of the disk with structural and kinematic characteristics, which was determined by
results of laboratory and field research;

- determining the quality of surface fertilization under different applying rules;

- comparative analysis of fertilizing quality by serial and developed centrifugal working body.

Major mechanical and technological properties of fertilizers that have been used for the research, were
determined during the experiment.

Standard methods were used to determine moisture, specific gravity, coefficient of internal and
external friction, metal restitution ratio on hit. Methods of acceptable impact velocity of granules by the metal
surface and determining of their aerodynamic properties can be considered as original.

Acceptable impact velocity can be determined by the scheme (fig. 1).

Laboratory installation consists of a blade disc 1 with a vertical rotation axis, bin 2, driving gear 3 with
installed r.p.m. meter, percentage feeder 4, light-absorbing screen 5, collector of waste material — bag 6 and
bin 7.
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Fig. 1 - The scheme for determining acceptable impact velocity of fertilizer granules by metal surface
1 - blade disc; 2 — tanker; 3 — driving gear; 4 — percentage feeder; 5 — light-absorbing screen; 6 — bag; 7 — bin

Critical velocity was determined on sailing classifier with somewhat modified design (fig. 2), where the
flow rate is measured directly by anemometer 3. In this device airflow is formed by fan 5, which is powered
by transformer 7. The flow rate is regulated by excluder 6. Using of the anemometer 3 instead of the Pitot
tube makes possible to measure velocity directly without performing assistive calculations.

Fig.2 - Scheme of modified sailing classifier:
1 - tube; 2 — net; 3 — anemometer; 4 — anemometer screen; 5 — throttle; 6 — fan; 7 — transformer

The laboratory installation was constructed to perform the research program (fig. 3).

Fig. 3 - Scheme of laboratory installation
1 - tanker; 2 — disk; 3 — blade; 4 — percentage feeder; 5 — activator; 6 — activator’s window;
7 —reducer; 8 — bin; 9 — samplers
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Bins with installed samplers, which take falling granules, are used to determine the distribution
parameters. It provides opportunities to determine the distribution of the granules coordinate-wisely (X, Y,).
Only one bin was used because of distribution parameters which have been pre-installed coordinate-wisely.

Wind flow was created by the bladed fan. Speed and direction of air flow were regulated by changing
the position of the fan 3 relatively to bin 2. The flow rate was measured by anemometer 4 (fig. 4).

Fig. 4 - Research scheme of airflow action
1 — disk spreader; 2 — bin with samplers; 3 — fan; 4 — anemometer

At higher speeds unevenness dramatically increases and exceeds the allowable agrotechnical limits.
The obtained data testify that the airflow negatively affects the evenness. The direction of the flow is also an
important factor that determines evenness.

The lowest effect is observed when the wind direction is perpendicular to aggregate motion. This can
be explained by receiving the smallest dose by outermost bins.

The biggest impact was at the action of two angles: 45° and 135°. It was revealed that the influence of
the wind is selective, that air flow which is directed at an angle from 45° to 135° has the greatest impact on
evenness distribution of fertilizer by the surface. If the wind speed is greater than 2.0 m/s than the fertilizing
quality indicators deteriorate dramatically.

However, the value of unevenness in the presence of airflow in general, was within agrotechnical
requirements.

Field tests were performed using two serial machines, equipped with disks of our own design. Sizes of
the disk, its fastening elements and driving gear fully correspond to the serial disk sample. The only
difference was establishment of a special adapter on the shaft. It gives the possibility to change the height
position of the disk above soil.

Provision of butting overlap has been provided using GPS navigator.

The tightly placed bins were placed (one to each other) to evaluate the evenness of the surface
distribution of granules. They were identical to those ones, used in the laboratory experiments.

RESULTS
Despite the fundamental researches in theory of granules interaction with disk and numerous
improvements of working body construction, the question of uneven distribution of fertilizers which is
provided by existing spreaders, is still not resolved fully, because the aim of analytical researches was to
create a design disk, which is able to provide technologically sufficient evenness while fertilizers spreading.
One of the significant reasons of uneven distribution explained by scheme — Fig.5.
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Fig. 5 - Scheme for analysis of uneven sowing of fertilizer by capture width according to
even rotation of centrifugal working body

Assuming that all the granules during disc discharge are thrown at the same distance B toward the
center, on the condition the aggregate does not move, then, if the granules are evenly distributed over a
radius of circle B while the aggregate moves, it becomes obvious a dense distribution at the edge of the
distribution strip.

Based on accepted assumption it can be argued that the number of granules, which falls on the strip
Ax by capture width is proportional to length of corresponding arc As (Fig.5). This allows to characterize
intensity of the area sowing which is processed, by formula As/Ax = w. The most intense sown area, the
width of which is determined by one third of half of width and corresponds to the angle ¢, = 0,841 rad
(48,19°) - Fig.6.
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Fig. 6 - Dynamics of uneven distribution of fertilizers by the area which is processed

If half of operating width split into three equal areas (Fig. 5), then the third area will account 53.54% of
the fertilizer, the second, determined angles ¢; and ¢, (¢, = 70.53°) — 24.83 % from total amount of fertilizers,
and on the first - 21.63% of amount that accounts for half of operating width.

It is evident that actual distribution scheme will be different from the considered idealized version, but
the overall picture of densified sowing operation width on stripes edges is observed in real conditions.

As seen from the above considerations, it is necessary to provide escaping of multiple streams of
granules from disk with different initial velocities, while avoiding flows cross during flight.

The design of centrifugal working body, which is proposed for problem solving, provides opportunity of
additional simultaneous distribution zones | and 1l to achieve an average density that is realized in zone llI
(Fig.5). The constructive scheme of a fertilizer spreader is shown in Fig. 7.

Disk 1 is equipped with four blades (sectors) 2, inclined to the horizontal disk surface at an angle a.
On working surface of each blade three vertical directing ribs 3 are mounted, longitudinal axis of which is
perpendicular to the radial crossing line of blade and disk plane. Fertilizers are served to the center of disk
and by centrifugal forces entering onto blades. Each blade fertilizer stream is divided into three independent
streams that will have different velocities while escaping from surface, and besides on the longest edge
granules are provided with the largest relative, and hence, the largest absolute escaping velocity; the lowest
velocity will be developed on the short edge.
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Fig. 7 - Constructive scheme of a fertilizer spreader
1 —disc; 2 — blades (sectors); 3 — one of the guide ribs

Considering that angles of escaping from each edge will be different, we can say that separate
streams of fertilizer will be spaced and trajectories crossing will not happen. The inclination angle of each
blade a is selected according to the ability to deliver material on strip which is specified for this.

When designing the centrifugal working body it is necessary to provide the following material delivery:
on long edge 0,62V; on average-0,26V; on short—0,11V. To determine escaping velocity of granules from
edge, which starts at an arbitrary distance a from disk center (a = 00,), theorem of velocity addition is used.
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Fig. 8 - Constructional and technological scheme of

centrifugal working body for fertilization

Analysis of possible options of centrifugal
working body designs for fertilizing allowed to
accept scheme, construction of which involves
forming allocation of granules flows while loading
(fig.8). Spreader consists of disk 17, four blades
(sectors 11-14) each of which is formed by two
vanes side walls which are formed by vertical
edges and bottoms are inclined at angles a; and
a, to the disk horizontal surface. Each edge (1-3)
is perpendicular to the joint crossing line of
blades bottoms and disk plane (on Fig.4
direction of each edge is marked with angles y;,
V2, ¥z severally). In the center of disk there is a
conical feeder 4, interior space of which is
divided into separate sectors with radial vertical
plates (6—10). Each plate at it bottom part go
beyond feeder on edge height and with bottom
edge accedes to horizontal center disk part. The
lateral edge of protruding from feeder (conical)
part is connected to the curved section of edge
2, which is placed on the horizontal plane of the
disk.

In the same way edge 3 is connected
with protruding side part of the plate 8, and edge
1 — with 9. In each quarter of the centrifugal
working body where the working blade is, feeder
is divided into four sectors by plates. Three of
them workable, through two blades fertilizer fall
on upper disk, and on the second sector

accounts 53.6 % amount of fertilizer from first, and onto the last — third — the least 11.24 % of the same
amount. From this sector fertilizer falls onto disk 15, which is situated lower on 60 mm from the upper which
is provided by cup 5, on which are placed perpendicular one to each other guiding edges 16. One of feeder
sectors closed from above (fig.1, shaded). Sectors areas are assigned proportional to the expenditure of

10
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material which falls on each edge. The material getting into the sectors falls on the horizontal surface of the
disc from which, moves between the curved portions of edges gets to the inclined blades.

Mathematical model for investigation of granules flight suggests that environmental resistance is
proportional to velocity (fig.9). We consider general case of a particle motion as a material point in air after
escaping from the working body if wind presents:

—  gravity mg , where g =9.81 m/s’ — acceleration of gravity;
— total resistance force (pressure) of environment:

ﬁzk-m-g(\7—\73) 1)

where k — resistance coefficient;

V- particle velocity at an arbitrary time t (forms an angle a with horizon), m/s;

VB — wind velocity which is directed at angle 8 relative to particle, m/s;

V0 — initial velocity of material particle M (forms an angle a, with horizon), m/s.

Y
A T
4
n v\ /_,’
\\\ V
\ a
P M Vy
= _ A.--
5 Vo mg
> X

Fig. 9 - Scheme to the mathematical model of granules movement in the air

In true coordinate system (7,n) system of differential equations of particle motion looks like:

dv v?
m—ms= , m—-s==Fr,
dt T p n
dv i
maz—m~g~sma—k.m~g~[\/—vg -cos(B—a)}

) (11)

mV—=—m~g-c03a+k-m-g-V -sin(B —a),
o)

where

1

da .
— = —— —trajectory curvature;
p ds
s — arc trajectory coordinate.
After the conversion and integration mathematical dependences we have:

_ L Al s SNeterQ) G | "
X(a)_k-g k{COS(p In i) sinQ - cos(p + Q) ctg(a+¢+Q)}+Cl, (12)

y(a)zk_lg-f{—singo-lnW+sinQ-sin(¢+Q)~ctg(a+go+9)}+cz,

where C; and C, are obtained from the initial conditions: X(a0)=0 y(ao) =0

11



Vol.51, No.1 /2017 INMATEH — 7 inceti

The range of granules flight, which escapes from scapula was calculated with the following initial data:
wind velocity (Vg) — 3 m/s, fertilizers density (p)—1000 kg/m®, granule diameter (R) — 0.001-0.005 m, blade
inclination angle to disk rotation plane (a;)— 13°, environment viscosity (n) for air — 0.000018 kg /(m s). For
initial velocity Vo, and escaping angle ap from formulas (9) and (10) we obtained the values V, = 18.19 m/s,
ap = 8°.

The result of mathematiccal model graph solution is drawn and represented in Fig.10.

Y, m
1.2

0,12A \‘\
re
-0,3

07 \

M X m

Fig. 10 - The trajectory of particles which escaped from designed working body
1 — trajectory of fertilizer particles which were launched from the blade, which is installed at angle 13°,
2 —at angle 8°,3 —at angle 0°

For flight range of granules which was determined by formulas (12), the obtained value is 9.94 m and
the maximum height is 1.2 m. While analyzing granule’s motion which is speeded up by second scapula that
has a length of 0.25 m, the inclination angle is a, — 8°, were obtained the granule escaping velocity Vy —
11.75 m/s, launch angle — 7.5°. Under such conditions the flight distance was 6.35 m from the disk axis.

Trajectory of particle motion does not intersect with moving trajectory which is determined from the
first scapula because of take-off height above disk, which in this case is 0.12 m.

Laboratory and field researches were performed using the most common granular fertilizers. They are:
ammonia nitrate, superphosphate, mixtures NPK (complex fertilizers). Before work starting, their basic
properties were determined in accordance with the methods, which count the great influence of mechanical
and technological properties of the materials that were involved in the experiment for the final distribution by
soil surface.

Figure 11 shows the effect of granules moisture on the maximum impact velocity by metal surface.

V. m/s
10 - al.nmom'a

nitrate

9

8 super

- phosphate

6

< — mixture NPK

0 5 10 15 20 25 30 35 M %

Fig. 11 - Influence of granules moisture on maximum velocity stroke to metal surface

The maximum permissible impact velocity by a metal surface with superphosphate — 11.3 m/s. If
moisture of granules is from 5 to 12% then the speed reaches its maximum values in all researchable
fertilizers (8-12 m/s). When the moisture rises from 12 to 35% an intense reduction of impact velocity by
metal surface to 6.8 m/s was recorded. This is due to the destruction of the granules that hit and destruct. So
this is the reason of acceptable impact velocity reduction.

Measured data of maximum impact velocity of fertilizers by metal are shown in Table 1.

12
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Table 1

Physical and mechanical properties of the fertilizers used in the experiment

Angle | Angle of

Type of Moisture dSrtjs”rt of internal Jgg?ictt
fertilizer Y| friction | friction y
[%] [t/m?] [degree]| [degree] [m/s]

Ammonia nitrate |1.5-2.1 {0.79-0.83|31-35 |39-43 10.2
Superphosphate |4.4-4.9 |1.13-1.19(26-34 |(31-35 12.3
Mixture NPK 58-6.7 |{1.03-1.12|30-35 |40-44 9.7

Mechanical and technological properties of fertilizers, which affect the distribution process, were
mainly determined experimentally. It has been established that the allowable impact velocity by metal
surface is: superphosphate 12.3 m/s, ammonium nitrate - 10.2 m/s and a mixture NPK — 9.7 m/s, the optimal
moisture is 12%.

The original methodology for determining critical impact velocity by metal surface with regard to
granules moisture and wind influence on the final distribution has been developed. Methodology airflow
influence research makes possible to determine the speed influence in laminar and turbulent modes.

Comparative laboratory tests proved that the proposed construction of a centrifugal spreader provides
agro technical performance requirements for evenness of dispersion.

CONCLUSIONS

The developed methods of determining:

- parameters of granules distribution by the soil surface in laboratory condition;
- wind influence on the parameters of the granules distribution by the surface.

Methods of critical impact velocity by metal surface regarding moisture of granules and wind influence
on the final distribution have been developed. The research methodology of air flow influence makes
possible to determine the influence of the speed in laminar and turbulent modes.

Air flow that is directed at an angle from 45 to 135 degrees has the most negative impact on the
fertilizer evenness distribution by the surface. Deviation in the wind direction should not exceed 45° from the
movement direction of aggregate. Wind speed that exceeds 3 m/s is not desirable.

Constructive scheme of experimental installation have been developed and implemented in
manufacture. The design of the centrifugal fertilizer spreader ensures the formation of multiple streams of
fertilizers. It also leaves the disk at different speeds and different angles of flight.

It has been proved that the permissible impact velocity is from 8 to 12 m/s, depending on moisture.

Maximum resistance of granules to impact has been observed at their moisture of 9-12%.
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ABSTRACT

Particle relative motion over a rough surface of a rotary vertical axis helicoid has been considered.
Differential equations of particle motion have been produced at its movement over the surface of a helicoid
as well as at its contact with a restrictive cylindrical casing. The equations have been solved by numerical
methods. The obtained results have been visualized.

PE3IOME

Po3sensiHymo 8i0HOCHUU pyX 4YacmuUHKU [0 WOPCMKIl NosepxHi 2esikoida, skul obepmaembcsi
Haekos10 sepmukarnbHoi oci. CkradeHo OughbepeHuiarnbHi PIBHSIHHS PyXy YaCMUHKU M0BEPXHEID 2erlikoida, a
makox npu ii 3ycmpidi 3 0bmexysanbHUM UUTIHOPUYHUM KOXYXOM. PieHSIHHS p0o3e’si3aHi YuceribHUMU
memodamu. 3pobrieHo 8isyanizauyio ompumaHux pesysibmamis.

INTRODUCTION

Helicoids, including screws, are wide-spread operating elements of the conveying units of agricultural
machinery. In addition, they are used for well-drilling in construction. When in rotary helicoid motion, the
particles of process material slide on the operating surface of a helicoid, thus executing a relative motion.

A patrticle or a material point executes a compound motion with the trajectory of relative sliding on the
surface of a helicoid being its component. The investigation of such a motion by the example of a separate
particle provides the insight into the nature of particle motion and the influence of the parameters of a
helicoid on its behaviour. The most wide spread helicoids are screws, of which rectilinear generator of the
surface is perpendicular to the axis. It has been of our interest to investigate particle motion over the helical
surface, which rectilinear generator gets off the normal direction of the axis through a certain angle. At zero
value of this deviation we will have a special case of a helicoid — a screw.

Investigation of the compound motion of the particles of process materials over moving surfaces has
been covered in fundamental monographs (Vasylenko, 1960; Zaika, 1992). The movement of soil particles
along moldboard is considered in monograph (Gyachev, 1961). Scientific papers (Pylypaka and
Nesvidomyn, 2010 and 2011) are concerned with the most simple particle motion over the slant. Papers
(Babka, 2013; Veselovski, 2013) consider slanting motion of the particles, which interact, namely form
incompressible resilient strip.

The determination of the trajectory of a particle, which is moving over a cylindrical surface under the
influence of buttress force, is covered in article (Voitiuk, Pylypaka, 1999). There is a group of articles, which
consider particle movement over rough surfaces under gravity, that is to say gravity surfaces (Sysoev,
1949; Voitiuk and Pylypaka, 2002 and 2003).

A compound particle motion over an oscillating plan is represented in papers (Pylypaka and Klendii,
2013; Adamchuk et.al., 2014; Blehman and Dzhenalidze G.Ju., 1964). Particle motion over a rotary surface
of a circular cylinder at various axel positions is considered. These works cover particle motion over a
horizontal cylindrical blade of a centrifugal dispersive element with a vertical axis of rotation (Babka V.M.
et.al.,, 2013; Pylypaka and Adamchuk 2012; Bulgakov et.al., 2010), over a spinning oblique cylinder
(Grishhenko 1.Ju et.al., 2010; Klendii M.B. and Klendii O.M., 2016) and over a spinning horizontal cylinder
(Linnik and Pylypaka, 2009). The paper (Klendii M. and Pylypaka, 2015) considers relative particle motion
over the inner rough surface of a rotary cone with a vertical axis of rotation.
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MATERIAL AND METHODS
Parametric equations of a helicoid are of the following form:
X =ucos fcosa
Y =ucos gsina Q)
Z =usin f+ba

where B — an angle of inclination of rectilinear generators of a helicoid to a horizontal plane — constant; u and

— independent variables of the surface, while u — the length of a rectilinear generator relative to the axis of
a helicoid, a — angle of rotation of a surface point about a helicoid axis; b — helix parameter, in terms of which
surface pitch B is determined: B=2mb.

Fig.1 represents the surface of a helicoid at §=0, which has been constructed using equation (1). It is
called a right or screw conoid, which is referred to as a screw in technology. The surface is limited by a
cylindrical shaft of radius r and its peripheral part - by a cylindrical casing of radius R (it is not shown in the
Figure). If B#0, it is a skew helicoid (Figure 1, c, d).
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Fig. 1 - Right helicoid (the screw)
a) front view; b) side view; c) oblique helicoid with 8=30"d) oblique helicoid with 8=-30"

Side views of the represented helicoids are the same (Fig. 1, b). When constructing the surface,
variable u changes from r to R for a right helicoid and from r/cosg to R/cosp for a skew helicoid.

When determining the relation between variables u and a, a line on the surface of a helicoid is
described. We assume that such a relation is determined by means of a parameter t — the time during which
a particle slides on the surface of a helicoid. Then an intrinsic equation relative to the trajectory of particle
motion can be described by the following dependences: u=u(t),a=a(t). In order to determine the path
(trajectory) of such particle motion and other kinematic characteristics, it is necessary to work out and solve
differential equations.

The trajectory of relative particle motion is represented by equations (1) providing that u=u(t),a=a(t). Using
differentiation (1) with this provision, relative velocity V projections are obtained (since variables u and a are
related to one another through a parameter t and equations (1) describe not a surface but a line on it, the
derivatives are symbolized by lowercase letters):
X' =cos B(u'cosa —a'usina)
y' =cos B(u'sina +a'ucosa) (2)
z'=u'sin f+ba’
Its value is the geometrical sum of projections (2):

V= x?+y?+27? \juza’2+u coszﬂ+(u’sinﬁ+ba’)2 (3)

When spinning at angular velocity w, all the points of the conoid (1) turn through angle @=wit.
Using turn formulas, parametric equations of a helicoid, which represent its position after the turn through
angle ¢ are written:

X =UC0s £ oS a CoS@—Uucos Fsinasing
Y =ucos £ cosasing+Uucos 4sin a cos @ 4)
Z =usin S +ba
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After simplifications with regard to ¢@=wt, the equations (4) take the following form (due to the
specified reasons, the equations (4) also represent a line, but it is the trajectory of absolute particle motion,
that is why we pass on to lowercase letters):

X =Ucos Scos(a +ot)
y =ucos Ssin (o +ot) (5)
z=usin S+ba

The differential equation of particle motion over the surface of a helicoid is set up as mw = F , where

m — mass of particle, w - absolute acceleration vector, F - resultant vector of the forces exerted upon a
particle. These forces are: weight force of a particle mg (g=9.81 m/s®), surface reaction N of a helicoid and
friction force F=fN, which exhibits resistance to a particle sliding on its surface (f — friction coefficient). The
given vector equation is broken down in projections on the coordinate axis, which results in obtaining a set
of three differential equations.

Absolute acceleration is achieved by successive differentiation of the absolute path equation (5) with
respect to time t. The first-order derivative of the equation (5), that is absolute acceleration vector of a
particle, is given by:

' |:U/C05(a+a)t)— }
= . cos
—U(a'+w)sin(a+awt)
(:{u Sln(a+a)t)+ }cosﬂ ©)
+U(a'+w)cos(a +wt)
7' =u'sin g +ba’
Differentiation (6) results in absolute acceleration vector projection on the coordinate axis:
(a"u+2u'(a’ + w))sin(a + at)+

X"=— cos 3

+(-u"+u(a'+ @) )cos(a + o)

, (a"u+2u'(a’ + w))cos(a + wt) -

y' = cos 8 (7

—(—u"+u(a’+a))2)Sin(a+a)t)
Z"=u"sin S +ba"
The first exerted force is particle mass mg. Since a weight vector is down-directed, its projections on

the coordinate axis are written as:
{0; 0; -mg} (8)

The second exerted force is surface reaction N of a helicoid directed normal to the surface. Normal
direction N to the surface is determined from a vector product of two vectors, which pass through the point
on the surface and line tangents to the coordinate curves of the surface. These two vectors are partial
derivatives of the equations (1):

%:—ucosﬂsina; %:cosﬂcomx
oa ou
a—Y:ucos,ﬁcow; a—Y:cosﬂsino; 9)
oa ou
oz oz .
—=b; — =sin
oa ou p

After vector multiplication of the two vectors (9) and the reduction of the resulting vector to a unit one,
its projections are written as:
bsina —usin gcosa
Jb? +u?
_bcosa +usin fsina . (10)
N
ucos g

Jb% +u?
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A vector (10) is attached to the surface at the point of particle location. It has been determined
without taking into account the turn of a helicoid, that is why the vector (10) must be turned through angle

@=wt, so as it corresponds to the point of the location of a particle on the surface. After its turn through
angle p=wt the vector (10) takes the following form:

bsin(a +wt)—usin fcos(a +ot)

Jb? +u?
_bcos(a+a)t)+usinﬂsin(a+a)t) (11)
Jb? +u?
ucosp
Jb? +u?

Finally, friction force F;=fN points in the direction opposite to relative velocity V of particle motion,
that is to say at a tangent to a relative path.

The projections of a unit vector, along which particle velocity is directed, are obtained by dividing
velocity components (2) by its absolute value (3) with further turning through angle ¢=wt:

cos B (u'cos(a + wt) —a'usin(a + wt))
\l(uza’z +u)cos® B+ (u'sin f+ba')’
cos S (u'sin(a + ot) + a'ucos(a + wt)) (12)
\/(uza’z +u)cos® B+ (u'sin g +ba')’
u'sin 8 +ba’
\l(uza’z +u')cos® B+ (u'sin f+ba')’
Differential equations can then be written relative to particle motion and taking into consideration

exerted weight forces (8), surface reaction N and friction force F;=fN, which are vectored by unit vectors

(11) and (12). The vector equation mw=F is given by projections on the coordinate axis, taking into
account that the projections of absolute acceleration vector w are set out as (7):

i — N bsin(a + wt)—usin Scos(a + wt) Y cos (u’cos(a + wt) — a'usin(a + wt))
Jb? +u? \/(uza'z+u'2)cosz,3+(u’sin/5’+ba’)2
my’ = N bcos(a + wt)+usin Bsin(a + wt) N cos B(u'sin(a + wt) + a'ucos(a + awt))
Jb? +u? \/(uza’z +u')cos” B+ (u'sin A +ba')’
Mz’ = —mg + N ucosfg N u'sin B +ba .
Jb? +u? \/(uza'z +u)cos® B+ (u'sin g +ba')’
We substitute expressions of the second derivatives of absolute acceleration from (7) into (13) and

solve the set (13) relative to the second derivatives of the unknown functions u=u(t) and a=a(t), as well as
N=N(t). After simplification we obtain:

(13)

,  bg+2uu'(a'+@)+bu(a’+o) sing
" =— —

Afa'cos 8
b* +u” \/(uza'z+u’2)coszﬂ+(u’sinﬂ+ba’)2

u”:u(a’+a))2(b2+u2coszﬂ)+2bu’(a’+w)—gu sin Afu’cos (14)
b? +u? b% +u? \/(uza,z +u'2)COSZ ﬂ+(U’Sinﬂ+ba')z

N =mAcos g

Where A3 —2bu’ (&' + w)+U? (&' + o)’ sin
Jb? +u?

Providing b=0 in the equations (1), they depict a cone surface. Accordingly, at b=0 the set of

differential equations (14) coincide completely with a similar set, obtained in the paper (Klendii M. and
Pylypaka, 2015).
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RESULTS

The set (14) is solved by numerical methods. Depending on the direction of helicoid rotation, a
particle in relative motion over its surface can go either upward or downward (as opposed to a cone, where
the direction of rotation does not matter). In order to make a particle move upward, it is necessary to take
on a positive value of a helical parameter b and a negative value of the angular velocity of rotation w, or
vice versa. The result of the set integration will be the same, where in one case it corresponds to a helicoid
of a right-hand motion and in the second case - to a left-hand motion one. In order to make a particle move
downward, it is necessary to reverse the sign of angular velocity. The equation of the relative path of
particle sliding over the surface is found by substituting the dependencies u=u(t),a=a(t), which are obtained
as a result of numerical integration of the set (14), into the surface equations (1). An absolute path is routed
with the help of the substitution of the same dependencies into the equations (5).

Paper (Klendii M. and Pylypaka, 2015) shows that the pattern of particle sliding over the inner
surface of a cone is the same for various slope angles B of generators: a particle traces out a helical
trajectory having constant upward conical motion. The same result is obtained when solving the set (14) at
b=0 (Fig. 2). There is no motion stabilization: a particle either moves upwards or falls down at inefficient
angular velocity of rotation w.

a)b)

Fig. 2 - Trajectory of sliding of a corpuscle on an interior surface of a cone (b=0, w=25rad/s, f=0.3):
a) forming angle B=45° b) forming angle f=20°

Let us consider relative particle motion over a helicoid without a restrictive casing. Fig.3-5 show
relative paths of particle sliding over the surface of a helicoid (denoted by figure 1) and their absolute paths
(denoted by figure 1) over a period of 1 second after a particle gets onto the surface near the shaft, which
has been constructed in projections. For all the cases b=0.03; r=0.025 m; f=0.3 has been assumed.

0.5

X
-1 0 1
Fig. 3 - Trajectories of movement of a particle at 8=0; w=-20 rad/s

Fig. 3 represents paths for a right helicoid (Fig.1, a), constructed when it rotates in such a way that
a particle moves upward over the surface, and Fig.4 — when it counter-rotates and moves downward. It
moves a longer way downward compared to moving upward and at that it moves much closer to the axis
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of a helicoid. At the upward slope of generators (Fig.1,c) a particle moves a longer distance up than is
does without a slope, at that it moves much closer to the axis of a helicoid.

Fig.3 shows, that if a particle moves upward when sliding on the surface of a right helicoid over a
period of 1 second, it moves away from its axis for more thanl m. Hence, if there is a restriction of the
surface by a cylindrical casing, split seconds are needed so that a particle contacts it. Relative paths and
the period of time, over which a particle reaches a cylindrical casing of radius R=0.15 m at various angular
velocities of rotation w and slope angles B of generators have been investigated. Design parameters of a
helicoid b=0.03; r=0.025 m; R=0.15 m and friction coefficient f=0.3 are the same. In all the cases a patrticle
gets onto the surface of a helicoid on a contact line with a shaft and has angular initial velocity, which is
equal in value w but opposite in sign. This condition is met at setting an initial value a’at numerical
integration of the set (14).

08T 02 o0 o2

Fig. 4 - Trajectories of movement of a particle at B=0°; w=20rad/s

0.8

0.6

0.4
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0.4r

-04 02 0 02

Fig. 5 - Trajectories of movement of a particle at B=30"; w=-20rad/s
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Fig.6 represents relative paths of a right helicoid (8=0). For the specified angular velocities of
rotation the period of time needed to reach the casing is 0.28 s, 0.25 s and 0.24 s (the time periods are
ordered corresponding to the increasing velocity of rotation w).

. w=-25rad/s

0.1
Fig. 6 - Trajectory of sliding of a particle at 8=0 and different values of an angular velocity w

Figs. 7, 8 show the paths of particle sliding on the surface of a skew helicoid, the rectilinear
generators of which are slopped upward (Fig.7) and downward (Fig.8).

w=-25rad/s

0.1 0.15

Fig. 7 -Trajectory of a particle sliding at f=30° and different values of an angular velocity w

Corresponding to the increasing velocity of rotation w, the time needed to reach the casing is 0.41
s, 0.325 s and 0.28 s for a skew helicoid (Fig. 7) and 0.22 s, 0.1 s and 0.2 s for a skew helicoid (Fig.8).

Thus, a particle reaches a casing the fastest on the surface of a skew helicoid with the generators slopped
downwards.

u151 _ &)—-25 radfk

0.14

0.054

0.1 041

Fig. 8 - Trajectory of a particle sliding at 8=-30° and different values of an angular velocity w

Fig. 9 a) shows a change in height H, through which a particle rises when reaching a casing at w=-
20 rad/s for the three surfaces presented: 1 — a right helicoid (8=0), 2 — a skew helicoid, the generators of
which are slopped upward (,8=30°), 3 — a skew helicoid, the generators of which are slopped downward
([3=-30°), and Fig. 9 b) — graphs of behaviour for the rates of rise.
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Fig. 9 - The graph of a modification of height (a) and velocities of lifting (6)

It appears to be interesting to consider in greater detail particle sliding on the surface of a skew
helicoid, the generators of which are slopped upward. As it has been previously discussed, in a cone a
particle can fall down at inefficient angular velocity of rotation w. A particle behaves this way on a helicoid.
When a helicoid with parameters B=30°, b=0.03 and friction coefficient f=0.3is rotating, a particle moves
upward over its surface at angular velocity of rotation w>8 rad/s. At w=8 rad/sa particle starts sliding, but
stops with time and begins to rotate together with a helicoid (Fig.10). When a helicoid is fixed (w=0), a
particle begins to move downward and its motion is stabilized and it continues to move in a helix. Within
the range of angular velocities O<w<8rad/sa particle moves downward and with time it enters the
trajectory, along which it slides at w=0.

Fig. 10 - Trajectory of sliding of a particle at B=30° and different values of an angular velocity w

Finally, let us investigate the influence of a helicoid pitch on particle sliding on the surface of a
helicoid. Fig. 11 illustrates a side view of a right helicoid, where there are relative paths for various values
of a helix parameter shown (a side view of the surface and of the paths are the same for various values
b). A helicoid (8=0, f=0.3) rotates at constant angular velocity w=-20 rad/s.

b=05

b=0/" > x

0.1 005 0 005 01 0.15

0.15

Fig. 11 - Trajectory of a particle sliding at different values of screw parameter b
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In all the cases a patrticle gets onto the surface at point A. Visually, path projections are not much
different from one another (that includes at b=0, when the surface of a helicoid transforms into a flat disc).
Moreover, there is a minor difference in the time needed to reach a casing (0.44 s, 0.25 s, 0.29 s and 0.54
s corresponding to the increasing helix parameter b). However, the difference in the height H, through
which a particle rises, is great. Fig.12 shows the graphs of a change in height corresponding to
approaching a casing by a particle.

4

Hm
b=05

b=0,712

L L L N f’.s
0 01 02 03 04 05

0

Fig. 12 - The graph of a particle lifting height modification for different values b

The graphs are constructed only for two greater values of helix parameter b, since for smaller
values these heights are incommensurable and close to zero. Theoretically, it turns out that at helix
parameter b=0.5 a particle can move upwards for about 4 m before it contacts a casing. Fig. 11 illustrates
that it makes nearly a complete turn about a shaft and only then it begins to move to the periphery. In
actual practice it may be not exactly the same, as it is, for example, in a known problem of rotating disc
particle scattering. According to theoretical results, it is possible to attain any high rate of scattering by
means of increasing angular velocity of disc rotation; however, experience has shown the advisability of
certain limitations.

In order for a particle to move upwards, it is necessary to supply a proper angular velocity of
rotation of a helicoid. For example, combination of b=0.5 and w=-20 rad/s results in particle rise for about
4 m and at w=-10 rad/s this rise is a bit more than 1 m, then it is followed by a particle downward motion
(Fig.13). At w=0 a particle begins to move downward instantaneously.

4

Hm

w=-20rad’s

w=-10rad/s |

w==58 radrs

Fig. 13 - The graph of a particle lifting height modification for different values w (b=0.5)

Thus, particle sliding on the surface of a helicoid till it contacts a casing takes split seconds; that is to
say, the main time of upward material transportation is on its contact with the surface of a cylindrical
restrictive casing. It restricts further slipping of the material to the periphery of the surface and makes
particles move in a helix — an outer edge of the restricted module of a helicoid. Let us consider particle
motion for this case.

Since particle motion takes place at u = const, then u=u'=0. Taking that into account, projection
expressions of absolute acceleration vector (7) are simplified. Besides, reaction force of a cylindrical casing

N. appears, from which the force of particle friction on the surface of a casing f;N. arises, where f—

coefficient of particle friction over a casing. Reaction vector N.is directed inside the casing normal to its
surface, that is why, its projections are written as follows:
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{—cosq; —sina; 0} (15)

As in the previous case, it is turned through angle @=wt, so that it corresponds to the point of the
position of a particle on a helical line — an outer edge of a helicoid:

{~cos(a+at); —sin(a+at); O} (16)

The expression of a vector (11) of normal to a surface does not include the derivatives of u=u(t), that is
why, it remains unchanged. The forces of particle friction on a casing side and a helicoid surface are directed
along the tangent to a relative path, the direction of which can be obtained if u =u =0 is substituted into (12):

_ucos gsin(a + at)
\/uz cos’ B +b?
ucos A cos(a + wt) (17)
Ju?cos? B +b?
b

Ju?cos® B +b’

Force of friction on the side of a casing f.N. in our case is the force that makes a particle move upward
on a helical line. If a casing is rotating together with a helicoid, a particle does not slide on its surfaces along
a helical line at all. This case can be compared to the one, when a man has a ride on a merry-go-round and
a centrifugal force presses his back against the wall, which is rotating together with him. If the back wall (a
cylinder) was fixed, friction force on the man’s back would try to get him moving. It is the same with a particle
on a helical line of a little rise (less than that of a friction angle). That is why friction force f.N. has a positive
direction, which coincides with the direction of particle sliding. Taking this into account, it is possible to work
out a set of differential equations of particle sliding:

PN bsin(awt +a)—usin cos(wt +a) +( N_f N .)UCOSﬂSIn(a+wt) N cos(a +at)
Jb? +u? <l Julcos? f+b? ‘
my" = N bcos(a+a)t)+usm/5’sm(a+a)t)_(fN _fN )ucosﬁcos(a+a)t)_N sin(a+ o) (18)
Jb? +u? cc \/uzcoszﬂ+b2 ¢
mz" = —mg + N ucos g —(fN—fCN') b

Jb? +u? 7 Ju?cos? B +b?

Let us substitute the projections of absolute accelerations into (18), taking into account that
u =u '=0. After solving the set (18) for variables a’; N, N, we obtain:
) by gu cosﬂ( f\b? +u? +uf sin ,B) uf (o’ +w) cos B

O T o B FA * 2 | 112 rc2
b +u COSﬂ (b2+U2COSZﬂ)2 b%+u COSﬁ
N = gmuv/b? +u? cos 8 (19)
b? +u®cos’ B
usin
N =mucosf (a’+a))2 —%
¢ b +u®cos” g
When analysing expression a”in (19), it is possible to conclude, that it includes all the constant
values, except a’ It means, that provided a =const, a =0, that is to say we can equate this expression to zero
and solve it for a It will be the value of constant angular velocity of particle sliding on a helical line (helicoid
periphery) about its axis after the motion becomes steady. Because of the awkwardness this expression is
not presented, and the necessary calculations will be made at 8=0, that is for a right screw conoid, known as
a screw in technology. At that the expressions (19) are significantly simplified:
g(b+ fu) uf (a’+a))2
2 2 + 2 2
b*+u Jb% +u
mgu/b? +u?
_ (20)
b% +u®

N = mu(oz'+a))2

c

”_

N
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Having equated the expression (20) to zero and having solved it for a’ we obtain angular velocity of
particle sliding on a rotating helical line — a screw periphery:

(21)

Formula (21) allows defining angular velocity of slidingws at the set design parameters of a screw,
angular velocity of its rotation w and friction coefficients f and f.. For example, at b=-0.03; u=0.15; f=0.3;
f.=0.3; w=20 rad/s angular velocity of particle sliding is ws=-15 rad/s. Fig. 14 shows relative — 1 and absolute
— 2 paths of particle motion at the specified parameters during one second. According to the last expression
(6), the rate of particle rise (at u=const) is the following: z' =bea'. In our case it is 0.45 m/s. During one
second there is a particle rise of 0.45 m (Fig.14,a). It is obvious, that at small angular velocities of screw
rotation a particle does not move upward, that is to say, angular velocity of particle sliding is zero. Having
equated the expression (21) to zero, we obtain a critical value of angular velocity of screw rotation, at which
a particle rise is possible:

(22)

At the set parameters, critical angular velocity of screw rotation must be more than -5 s, in absolute
magnitude (the minus sign means that angular velocities of screw rotation and particle sliding are oppositely
directed). Since we take a helix parameter b with a negative sign, it is possible that the expression in
parentheses in (21) equals to zero. It corresponds to the case, when the angle of helix (screw periphery) is
equal to the angle of particle friction on the surface of a screw. Then, according to (22) ws>0, that is to say,
at minimum speed of screw rotation a particle moves upward and its angular velocity is maximum, in other
words it equals to angular velocity of screw rotation as exemplified by (21). It means that in absolute motion
a particle moves upward in a straight line (Fig. 14, b).

]

0 1 1 1
0.1 0 -01 0 T T 1

a) b)

Fig. 14 - Relative -1 and absolute — 2 trajectories of movement of a particle at
u=0.15 m; f=0.3; fx=0.3; w=20 rad/s: a) b=-0.03; b) b=-0.045

The behaviour of a particle, when the angle of helix is equal to the angle of friction can be illustrated
by the example of a fixed screw. If we assume, that the surface of a casing is absolutely smooth, that is f.=0,
a particle can either be at rest or move downward in a helix with constant speed, in other words, the forces
exerted on it are balanced. At f.>0, a particle can be only at rest, because friction on the casing prevents its
downward sliding, and in case of screw rotation, friction force, which arises, makes a particle slide in a helix
and move upward. At that, balance of forces is set up as well, but taking into account the arisen force of
friction on the casing, which is a driving force for a particle. If the angle of helix is higher than the angle of
particle friction on the surface of a screw, then at f.=0 and a fixed screw a patrticle slides in a helix and moves
in downward direction with constant acceleration. At f.>0 the arising force of particle friction on the casing
acts as a braking force, which remains the same in the case of screw rotation, that is to say at the rotating
screw a particle slides in a helical line and moves downward.
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Thus, the maximum rate of particle rise is in the case, when the angle of helix (screw periphery) is
equal to the angle of particle friction on the surface of a screw. If the angle of helix is higher than the angle of
friction, an inverse process begins — a particle slides downward in a helix. Hence, there is a restriction on the
numerical value of a helix parameter b — in absolute magnitude it must be less than a numerical value uf:
bsuf. For the given example, the maximum rate 0.9 m/s of particle rise is at b=-0.045 (Fig. 15,b). At b=-0.03
the rate of rise is twice less and equals 0.45 m/s (Fig. 15,a). The less if friction coefficient f, the less is the
boundary value of a helix parameter b according to the expression b<uf. This means, that in the case of
absolutely smooth surface of a screw, particle rise is impossible at any values of a helix parameter b. For the
existing design of a screw (at b=-0.03 and u=0.15 m) the decrease in friction coefficient f from 0.3 to 0.2
results in the increase of the rate of rise from 0.45 m/s to 0.6 m/s at angular velocity of screw rotation w=20
rad/s. However, at further decrease in friction coefficient f particle rise is impossible, because the condition
bsuf is not met. Value b=-0.03 at f=0.2 and u=0.15 m becomes a boundary one for a particle rise in the
version illustrated in Fig. 15,b. Thus, the maximum rate of rise is higher for a particle with a greater
coefficient of friction on the surface of a helicoid (in our variant 0.9 m/s at f=0.3 and 0.6 m/s at f=0.2) and for
a helix parameter b must have a boundary value b=uf.

Coefficient of particle friction on the casing f; has insignificant influence on the rate of its rise. With the
increase of value f; the rate slightly increases and when there is a decrease — it reduces. There is a limit
minimum value of friction coefficient f., at which a particle rise is possible. We obtain it by having equated
(21) to zero and having solved it for f.:

bg + fgu
uw?\/b? +u?

For b=-0.03; u=0.15 m; f=0.3; w=20 rad/s the value for the friction coefficient of a particle about the
casing must be f.>0.016.

fc > (23)

CONCLUSIONS

A rough surface of a rotary vertical axis helicoid can move a particle over its surface and as a result of
sliding, it moves upward.

A slope angle of rectilinear generators of a helicoid influences a rate of rise in a certain way, but does
not change the process regularity significantly.

If a pitch of a helicoid increases, the rate of rise increases as well at proper angular velocity of rotation
of a helicoid. When rising, a particle moves a long distance away from the axis. If a restrictive cylindrical
casing is used, the process of particle sliding on the surface is sort-term. Further particle rise is carried out by
its sliding on a rotating helical line — helicoid periphery. At that, restrictions are placed on the angle of helix
depending on the coefficient of particle friction on the surface of a helicoid and the radius of a restrictive
cylindrical casing.

Coefficients of particle friction on the surface of a helicoid and that of a casing influence the rate of its
rise in different ways.However, if at least one of them is equal to zero, a particle rise is impossible.
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ABSTRACT

Based on the theoretical analysis of root crops lifting process, the simulation models are shown
describing the relation of the feed per second of root crops coming to the cleaners, or the change of the
cleaner required throughput capacity depending on the vibrating lifter design parameters, agro-biological
characteristics of chicory root crops and working conditions of root-gathering machine.

PE3IOME

Ha ocHoei meopemu4Ho20 aHarizy npouecy 8UKOMy8aHHS KOpeHers100i8 HagedeHO pPo3paxyHKosi
MamemamuydHi MoOersli, SIKi xapakmepu3yromb 83aEMO038’930K CEKyHOHOI rnodayi eopoxy kopeHernodie 4o
o4ucHukig, abo 3MiHy HeobxiOHOI nponyckHOi 30amHOCMIi OYUCHUKa 3aiieXHO 8i0 KOHCMPYKMUBHUX
napamempie eibpauiliHo2o Kornayda, az2pobionoaiyHUX xapakmepucmuKk KopeHernnodie UUKOopilo U yMo8
pobomu KopeHe3bupasibHOI MallUuHU.

INTRODUCTION

Separation of chicory root crops, which is dug by the working parts and subsequently enters the
cleaning transport technology systems, is one of the most important and complex operations in the work of a
root-gathering machine. The separation of soil, free and adhering to the surface of root crops, as well as
plant impurities, is a priority in the general context of compliance with agronomic requirements for impurities
purification process, namely with the quality of raw materials and final products of its processing (Voytyuk et
al., 2015).

In addition to their separating abilities, root crops cleaners are also characterized by operational and
technological criteria, including technological throughput capacity, or feed per second of root crops regulates
the cleaning performance of root-gathering machine working parts, or the ability to handle root crops
components without their loading on the working surfaces while minimizing overall damage and loss of root
crops (Baranovsky V.M., 2008).

MATERIALS AND METHODS

To justify the rational constructive-kinematic parameters of the combined chicory root crops cleaner
(Ramsh et al., 2011), respectively, to minimize its parameters under satisfactory technical indicators and
performance parameters, the first priority is the theoretical study of the final cleaner’'s capacity based on
analysis of the feed per second of dug crops to its working parts.

The purpose of this research is the further development of the theoretical aspects of root crop
cleaners’ parameters and operating modes optimization.

RESULTS

The criterion for the calculation of a root crop cleaner operation process is based on the condition that
the throughput capacity of a cleaner working parts within a time interval t =1 sec must be equal to or greater
than the total feed per second of the crop feeding to them from the previous transport systems of a root-
gathering machine, so the following condition should be provided:
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dW, / dt > dwW,; / dt, or W, >W, (8]
Where:
W, — throughput capacity (or performance) of a cleaner, [kg/s];

W, — total feed per second of the crop, [kg/s].
To calculate the total feed per second of the crop W, , which is dug by the lifter of a root-gathering

machine from n -th root rows and further theoretical substantiation of the crop cleaner parameters, consider
the design scheme of digging root crops using vibrating lifter shown in fig. 1.

Fig. 1 - Scheme for calculating the crop feed using share-type lifter
1 - lifter; 2 — root crop

The total crop feed dW,/dt, which will be supplied to the cleaner after lifter digging, except for the

main operating factors (number of root crop rows being dug, lifter velocity, lifter running depth, level of root
crop vield, agro-physical state of the soil, etc.) also depends on the separating capacity of the subsequent
separating systems after the lifter, namely, on the value of free impurities separation factor.
Given (1) and assuming that there is no loss of root crops during the crops transfer by the transport
systems to the cleaner, we can calculate (Baranovsky V., 2014):
dw, / dt > (dw,, / dt)2, or W, >W, A 2
where W, — the total feed per second of the root crops, [m/s];
A — separation factor of free impurities on their path to the cleaner.
The feed of dug crops by vibrating lifter from one root crops row dW,, / dt is the feed sum of every j

-th composite components of the crops: root crops dW, / dt, soil dW, /t, plant impurities dW, / dt, and:
dWg, _ ZS: dWe, _ dwy L awydwg
dt =t dt dt dt

j=

®3)

’

where —

— feed of root crops from a single row, [kg/s];
aw,  dw, dw;
dt * dt ' dt
j =3 —number of components of the crops: root crops, soil, plant impurities.

— feed of root crops, soil, plant impurities from a single row, respectively, [kg/s];

The total crop feed dw, /dt from N -th root crops rows, which are dug simultaneously, equals the

crop feed amount of each n-th row, or in accordance with (3) — the total feed amount of crop individual
components of each n -the row: roots, soil and plant impurities:
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%: %+%+...+% n %+%+...+% n %4_%4_.“4_% (4)
dt dt dt dt dt dt dt dt dt dt
where :
W dw dw . . .
d dtll , dt21 , dtnl — feed of root crops by the lifter from the first, second,..., n -th row, respectively,
[ka/s];
dW,, dw,, dw

pm et dt2n — feed of groundwater impurities by the lifter from the first, second,..., n -th row,

respectively, [kg/s];
dw;,  dw,, dW,,
dt ' dt dt
respectively, [kg/s].

To calculate the feed of crop components by the lifter from a single row, that is, root crops, soil and
plant impurities that are dug directly by the lifter working body, consider the process of lifting chicory root by
the working body of ploughshare type lifter and further transportation of excavated crops by the transport
systems of the machine to the combined root crops cleaner.

Based on the postulate that the feed of any material is the mass of an object (body), which is dug in the time
interval t [s], and the mass of a solid body in general is m=Vp, where V — body volume [m3]; p — specific

— feed of plant impurities by the lifter from the first, second,..., n -th row,

weight [kg/m?] (Byrd J., 2008), then and taking into account (4) we can write:

dm,, :(dvu Ve dvmj 1+[dv12 WV dvnszz .
ot dt ot dt dt - dt dt

+( vy, AV, dv,, jp3

(5)

at ot 2T
where V,,, V,,, V,; — volume of root crops, which are dug by the lifter from the first, second,..., n-th row,
respectively, [m’];
V. V,,, V,, —volume of soil, which is dug by the lifter from the first, second,..., n -th row, respectively,
[m’];
Vi3, V.3, V,; —volume of plant impurities, which are dug by the lifter from the first, second,..., n -th row,
respectively, [m?];
Py Py, P; — Specific mass of root crops, soil, plant impurities, respectively, [kg/ms].
To determine the appropriate amount of roots, soil and plant impurities, consider the equivalent

scheme, which is shown in fig. 2.

During the movement of the vibrating lifter 1 (fig. 1), with forward speed V,, in the time 4t, it passes
the way S, =V, 4t [m] and cuts a groove in the soil at a depth of plowshares stroke h, which is limited by the
spatial shape contour ABCDD,C,B A (fig. 2). In this space of the groove formed by plowshares in the time At
, there are crop components: roots, soil and plant impurities, the amount of which constitutes the general
crop feed dW, /dt, or adequate mass dm, /dt of the dug root crop, which is dug by the lifter from n-th
rows in the time A4t .

In addition to it, the lifting process of root crop and its subsequent transportation by the transport
systems has the following technological features:

- in the process of the mass of lifting root crop dm, / dt, which is inside the groove ABCDD,C,B A,
part of the soil dm,/dt and plant impurities dm,/dt is extensively dressed, and some of the root crops
dm, / dt is not lifted, or is lost in the course of its movement through the working bodies to the subsequent
lifter transporting systems of the root-gathering machine (lamkov O.V., 2006);

- then, in the process of transporting the lifted soil and plant impurities, primary separated by the lifter,
to the cleaner, their secondary separation is also performed on the working surfaces of the respective root-
gathering machine transport systems.

The impurities separated and moved to the cleaner, together with supplied root crops, will compose
the total crop dW, / dt, which comes to the combined cleaner.
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Fig. 2 — Scheme for calculating the groove volume

Then, to the specified pattern of the operation analysis of the lifter working bodies and root-gathering
machine transport systems, we can write:

dw, _dm, _(dv,,  dv av
c _ C k 21 k 4.4 —" nl k
dt dt ( dt W g a ™ jp :
dv. av dv,
+[d—;2/11p+ dt22 Ay + oot dtzﬂnpjpzinr (6)

)

where k, , k, ..., k, — accordingly, the loss factor of root crops by vibrating share-type lifter from the first,

second,..., n -th rows;
Ay s Aoy seees A, — TESpPECtively, soil separation factor by vibrating share-type lifter from the first,

second,..., n -th rows;
Aip s Aapseees Ay — TESPECtively, separation factor of free plant impurities by vibrating share-type lifter

from the first, second,..., n -th rows;
A, , A, — respectively, separation factor of soil and free plant impurities of root crops after their lifting

and moving by root-gathering machine transport systems on the way to the combined cleaner.
Thus, in a first approximation, we can write that the total root crops feed going to the working bodies of

the combined cleaner is:
dw
1 2;
= = LK,
Z " T g -

i=1

o AWy A (7)
— dt "7

where k., 1,, 1, — accordingly, the total loss factor of root crops, soil separation and free plant impurities

from n -th rows.

To use the characteristics of plantations and root crops as a stationary random sequence for the
analysis of lifters operation processes, they are reduced to the argument, which is adopted in dynamic
problems: the time and the speed by converting the correlation rate and the corresponding spectral density
(Pogorely and Tatianko, 2004).

By the nature of auto- and inter correlation functions, it is found that the correlations of dimensional
characteristics of adjacent root crops have a specific feature: close to a major root crop, there is often a
small, and behind it - an average one (Bulgakov et al., 2009).

On this basis, the root crop feed from a single line dW,/dt will be the sum of every root crop feed

dimensional of every j -th dimensional parameters, that are inside the groove ABCDD,C,B, A , while the

functional dependence of root crops from one line takes the following form:

dg{fzf{i J {zdwfk YL zd{” ®
=1

k=1
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dw,, <& dw, & AW, . .
where E — E — E —% _ the total root crops feed of j-th dimensional parameter from a
&~ dt &~ dt

smgle line, respectively, [kg/s];
u —number of parametric root crops rows with the same dimension values, lifted from a single line;
N,, N,,..., N, — number of identical root of j -th dimensional parameter lifted from a single line,

u

respectively, [pcs.].

The total root crops feed Zn:qu /dt consists of the sum of root crops feeds dW,'/ dt from every n-th
i=1

row, and its functional relation is of the form:

u dW, u dw,
ZZ :12 + 2J+..+Z: Nl
i=1 j=1 dt j=1 dt j=1 dt i=1 dt
= Edwl’kJrNu dW£k+ +Nzuid x ! Nzu:dwllk +N222:dwzrk+ +NuZd : 9)
k=1 k=1 dt k=1 dt 2 k=1 dt k=1 k=1 dt
[NZ dwy, AWy +§": dw,, J_ dm,
= e dt e~ dt dt
where N;, Ny ,...,Ny; Ny, Ny ooty Nyysoos Ny Ny ooy Ny, — number of root crops with the same j -th

dimensional parameters of each n-th row, [pcs.].
After transformation and simplification, let’s write the relation (9) in the following form:

Np7+Npo+.. 4Ny ’ N2g3+Noo+..4+Nyp ' Ny1+Ny2+..+Nyp '
aw, _ fl( AW + AWy +.t Wy J (10)
dt =) dt = dt =) dt
The volume of root crop V, (fig. 1) equals the sum of the volumes of a root crop head and body:
1 1 1
V, :E”Dkzhl+E”Dk3 =E7sz2(Lk -05D,) (11)
where h =L, —05D, — length of the root crop body, [m];
L., D, —total length and diameter of the root crop head, respectively, [m].
Assume that:
, dS , ds , dS , ds , ds , dS
Ny =Nlld_tk; Ny = Zld_tk; u = Uld_tk; Ny, = 12d_tk; N, = zzd_tk;Nuz = uzd_tk;
ds ds ds
N, =N/ —%: N,, =NJ, —% N, =N/ —* 12
1n 1n dt 2n 2n dt un un dt ( )

where N/, Ny ,...,Ny; N, No,..ou Noyios Nf, Ny oo, N, — number of root crops with the same j -th
dimensional parameters on one running meter of each n -th row, [pcs.];
dsS, / dt — number of linear meters run by the lifter in the time At, [r m/sec].
To simplify the problem, we take the basic assumption that the number of root crops of j -th

dimensional parameter on one running meter in each n-th row is the same, that is N;; =N;, =...=N/; =N,,
N, =N, =..=N/,=N,, N, =N,, =...=N;, =N, we obtain the dependence for determining the total root
crops feed dW1 / dt, coming to the screws of the cleaner from n-th rows:
daw, 1 ds, D12k Nl(le +015D1k)+ Dzzk NZ(LZk + 0’5Dk2) _dm
=—zapnk, — = K, . (13)
a 12 dt | +..+DZN,(L, +05D,) dt

The total soil feed dW, / dt, dug by the lifter, is the sum of the soil feeds dw, / dt from every n -th row.
With that said, the soil feed V,, inside the groove bounded by spatial figure ABCDD,C,B,A (fig. 2)
immediately dug by the share-type lifter from a single row in the time At, equals the difference between the

soil feed volume inside the groove dV /dt and the sum of underground parts volumes dZij / dt of j-th

j=1
dimensional parameters of root crops 2 (fig. 1) from the N -th row, inside the groove ABCDD,C,B, A, that is:
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y Ng N NG
d» v/ d Vig+ ) Vo +..+ Vk}
dwg:dv_;k' av (kzll kzll ;

= - 14
dt dt a2 dt dt P2 (14)

where:
V —volume of the groove of spatial shape ABCDD,C,B,A of a single row, [m3];

ka'j — sum of underground parts volumes of root crops that are in the space of the groove
j=1

ABCDD,C,B, A, of a single row, [m?];

Vi, Vo bV, — volume of one root crop underground part of j-th dimensional parameter, in a

single row, respectively, [m 3].

The sum of underground parts volumes of root crops from a single row in the area of the groove
ABCDD,C,B, A equals:

u , 1
Zij :E”[Dlszl(le ‘Ov5D1k)+ DZZkNZ(LZk —0,5Dk2)+..+ Duszu(Luk — 05D, )] (15)
j=1

where:

u
ka'j — sum of underground parts volumes of root crops from a single row in the area of the groove
j=1

ABCDD,C,B,A , [m?.

Given (14), (15), the total feed of the soil dug directly by the lifter from n-th rows of root crops is
determined by the formula:

aw, d_V_iﬂdi Dlszl(le _015D1k)+ DZZkNZ(LZk _0'5Dk2)+ np (16)
dt |dt 127 dt |+ .+D2N,(L, -05D,) ?
The volume of the spatial figure groove bounded by ABCDD,C,B,A , is the sum of the parallelepiped

volume V, and prism double volume V,, (fig. 2), and:
V =V, +2V,, =bhS, +hbS, =hS, (b+Db,)=hS, (b+htgp) 17)

where:
h — average running depth of share-type lifter, [m];
b — front socks gap of plowshares at soil surface level, [m];
S, — path run by the lifter A4t, [m];
B — tilting angle of plowshare lateral plane to a vertical plane parallel to the velocity attitude of the

lifter movement, [degrees].

Given (14) (16) (17) and with the assumption that 4,, = 4,, =...= 4,, = 1,, we obtain the dependence
for determining the total feed of soil dW, / dt, coming on the screws of the cleaner from n -th rows:
ﬁh(m htgﬂ)—idi;zx
dw, dt 12 dt 3 dm, i 18
—== n=—= .
dt “ Dlszl(le _0'5D1k)+ DZZkNZ(LZk _0:5Dk2)+ Pt dat (18)

+..+D2N, (L, —05D,)

Similarly, the total feed of plant impurities dW, / dt, dug by the lifter, is the sum of plant impurities feeds

dw; / dt from every n -th row.
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Plant impurities feed dW;/dt, dug by the lifter from a single root crop row, according to assumption, is

made up of the feed of free tops lost by tops-gathering machine, residues of tops on the heads of root crops
and feed of weeds that are inside the upper area of the figure A ADD, (fig. 2), formed by the groove

ABCDD,C,B,A , that is:

dw;, _ dws, N dwy, . dws, (19)
dt dt dt dt

where
dwy, dwW,  dwWy,
dt ' dt ' dt
a single root crop row, [kg/s].

— feed of lost tops, weeds and tops residues on the heads dug by the lifter from

According to the agronomic requirements to tops-gathering machine, the loss of free tops, cut by the
machine working bodies and tops residues on root crops heads must not exceed 10%, respectively 8% of its
yield and weed weight - no more than 0,1 kg/m2 (Bulgakov et al., 2009, Baranovsky and Potapenko, 2016).

Then, taking the maximum values of these parameters and using (19), the feed of plant impurities
dwy; / dt, directly dug by vibrating lifter from a single root crops row, is determined by the formula:
dw, dF dF, dF,

- 0,1ug dt +008U, 0,1 =01~ (U, +1)+008U, - (20)

where:
U, - tops yield, [kg/m?;
F, =SB, =S, (b+2htgs) — area of top base of the figure AAD,D of the groove ABCDD,C,B,A, , [M7];
B, — coverage width of plowshares of vibrating lifter, [m].

Assuming 4, =4 =2A,=4,, we obtain the dependence for determining the total feed of plant

2p =
impurities dW, / dt, coming on the cleaner screws from n -th rows:

dw;, _ {0 1"'(%(&; + 2htgB)U, +1J1,4, +008U ]}n SLLFPN (21)

dt da ~°
Thus, given (13), (18), (21), the dependence for determining the total feed dW,/dt of dug root crops
from n-th rows, coming on the cleaner screws has the following form:
dw, :dmlkk dmz/1 A, + dmsﬂp%:dﬂ:
dt dt dt dt dt
=i7r,01nkk di{Dlszl(le +05D,, )+ DZZkNZ(sz +05D,, )+:l+
dt | +..+DAN,(L, +05D,)

12

ds, _ 148
- h(b + htgg) TR
+p,4,4,N {leN (L, —05D, )+ DAN, (L 2k—0:5Dk2)+} i

+..+D2ZN,(L, —05D,,)

(22)

+n{01 < (b+2ntgB)U, +1)1,4, +0,08U ]}

After simplifying equation (22) and taking, in accordance with (2) 4,=4,=4 and denoting
components D2 N, (Ly, 05Dy )+ DN, (L, ~05D, )+ ..+ DZN, (Ly —05D, ) =8, , b+2htgB =02 ,
DZ N, (Ly +05D, )+ D3N, (L +05D, )+..+ DN, (L, +05D,)=6, , we obtain the dependence

characterizing the relation of change of root crops feed to the screws of combined cleaner or change of the
cleaner required throughput capacity according to the vibrating lifter plowshares design parameters,
agrophysical characteristics of root crops plantations and machine conditions:
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1 anN(M—lj +[a+2(1sina + htgp)]x
12 2,02

W, = 2,20V (23)
htg/3 008U

x{h[l_[a+ 2( sina+htgﬂ)ﬂ+ol{(ug sy + H

Where:

ds, /dt=P, =V, , where P, — number of running meters run by the lifter in the time of 1 s;
V, — forward speed of the lifter [m/s], but in this case, dimension V, , can be written as [r m/s] because

of matching the symmetric difference of sets (Husak and Brichkina, 2012);
N, +N, +...+ N, =N, where N —average number of chicory root crops per 1 r m;

Dy =D, =...=D, =D, , where D, —average diameter of root crops head, [m];
Ly +05D, =L, +05D, =..=L, +05D, =L, +05D, =(h+05D, )+05D, =h+D, , where L, — average
total length of sugar beet root crops, [m];

L, -05D, =L, -05D,, =...=L, -05D, =L, -05D, =h ; b=a+2lsine , where a - rear
plowshares gap, [m];
| — coulter blade length, [m];
« — half angle of plowshares noses, [degrees].
In addition, formulas (13), (18) and (21) will have the form:
W, :%nkplkkvk DZN(h+Dy); (24)
W, = nkpz/lpﬂvkh[(a+2l sina+htgﬂ)—éﬂDEN}; (25)
W .
dd_t3 - [01%" [a+2(1sina + htgB)U g +1)1,2+008U ]}nk . (26)
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Fig. 3 — Dependence area between change of root crops feed per second W_, lifter operating velocity V,
and root crops diameter D, (a); 6 — dimensional section W,
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1,2,3-N, =2,4,6; 1 =04;,4,5,6,- N, =2,4,6; L =0,5

At initial conditions, when N = 6 [pcs.]; a= 0.07 [m]; 1=0.2 [m]; « = 30 [degrees]; h= 0.09 [m];
p = 12 [degrees]; 1, = 0.4; A, = 0.7, A= 0.4; p, = 1500 [kg/m’]; U4 = 3.0 [kg/m’]; py = 550 [kg/m";
ki = 0.015 and according to formula (23), we constructed the dependence area between change of root
crops feed per second W, , coming to the combined cleaner screws and vibrating lifter operating velocityV,
and root crops average diameter D, (fig. 3a) and its dimensional section (fig. 3b) for corresponding values

for the number of rows n.
The analysis of the characteristic curve shows that changing the root crops feed per second W,

depending on the machine velocity V|, and the number of rows n, being collected at the same time, is
directly proportional. With the increase V| from 1,4 to 1.8 m/s the root crops feed per second W_, coming to
the cleaner screws when gathering 2 rows of root crops with average diameter D, = 0.12 m increases from
76 to 96 kg/s, that is approximately 1.3 times (fig. 3). Accordingly, for the 4 and 6 rows - from 150 to 195 kg/s

and 225 to 295 kg/s, that is also about 1.3 times, that is also characteristic to the analysis of straight
proportional change of dependencesW,, which resulted in fig. 4, with the increase of rows number from 2 to

6, the root crops feed per secondW, coming to the cleaner screws increases by about 3 times.
Second serve lots W, depending on the increase of diameter D, of root crop from 0.08 to 0.12 (m)
grows in insignificant limits — an average of 3.4 kg/s.

CONCLUSIONS
The obtained dependence is the simulation mathematical model which describes the relation between

the changes of root crops feed per secondW, to the cleaner screws or change of the cleaner required
throughput capacity W, according to the design parameters of the vibrating lifter plowshares, agrophysical

characteristics of root crops plantations and machine operating conditions.
This model is the optimization dependence in the context of further substantiation of constructive-
kinematic parameters and operating modes of cleaning working bodies of root crops gathering machines.
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ABSTRACT

Corn stalk pith (CSP) is porous and highly elastic, which makes it an excellent renewable packaging
material with good cushioning properties. This paper investigated some important mechanical properties of
corn stalk pith. The effects of moisture content, internodal position and variety on corn stalk pith’s tensile
strength and the Young’s modulus were experimentally determined. A discrete element model (DEM) was
developed to simulate the tensile testing process. It was found that the mechanical properties of corn stalk
pitch were highly variable, with a tensile strength in the range of 0.2-1.35MPa, and Young’s modulus 0.02-
0.19GPa. The tensile strength of CSP increased with moisture content, while the Young’s modulus showed
the opposite tendency. From the DEM simulations of the load-displacement curve of CSP, the values of key
mechanical properties in the DEM were determined: the normal stiffness coefficient k, = (0.5-3) x 10° N/m;
the tangent stiffness coefficient ks= 1.0x10°N/m; the normal bonding coefficient n-bond = (5-50) N/m?; and
the tangential bonding coefficient s-bond = (10-50) N/m>. These values provided important and necessary
data for further analysing the mechanical properties of packaging materials made of CSP.
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INTRODUCTION

Corn stalk is an important renewable resource. A lot of research and exploration of the potential
usage of corn stalk have been conducted (Husseien M. et al., 2009; Igathinathane C. et al.,, 2010; Li
Zhiyong et al.,, 2012). Corn stalk has complex mechanical properties, due to its inhomogeneous
compositions and structures. For example, corn stalk rind has high lignin content and strength, which
makes it a good raw material for making paper and biocomposites (Speck Thomas et al.,, 2011) . In
contrast, corn stalk pith (CSP) is porous and highly deformable, and thus uniquely suited as a good
cushioning packaging material (Rousserie F et al., 1997). To fully explore the potential of corn stalk pith as
a “green” material for industrial usage, the knowledge of mechanical properties of CSP is critical, such as
the strength and elasticity. These properties dictate the performance of final products derived from CSP, as
well as equipment design for processing CSP. For example, damages of pith structure during processing
may affect the packaging material’'s effectiveness. Limited information exists in the literature on the
mechanical properties of CSP. The objectives of this study were to: (1) determine several critical
mechanical property parameters, such as the tensile strength and Young’s modulus, as affected by
moisture content, intermodal position for different corn varieties; and (2) develop a discrete element model
(DEM) to simulate mechanical behaviour of CSP.
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Many studies of the mechanical properties of corn stalk have been conducted to explore the potential
use of this renewable material. Reddy, et al.(Reddy Narendra et al., 2005) investigated the structure of corn
stalk rind fibre using a tensile tester, X-ray diffraction and a scanning electron microscope. Their tensile test
results showed that the tensile strength range was 1.5-4.5g per denier. Rodriguez, et al.(Panthapulakkal
Suhara et al.,, 2007; Rodriguez Manuel et al., 2010) derived the intrinsic tensile strength of the
polypropylene composites that constitute the corn stalk; The tensile tests conducted in their study showed
corn stalks strength to be 460-670 MPa. Von, et al.(Von Forell Greg et al., 2015) studied the influence of
structure and moisture content on the mechanical properties of corn stalk and determined the ultimate
strength and the Young’s modulus. Their study was based on simulations of a finite element model (FEM),
and the results revealed that the diameter of the corn stalk had a significant impact on the bending strength.
The results also suggested a new strategy for breeding and developing maize varieties for producing
bioenergy, specifically, counterbalancing tissue weaknesses by relatively small increases (e.g. 5%) in stalk
diameter that reduced structural stresses. Hu, etc.(Hu H. et al., 2013; Peiffer Jason A et al., 2013; Zhong-
Zhen Sun et al., 2013) conducted three and four points bending tests to measure the bending strength and
Young’s modulus of corn stalk and developed a viscoelastic model. They concluded that the viscoelasticity
of corn stalks was closely related to the corn stalk variety, moisture content and intermodal position. Zhang,
et al.(Zhang L. et al., 2016) measured the average values of Young’s modulus and tensile strength of corn
stalk rind to be 122.26 MPa and 19.31 GPa, respectively. Chen, et al. determined the tensile strength of
corn stalk rind to be 67.2MPa (Chen Zhengguang et al., 2012). Huang, et al.(Liao Na. et al. 2011)
measured corn stalk pith’s viscoelastic coefficient in a transverse compression experiment and developed a
FEM model to simulate the compression and stress relaxation processes.

Corn stalk pith is porous and voids in the structure frequently occur after the material is dried. Studies
(Wang Donghai et al., 2002) have shown that the mechanical properties of corn stalk pith are highly related
to its microstructure. This means that the models for porous materials, such as DEM, would be better suited
for capturing the effect of microstructure of corn stalk pith. The DEM models have been utilized to model
the mechanical behaviours of porous materials, such as soil, rock and concrete (Cundall Peter A, 1988;
Hart R. et al., 1988; Qin Chuan et al., 2013). Based on an intensive literature review, we know that corn
stalk pith may be approximated by bonding discrete spherical particles that represent the porous corn stalk
pith. This paper focuses on the development of a discrete dynamic model for corn stalk pith using
commercial DEM software and an experimental validation of the simulation results by means of a tensile
testing experiment. The remainder of this paper is organized as follows. Section 3 describes the corn stalk
pith tensile tests, presents the tensile test method and process. Section 4 focuses on the development of
the DEM model. It explains discrete element contacting theory; introduces the setup of the model, including
the creation of the geometry model and mechanical parameters; Section 5 presents the tensile test results,
analyses the influence of related parameters on the results, and compares both the simulation and the
experimental results. The final section summarizes our findings from the comparison of the simulation and
experimental results.

MATERIAL AND METHODS
Tensile tests
The corn stalk samples were obtained from an experimental plot at the Northwest A&F University,

Yangling, China. This plot was planted in June, 2013 and harvested in October, 2013. The plant height was
approximately 180-220 cm. Each plant had at least nine internodes that were fully grown and was
representative of all corn stalks in the same plot. The leaves were removed from the corn stalks and the
rinds were peeled off. The dumb-bell shaped specimens were cut out of corn stalks manually. All tensile
specimens had an overall dimension of 90 mm x 2 mm x 15 mm (length x thickness x width); the width at
the narrow section in the middle was 5 mm, and there was a 50-mm test section between the grips (Fig. 1).

50mme¢

A
A

90mme«

[« >

Fig. 1 - Corn stalk pith specimen for tensile test
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The conditions of specimens, such as moisture content, would have significant impact on the
mechanical properties of CSP. Three important sample conditions were considered in this study, as
summarized in Table 1 (Nazari Galedar M. et al., 2008; Tavakoli H et al., 2009). The samples from two
corn varieties, SD9 and SD12, were tested.

Table 1
Conditions of CSP test specimens

Factor Level Details
] 10%(dry) Natural drying > 3 month
Moisture content -
70%(fresh) Less than 3 hours after being cut
Internodes position 1—9 9 internodes from root to top

Tests were conducted using a biomechanical testing machine (Fig.2, Changchun Machinery
Research Institute, Changchun, Liaoning China). The test machine had a capacity of 10 KN, with a
force measurement accuracy of £ 0.5%, and movement accuracy of +0.02%. The specimen was
installed on the test machine by using a pair of grips (Fig.2). A computer data acquisition system
recorded the magnitude of the applied load to the specimen and elongation of the specimen.

Fig. 2 - Biomechanical testing machine

The tests were conducted following the ASTM Standards(Astm, 2014) (Tensile strength, Young’s
modulus, stress-strain measurement method for steel material). The moisture content was measured
according to the ASABE standard(Asbe, 2006). A loading speed of 5 mm/min was used for all tests to
minimize the loading rate effect (Wright Christopher T et al., 2005).

The stress-strain curve was plotted directly from the data post-processing software associated
with the biomechanical tensile tester. From the stress-strain curve, the maximal stress (strength) o

in was identified and Young's modulus E was determined from the linear section of the stress-strain
curve.

DEM analysis
Corn stalk pith consists of spongy parenchyma and vascular bundles (Thamae Thimothy et al.,

2008). The vascular bundles embedded into the parenchyma have a small percentage of volume and
weight. The external load is carried mostly on the spongy parenchyma. Therefore, CSP could be
considered as an isotropic porous material. A discrete spherical particle contacting mechanics model
was used to simulate the CSP behaviour. The tissue was represented by spherical particles and the
bio-bonding forces between tissues were represented through the contact, friction and damping forces
between the particles (Fig.3). The advantages of using the DEM model were to simulate the “porous”
nature of CSP and to handle large deformations that CSP might experience in various applications,
such as packaging.
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Fig. 3 - Sphere contact model for CSP
Note: k, and k, are normal and shear stiffness between two particles (N/m)

¢, and c, are the normal and shear damping. C is the coupling relation

In the proposed model, inter-particle forces (torques) satisfied the following equilibrium equations
(Itasca, 2008):

F=Fn +Fn [N] (1)
M=Mn +M.n [Nm] )
F = K,AU, [N] 3)
F, = KAU, [N] 4)
M, =K.JO, [Nm] ®)
M, =K J6, [Nm] (6)

In which:

F , M are the inter-particles contacting force and moment;
n,, N, are the normal and tangent unit vectors;

F ,F, are the normal and tangent forces;

n''s

M, , M, are the normal and tangent moments;

K, Ks are particle normal and tangent stiffness;

U, ,Ug are the normal and tangent displacements, (m);

A is the constraint cross section area, (mz);

J is the contact surface polar moment of inertia, (m4);

| is the constraint cross section moment of inertia about axis through contacting point, (kg.mz);
6, .6, are the normal and tangent angular displacements, (rad).

The parameters in the DEM model could not be directly determined from experiments. Therefore,
the DEM model was used to simulate the tensile tests and the simulated results were then compared
with the experimental results to generate the best-fit DEM model parameters. The simulated CSP had
the same geometry and dimensions of the test specimen (Fig. 4).

Fig. 4 - Tensile specimen model of CSP

In order to develop a DEM model that closely represented CSP, some critical physical
parameters, such as density, had to match the measured value. The corn stalk pith density was
determined to be 160-1100 kg/m3 based on the measured mass and volume. The porosity was
calculated as:
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where N is porosity, and v, is volume of void, m*. The simulated density was derived from:

n= Ve

1-V,
P
r n+1

INMATEH — 7 inceti

where pis simulated particle density, and 0, is the measured pith density.

RESULTS
Experimental results

@)

®

Figure 5 shows a typical failure pattern of CSP specimens in tensile test. The fracture surface was

flat with little shrinkage in the cross-sectional area, which is of typical brittle failure.

Fig. 5 - The broken specimen

The measured load-deformation curves showed four distinct stages before the occurrence of
failure: initial defamation; linear increase; yield, and fracture. During the initial deformation, elongation
was significant at low stress level. This “flat” portion of the load-deformation curve might not reflect
the behaviour of CSP; rather, it was due to slip between the specimen and the grips. In the second
stage, elongation increased linearly with load. Yielding was identified by a small dip in load. Load
continued to increase after yielding until the peak was reached. Finally, fracture occurred and the load

began to decrease. The load decreased to zero when the sample was broken completely.
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Fig. 6 - Load-displacement curve

The load-deformation curves were noticeably different for CSP specimens of different moisture
contents (Fig.6). The fresh specimens at higher moisture content exhibited greater strength and
elasticity than did the dried specimens (Fig.6). In the dried specimens, internal voids began to appear
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due to shrinkage as the moisture content decreased. Thus, failure could have begun to initiate near the
large voids and quickly propagate to the neighbouring areas. This explained why dried CSP specimens
were weaker than the fresh specimens.

The tensile strengths of CSP calculated from the measured peak loads are summarized in
Figure 7. Analysis of variance showed that dried corn stalk pith had a significantly lower tensile
strength than the fresh CSP (P<0.05). On the other hand, the internodal position and variety did not
have any significant influence on tensile strength (P>0.05). On average, fresh and dry specimens had
an average tensile strength of 1.09MPa and 0.86MPa, respectively. The tensile strengths for the two
varieties (SD9 and SD 12) of corn stalks were 1.00 MPa and 0.95 MPa, respectively.
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Fig. 7 - Variation of tensile strength of corn stalk pith for
different varieties, moisture contents and internodes

Figure 8 summarizes the measured values of Young’s modulus for different varieties, moisture
contents and internodes. Dried corn stalk pith had a significantly higher Young’s modulus (0.12 GPa)
than did the fresh samples (0.06 GPa)(P<0.05). The internodes position and corn variety did not have
any significant influence on the Young’s modulus (P>0.05).
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Fig. 8- Variation of elastic of modulus of corn stalk core for
different varieties, moisture contents and internodes

Simulation results

After running simulations for all the conditions of tensile test considered in the study, it was found
that the particle density had little impact on the simulated mechanical behaviour of CSP in tensile tests.
This was attributed to the fact that the gravitational force and applied tensile force were perpendicular to
each other in the DEM simulations. The particle radius and porosity significantly impacted the failure
pattern (the shape of fracture surface) and computational time. The simulated fracture surface agreed
with experimental observations when the number of particles exceeded 5000. When the particle radius
and porosity were small (R<0.43mm, n<0.35), the time of model run time was over 40 hours. The range
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of particle radius and porosity were optimized based on trial runs of simulation to keep the run time
below 24 hours (Table 2).

To determine DEM model mechanical property parameters, including inter-particle normal
stiffness coefficient K_, tangential stiffness coefficient K_, normal bonding coefficient, tangential

n? s !

bonding coefficient and friction coefficient & , simulations were conducted for a range of parameter
values and the correlations between the these parameters and the simulated strength were developed
in Equation (9):
y, =18.247x% ~102.13x? +171.26x, + 51.52(R? = 1)
y, =181.59e %%+ (R? = 0.9202) )
y, = 2.9147x, —3.2878(R? = 0.9882)
y, =-0.0051x} +0.442x; —10.77x, + 209.9(R* = 1)
Where:

X, is the tangential stiffness coefficient;

X, is the normal stiffness coefficient;

X, Is the normal bonding coefficient;

X, is the tangent bonding coefficient;

y, is the ultimate strengths.

Simulation shows that normal bonding coefficient x, had a significant influence (R>0.05) to
strength, while the other factors had no impact (R<0.05). The model's macro-mechanical behaviours (e.g.,
cross section shape, location and number of overflow particles) also would be change with the parameters
value. The optimized range of x,, x,, X, and x, were determined by comparing the model's macro-
mechanical behaviours and the experimental phenomenon:

X,,X, € (0.5E+06,3E+06)
X; €(5,50) (10)
X, €(10,50)
The obtained numerical values of the best-fit DEM model parameters are summarized in Table 2. It
was impossible to match the simulated results with the experimental data with a single set of DEM
model parameters. Therefore, the ranges of parameters values were determined, and two simulation

models were then created — Model 1 was based on the lower limits of parameter ranges, and Model 2
on the upper limits (Table 2).

Table 2
Numerical range of particles’ mechanical parameters
Parameter value
Sphere particle density/kg-m™ 753
Sphere particle radius/mm 0.43-0.5
Porosity/kg-m™ 0.35-0.65

0.5E+06-1.5 E+06 (model 1)
2 E+06-3.0 E+06 (model 2)

kg /N-m™ 1.0 E+06
5-30 (model 1)

k,/N-m™

— . -2
n—bond/N-m 35-50 (model 2)
] S 10-20 (model 1)
s—bond/N-m 40-50 (model 2) )
Friction coefficient 1

The simulated responses of CSP (e.g. contacting force chain and fracture lines) are visualized in
Fig.9. The left end was the fixed boundary and the right end was moved at a speed of 5 mm/min (the
loading rate used in the tensile tests). It was visible that voids occurred as the loading progresses. The
lines in the diagram represent the force chains. It is intersecting to note that forces (stresses) were not
transmitted uniformly in the simulated CSP. The maximum stress and fracture would occur in the area
where force transmission lines were intensely populated.
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Fig. 9 - Simulated force transmission in a specimen of tensile test

As the load was increasing, the voids became larger, causing reductions in the actual cross-
sectional area for carrying the load; the specimen was broken when the stress at a critical location
exceeded the ultimate bonding strength between particles. The fractured cross section tended to be flat,
as shown in Figure 10, which was similar to that observed in the experiments (Fig. 5).

-

Fig. 10 - Simulated fracture surface of CSP specimen

Simulated load-displacement curves similar to the measured curves (Figs.11 and 6). However,
the strength results differed — the simulated strength was found to be approximately 2.3-17.9 times the
real strength. For example, an ultimate load 138.48 N was predicted by Model 1 (Fig.10), whereas a
load of 45.25 N was measured for the fresh specimen (Fig.3). The parameters of the micro mechanical
properties correspond to the macro parameters, which indicate that the micro mechanical properties
matched well with the properties of corn stalk pith.
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Fig. 11 - Load-displacement curves simulated with DEM model
Using smaller values of model parameters (Table 3), Model 1 resulted in lower strength and

stiffness, which led to further local failure and dramatic stress changes, in comparison with Model 2,
which used greater values of property parameters.
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Table 3
The value of particles’ mechanical parameters in model 1 and model 2
Parameter model 1 model 2
Sphere particle density /N-m® 753 753
Sphere particle radius/mm 0.5 0.5
Porosity /N-m® 0.65 0.65
k,/N-m™ 1.50E+06 2.00E+06
K /N-m™ 1.00E+06 1.00E+06
n—bond/N-m= 10 50
s—bond/N-m 10 50

CONCLUSIONS

A tensile test and DEM simulation were conducted to investigate the tensile strength and Young’s
modulus for different varieties of corn stalk pith under various conditions. The influence of moisture content,
internodal position and variety on corn stalk pith’s tensile strength and Young’'s modulus was analysed. The
main conclusions in this paper are:

(1) Load-displacement curves in tensile tests indicated that both fresh and dry corn stalk pith fractured
as a brittle material.

(2) Fresh corn stalk pith had greater tensile strength, but lower Young’s modulus than the dry corn
stalk.

(3) The internodes position and corn variety had insignificant effect on either the tensile strength or
Young’s modulus of fresh and dry corn stalk pith.

(4) The optimized DEM model parameters for dry corn stalk pith were: K, = (O.5-1.5)x106 N/m, K=
1.0x10° N/m, n-bond=(5-30) N/m*® and s-bond=(10-20) N/m. For fresh stalk they were: K, = (2.0-3.0)x10°
N/m, Ks = 1.0x10° N/ m, n-bond = (35-50) N/m? and s-bond = (40-50) N/m°.

(5) The shape of load-displacement curves simulated with the DEM was similar to the measured
curves; The simulated ultimate strength was approximately 2.3-17.9 times that of the measured values.

The corn stalk pith material model developed by utilizing both tensile test results and DEM analysis
was simplified and found to match the real material; therefore, in our opinion, this model is capable of
providing valuable data for further investigation.
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ABSTRACT

The article presents a research technique on the process of simultaneous transporting and stirring of
mixture components by a continuous-flow conveyor. Kinematic motion parameters of loose materials in the
main characteristic route segments have been substantiated. Experimental studies have been conducted in
order to determine the drag force in set route segments and the stirring rate of mixture components. The
obtained results provide a mean of choosing cost-effective operating modes of a conveyor-mixer, whereby
the specified quality of mixtures is achieved.

PE3IOME

B cmammi npedcmaeneHa memoduka O0CniOXeHHs1 fipouecy mpaHcriopmysaHHss ma O0OHOYacHO20
3MilllygaHHs KOMIOHeHmIe cymiwel mpybyacmum ckpebkosum KoHeeepoM. [IpoeedeHO 0brpyHmMyeaHHs
KiHeMamu4yHUX rapamempie pyxy CUrKo20 Mamepiarly Ha OCHOBHUX xapakmepHux OinsiHkax mpacu. BuKoHaHI
ekcriepuMmeHmaribHi docrioxeHHs1 Oris1 8USIBIIEHHSI CUIT OMOPY Ha 8CmaHoerneHux OinsiHkax mpacu ma cmyrneHsi
3MillyeaHHs KOMMoHeHmig cymiwel. OmpumaHi pesyribmamu Oaomb MOXusicmb obupamu eKOHOMIYHO
OouinbHI poboYi pexxuMu KoHeeepa-3mMillysaya, 3a sKUux 0ocseacmbCsi 3adaHa siKkicmpb cymiwed.

INTRODUCTION

Continuous-flow conveyors are widely applied when transporting loose materials. Considering their power
inputs and ecological safety (Dziadykevych Y.V., 2016), these conveyors are the most effective, since they
transport materials in closed environments. They are widely applied for feeding, but there are certain difficulties
providing simultaneous transporting and stirring of loose components, especially on a large scale. In addition, it
is advantageous to make sectional traction elements and beaded operating elements with a central opening in
order to provide spillage and stirring of feed mixture.

The analysis of recent researches (Hryshova and Lebedev, 2015; Hevko M.R. and Vitrovyi A.O., 2016;
Hevko R.B. and Klendiy O.M., 2014; Hevko R.B. et.al., 2016; Loveikin et.al., 2010; Loveikin and Rogatynska,
2011; Lyashuk O.L. et.al., 2015; Pylypaka S.F. and Klendiy M.B., 2016; Rogatynska, 2010; Rogatynska O. et.al.,
2015; Rohatynskyi et.al., 2016; Shynkaryk et.al., 2014) shows that the main disadvantages of the existing
traction elements and operating elements of continuous-flow conveyors are the following: their high material
capacity and low maintenance ability as well as limited functionality, which provides only transporting of loose
materials without providing mixture homogeneity.

MATERIAL AND METHODS

In order to improve the effectiveness of continuous-flow conveyor operation, a flow sheet of
simultaneous transporting and stirring of mixture components which can provide their transporting and the
attainment of the required homogeneity has been developed.

The technological lane of a continuous-flow conveyor is spatial and consists of certain set segments:
rectilinear, curvilinear concave, vertical, curvilinear convex and so on.

Figure 1 shows the technological lanes of such segments.
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The procedure of transporting and stirring is the following. In the first stage (Fig.1a) a conveyor
casing is fed with the first mixture component with a certain filling coefficient of inter-scraper space, which is
picked by scrapers with a central opening and is transported along the route.

In the second stage, a certain batch of the second component is fed through a special hopper
(Fig.1b). As a rule, this component is situated on the surface of a load layer, which is to be transported.

In the third stage (Fig.1c), a load placed between continuous scrapers, when being transported along
the route, begins to spill through central openings of beaded scrapers.

In the fourth stage (Fig.1d), when transporting the load, which is situated between continuous
scrapers, in vertical route segments there is effective spillage and stirring of mixture components.

In the fifth stage (Fig.1e), the load is transported in a curvilinear vertical segment, where mixture fills
certain space between beaded scrapers and load is stirred in continuous flow.

In the sixth stage (Fig.1f), mixture is unloaded and when it is spilled into a container, the mixture is
entirely stirred.

Y% :
I -- ﬂ ﬂ- -E- -- ﬂ- I 1—
a)
e o= g =y :
& i e L
I
v m_ = m,=m, =i =i,
Iz —— i o PR
.."_.: M
b) B e e)
v ¥ ﬂ.
A .
U
"é ]'. ik H [

L ‘ L -

d) ' Mixture  homogeneity
must be > 90% at
material transportability

) M, > > >, f) coefficient Csp >0.6

Fig. 1 - Flow sheets of simultaneous transporting and stirring of mixture components
a — | stage — feed of the main component; b — I/ stage — feed of the second component;
¢ — Il stage — partial stirring of components; d — /V stage — main stirring of components;

e — V stage — transportation of components; f — VI stage — unloading with entire stirring of components

In order to provide proper homogeneity, it is necessary to determine the influence of technical and
design parameters, namely: speed of transportation, diameter of a pipe-line, pitch of scrapers, diameter of
scrapers, diameter of an opening etc. on load parameters of the process and mixture homogeneity.

In order to substantiate kinematic motion parameters of loose material with elementary mass dm, in
vertical segments of a technological lane, possible cases of the motion of a variable-mass body vertically
upwards (Fig. 2a) have been considered:

- separation from a scraper surface 1 of elementary mass particle Adm_;

- simultaneous attachment to a scraper surface 2 and separation from its surface of elementary mass
particle Adm_;

- attachment to a scraper surface 3 of elementary mass particle Adm_ .

A change in elementary mass dm; on operational surfaces of relative scrapers over a period of time
At_ is determined using the following system of equations:
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Adm =dm ( ) dm (tc +Atc);
Adm,, =dm, (t )+Adm_ —dm, (t +At ); @)
Adm_=dm_(t )+Adm, (t +At)
where Adm_ — separated or attached elementary mass particle Adm ; At — period of time for separation
and attachment of elementary mass particle Adm_ and Adm

Based on energy conservation law, momentum Q_ of elementary mass particle dm

. in case of
separation, simultaneous attachment and separation, attachment of elementary mass particle Adm_ at
instant of time t

, respectively, equals:

Qc(ty)z(dmc+Adm )8 —Adm g, Q (t)

LS, dm 4 +Adm 4 - AdeQZ, QL(ty)z(dmL+Ade)9y+Ade92.

l U(,‘ PJg Ad
— T _ -ddm- ———_y -ddm
“dm,. LC ‘ , /A_/I;/dm,\/ i Y
T T Ah

5 A

Py TUC

T

b | b
3 [Py

P:TUL_ V

21

a)

Fig. 2 - Design diagrams of kinematic motion parameters of loose materials

b)

Applying Meshchersky’s equation with regard to (1) and resultant force exerted on elementary mass
dm., we have obtained a differential equation for the motion of loose material in a vertical route segment of

an operating element for the three cases of behaviour at instant of time t taking into account the
aerodynamic drag force of aerial environment:

2

2
dy d(dv.y)(dy, dy,
cl// dté cl// g p[dtCJ dtC dtC dt ( )
av_y L _av, | g+ p| Do S| alaver)(ay, dy ) d(av,v)dy, @)
Vo M g+p dt dt, (dt dt dt. ot
d?y dy Y d(dv y) dy, dy
o dt? W9 p(dtcj dt. (dt dt @
where dVC, av, , dv - voluntary unit of elementary mass dmC, dm , dm ;v — specific load weight; y
yM’ yL -

C: M, L point coordinates of the mass centre of constant elementary mass dm
Y, ¥, — PO

, dm, dm Sy,
point coordinates of the mass centre of variable elementary mass dm

, dm,, dm .
A differential equation of elementary mass motion Adm,(Fig. 2b) vertically downward under gravity

and taking account of aerodynamic drag force of aerial environment is the following
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d*(T —h+Ah)

Adm
M dtf

=Adm_ g - pAdm, Sjg = Adm | (g - psjg) (5)
where T — pitch of scrapers; h — initial height of loose material hopper relative to the work surface of a

scraper; Ah — height, which takes into account scraper thickness 3 and centre-of-mass coordinate M
relative to work surface of a scraper.

In order to determine the speed or obtain the equation of elementary mass downward motion Adm,

it is necessary to eliminate time t., applying a substitute method (5). Then, the differential equation (5)
becomes the following:

d(T-h+ah) & 8, “d(T-h+ah) &

SV [ g-2p-2 |dt =gt —2p9 — = pldt. 6

t, ![g Pa )T ! % o9 p"[ c ©
pY

In order to eliminate random time integration constant we shall take the defined integral, remaining
upper and lower limits of variable integration. For lower limitst =0, .9Ag =0. After the separation of

variables, integration and transformation (6), the following can be deduced:
T-h+Ah

| d(T—h+Ah):a/g/pjln(tc@)dtc; Yo =T_h+Ah=%|n(tcE). )

o

The dependence (7) describes a law of vertical downward motion of elementary mass particle Adm

taking into account aerodynamic drag force of aerial environment, and can be used for the substantiation of
the parameters of an operating element by determining the time and the distance needed to fill the inter-
scraper space volume of the last scraper and their pitch to capacity.

A pilot plant used for the determination of the drag force in set route segments and the stirring rate of
mixture components (Fig.3) contains horizontal 5 and 14, curvilinear 9 and 11 and vertical 10 segments,
where there is a traction operating element with scrapers 6. In loading and unloading area there is a hopper
7, component additives feeder 8, an unloading port 12 and a load tank 13.

3 11 12 13 14 15
16
- 17
2 F2
10 18
4 567 8 9 22 20
\ L
N 4
1 T T T
19
=
@

Fig. 3 - Installation diagram and overview of a pilot plant of a continuous-flow conveyor
with the designed scrapers
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A traction operating element interacts with cables 2 and 17, which are weighted by load 1 via guide
blocks 3,4,15 and 16 and are coupled to an electric drive 19. The tension force of a driving part of a cable
17 was recorded on PC monitor 22 via an inductive sensor 18 (JA12SSVD10/N2P), a switch and a power
supply unit of a measuring system 20, an analog-to-digital adaptor 21 (ADA-1406).

The length of a cable from a sensor 18 to an electric drive 19 was divided into segments, which
corresponded to a horizontal segment of a casing in the area of hoppers arrangement, a curvilinear
segment and a vertical segment as well as a curvilinear area, which transforms into a horizontal one in the
area of loose mixture unloading.

The change of a drag force was recorded on a PC monitor in each segment of the technological lane.

RESULTS

Experimental studies in order to determine the spillage rate of loose materials in a curvilinear route
segment through the openings in beaded scrapers were conducted using a test stand. A curved bend,
which had 5 sections, was fed with loose material with the weight of 100...150 g, which corresponded to
space filling coefficient ¢ = 0.6...0.9. After opening a flap, the flow of loose materials pressed a lever pedal,
which turned the timer on. The flow quantity was weighed by an electronic balance. Bend sections with
beaded scrapers arranged at angles of « =75° «,=6° «,=45° «,=3° were used. The diameter of the

central openings of beaded scrapers was 12, 14, 16, 20 and 24 mm, and the outside diameter of washers
was d,, =45 mm.

The overview of the process of transporting and stirring of mixed fodder in a transparent guide pipe in
a vertical route segment is shown in Figure 4.

A

Fig. 4 - A beaded operating element and the process of transporting and stirring of mixed fodder
in a vertical route segment of a technological lane

The rate (coefficient) k; of the transported material, which was unloaded into the tank, was determined
with the help of the dependence k, =(mt /m2)~100%, where my is the mass of the material transported,

my is the total mass of the material, which was picked by five scrapers.
It has been stated that the greatest force increment Py (Fig. 5) for the transportation of materials in all
the route segments is observed during transporting corn seeds at v = 0.8. In a curvilinear segment, the

friction coefficient in scraper-guide pipe pair has the maximum influence on the force Py (steel-steel — solid
lines, steel-polycarbonate — cross hatching lines).

As a result of data processing for a complete factorial type experiment CFE 3% we have obtained the
regression equations in actual values, which specify the change in the mass m of loose materials spilled by
washers in a curvilinear segment of the lane depending on the diameter of the opening d,, and the washer
angle « relative to the horizon:

m =-3561+4.71d +2.8lx-042-10"d a-0.04d} —0.05a°;
m =130.78+1.29d -1.35¢+0.12d o -0.11d? ~0.02*; €)
m =488.76+0.73d  -47.58¢-0.13d_a +0.01d’ +1.67a
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where m ,m ,m is the mass of spilled mixed fodder, wheat, millet.

Statistical significance evaluation of the coefficients of the regression equation and model validity for
actual experimental data file was conducted using Student’s test and Fisher’'s test. According to (8) the
response surface of the mass-change of spilled material from do, and « has been defined, Fig. 6.

3
Pa, N 1, 2 - mixed fod(ljer . 3 P4, N 3
65___3, 4 —wheat A‘ 6 1175 /1.1
b 5. 6 - millet /)3 '
55 S 06—
7 4
2
4.5 // 945 1, 2 - mixed fodder |
s// 3, 4 —wheat
3,5 8,3 5.6-millet 4z
{:::4141
2,5 715 P e
e 7 g
1,5} sol &
002 04 06 08y 0702 04 08 08y
a) b)
Py, N :Il mixed fodde-lr 3

75 1—2 —wheat

3 - millet ) /
628 / >
506} !
wd A S
262 V

14

v”0.2 04 06 08y
c)
Fig. 5 - The dependence on the change of the force Py, needed to transport materials with the help of ten

scrapers (1 rm) on loading coefficient of the guide pipew:
a) horizontal; b) curvilinear; c) vertical route segment

Fig. 6 - Response surface of spilled material mass from dopand &

It has been determined that the change in the diameter of a washer opening from 10 up to 25 mm
causes an increase in the mass of spilled material m , and the increase of a washer angle « relative to

the horizon is of the opposite pattern.
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A regression equation of the dependence of the change in the coefficient of transported material k,
on the speed of scraper movement (0.1 <V <0.5 m/s), the diameter of the internal opening (20<d_, <26

mm) and a cone angle (14 < y <42 degrees) have been obtained:
k, =576.749—-23.020V —40.118-d, —0.217 y +0.875Vd,, +

+0.305V  +1.079-10%d, y + 2.425-V 2 +0.756dZ —3.128-107% ;2.

It has been determined that the dominant factor, which influences the coefficient of the transported
material ky is the diameter of the internal opening d,, of scraper washers (Fig.7). The change in the speed
of movement V and the cone angle x of a washer within the limits of 14-28 (degrees) does not influence
the increase of the coefficient k; significantly, but the increase of the angle x to 42 degrees causes the
decrease of the coefficient k, due to material jamming.

9)

a) b) c)
Fig. 7 - Response surface of change the coefficient ktr as functionality
a) ki = f(V, dog); b) ke = f(V, x); ¢) kv= T (dog, X)

For the in-process testing, which is connected with the determination of the productivity of the
scraper conveyor-mixer, the quality of the process and simultaneous stirring of the components of
microgranulated mixed fodder depending on the design and kinematic parameters of the operating
elements, a pilot plant has been designed and constructed. Its general view is shown in Fig.8.

L |

Fig. 8 - Pilot plant
1 — power-drive station; 2 — loading hopper; 3 — bunker for micro additives; 4 — concave curvilinear route segment;
5 — vertical route segment; 6 — vertical transparent route segment; 7 — convex vertical segment;
8 — unloading port; 9 — horizontal segment; 10 — swivel block; 11 — unloading port for material remains

The plant contains a power-drive station 1, where there are horizontal 9, vertical 5, curvilinear
(concave 4 and convex 7) sections of pipe technological lanes attached about a closed path. Inside the
lanes there are the designed scraper operating elements arranged. In the left side of the vertical lane
there is a section 6 of a vertical transparent route segment mounted. Its length is H, — H; = 0.5 m, which
corresponds to five scraper sections of the operating element connected with each other.
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In the area of the material intake there is a loading hopper 2 for the main component of
microgranulated mixed fodder and a hopper 3 for the control component.

During the in-process testing, the efficiency of a scraper conveyor-mixer depending on variable
design and kinematic parameters of the operating element as well as on the stirring quality of feed
components was determined.

When determining the effectiveness of the scraper conveyor-mixer, microgranulated mixed fodder
was applied. Forward speed of the operating element of the conveyor changed within the range of
V =0.1...0.5 m/s. In the process of the investigation, scrapers with skid-washers with the internal diameter
din = 18, 20 and 23 mm were used. The results of the conducted experiments are shown in Table 1.

Table 1
Forward speed of the Effectiveness of a conveyor-mixer E, t/h
operating element V, m/s din =18 mm din =20 mm din =23 mm
0.1 0.392 0.365 0.338
0.2 0.785 0.733 0.637
0.3 1.172 1.098 1.026
0.4 1.561 1.469 1.362
0.5 1.998 1.838 1.711

The investigation aimed at defining the dependence of mixture heterogeneity H,, on the coefficient
of the transported material k,. For the experimental studies microgranulated mixed fodder with bulk
density being 500 kg/m3 and with particle size being 1...1.5 mm and rape seeds with bulk density being
654 kg/m3 were chosen. A rape seed was chosen to be the control component and it was stirred with
microgranulated mixed fodder at the ratio of 1:8. The indicated component was fed from the side of the
loading branch pipe. Mixture quality was determined from the degree of distribution of the control
component in the mass of microgranulated mixed fodder.

In the process of experimental studies the spot sampling method was applied. Sampling from the
container was done at regular intervals with the help of a special sampler.

The minimum sample mass is calculated using the following formula:

_10°zdp 1.26-10°d°p 1.26-10°-0.1°-05

= ~ =50.4
¢, +1.5¢, Co 0.125 . (10)

M

where d — diameter of mixture particles, [cm];

p — bulk density of mixture particles, [g/cms];

C, — value of the specified concentration of the main component.
Thus, let us assume sample mass G > G, > 50 g.

The number of samples is 9; the repetition of the testing is triple. The main component content of
rape seeds in the samples was determined using a quantitative analysis of samples. In order to do this,
they were weighed using a second type balance like compensatory analytical balance VLKT-500g-M and
they were consecutively separated on sieves, since the use of a gravimetric method is possible when all
the particles of the control component form a fraction without any particles of other components. After
their separation on sieves, the seed mass of the main component (rape seeds) and its concentration in a
sample were determined. Having obtained a number of concentration values of the main component in
samples c¢;, the coefficient of mixture heterogeneity (variations) H,, for a certain coefficient value of the
transported material k,; is defined applying the following formula:

n
v, :1:%0 ni_l;(ci o), %, (11)
where ¢ — arithmetic mean value of the main component in the samples, [%]; c¢; — value of the main
component concentration in the i-sample, [%]; n — a humber of samples analysed.
Based on the obtained experimental data by means of the regression analysis in Microsoft Office
Excel environment, the empirical data were approximated by theoretical curves, the results of which are
shown in Fig. 9.
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Fig. 9 - The dependence of mixture heterogeneity Hy on the coefficient of the transported material ki

The obtained results enable to choose such operating modes of the conveyor-mixer at which the
specified mixture quality can be attained.

In order to determine economic efficiency, an experimental example of a continuous-flow conveyor-
mixer has been designed and has undergone in-process testing.

We have suggested the methodology for determining economic results of the application of the
designed conveyor-mixer compared to the basic example, which was taken from the best foreign prototype
(that is the decrease of the material capacity of the operating element as well as the decrease of power
inputs into the process of transportation). Besides, in the process of transportation, stirring of mixture
components of loose materials takes place.

CONCLUSIONS

Having analysed scientific researches, a new flow sheet of simultaneous transportation and stirring of
loose material components has been suggested.

The dependencies which define a motion law of an elementary mass particle vertically downward in
the process of attachment and separation of loose material or its stirring have been obtained, the analysis
of which enables to determine the time and the way needed for filling to capacity inter-scraper space
volume, scraper pitch and the amount of transported loose material.

Test stands have been designed and constructed in order to conduct experimental studies.

It has been determined that the greatest force increment Py needed for material transportation in all
the route segments is observed during transporting corn seeds at loading coefficient being y = 0.8 for steel
scrapers, the force Py is 12.4 and 6.8 greater than in a rectilinear route segment and in a curvilinear one.

Maximum demand of traction force Fp change when the block of beaded scrapers is moved can be
observed in a vertical route segment, where Fp for solid scrapers is in 1.1...1.15 times greater than for
scrapers with openings and the change in motion speed within the limits of 0.15...0.3 m/s does not
influence the force Fp significantly.

Based on the conducted laboratory research, it has been determined that the change in the diameter
of a scraper opening from 20 to 25 mm causes the decrease in the time of mixed fodder spillage from 3.3 to
2.25 s, if the angle of washer arrangement is o = 307 in the process, there is spillage of 84.6% and 96.1%
of mixed fodder out of the loaded mass respectively. If the angle is « = 75° the time of mixed fodder spillage
decreases from 4.9 to 3.2 s, the spillage of mixed fodder is 17.3% and 30.8% respectively.

The dominant factor, which influences a coefficient value of transported material k., is the diameter of
the internal opening do, of scraper washers and the change in the speed of movement and the cone angle
of an operating surface within the limits of 0.1<V <0.5 (m/s). 14< y <28 (degrees) does not cause a

significant increase of the coefficient kg, but further increase of the angle x to 42 degrees causes the
decrease of the coefficient k. It has been determined that the effectiveness of the conveyor-mixer, when
the internal opening of a washer is changed from 18 to 23 mm, decreases from 2.0...1.7 t/h at forward
speed of the operating element being 0.5 m/s and the best homogeneity of mixed fodder mass is achieved
at the coefficient k; from 0.55...0.6 and above.
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ABSTRACT

This paper presents the structure and technological processes of combined grinding screw
conveyor. The theoretical dependencies, which describe the nature of the geometric factor of screw
conveyor and load factor of combined grinding screw conveyor, depending on its design parameters,
are also substantiated here.

PE3IOME

HasedeHo 6ydosy ma mexHomoaiyHul npouecy pobomu KombiHOBaHO20  28UHMOB020
mpaHcrnopmepa-nodpibHroeadya. Ob2pyHMOoOB8aHO MeopemuyYHi 3a5exHoCmi, SKi ONUCYMb Xapakmep 3MiHU
2eoMempuyHo20 KoegbiyieHma WHEK08020 KOHeeepa ma KoegbiuieHma 3arno8HeHHs KombiHogaHo20
28UHMOB020 MpaHcrnopmepa-nodpibHro8aya 3anexHo 8i0 U020 KOHCMPYKMUBHUX napamMempis.

INTRODUCTION

Further development of the agricultural sector of Ukraine is possible through the use of progressive
mechanization means for agricultural products production processes. Improving the technical and economic
performance of processing enterprises is achieved through the development and introduction of energy
saving technologies and technical facilities that are designed for preparation and processing of agricultural
raw materials (Baranovsky V.M., 2014, Hevko R.B., Klendiy O.M., 2014).

Screw conveyors (augers, conveyors) have gained wide acceptance in various industries. In particular,
in the agricultural sector, screw conveyors are designed for horizontal, slope and vertical continuous moving
of stream at considerable distances of agricultural products, such as root crops, grains, meal mixture. In
addition, screw conveyors due to their design features also can simultaneously perform related functions -
mixing of materials, grinding or crushing of materials, dosage, etc. (Hevko Iv.B., 2013).

The combination of performing one or more technological operations, along with the transportation of
materials, which is inherent for the combined screw conveyor, is their defining feature.

Improvement of existing designs of screw transport mechanisms can significantly increase the
performance and reliability of technological operations and contributes to the further development of
production. Screw conveyors are part of comprehensive mechanization and automation. According to various
estimates, their share in cargo handling operations is 40-45% (Baranovsky V.M., Potapenko M.V., 2016).

Purpose of work is to improve technological process parameters of simultaneous grinding and
transportation of roots through the development and justification of working bodies’ parameters of combined
grinding screw conveyor. Investigation of transportation process technological parameters is based on the
analysis of combined grinder conveyor design features.

MATERIAL AND METHODS

Screw conveyors, as separate technical element of transport mechanisms, are widely used in layout
schemes of machines for reloading or moving materials due to their simple design, of maintenance service
and the ability to load and partial unload the material at any location of the processing line.

59



Vol.51, No.1 /2017 INMATEH — 7 inceti

Screw transport mechanisms are widely used in the construction of agricultural machinery - grain
harvesters, beet and potato harvesters, fertilizers, grinders, seed disinfectant, etc. (Voytyuk D.G., et al.,
2015; Hevko R.B., Zalutskyi S.Z., et al., 2015).

Also screw conveyors are used for the mechanization of loading and unloading processes of bulk and
large-size materials, such as corn and different kinds of root crops - wheat, corn, sugar and fodder beet, rape
plant, chicory. For this purpose, as transportation means for the mechanization of livestock farms, bakeries
use mobile assembled augers, trucks and transporters.

Combined grinding screw conveyors are widely used in agriculture production sector, processing and
food branches of industry which are specified due to the wide range of technological processes of products
collecting and recycling.

Therefore, during their designing should be taken into account the specific technical requirements and
functional performances of machines to carry out the relevant work, and also the features of transport-
technological processes, agrobiological, physical and mechanical properties of the products to be
transported (Hevko Iv.B., 2008).

Investigation of transportation process technological parameters is based on the analysis of combined
grinder conveyor design features.

RESULTS

Analysis of the current state of screw transport mechanisms functioning showed that there are significant
preconditions for further research, aimed at the development and application of energy-saving, high technology
for combined screw conveyors. They will ensure effective implementation of various functions of related
operations for simultaneously transporting and grinding agricultural crop in their processing.

Based on the given analysis of technological parameters for materials transportation of agricultural
production, we have offered constructive scheme of the improved combined grinding screw conveyor, fig. 1.

Combined grinding screw conveyor (combined SGC) consists of a loading bunker 1 and 2 and the
guide tube. In the guide tube 2 is installed the screw conveyor, which is designed as a drive shaft 3 on which
is installed the drum 4. On the drum of drive shaft, along separate helical lines, fixed spiral turns 5 and plate
knife-grinders 6 are installed on the drum between the spiral turns and at an angle to the cross-section of the
drum. Screw lines of spiral turns and grinder blades are made with variable step, concurrently step of spiral
turns and step of plate grinder blades with a constant lifting angle of spiral line towards the unloading part of
the guide tube.

The material, for example root crops, fed into the loading bunker 1, which later moved to the guide
tube 2 to the screw conveyor, or to the plate grinder knives 6. During the rotation of the drive shaft 3 and,
accordingly, the drum 4 and the plate grinder knife occurs simultaneous grinding of root crops and
transportation (movement) of root crops milled particles by the related installation of plate grinder knives
at an angle to the cross-section of the drum and its attachment to the drum along the spiral line. In
addition, simultaneously with the movement of root crops milled particles by plate grinder knives also
occurs their transportation as spiral turns towards unloading part of the guide tube.

By increasing the speed of the axial movement of root crops milled particles, increased performance
of combined SGC was generated.

The main criteria that characterize the technological and economic efficiency of any transport vehicles
or mechanisms, which move or deliver materials to a given point, is the productivity of their performance,
consumption of power inputs during materials transportation process, reliability and stability, performance of
the process, work resource and others (Rogatinsky R., 2012).

Combined SGC (fig. 1) has its own specific technological and structural elements and processes that
significantly distinguish it from the traditional basic screw mechanisms. Simultaneous presence of
technological operations, grinding and transporting of the material (root crops), or the presence of grinder
blades 6, which are installed in interterm space of screw conveyor along helical lines, make significant
adjustments to existing techniques and calculating methods for the screw mechanisms.

In this respect, one of the priorities and the special factors, which will regulate the calculated
productivity of combined SGC, is an index that characterizes volumetric filling factor of screw conveyor

working space (Hevko R.B., Dzyura V.O., Romanovsky R.M., 2014). In turn, filling factor of screw conveyor

working space depends not only on the amount of material that goes into it, but also on the design of the
screw conveyor main transporting element (Hevko R.B., Zalutskyi S.Z., Tkachenko I.G., et al., 2015).

60



Vol.51, No.1 /2017 INMATEH — 7 inceti

Fig. 1 - Construction scheme of combined grinding screw conveyor
1 — loading bunker; 2 — guide tube; 3 — drive shaft; 4 — drum; 5 — spiral turn;
6 — grinder knife

In the general context, filling factor of screw conveyor working space shows, which is the part of useful
volume filled with material that moves along the turns of the screw.

Then, taking into account known provisions (Hevko R.B., Zalutskyi S.Z., Tkachenko I.G., et al., 2015)
we represented the filling factor of combined SGC (hereinafter - filling factor kZ) as the ratio of the interterm

space volume of screw conveyor, which is filled with grinded root crops, and the total volume of combined
SGC, as follows:

k, =V, 1V, (1)
where
V,, - filled volume of screw conveyor space, m;

V, — total amount of combined SGC, space, m°.

To determine the set volume V,, , V, and ultimately filling factor kZ and calculate performance let's

consider the composite structural and design scheme to determine the technological indicators of combined
SGC, which is shown in fig. 1.
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We initiate indication of the first helical turn step by alphabetic expression T, , second helical turn — T,
, and last i - helical coil - T,

According to fig. 1, total volume V, of combined SGC space consists of internal volume of the guide
tube 2, or the volume of straight hollow cylinder:
V, =025m?2L, =0257(D, +2¢)2(T,n, +T,n, +..+T;n, ), (m°] @
where
d, - inner diameter of the covering, m;

L, — working height of the guide tube, or the length of screw conveyor, m;

D, - outside diameter of screw conveyor, m;
C — the gap between the external edge of the spiral turn and the inner diameter of the guide tube, m;
T,.T,,.... T, —the step of first, second, i-th spiral coil, m;

n;, N,,...,N; —the total number of spiral turns per one step, m.
Filled volume of screw conveyor space V,, by the grinded root crops will be determined according to

the following considerations. Vzk, essentially, is a useful volume where root crops are placed loaded and
grinded during the transportation.
The useful volume of screw conveyor V, consists of volume difference of screw conveyor total

volume Vk and the total volume, occupied by the working elements of screw conveyor Ve, or the amount of
drum volume Vdrn , the volume of spiral turns V_ and the volume V, knives-grinders, as follows:
— . — . — 3
Vo=V, =V Vo=V, 4V +V; V=V =V, -V, -V, [ 3)
where
Vdm — total volume of the screw conveyor, m®,

Vdm — the volume of the tube drum of the screw conveyor, m;
V, - total volume, occupied by the working elements of the screw conveyor, m?;
VC — volume occupied by the spiral turns, m>;

V_ — volume occupied by knife-grinders, m?.

After substituting (2) and (3) in (1), we obtain:

n

1 Ve
Kk, = Vi
©0.257(D, +2¢)*(Tyn, +T,n, +..+T;n;)
Vk

where the symbol K, is the definition of constructive

(4)

Let's designate in (4) the ratio V, /V, =K

n 1
geometric factor of combined SGC (hereinafter — constructive geometric factor K, ), only during one

configured constructive cycle of combined SGC technological process.
Then, the relation (4) will have the following form:
(1_ kn )\/k

k, = ; (5)
0,257(D, +2¢)*(T,n, +T,n, +..4+T;n;)

To set the limits of structural changes of geometric factor kn determine the total volume of screw
conveyor V, , total volume occupied by the working elements of the screw conveyor V, which consists of the

volume of the screw conveyor tube drum Vdm , the volume occupied by the spiral turns V_, the volume
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occupied by knife-grinders V, .
However, according to fig. 1 and (Berd J., 2008) we have:
V, =025D¢L, . [m%; V, =025md]L, . [m%: V,=Flz,m% V,=V,6,.Im (6
where
d,, — diameter of the screw conveyor tube drum, m;
=5,h,, m%

F, — cross sectional area of screw conveyor card bales turn F,

0, — thickness of the spiral turn card bales, m;
h, — height of the spiral turn card bales h, =05(D, —d,, ), m;
|C — total length of the spiral line by the average diameter of the screw conveyor, m;
Z — number of the screw conveyor activities, units;
Vln — volume of one knife-grinder, m3;
6, — the amount of knife-grinders, units.

Or:

V, =025mD2(T,n, +T,n, +..4+Tn, ), [m¥] 7)

V, =025m2(Tn, +T,n, +..+T,n, ), m ®)

T2 +0.25(D, +d,, )} +n,yT2+025(D, +d, ) +...

V. =055,2(D, —d, M ()

N T2 +025(D, +d,, )

The volume V_, occupied by knife-grinders 6 can be determined according to the following

n L
considerations. Each knife-grinder made in straight prism form, which is based on equilateral trapezium, with
this three working side edges of the prism from two sides sharpen with the grinding angle ¢, , and side
edge, which relies on a large basis b of the trapezium has the shape of a segment whose radius is the

radius of the tube drum I, of the screw conveyor.

Then the volume Vn , occupied by knife-grinder will be equal:
v, =V, -V, -V, )4, m? (10)

where
Vn
V, — total volume of direct prisms that are cut during the sharpening of side edges with basis BC, m?;
Vcn

In such case (Shipachev V.S., 2003):

» — volume of direct prism, m*:

— volume of straight prism, which is cut out of side edge with basis b, m°.

Vi = Fp6, = aTerhnan. MV, =2V, +4,,, [m°; Vv, =F.L, [m’ (11)
V,, =01255°btga, , [m°];  V,, =012552h /cosy,, [m] (12)
2
V, = 0255%btga, + 2200 iy (13)
F, = r?[(7a /180)—sina]/ 2, [m?] (14)
where
Fmp — area of main prism (trapezoid area) m?;

a, b —base of trapezoid, m;

V,, - volume which is cut out from one side of side edge with the base b, V;, =058,&0/2, m
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& —triangle height € =050,t9¢,, , m;

a, — skew angle of side edge, grade;

V,, —volume which is cut out from one side of side edge with the base BC, V,, = 055,6BC , m®;
BC =h, /cosy, — length of the side edge BC =h_/cosy,, m;

¥, — the angle between the knife height and trapeze edge, grad,

F. — segment area with height h, tighten by chord a and a central angle « , m?

Ir. — the radius of the screw conveyor drum tube (m), with this a=2r, Sin(a/Z), from where
sin(/2)=al2r,, al2=arcsin(al/2r,).

Then according to (11), (14) we will have:

.oa a .oa
V,, =025d?|| zarcsin— |/180———cosarcsin— (T1n1+T2n2 +...+Tinj), [m*] (15)
d, dy dy
Substituting the values of the components from (11) (13) (15) in equation (10) we obtained a formula

for determining the volume Vn , Which is occupied by knifes-grinders:

(a+bh,s, —055f(btgan o j—o,sd; x
cosy, 0 .
V, = o, m o (16)

! 2
X H[n arcsin di / 180} +dicos arcsin di}(Tln1 —T,n, —..=Tin; )}

m m m

Then, the total volume Ve of the screw conveyor, according to (3), (8), (9) and (16), is defined by the
formula:
V, =0,25nd? (T, +T,n, +..+T;n;)+0,55.2(D, - d, ) x

x(nl\/le +0,25(D, +d, )’ +n2\!T22 +0,25(D, +d, )" +..+ nj\ilTi2 +0,25(D, +d, )’ )+ (17)

(a+b)h3,—0,55; [btgocn + h }—O,Sd; x
cosY,

+0,50,

(]

m m m

. a a . a
xmnarcsmd— / 180j+d—cos arcsmd—}(Tln1 =Ty, —..—=Tin, )]

However, according to (4), the constructive geometric factor kn of the screw conveyor will be

determined by applying the formula:

057d2(Tn, +T,n, +..+Tn, )+ 6,2(D, —d, )

x(nl\/le +025(D, +d,, ) +n, T2 +025(D, +d, ) +..+n,T? +025(D, +dm)2J+

(@a+b)h,s, —055§[btgan ot J—O,Sdfn X
coSy,
+6

X |:|:[7T arcsin di / 180J + dicos arcsin da](Tlnl =T,n, —..=Tin, )]

m m m

18
AT, +T,n, +..+Tn,) (18)
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Thus, according to (5), the filling factor kZ is determined by dependence:

057d2(Tn, +T,n, +..+Tn, )+ 5,2(D, -d, )

JT2+025(D, +d,, JF +n,T2+025(D, +d, ) +...
xN +
1oan T2 +025(D, +d, ]

(a+b)h g, —O,55f(btgan 4t j—o,5d; X
Cos

n

m m m

+6
" rarcsin-2 /180 |+-& cosarcsin-& [x
X d d d

_ D x(T.n, = T,n, _"'_Tinj)

_ 19
* (D +2cf (D, +2¢) (T, +T,n, +...+Tn,) o

For practical application of obtained dependences (18) and (19) let's simplify them through the
formalization of constructive execution of combined screw conveyor SGC.

For this, let's accept the assumption that:

— the number of turns N, , N, ..., N; of each N -th T, step is the same, which means
n=n,=..=n;=n,;

— each next step of turns starts with the first increases in constant value AT , thus: T, =T, +A4T ;..;
T, =T, +4T;

— the number of knife-grinders that are installed on the screw conveyor tube drum between one pair of
two adjacent spiral turns is the same and equal 6, .

In this case:

— the sum of T,n, +T,n, +...+T.n, N-th steps of spiral turns, which is equal to the screw conveyor
length Lk , can be represented as dependence:

T +T,N, + .4 Ty, :L;[T1+AT(H—1)], [m] (20)

where
N, — number of turns of each T, -th step;
N — number of T, -th steps;
— total number of knives @, , that are installed on the screw conveyor tube drum will be equal:

6, =6,(n,n-1), [units] (21)

In addition, also accept the assumption that each knife-grinder designed as straight prisms whose
height is equal to ¢, and the basis of the prism is an equilateral trapezium, whose height is equal to hn, we
can notice that the height of the trapezoid will be approximately equal to the height of the spiral coil, or
h,=h, = O,S(Dk - dm), three working side edges of the prism on both sides will have sharpening angle ¢,

In this case, the volume Vn' which is occupied by knives-grinders will be equal:

el(nzn _1)[(a + b)(Dk — dm)é‘n Cosy, — 5r12 (btgan + O'S(Dk — dm))]
Cosy,

, [m?] (22)

Vn, = (Vnp _Vz )gl(nzn _1) =
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Then, equations (18) and (19) will have a final form:
. 4065,2(D, -d,,) . 6,(n,n-1)5,
d? nDZ[2T, + AT (n—1)] n

X

k, = (23)
" 2Dk2 « Z(a + b)(Dk — dm)COS Vn— é‘n [btgan cosy, + 015(Dk — dm)]
ndZ[2T, + AT (n —1)]cos 7,
40252(D,-d,)  6,(n,n-1)5,
+ > + x
42|~ /mDZ[2T, + AT (n-1)] T
pz - dn
2| (Z(a +b)D, —d, )cosy, — 8, [btge, cos , +05(D, — dm)]]
2
- ndZ[2T, + AT (n—1)]cos 7, (24)

(D, +2cf
where

Q=T2+025(D, +d, f +T2+025(D, +d, ) +..+T? +025(D, +d, )} =
_ fy2 2 2 2
_‘/Tl +025(D, +d,) +‘/(T1+AT) +025(D, +d,) - @=l[ﬂarcsini/woj+icosarcsini}.
t ot [T+ aT(1-1)F +025(D, +d, ) d d d

m

m m
According to initial conditions d,, =0.04 m; AT =0.01 m; 6, =0.002 m; N, =2; N=3; &, =7/ 6

grad.; @a=0.03 m; b =0.02 m; C =0.002 m, according to equation (23) results the built dependence of
constructive geometric factor kn , and according to (24) — the filing factor kZ .

Analysis of the dependence (fig. 2) showed that constructive geometric factor kn depends on the
diameter changes D, and step T of the screw conveyor is in the range 0.025...0.07 on a number of

variables Ti -th steps that are equal to N = 3, number of spiral turns of the same Ti -th step — N, =2 and the

kn kn
_ 006 0045
005
Looa
| 004
0.12- | e 0035
Dy, m 008

02" g0 T,m
a

number of knife-grinders, installed between one pair of two adjacent spiral turns &, =4 units.
Fig. 2 - Dependence on change of constructive geometric factor kn as functionality

a-k, = f (DT )with 6, =3units’; - K, = T (n,;6,) with D, =0.16m; T =0.05m

With this change, K., , which is defined as a functional dependence K, = fn(Dk ;T) is reversible - with
increasing of the diameter D, and step T of the screw conveyor constructive geometric factor kn
decreases by parabolic function. We established that with increasing the number of knife-grinders @, , which

are installed between a pair of two adjacent spiral turns and the number of spiral turns n, of one T, -th step,
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the constructive geometric factor kn increases in direct proportion to the @, i n,, thus, the average growth
value of K, is in the range 0.002...0.0025 and 0.003...0.005.
In this regard, we can say that structural change in the number of blade-grinders &, and the number of
spiral turns n, of one T, -th step do not significantly affect the structural change of the factor kn .
Three-dimensional graphical interpretation of filling factor changes depending on kZ as functional

k, = fZ(Dk ;T) and K, = fZ(Dk ;AT) given, respectively, on fig. 3 and fig. 4.

0.0g ‘ \ l 1
i 091 | 193
038 092
0.07 | -
E ‘
|\" |
5 ooedl Ll bl
2 006+ | 093
2 | |
O
_ N
L 004 0.05 \
005 03038 . Lo ol 0.93
e , 0.04 ,\ \ , \
5 0.18 016 oo T.m b niz ni4 n1é nig nz
D, m Y Screw diameter D, , m

Fig. 3 - Dependence of change of filling coefficient k, as functional K, = fn(Dk ;T) on @, =3

a — three-dimensional surface; b — two dimensional surface cross section

0.04
: 0.5 o3
< 029
g
% 0034
=
o
8 g um 05 093
“ 029 i
()
S om
)
£

E|_|89 ng Ell?l 0 093
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b 412 014 016 01s nz

Screw diameter D, , m

Fig. 4 - Dependence of change of filling coefficient k, as functional K, = fn(Dk ;AT) on @, =3
a — three-dimensional surface; b — two dimensional surface cross section
It was established that the functional change of filling factor kZ depending on the diameter changes
D, and step T of the screw conveyor (fig. 3, fig. 4), in contrast to the structural changes of geometric

coefficient kn of combined SGC has reversible type - with increasing D, and T filling factor kZ and also

growing in the range 0.87...0.94. In this case dominant factor that largely regulates the quantitative value of
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filling factor K, , is the diameter D, of the screw conveyor, and a significant increase of K, occurs when the
value D, 20.12 m - in the range of change D, from 0.12 to 0.16 (m) filling factor k, growing on 0.05. Step

change T and increasing of interval AT of the screw conveyor has insignificant impact on the quantitative
value k, by increasing step T from 0.04 to 0.08 (m) and increasing the step interval AT from 0.01 to 0.04

(m) filling factor K, increases, respectively, on 0.004 and 0.001.

CONCLUSIONS
The obtained values of filling factor k, = 0.87...0.94 by its analytical nature, is the most-possible

technological parameters of the transporting process of chopped root crops by working bodies of combined
SGC and characterizes its maximum degree of workspace filling i.e. it can be stated that the maximum value

of filling factor K, ranges within k = 0.87...0.94.

Z.max

Thus, we established at analytical level, the numerical value of the maximum filling factor K, .. =

0.87...0.94, is a further step for research of technological and energy parameters of chopped roots
transporting process justification of combined SGC productivity and energy costs that are necessary for the
simultaneous grinding and transportation, which ultimately will lead directly to a rational justification of
structural and kinematic parameters of combined SGC working bodies.
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ABSTRACT

Elastic-conical SCI design for decreasing of impact loadings in half-couplings of screw conveyer safety
clutches at the moment of their wearing is offered. Analytical dependence of impact loadings determination
at direct and torque shocks in the investigated clutch with gap S of spring installation and certain safety
clutch without gap is given. Graphic dependences of these relations on gap S and spring tension C and
graphs of axial and rotational velocities dependences on impacts from inclination angle of nonworking limit 3
are shown.

PE3IOME

BanpornoHogaHa KOHCMPYKUIS MPYXHO-KOHYCHOi 3M 0nsi 3MeHweHHs1 ydapHuUx HasaHmaXeHb 8
nismy¢pmax 3M K 8 momeHm ix crnpaubosysaHHsi. [lpusedeHi aHanimu4yHa 3anexHicmb eU3Ha4YeHHs
yO0apHUX HagaHmMakeHb Mpu OCbOBOMY ma KpymurbHUX ydapax e docnidxyeaHili My¢hmi 3 3a3opamu S
YCMaHO8KU MPY)XUHU | NeeHOK 3arnobixHoo Mmycpmor 6e3 3a3opy. HaeedeHi epahiyHi 3anexHocmi yux
8IOHOCUH 8i0 3a30py S i xopcmkocmi npyxuHu C i epagbidHi 3anexxHOCmi 0Cb08OI | OKPY)KHOI weudkocmi rpu
y0Oapi 8i0 Kyma Haxuily Hepoboyoi mexi f3.

INTRODUCTION

The creation of new and improvement of existing designs of transport and technological mechanisms
are favourable for further production development and increase in labour productivity. Screw mechanisms
(SM) are integrated parts of production complex mechanization and automation. During transport and
technological processes operation with screw conveyers (SC) overloadings caused by technological
processes of operations performance as well as stochastic phenomena often occur in their drives. These
overloadings result in significant deformations and breakages of screw working parts. It is possible to prevent
overloadings of technological character providing efficient filling of SC screw interturn space by transporting
material or improving chargers (bins, heads). It is difficult to predict stochastic overloadings but they can be
prevented using specially designed safety clutches (SCI) in SC drives constructions.

The problem of the improvement of SM and their safety devices design is investigated by (Zenkov,
1987; Ivashkov, 1987; Kolobov, 1987; Hryhoryev, 1972; Hevko B.M. et al., 1993; Rohatynskiy et al., 2014;
Nahornyak et al., 1992).

The researches of some authors (Holybentsev, 1959; Komarov, 1979; Loveykin, 2002; Nesterov, 2002
and other scientists), deal with dynamic processes in machines.

Machine drives are investigated by Malashchenko V.S. (2006); Polyakov V.S. and others (1974);
Tepynkycheyev V.K. (1964); Hevko R.B. (2014). At the same time the problem of dynamic behaviour of
machine drives with safety mechanisms still remains unsearched hence scientific-practical problem is vital.

MATERIAL AND METHODS

Safety friction, jaw, ball-type clutches, combined elastic-safety clutches (SCI) (Hryhoryev, 1972;
Nahornyak, 1992; Malashchenko, 2006; Polyakov et al., 1974), are widely used in SC structures. However
not all SCI structures meet the requirements concerning effective kinematic chain interruption in a case when
overloading occur in SC. Thus for SC drives protection from overloading the spring-jaw and spring-ball type
safety clutches are used at low speeds, small torque moment values and rotating masses of fittings. In a
case of high speeds and large masses such clutches form frequent overloadings at the moment of chain
reclosing. Mentioned above loadings cause quick wearing of cams and balls surfaces and unstability of
rotational torque.
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To decrease dynamical impact loadings in half-couplings of screw conveyer safety clutches at the
moment of their actuation and increase of their operating life, elastic-conical SCI design represented in Fig. 1

is proposed. ,, X k 7 '))
Ve Iy,

8 7 9

Fig. 1 - Screw conveyer with elastic-conical safety clutch
1 — drive shaft; 2, 4 — driving and driven half couplings; 3 — coupling engagement components (conical pins); 5 — driven shaft;
6 — spring; 7 — holes with balls made of elastic material; 8 — elastic ring; 9 — nut; 10 — screw; 11 — electric motor

Torque moment from electric motor 11 through the driving half coupling 2 and coupling engagement
components 3 (pins) of conical shape is transferred to the driven half coupling 4 moving in axial direction and
from it to the screw 10 of the screw conveyer. Half couplings are joined by compression spring 6 one end of
which rests upon nut end 9 and another upon driven shaft shoulder 5. Thus if no external force is applied to
the clutch, the S-sized gap is formed between the driven clutch face and the spring. In such a case at the
starting impact moment during actuation time the spring elastic force 6 does not act on the driven half
coupling. Besides balls 7 made of elastic materials are located in the grooves on half coupling faces 2 and 4
and elastic ring 8 is mounted in the circular grooves. They cushion axial and radial impacts after actuation.

In a case of the screw overloading and its emergency shutdown the driven shaft 5 stopping takes
place. This provides conical pins 3 and balls 7 recession with the holes of driving half coupling 2 and axial
movement of driven half coupling 4 with spring 6 compression. SCI restore its engagement when the loading
is to decrease to the specified. The computation model of the screw conveyer with elastic-conical SCI is
given in Fig.2. Since the equation of connection between driving and driven half couplings in elastic-conical
SCI can be considered like in jaw one with identical jaw profiles then the computation model of elastic-conical
SClis reduced to the jaw SCI model.

The clutch dynamic model is the mechanical system consisting of two torque masses 1 and 2 with half
couplings at the ends. The given inertia mass moments are equal to I; and I, correspondingly. Half coupling
is freely installed on the shaft of the driven torque mass and is spring-loaded in axial direction by spring of C
rigidity with previous compression. Under unloaded conditions acting upon the given mechanical system the
gap S is formed between the driven half coupling and thee spring.

The moment produced by the motor T4 and the moment transmitted by the clutch T, upon the driving
clutch rigidly mounted with torque mass 1. The motion resistant moment produced by the screw T4, and the
moment transmitted by the clutch T affect the driven mass 2. The axial force F,4 from the driven half coupling
side and the spring elastic force F¢ act upon the moving half coupling.

I *fsfr
| o e
Ky
| s |
40¢ Fa A 4}#

| X

Fig. 2 - The computation model of the screw conveyer with elastic-conical safety clutch
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In common case the torque moment produced by the driving mechanism Ty, is the function of the
rotary speed @, of the driving mass T, = f(a)l). In the given problem definition it is considered to be

constant in time: T, = const.

The torque Ts'h can be represented as the one consisting of two parts: constant and variable.
Ty =T + T, Q)
where: T; = f (t —tl) - is its variable component as time function;
t —time;
t, — certain time value, starting from action upon the system which changes in time of resistant

moment component produced by the driven mechanism.
Longitudinal movement of movable half coupling up to half coupling release equals:

X=-——y, @

where:

D - is the mean diameter of conical pins;
«a - is the inclination of holes active faces;
 —is the turning angle of rotating mass 1 relatively to rotating mass 2.

The axial force acting from the driving half coupling side on the driven one under the constant contact
of conical pins surfaces with holes in half couplings (Polyakov V. S., and others, 1974) is:

F =2 w(a-p)- 21, ®
where:

p, — is friction angle between the conical pins and the holes;

d - is shaft diameter with mounted movable half coupling;

f, - is coefficient of friction in spline joint.

Spring elastic force affecting the driven movable half coupling equals:

F, =c[8, +x—S] 4)

Let us assume that the clutch transmits definite moment. Hence the driven half coupling contacts with

the spring one. Thus the movement of the clutch mechanical system is performed providing that S < x < h,

and is described by the following equation system. (Presented equation system does not consider the
vibration damping and rotating mass a 1 and 2 torsional rigidity).

|1¢;L :Tdr -T
I2&2 =T _Tsh _TT
m>'<':—c(50+x—S)+%[tg(0‘_Pl)_gfl} ®)
X:L(%_(/’z); V=¢-0,
2-ga

where:
h, - is the maximum driven clutch move (conical pins height);

@, — is the rotation angle of torsion mass 1;

@, - is the rotation angle of torsion mass 2.

Let us assume that at the time starting moment only the constant resistant moment of motion acts
upon the driving rotating mass, i.e. motion takes place at the time moment t and corresponds to inequation

0<t<t, thus T; =0. Reducing the given above equation system we get the following equation:

‘.I.’+C|h_hl\lf:-:-ii2+-ll—ihi1_f_h(80_s) (6)

el el el el
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Here
-1, l, I
= +mhh; L= ;o =—2;
4, b [ N T
D D
hl = , h =
2-9a Z[tg(oc—p)—fl}
Sumbolizing:
chh, _ o hiz Vo ch(s, —s):al
el IeI Iel IeI
and solving differential equation under initial conditions:
a, .
l/jt:O = F’ \V|t:0 =0
. al
we obtain: v =—
w
1 . .
or: V= E[Tdrlz +Tly —Ch (8, - S) ]
: 1 . .
Correspondingly: X = —h[Tdrl2 +Ti,—ch(8, - s)] @)
C

At a certain time moment t, the motion resistant moment T, changing in time is applied to the driven
part. Let us assume that this moment depends on time linearly, i.e. T; = h(t —tl).
Thenat t >t, and X < h, the system movement is described by equation

Jonhy ki Tl + Tl —ch(8, —S)—hiyt, |

el @)
Iel Iel IeI

_ _ _ ki, L L a
Accepting previous symbols and assuming that — =a, under initial conditions 1//|t:t =—,

el 1 w

l/'/|H =0, we solve the equation in the form of:
1
& a, a

\y:—Fsm[m(t—tl)]+;(t—tl)+; 9)

The movement according to the defined regulation is tking place until conical pins recession. Dynamic
system behaviour after conical pins recession is fescribed by the following equation system:

|1¢1 :Tdr;
L, =T, —k(t-t,) (10)
m% = —c(X+ 5, — ).

The solution of the given (10) equation system is:

T T 2 3
Y= l_{_i_& t_+£.t_+cglt+C32
L, L 1L, )2 1,6

x =C, -sin(\/%tﬂ(sJ—(So -S)

Constants Cg;, Csp, Cs, ¥4 are derived from the initial conditions determined by equation (10) at

(11

X=h,.
After conical pins recession they contact again (now by their nonworking surfaces) and their mutual
sliding occurs up to the moment of their working surfaces impact.

72



Vol.51, No.1 /2017 INMATEH — 7 inceti

Conical pins contact following the recession takes place when:

‘o 2-hh (tga+tgp)
2-htgp+D
where: 8 — inclination angle towards the vertical of conical pins nonworking surfaces.

The value of the axial force acting from the driving half coupling side upon the driven one after contact
recovery under conical pins mutual sliding along the holes by nonworking surfaces is equal:

12)

2T D
Fa :E|:tg([3+pl)_gf1:| (13)

and the axial displacement of the driven half coupling is:

h
X = h, [l+—2 —h,y
hlj

D
2-19B
The equation system describing the process of conical pins sliding by their nonworking surfaces along
the holes takes the form:

where: h, =

I1(51 :Tdr+T;
|2¢2 :_T_Tsh _TT; (14)
mx =F, —c(x+3,-9)

The initial conditions are determined at the moment of contact. Mathematical description of this
process is approximate as it is unknown how speeds are distributed after the contact and if the mutual sliding
of conical pins along the holes without failure actually occurs.

Within limits of the given problem set we consider that the contact of conical pins nonworking surfaces
along the holes goes on “smoothly” without rebound and the impact is nonelastic i.e. relative speed of
conical pins at the moment after the impact is equal to the projection of this speed before the impact on the
axes coinciding with the direction of the conical pins nonworking surface (fig.3), that is:

Vi =—X CoSP+ Ry, -sinf (15)

Consequently (15)

L, o : X . o,
X, =% c0s* B—Ry, -sinp-cos B; W, =—ESIHB-COSB+% sin“ (16)

X

Fig. 3—The calculation scheme of the conical pins nonworking surfaces contact along the holes

Here indexes i impact and ai after impact define the speeds at the moment of time that directly
precedes the holes contact and moment of time that occurs directly after the moment of contact between
nonworking surfaces of half coupling holes.

73



Vol.51, No.1 /2017 INMATEH — 7 inceti

Equation system (14) can be reduced to the equation:

g+ cheh, y=T, 2 E: iy +&(t —t1)+07h{50 —-S+h [Pﬁﬂ @)
Iel Iel Iel Iel Ie| hl
* I * I
where: |, = Il |2 +mh,h;; h, = D 5
+
1 2 2|:tg (B+p1)_af1

| 1

. . . h
Introducing symbols @; = —2-=2: b, = —i,; @, = 14T, i, + T +Ch{50 -S+hy (1+ h_zj:| ,

el

and solving differential equation (17) we obtain:
: b a
l//:C4-sm(a)zt+7/4)+—32(t—t1)+—3; (18)
23 2
Constants C, and y, are determined from the initial conditions.
The equation (18) describes the process until the moment when spring elastic force F, affects the

driven half coupling. The spring interrupts its actionat X < S .

Equation describing the system motion after interruption of the spring action is:

N . ,
i = IT[Td,u2 +Tyi; +K(t —tl)ll] (19)
|

el

1 . .
Taking into account the introduced symbol a, =—*(Td,I2 +T5hll), the solution of this differential
el
equation (19) takes the following form:
t t-t,)°
w:a4—+b3u+c4lt+c42; x:hK(1+ﬁJ—hzw (20)
2 6 hy
Constants C,;, and C,, are determined from the initial conditions at the moment of time when the
spring interrupts its action thatis X=S.
The impact of conical pins by their working surfaces occurs when X = 0. Dynamic loadings originated
from conical pins of half couples impact by working surfaces result in increased wear of the impact surfaces

and short clutch life (service time decrease). Dynamic loadings F, on impact are determined from static
ones Fst multiplying them by dynamic coefficient Kd :

Fo =F K (21)

In the given case both axial impact of half couplings and torque impact by driving and driven rotating

masses occur. That is why we should distinguish the axial impact loading F, of axial impact and dynamic

impact moment T; of torque impact.

Thus dynamic coefficients Ky, and Ky, are different. Let us consider the case of impact loadings

effect on axial and torque impacts in the investigated clutch with spring installation gaps S and certain safety
clutch without gap. All values related to the investigated clutch are indicated by index 1 and those related to
the given clutch by index 2.

At the impact moment the static torque moments in both clutches are equal to:

Tstl :Tdriz +Tshi1 + kil(t _tl)?

T = Tyl + T, +Kig(t—t,)+ch,5, (22)
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where: ¢ - preload adjustment of the spring regulating the clutch transfer moment in the known clutch.

Static axial loadings are equal to:

Fstl = TStl ’ Fstz = TStZ ' (23)

h h

To compare dynamic impact loadings in the investigated and given clutches we should find the ratio of

these loadings in the above mentioned clutches. As it is difficult to determine the values of dynamic
coefficients because of complexity of occurred processes let us assume dynamic coefficients to be

approximately proportional to the speed modules at the impact moment:

3 3

Kes =[] Kg, Kpg = %] Ky, (24)

where: KFO , KTO - are proportionality coefficients correspondently.

Then in a case of torque impact we have

h = ﬂ . _TStl (25)
Td2 V'/iZ TStZ
or i = h . —Ts‘l

T, v, T,+cho

st

. | . . h . T Fdl _ le — l/}il Tsu
On axial impact (since X; =—N,; and F, :E). F T, v. T +ch35'

d2 d2
RESULTS
Computer investigation of dynamics of proposed and given safety clutches enables to determine axial
and angular mass velocities at the moment of conical pins impact by their working surfaces and relative
dynamic impact loadings.
The graph dependences on gap S and spring rigidity C and graph dependences of axial and rotational
velocities on impacts from inclination angle of nonworking limit 8 are shown in Fig. 5 and Fig. 4.

X, -
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S=00025 m

g 1B 30 45 60 75 80 f

Fig. 4 — Dependences of axial and rotational velocities of half couplings
on inclination angle of conical pins active faces (engagement elements)

It is evident from the graphs that the proposed safety clutch with the spring installed with the gap
makes it possible to reduce impact loadings by 10-15%. in comparison with the given one. It is
advantageous to use conical pins with active faces 45° inclination angle as in this case the axial and
rotational velocities of half couplings on impacts are minimal (Fig. 4).

When the gap S increases, the dynamical impact loadings slightly decrease but the clutch loses its
sensitivity and is unable to activating after the overload removal. That is why it is reasonable to make
effective use of clutch designs with gaps S =1+2mm.

75



Vol.51, No.1 /2017 INMATEH — 7 inceti

# 10 20 30 40 50 60 708 mm
P ‘
0971 T_prr—
/ —=/1()
M7

\S-—/Jfaziz m

\/

a90 /
TN
Y

089 \ T
k 7 A1)

N\
pe45"

088

|
8000 10000 %ooo 16000 s L4
. m

Fig. 5 — Dependences of axial and rotational velocities of half couplings
on inclination angle of conical pins nonworking faces (engagement elements)

With the spring rigidity increase the dynamic impact loadings occurrence in compared clutches have

zigzag-shaped changes but within small limits (Fig. 5). That is why it is advisable to use springs with 14000
N/m rigidity.

CONCLUSIONS

Carried out experiments proved that the offered elastic-conical safety clutch of screw conveyer

provides significant reduction of dynamic impact loadings under screw overloadings, increases accuracy of
automatic half couplings reconnection after loading removal and at the same time considerably increases
reliability and service life of screw conveyer driving mechanisms.
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ABSTRACT

In order to reduce the energy consumption of greenhouse cooling in subtropical and tropical regions,
we proposed a switching control strategy based on temperature prediction model. Due to the facilities driven
by the on-off actuators in many greenhouses, the cooling system was treated as a hybrid system with
discrete operating modes. When the indoor air temperature reaches the upper limit set by growers, the IARX
model in each mode is used to predict the indoor air temperature over a specified horizon respectively. Then
the energy consumption of each mode is pre-estimated and the mode with minimum estimation is selected.
The control strategy was simulated. The energy saving potential of the proposed control strategy is related to
a variety of factors. In this simulation, the results indicate that the control strategy saves 15.4% energy within
the temperature range (20°C, 30°C); while it saves 24.6% energy within the temperature range (24°C, 30°C),
compared with a reference with fixed switching rules. Finally, the main influencing factors of energy
consumption were discussed. The conclusions are instructive for the future application of the control
strategy.
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INTRODUCTION

A greenhouse is a plastic or glass building that can provide a suitable microclimate for plants,
protecting them from severe and variable outdoor weather conditions. As a result, many greenhouses can
operate all year round and produce much higher yields than the open land cultivation. However, the
greenhouse production system consumes much more energy. The energy is consumed mainly for heating in
cold regions (Sethi et al., 2008; Vadiee et al., 2014), and for cooling in subtropical and tropical regions
(Kumar et al., 2009; Sethi et al., 2007). South China is located in the subtropical region, so the greenhouses
in this area usually need cooling in most time of a year. In order to reduce the consumption of electric energy
and fossil fuels for greenhouse cooling, some researchers tried to use renewable energy, such as solar
energy (Chungloo et al., 2007; Cuce et al., 2016;), geothermal energy (Ozgener et al., 2010; Sethi et al.,
2007), etc. The use of renewable energy has a significant potential to reduce the consumption of
conventional energy, but their systems are very complicated and the initial construction costs are very high,
so that it is difficult to popularize these alternative methods. Another way to reduce the consumption of
conventional energy is to design new control methods. Because the facilities in many greenhouses are
driven by the on-off actuators (Teitel et al., 2004), it’s difficult to use the conventional control methods, such
as PID control (Hu et al., 2010), model predictive control (Blasco et al., 2007), fuzzy control (Nachidi et al.,
2010), etc., and the operating mode of greenhouse cooling system can be divided into different sub-modes.
The greenhouse control system is treated as a hybrid system in this paper, due to the interaction between
discrete on-off control signals and continuous environmental factors (Lin et al., 2014).
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At present, hybrid systems have been widely applied in many fields (Balluchi et al., 2013; Febbraro et
al.,, 2016), but rarely used in the greenhouse control system. Yang et al. adopted hybrid automata and
studied the modeling and control of the temperature system in a greenhouse with only one on-off ventilation
window (Yang et al., 2011). Chu et al. also studied the temperature control system based on hybrid automata
in a greenhouse with three facilities, i.e., a roof window, a fan and a wet pad (Chu et al., 2015). However, the
energy-saving issue was not considered in their studies. Another problem is that the design of switching
rules is very complicated when there are multiple facilities, because several environmental factors have to be
taken into account, such as indoor and outdoor air temperature, solar radiation, etc.

We proposed a switching control strategy of different cooling modes based on temperature prediction
model for energy saving, because some simple temperature prediction models have been developed for
control purposes (Frausto et al., 2003; Xu et al., 2016). The rest of the article is organized as follows. In
Material and Method section, the proposed switching control strategy for energy saving is described at first.
Then the simulation experiments are designed and a mechanistic model is used to test the energy-saving
effect of the proposed control strategy. In Results section, the simulation results are introduced at first. Then,
the energy-saving potential of the proposed control strategy is analysed by comparison with a reference one
with fixed switching rules. At last, the main influencing factors of energy consumption are also discussed.
The paper is concluded at last.

MATERIAL AND METHODS
Switching control strategy for energy saving

In subtropical and tropical regions, there are usually multiple cooling facilities installed in a
greenhouse. Four common kinds of facilities are considered in this research, i.e., roof windows, fans, a wet
pad and external shading net. Assume that they are all driven by the on-off actuators, which is in accordance
with the actual situation of many greenhouses. According to the first three kinds of facilities, the greenhouse
operation is divided into three modes, i.e., natural ventilation mode, mechanical ventilation mode and pad-
fan cooling mode. When all the facilities don’t work, the operating mode is called passive mode in this paper.
The operation process can be regarded as a switching one among the four modes, and the greenhouse is in
only one of the four modes at any time. The shading net also affects the indoor air temperature, but it is not
used to divide the operating modes, because it is folded or unfolded, mainly depends on the solar radiation
intensity, having little containment relationship with the above four operating modes. Therefore, the shading
net can be folded or unfolded, no matter that the greenhouse is in any of the operating modes. The switching
control system of the greenhouse is shown in Fig.1. The outdoor environmental factors are used as input to
the controller to facilitate the construction of indoor air temperature prediction model.

Outdoor | Outdoor
environmental environmental
factors factors

Greenhouse

Passive mode

Natural ventilation

s
I . . -
H—| Mechanical ventilation
|

I__e  Pad-fan cooling

Lo External shading net

Indoor air
temperature

Controller

Fig.1 - The greenhouse cooling system

We proposed a new switching control strategy based on temperature prediction model to reduce the
energy consumed for greenhouse cooling. At first, it's necessary to construct the prediction model of indoor
air temperature in each cooling mode. At present, there are three kinds of prediction models, i.e.,
mechanistic model (Singh et al., 2006), ARX model (auto regressive prediction model with external variables)
(Frausto et al., 2003) and neural network model (Frausto et al., 2004). The ARX model is simpler and has
smaller computational burden than the other two kinds, so it is often used for control purposes. We have
constructed the temperature prediction models in different operating modes based on the analysis of
mechanistic models, called IARX (incremental ARX) model (Xu et al., 2016). The IARX models have fewer
coefficients than typical ARX models, so they are more suitable for online identification in real-time control.
The IARX prediction models of indoor air temperature in the natural ventilation mode and mechanical
ventilation mode have the same form, shown as Eq.(1); while the prediction model in the pad-fan cooling
mode is shown as Eq.(2).

ATl (k +1) = alAToi (k) + ﬂlRout (k)+8 (1)
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AT, (k+1) = AT, (k) + ARy (K) + 71AT i (K)+& @

where ATi(k+1) denotes the difference of indoor air temperature at the time instants k+1 and k (°C); ATy(K)
the difference of outdoor and indoor air temperature at the time instant k (°C); ATp(k) the difference of indoor
air temperature and that of the wet air that just passes through the pad at the time instant k (°C); Rou(k) the
solar radiation intensity at the time instant k (W/m”2); a;, B1, y1 and ¢ are all coefficients.

When the models are used to predict temperature at the time instant k+i (i>1), it is necessary to
provide the data of relevant environment factors at time k+i-1. However, the environmental data at future
time instants are unknown in the actual control process. We will adopt the lazy man weather prediction
method (Tap et al., 1996), in which the environmental factors remain unchanged over a specified horizon.
The prediction method is effective when the horizon is not too long.

Assume the greenhouse is in the passive mode and the shading net is folded at the beginning. When
the indoor air temperature reaches the upper limit, the model in each cooling mode is used to predict the
indoor air temperature over a specified horizon respectively. Natural ventilation is the first choice because it
consumes very little energy. As long as the predicted temperature in the natural ventilation mode is within the
set range, this mode is selected directly and it is not necessary to consider the other two cooling modes. If
the natural ventilation mode cannot reduce the indoor air temperature below the upper limit, the other two
cooling modes will be adopted. Different from the natural ventilation mode, the mechanical ventilation mode
and pad-fan cooling mode both consume much more energy. Of course, their capacities for cooling are
significantly enhanced. In particular, the pad-fan cooling mode can reduce the indoor air temperature lower
than that outside. In order to forbid the two cooling modes to run for too long time, we set the selection and
stopping criteria for the two modes. The mechanical ventilation mode is taken for example. When the indoor
air temperature reaches the upper limit and the predicted temperature over a specified horizon in the natural
ventilation mode is also higher than the upper limit, the temperature model in the mechanical ventilation
mode is used to predict over a specified horizon. If the predicted temperature can reach the lower limit, the
cooling mode may be selected. The cooling mode is stopped when the indoor air temperature reduces to the
average of the upper and lower limits. The selection and stopping criteria can ensure that the running time of
mechanical ventilation is not more than the prediction horizon. The selection of pad-fan cooling mode is the
same. If only one of the two cooling modes meets the selection criterion, it will be selected. If both modes
meet it, it's required to make further judgments between them. We pre-estimate the energy consumption of
the two cooling modes based on the prediction results over a specified horizon respectively. The algorithm is
shown in Eq.(3), and the cooling mode with the smaller estimation will be selected.

J=P-n-At

S.t. Toeg (K+N]k)>=T,
T (K+N+1]k)<T,
1<n<N

®)

where the letter J denotes the energy consumption (J); P denotes the operating power of cooling mode (W);
At the sampling period (s); N the length of prediction horizon (measured by the number of sampling periods);
n the length of the continuous operation of cooling mode; T,.q(k+j|k) the prediction value of indoor air
temperature at the time instant k+j (°C); T, the lower limit (°C); T, the average of the upper and lower limits
(°C).

The selection process of cooling modes will be repeated every time when the indoor air temperature
reaches the upper limit. Assume that the pad-fan cooling mode can meet the cooling requirements in any
case, which is consistent with the real situations of many greenhouses. In the above control process, two
thresholds are set for the shading net. When the solar radiation intensity exceeds the high threshold, the
shading net is unfolded; while when the solar radiation intensity reduces to the low threshold, the shading net
is folded. The difference between the two thresholds is helpful to avoid frequent switching of the shade net.
The accuracy of temperature prediction models is very important to the switching control strategy. In order to
obtain good accuracy, the receding horizon method is adopted to update the model coefficients in time (Tap et
al., 1996). Therefore, the switching control of cooling modes can be implemented for energy saving.

Simulation experiments
We have constructed a mechanistic model of Venlo-type glass greenhouse microclimate to develop
new control strategies and the discrete on-off control characteristics are fully considered (Xu et al., 2016).

79



Vol.51, No.1 /2017

INMATEH — 7 inceti

The mechanistic model of greenhouse temperature system is shown as Eq.(4), and we will use it to simulate
the proposed switching control strategy.

dT. (t
pavg Ca % = Qradin (t) - Xlan (t) - XZva (t) - XSpr (t) - Qexch (t) _Qtran (t)

st. > x; <1 x,=01(j=12,3)

where p, denotes the air density(g/m®); V, the greenhouse volume (m®); C, the air specific heat (3/(g°C));
Tin(t) the indoor air temperature (°C); t time (s); Qragin(t) the solar radiation power received in the greenhouse
(W); Qn(t) the power loss caused by natural ventilation (W); Qum(t) the power loss caused by mechanical
ventilation (W); Q(t) the power loss caused by pad-fan cooling (W); Qexcn(t) the power loss caused by the
energy exchange through cover layer (W); Quan(t) the power loss of crop transpiration (W); x; (=1, 2, 3)
decision variables and have values of either 0 or 1 (0 denotes OFF and 1 ON). There is at most one decision
variable with the value 1 at any time, according to the operating process of greenhouse described in above
switching control strategy section.

Before simulation, the data of four outdoor environmental factors should be provided, i.e., outdoor air
temperature, relative humidity, solar radiation intensity and wind speed. A sunny day, Apr. 22, 2014 in
Nanjing area is selected. Because cooling is not necessary at night, the control experiments are only

simulated in day time and the simulation period is set to 7:30-16:30. The four outdoor environmental factors
during this period are shown in Fig. 2.
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Fig. 2 - Four outdoor environmental factors

The facilities in simulation are consistent with that in the greenhouse which is used to verify the above
mechanistic model. There are four ventilation fans, which are controlled by the same on-off drive signal. The
greenhouse operates in mechanical ventilation mode when only the fans are switched on. The total area of
roof windows is about tenth of the greenhouse area, with the maximal opening angle 30°. The greenhouse
operates in mechanical ventilation mode when only the roof windows are switched on. There is a shade net
above the greenhouse, the light transmission of which is about 50%. The thresholds for the shading net are
set to 420 W/m? and 400 W/m?. The IARX model includes solar radiation intensity, so the working state of
shading net will affect the prediction results. The IARX models expressed in Eq.(1) and Eq.(2) are revised
based on the on-off characteristic of shading net, and the revised IARX models are as follows respectively.

AT (k+1) = aAT;; (k) + S(A—-X7)R,, (K) + & ®)
AT, (k+1) = AT (k) + BA=X,)Ry (K) + /AT (K)+5 6

where X, is the control signal of shading net (0 denotes OFF and 1 ON); n the light transmission (50%).

The operation powers of all facilities are required to calculate the energy consumption of greenhouse
operation. The rated power of each fan is 1KW, and that of wet pad is 2KW. While compared with fans and
wet pad, the energy consumption of roof windows and the shading net is very little, so they are neglected. It
has been found that the indoor air temperature can reach a steady state within 10 minutes after the
greenhouse entered into a new operating mode in actual tests (Xu et al., 2016), so the prediction horizon is
set to 10 minutes. In order to study the influence of the upper and lower limits and the set range of
temperature on the energy consumption, we set three temperature ranges. The butterfly orchid plant were
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potted in greenhouse when the mechanistic model was verified (Xu et al., 2016), so the temperature ranges
are set as (20°C, 30°C), (24°C, 30°C) and (22°C,32°C), and they are numbered as case 1, 2 and 3, for easy
identification. The above simulation experiments will be done in the three cases.

The IARX prediction models should be identified at first before use. For convenience, for the first three
cooling requirements, the greenhouse is forced to enter into the three cooling modes successively. In order
to obtain enough environmental data for model identification, the sampling period is set to 30s. After the first
three cooling actions, the proposed control strategy is adopted for the greenhouse cooling system. As
previously mentioned, the receding horizon method is adopted to update the model coefficients.

In order to explore the energy saving potential of the proposed control strategy, we designed a
reference one without any temperature prediction model. The reference control strategy operates with fixed
switching rules, which is described as follows. At the beginning, assume the greenhouse is in the passive
mode and the shading net is folded. When the indoor air temperature reaches the upper limit, the natural
ventilation mode is adopted at first. If the natural ventilation mode cannot meet the cooling requirement, the
mechanical ventilation mode will be adopted. In order to prevent the fans from running for too long time, if the
indoor air temperature cannot be reduced to the average of the upper and lower limits within five minutes,
the greenhouse will be forced to transfer into the pad-fan cooling mode. When the indoor air temperature
reaches the upper limit every time, the cooling mode adopted last time will be adopted at first. After unfolding
the shading net, the switching process will repeat the above switching rules, and the natural ventilation mode
is the first choice for cooling. Except for the switching rules, the other settings are the same as that in the
proposed control strategy. The control strategies are programmed and simulated in MATLAB software.

RESULTS

The dynamic behaviours of indoor air temperature in the three cases are shown in Fig. 3 to Fig. 8. The
simulation results indicate that the two switching control strategies can meet the cooling requirement. The
operating times of three cooling modes are counted in the three cases for the two control strategies, and
listed in Table 1. The energy consumption of the two control strategies is calculated and shown in Table 2.
The results in case 1 and case 2 indicate that the proposed control strategy has a good potential for energy
saving. The results in case 3 will be analysed specially below.
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Fig.3 - The indoor air temperature of the proposed control strategy in case 1
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Fig.4 - The indoor air temperature of the reference control strategy in case 1

In case 1 and case 2, the dynamic behaviours of indoor air temperature simulated by the two control
strategies are different, and the main difference appears in the later stage of the simulation process. The
reason is as follows. For the proposed control strategy, the mode switch is based on the real-time prediction
results. The prediction results of temperature models change with the outdoor environmental factors, so the
proposed control strategy can choose the natural ventilation mode in time with the decrease of outdoor air
temperature and solar radiation. Therefore, the proposed control strategy has a good adaptive ability,
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compared with the reference one. The proposed control strategy can save energy about 15.4% compared
with the reference in case 1; while it can save energy about 24.6% in case 2.
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Fig.5 - The indoor air temperature of the proposed control strategy in case 2
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Fig.6 - The indoor air temperature of the reference control strategy in case 2
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Fig.7 - The indoor air temperature of the proposed control strategy in case 3
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Fig.8 - The indoor air temperature of the reference control strategy in case 3

Table 1
The operating times of cooling modes in both control strategies
Proposed control strategy (min) Reference one (min)
Case
NV MV PF NV MV PF
1 400 3 53 371 20 52
2 371 15 33 340 22 42
3 458 3 3 493 0 0
Note: NV natural ventilation; MV denotes mechanical ventilation mode; PF pad-fan cooling mode.
Table 2

Comparison of energy consumption of two control strategies

Case | Proposed control strategy (kW.h) Reference one (kW.h) Energy saving [%]
1 55 6.5 15.4
2 4.3 5.7 24.6
3 0.5 0 -
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The simulation results in case 3 are very different from that in the first two cases. The natural
ventilation mode can meet the cooling requirement very well in case 3, so both the control strategies almost
don’t consume energy. The proposed control strategy consumes a little energy because of the first three
fixed cooling actions. It can be seen that the upper limit has a great influence on the energy consumption for
greenhouse cooling. The higher the upper limit is, the less the energy consumption will be. According to the
temperature integration theory (Sigrimis et al., 2000), a short-term high temperature has little effect on crops.
Therefore, in some cases, allowing the indoor air temperature to exceed the upper limit briefly will be helpful
for energy saving.

According the results in case 1 and case 2, the different energy saving effect indicates that the set
temperature bandwidth has influence on the energy saving potential. In case 2, the temperature bandwidth is
narrower, while the energy consumption is less. According to previous studies (Gu et al., 2001), the indoor air
temperature changes in the form of a negative exponential function during the cooling process, and thus the
energy for reducing 1°C is more and more as the indoor air temperature is reduced. Therefore, the narrow
range is conducive to save energy. However, the simulation results also show that the indoor air temperature
fluctuates more frequently in case 2. In fact, the narrow range leads to the frequent switch of operating
modes, which means that the facilities are switched on and off frequently. It's important to compromise the
above contradictions for growers, because the frequent switch is easy to damage the facilities.

We focussed on the switching control of the three common cooling modes for energy saving, so we
didn’t study the cooling effect of shading net quantitatively in this paper. The simulation results indicate that
the shading net is effective to reduce the energy consumption. In case 1 and case 2, when the shading net is
folded, the natural ventilation mode is unable to reduce the indoor air temperature below the upper limit;
while when the shading net is unfolded, the natural ventilation mode can meet the cooling requirement well.
The influence of shading net is also confirmed by the simulation results in case 3. Therefore, it's necessary
to make full use of the shading net for cooling greenhouse in future practice. Before setting the thresholds for
shading, the demand of light illumination must be fully considered for the photosynthesis of indoor crops.

CONCLUSIONS

In order to reduce the energy consumption of greenhouse cooling in subtropical and tropical regions,
we proposed a switching control strategy based on temperature prediction model for the greenhouses with
the facilities driven by the on-off actuators. The simulation results indicate that the control strategy has a
good adaptive ability and a good energy saving potential. The control strategy is easy to implement without
major revisions on the existing facilities. Even if there are more facilities, the control strategy is still
applicable, as long as the operating modes are re-divided and the indoor air temperature prediction models
in all modes are constructed. Therefore, the proposed control strategy has a good universality.
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ABSTRACT
This work aims to determine the energy use for greenhouse vegetable production and to estimate the
mechanization index in Biskra province (Algeria).The results revealed that the total energy required for
vegetable protected production is 119.68 GJ per hectare where the infrastructure was the highest energy
consumer followed by the electricity and fertilizers with a share of 22%, 20% and 19%, respectively. The
energy use efficiency was calculated as 0.82, showing the inefficiency use of energy in the protected
vegetable production. The entire farmers use least machinery labour energy in hectare compared to the
human energy and the itinerary crop is similar for all greenhouses.
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INTRODUCTION

In the two last decades, Algeria has experienced a notable agricultural development driven by a
prosperous trend in market gardening in plastic greenhouses due of the favourable climatic conditions and
the government’s policy. As results of this development, Biskra province becomes the first producer of early
vegetables nationally (Allache et al., 2015) where, the surface occupied by the greenhouse has increased by
528.52% over the last 20 years (Belhadi et al., 2016).

Taking into account limited natural resources and the impact of using different energy sources on
environment and human health; it is substantial to investigate energy use patterns in agriculture
(Samavatean, 2011).Therefore, research efforts have emphasized energy and economic analysis of various
agricultural productions for planning resources in the ecosystem (Singh et al., 2002). While several works
across the world have been conducted to estimate the energy use in greenhouse vegetable production, such
as: Ozkan et al. (2004), Elings et al. (2005), Campiglia et al. (2007), Djevic and Dimitrijevic (2009), Ozkan et
al. (2011), Pahlavan et al. (2011), Heidari and Omid (2011), Bojaca et al. (2012), Baptista et al. (2012) and
Hedau at al. (2014). However, no studies have been published on energy input—output analysis and the
mechanization index analysis of greenhouse vegetable production in Algeria.

With these observations in mind, this study addresses the determining input-output energy use in
greenhouse vegetable production in order to study the energy consumption efficiency. Furthermore, this
study wishes to estimate the mechanization degree and the mechanization index for the greenhouse
vegetable production in Biskra province, southern of Algeria.

MATERIAL AND METHODS
Study area

According to Rekibi (2015), Biskra province occupies over 32% of national production of protected
crops which make it the first producer of early vegetable in Algeria. The vegetables produced most
extensively are tomato, cucumber, eggplant and pepper. For this reason, this study has been carried out in
this region. The study area is located in the south-eastern of the country, the gateway to the Sahara. The
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height above sea level is 112 m which makes it one of the lowest cities. The chief town of the province is
located at 400 km of the capital, Algiers. It has surface area of 21,671 km2, divided into 12 administrative
districts (Fig. 1). Biskra has a hot desert climate, with very hot and dry summers and mild winters with annual
rainfall averaging between 120 and 150 mm/year. The average annual temperature is 20.9°C.
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Fig. 1 - Situation of study area
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An investigation was conducted in Biskra province during the season 2014-2015. The study employed
face-to-face personal interviews using questionnaires which compound sections providing the economic
characteristics, practices and management of the farm. The data have been collected from 65 farmers
representing 5% of greenhouse vegetable growers from the six most productive municipalities, namely:
M’ziraa, Ainnaga, Sidi Okba, Elaghrous, Doucen and Lioua (Fig.1). In this area, the vegetables produced
most extensively are tomato, cucumber, eggplant and pepper.

Energy input-output measurement

Energy requirements in agriculture are divided into two groups, direct and indirect (Samavatean,
2011). In this study, direct energy includes human labour, diesel, water for irrigation and indirect energy
includes seeds, fertilizers, Farmyard manure, chemicals, machinery and infrastructure. Based on the energy
equivalents of the inputs and outputs (Table 1), the metabolisable energy was calculated. Renewable energy
(RE) consists of human labour, seed, manure and water for irrigation, whereas non-renewable energy (NRE)
includes machinery, diesel fuel, electricity, infrastructure, fertilizers and chemicals.

To analyse the energy flow, energy ratio (energy use efficiency) (ER), energy net (EN) and energy
productivity (EP) indexes were calculated as following:

Energy output [MJ/ha]

Output —input ratio(ER) = 1
P P ( ) Energy input [MJ/ha] @)
- Total output [kg/ha]

Ener roductivity (EP) [kg/MJ] = 2
we Y (EP) [ka/MJ] Energy input [MJ/ha] @
Energy Net(EN ) [MJ/ha] = Energy output [MJ/ha]— Energy input [MJ/ha] ?3)

- Energy input [MJ/ha]
Specific energy [MJ/kg] = 4
P ol ol vegetable output [kg/ha] “)
Energy intensiveness = Energy InPUt !MJ/ha] (5)

Cost of cultivation [$/ha]

Table 1

Energy equivalent factors used to transform the inputs and the outputs yield
of the greenhouse tomato production system in Biskra region

Energy source Unit Ener%;ﬂﬁmamm Reference
Inputs

Human labour h 1.96 Singh et al. (2002)

Machinery h 62.70 Singh et al. (2002)

Diesel oil I 45.40 Bojacé et al. (2012)

Infrastructure kg
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Energy equivalent

Energy source Unit [MJ/unit] Reference
Steel 33.00 Medina A, et al (2006)
Polyethylene 9.90 Medina A, et al (2006)
Synthetic fibre 1.20 Medina A, et al (2006)
PVC 11.60 Medina A, et al (2006)
Fertilizers kg
N 60.60 Ozkan et al. (2004)
P 205 11.10 Ozkan et al. (2004)
K20 6.70 Ozkan et al. (2004)
Farmyard manure kg 0.30 Bojaca et al. (2012)
Pesticides kg
Fungicides 216 Mohammadi and Omid (2010)
Insecticides 101.20 Mohammadi and Omid (2010)
Plant materials
Plantlets unit 0.20 Bojaca et al. (2012)
Water for irrigation m° 0.63 Bojaca et al. (2012)
Electricity kW h 3.60 Ozkan et al. (2004)

Output
Tomato, cucumber, kg 0.80 Ozkan et al. (2004)
eggplant, pepper

Greenhouse production is more expensive than producing the same crop in the open field, the most
important factors determining costs are depreciation of the structure and equipment, labour, energy and
variable costs such as plant material, substrate and fertilizer (Peet and Welles, 2005). For this, the
output/input analysis was also applied in economic benefits. The process was similar with energy balance
analysis. The economic analysis of the investigated farmers was determined using the following indicators
(Fadavi et al., 2011):

Gross value [$/ha]= vegetable yields [kg/ha] x price [$/kg] (6)

Gross return [$/ha] = Total production value [$/ha] — Variable cost of production [$/ha] @)

Net return [$/ha] =Total production value [$/ ha] — Total production costs [$/ha] (8)

Total production value [$/ha]
Total production costs [$/ha]

Benefit — Cost ratio =

©)

Vegetable yield [kg/ha]
Total production costs [$/ha]

Productivity [kg/$] = (10)

Mechanization index estimation
Mechanization index (IM): Singh (2006) presented a definition for mechanization index based on using
living thing and machine in input energy which is calculated from the relationship.

CEM

IM =
CEH +CEA+CEM

[%] (11)

where: IM: mechanization index, CEM: Cost of using machine, CEH: Cost of manpower, CEA: Cost of using
animal power.

Machinery energy ratio (machine index), the machinery energy ratio is an index which represents the
fraction of the total energy inputs through the various tools and implements used in different operations for
cultivation of the particular crop. The machinery energy was determined using the following equation.

MER = Ed [%0] (12)
Te
Where MER is the ratio of the machinery energy to the total energy input; Ed is the energy input through the

various machines/implements; Te is the total energy input from human labour, animals, machine/hand tools,
seed, and farm yard manures for the vegetable greenhouse production.
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RESULTS

The data were collected from 65 vegetable protection growers in Biskra province. The average size of
greenhouses is around 2.1 ha with a range from 0.25 up to 12.75 ha. All of the surveyed greenhouses were
the plastic houses and metallic structures. Also the data showed that almost all surfaces covered by
greenhouse were irrigated using drip irrigation and about 73% of visited farms were privately owned and
27% rented.

Energy inputs — outputs used analysis

The summarized information on energy use pattern and yield value of vegetable production is
presented in Table 2 and along with Fig.1 gives the percentage distribution of energy inputs.

Table 2
Amounts of inputs and output energy used in protected vegetable production.
Energy source | Quantity per unit area [ha] | Total Energy equivalent [MJ/unit]
Input
Human labour [h] 3457.03 6775.78
Machinery [h] 31.38 1967.25
Diesel oil [I] 129.02 5857.41
Infrastructure [kg]
Steel 146.68 4840.31
Polyethylene 2082.54 20617.14
Synthetic fibre 105.81 126.97
PVC 130.82 1517.46
Fertilizers [kg]
N 278.86 16899.13
P 205 354.66 3936.76
K20 274.50 1839.16
Farmyard manure [kg] 47742.54 14322.76
Pesticides [kg]
Fungicides 10.30 222412
Insecticides 96.47 9762.64
Plant materials
Plantlets [units] 17232 3446.35
Water for irrigation [m3] 3154.00 1987.02
Electricity [kW h] 6544.84 23561.42
Output
Tomato, cucumber, 122095.24 97676.19
eggplant, pepper [kg] ) )

Human labor
6%

Machinery
1%

Electricity
20%

Fig. 2 - Percentage distribution of energy inputs

The results revealed that the total energy required for vegetable protected production is 119.68GJ per
hectare. Compared to other study, in Turkey, the consumption of energy by cucumber, tomato, eggplants
and pepper were 134.77, 127.32, 98.68 and 80.25 GJ/ha, respectively (Ozkan et al., 2004). In central of
Italy, the total energy requirements for producing the greenhouse vegetable crops were found in the range of
64,232-142,835 GJ/ha (Campiglia et al., 2007).These results indicate that the energy consumption for
vegetable greenhouse production is different from one region to another with light variation. Among the
different energy sources the infrastructure was the highest energy consumer followed by the electricity and
fertilizers with a share of 22%, 20% and 19%, respectively. This result is in accordance with that founded by
A. Medina, et al (2006) where the highest portion of the energy use in Colombia comes from the greenhouse
construction with 41.29% of the total energy use and the major part of this energy is attributed to the steel.
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The proportion of energy input of farmyard manure, pesticides, human labour, diesel oil, plantlets,
water and machinery used for protected vegetable (tomato, cucumber, eggplant, pepper) growing were
12%, 10%, 6%, 5%, 3%, 2% and 1%, respectively. In similar works, in Antalya (Turkey), the results indicated
that the bulk of energy consumed for greenhouse winter crop tomato production was: fertilizer (38.22%),
electricity (27.09%), manure (17.33%) and diesel-oil (13.65%) (Ozkan et al., 2011), while, among input
energy sources, diesel fuel and fertilizers contained highest energy with 54.17% - 49.02% and 21.64% -
24.01%, respectively (Heidari and Omid, 2011).This comparison shows that each region has specificity in
terms of energy inputs sharing.

The fertilizers and manure required to fertilize the soil are48650.56 kg/ha with nearly a third of total
energy consumed (31%), this observation is a common belief that increased use of fertilizer and manure will
increase the yield. 3457.03 h of human power and 31.38 h of machine power are required per hectare of
vegetable production in the research area. The crop itinerary is mainly similar for all the greenhouses crops
moreover it is carried out generally by human labour energy (6%) compared to machinery energy (1%). The
source of human labour in the investigated farms is from either family members or mainly from hired
(seasonal) labours. Also, 5857,41 MJ/ha of diesel fuel was consumed generally for machinery purposes and
most of the machineries are mainly provided by rent.

Table 3 presents the energy use efficiency, energy productivity, specific energy, net energy and
energy intensiveness of protected vegetable production.

Table 3
Energy input—output ratio in greenhouse vegetable production

ltems Unit Protected vegetable

production
Energy input MJ/ ha 119681,69
Energy output MJ/ha 97676,19
Yield Kg/ha 122095,24
Energy use efficiency 0.82
Specific energy MJ/kg 0.98
Energy productivity Kg/MJ 1,02
Net energy MJ/ha -22005,50
Energy intensiveness MJ/$ 2.09

Energy use efficiency (energy ratio) was calculated as 0.82, showing the inefficiency use of energy in
the protected vegetable production. Other results founded for protected vegetable, such as 0.66 for tomato
(Pahlavan et al., 2011), 0.76 for cucumber, 0.61 for eggplant, 0.99 for pepper (Ozkan et al., 2004), 0.32 for
tomato, 0.31 for cucumber, 0.23 for eggplant, 0.19 for pepper (Canakci and Akinci, 2006) have been
reported for different crops, showing the inefficient use of energy, thus it is concluded that the energy ratio
can be increased by raising the crop yield and/or by decreasing energy input consumption. Similar results
such as 0.68 for tomato (Bojaca et al.,2012), 0.69 and 1.48 for cucumber and tomato respectively (Heidari
and Omid, 2011) 0.8 for winter crop tomato (Ozkan et al., 2011) were calculated.

The average energy productivity of protected vegetable was 1.02 kg/MJ. This means that 1.02kg of
tomato, cucumber, pepper or eggplant output was obtained per unit energy. The specific energy, net energy
and energy intensiveness of protected vegetable production were 0.98 MJ/kg, -22005.50 MJ/ha and 2.09
MJ/$, respectively. Net energy is negative (less than zero). Therefore, it can be concluded that in protected
vegetable production, energy is being lost and this result similar to that was obtained by other researchers
such as: Ozkan et al. (2004), Canakci and Akinci (2006) and Pahlavan et al. (2011). Parallel studies obtain
0.31 MJ/kg (Ozkan et al., 2004), 12380.3 MJ/t (Hatirli et al., 2006) and 0.94 kg/MJ (Ozkan et al., 2011) for
the specific energy of corn production.

Total mean energy input as direct, indirect, renewable and non-renewable forms are given in Table 4.

Table 4
Total energy input in the form of direct, indirect, renewable and non-renewable for vegetable production
Form of energy [MJ/ha] [%]
Direct energy 38181.63 31.90
Indirect energy 81500.06 68.10
Renewable energy 26531.92 22.17
Non-renewable energy 93149.77 77.83
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The total energy input consumed could be classified as direct energy (31.90%), indirect energy
(68.10%) and renewable energy (22.17%) and non-renewable energy (77.83%). A number of resultants, in
same cultivation system, revealed that for tomato in Turkey indirect energy (41.54%) is less than that of
direct energy (58.18%), and renewable energy (81.60 %) is greater than that of non-renewable energy
(18.12 %) (Ozkan et al., 2011)while for the same crop and region, the results show that the share of direct
input energy was 59% in the total energy input compared to 41% for the indirect energy. On the other hand,
non-renewable and renewable energy contributed to 88 and 12% of the total energy input, respectively
(Hatirli et al., 2006).

Economic analysis

In this section, the majority of studies worked on energy balance of protected vegetable and didn’t
take into account the economic feature. From our perspective, the costs of each input used and calculated
gross production values for protected vegetable production are shown in Table 5.

Table 5
Economic analysis of greenhouse vegetable production

Economic index Unit Value

Yield Kg/ ha 122095.24
Sale price $/kg 0.47
Gross value $/ ha 57384.76
Variable cost $ /ha 24842.28
Fixed cost $ /ha 3907.09
Total cost $/ ha 28749.37
Cost of production $/ kg 0.24
Gross return $/ ha 32542.47
Net return $ /ha 28635.39
Benefit to cost ratio 1.99
Productivity kg /% 4.25

The result reveal that, the gross value of production is 57384.76 $/ha where the total mean costs for
the production was 28749.37 $/ha. About 86.40% of the total expenditure was variable costs, while13.59 %
was fixed expenditure. Several studies reported that the ratio of variable cost was higher than that of fixed
cost in cropping systems (Samavatean et al., 2011).Starting from these results, the benefit-cost ratio from
protected vegetable production in the farms was calculated to be 1.99. These results are consistent with the
findings reported by Canakci and Akinci (2006) where the benefit/cost ratio for the tomato, pepper, cucumber
and eggplant production were calculated at 1.57, 1.15, 1.29 and 1.10, respectively. On the other side,
benefit/cost ratio was calculated for others crop such as 1.36 for Garlic production (Samavatean et al., 2011),
1.83 and 2.21 for greenhouse and open-field grape (Ozkan et al., 2007).Concerning the gross return, the
calculation gave the result 32542.47 $/ha while for the productivity, it is 4.25 kg/$.

Mechanization index analysis
Different clusters of farm were determined basing on greenhouse area. Table 6 illustrate that
Mechanization index (MI) of 0.119 is obtained for protected vegetable production in the visited region.

Table 6
Mechanization Index and Machinery energy ratio for different land size
<1 1-<3 3-<5 >5 total
Mechanization index (MI) 0.119 0.124 0.111 0.112 0.119
Machinery energy ratio (MER) | 0.008 0.012 0.007 0.017 0.010
Number of farmers 41 12 4 8 65

It seems that, the MI calculated for all clusters are almost equal with a small difference. All farmers use
least machinery labour energy per hectare than the human energy labour, thus we could say that the
itinerary crop is similar for all the greenhouses visited. These results could be explained by unavailability of
the machine destined to greenhouse cultivation in the local market especially the planter machine, also due
the finical situation of the farmer. Previous work has showed that the Ml at all-India level was only 14.5% and
it varied from 8.2% in sorghum and paddy to a highest value of 29.00% in wheat (Singh, 2006).
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CONCLUSIONS

This work aimed to analyse the energy balance for the protected vegetable in Biskra province

(Southern of Algeria), also to make economic analysis and determination of the mechanization index for this
sector. For this reason, a survey has been conducted with 65 farmers.

The results revealed from this study could be presented as follows:
The total energy required for vegetable protected production is 119.68 GJ per hectare which is close
to that reported in previous researches (Ozkan et al., 2004).
Among the different energy sources the infrastructure was the highest energy consumer followed by
the electricity and fertilizers with a share of 22%, 20% and 19%, respectively.
Each region has specificity in terms of energy inputs sharing.
Energy use efficiency (energy ratio) was calculated as 0.82, showing the inefficiency use of energy
in the protected vegetable production.
The gross value of production is 57384.76 $/ha where the total mean costs for the production was
28749.37 $/ha. About 86.40 % of the total expenditure was variable costs, while 13.59 % was fixed
expenditure.
All farmers use least machinery labour energy per hectare compared to the human energy labour,
thus we could say that the itinerary crop is similar for all the greenhouses visited.

As recommendations, the below propositions could enhance the control of energy flow in protected

vegetable production and also allow the farmer to improve their financial situation, namely:

Providing a formation, by a qualified employer, to farmers for changing their wrong behaviours and
the controlled input;

Improving the pest management using an integrated fighting method (IPM);

Elaboration of a strategy to introduce the machine for carrying out the farm operation and to promote
the farm machinery.

ACKNOWLEDGEMENT

This research was financially supported by the Scientific and Technical Research Centre for Arid

Areas (CRSTRA), Biskra, Algeria. Special thanks are extended to the farmers who contributed to this survey.

REFERENCES

[1]

(2]

3]

[4]

5]

[6]

[7]
(8]

Allache F., Bouta Y., Demnati F., (2015), Population development of the tomato moth Tuta absoluta
(Lepidoptera: Gelechiidae) in greenhouse tomato in Biskra, Algeria, Journal of Crop Protection, Vol. 4,
issue 4, pp. 509-517, Faculty of Agriculture, Tarbiat Modares University, Tehran/lran;

Baptista F.J., Silva A.T., Navas L.M., Guimar@es A.C., Meneses J.F., (2012), Greenhouse Energy
Consumption for Tomato Production in the Iberian Peninsula Countries. Proc. IS on GreenSys2011.
Acta Horticulturae. 952, ISHS 2012: p.409, International Society for Horticultural Science,
Leuven/Belgium;

Belhadi A., Mehenni M., Reguieg L. and Yekhlef H., (2016), Plasticulture contribution to agricultural
dynamism in the Ziban region (biskra). Revue Agriculture. Numéro spécial (1), pp. 93-99, Setif
university/Algeria;

Bojaca C.R., Casilimas H. A., Gil R., Schrevens E., (2012), Extending the input-output energy balance
methodology in agriculture through cluster analysis, Energy, vol.47, pp. 465-470, Ed.Elsevier,
London/U.K;

Canakci M., Akinici I., (2006), Energy use pattern analyses of greenhouse vegetable production.
Energy, vol.31, pp.1243-1256, Ed.Elsevier, London/U.K_;

Campiglia E., Colla G., Mancinelli R., Rouphael Y., Marucci A., (2007), Energy Balance of Intensive
Vegetable Cropping Systems in Central Italy. Proc. VIII™ IS on Protected Cultivation in Mild Winter
Climates. Acta Horticulturae, 747, ISHS 2007: pp. 185-192, International Society for Horticultural
Science, Leuven/Belgium;

Djevic M., Dimitrijevic A., (2009), Energy consumption for different greenhouse constructions. Energy,
vol. 34, pp. 13251331, Ed. Elsevier, London/U.K.;

Elings A., Kempkes F.L.K., Kaarsemaker R.C., Ruijs M.N.A., van de Braak N.J., Dueck T.A., (2005),
The Energy Balance and Energy-Saving Measures in Greenhouse Tomato Cultivation. Proc. IC on

91



Vol.51, No.1 /2017 INMATEH — 7 inceti

(9]

[10]
[11]

[12]

[13]

[14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]

(23]

[24]

Greensys, Acta Horticulturae, 691, ISHS 2005, pp. 67-74, International Society for Horticultural
Science, Leuven/Belgium;

Fadavi R., Keyhani A., Mohtasebi S.S., (2011), An analysis of energy use, input costs and relation
between energy inputs and yield of apple orchard, Research in Agricultural Engineering, vol.57, issue
3, pp. 88-96, Czech Academy of Agricultural Sciences, Praha/Czech Republic;

Hatirli S.A., Ozkan B., Fert C., (2006), Energy inputs and crop yield relationship in greenhouse tomato
production, Renewable Energy, vol.31, pp. 427-438, Ed.Elsevier, London/U.K;

Heidari M.D., Omid M., (2011), Energy use patterns and econometric models of major greenhouse
vegetable productions in Iran, Energy, vol.36, pp. 220-225, Ed. Elsevier, London/U.K.;

Hedau N.K., Tuti M. D., Stanley J., Mina B.L., Agrawal P.K., Bisht J.K., Bhatt J.C., (2014), Energy-use
efficiency and economic analysis of vegetable cropping sequences under greenhouse condition.
Energy Efficiency, vol. 7, issue 3, pp. 507-516, Ed. Springer, Berlin/Germany,

Medina A., Cooman A., Parrado C.A., Schrevens E., (2006), Evaluation of Energy Use and Some
Environmental Impacts for Greenhouse Tomato Production in the High Altitude Tropics, Proc. llird IS
on HORTIMODEL2006, Acta Horticulturae, 718, ISHS 2006, pp. 415-422, International Society for
Horticultural Science, Leuven/Belgium;

Ozkan B., Figen Ceylan R., Kizilay H., (2011), Comparison of energy inputs in glasshouse double crop
(fall and summer crops) tomato production, Renewable Energy, vol. 36, pp. 1639-1644, Ed. Elsevier,
London/U.K.;

Ozkan B., Kurklu A., Akcaoz H., (2004), An input-output energy analysis in greenhouse vegetable
production: a case study for Antalya region of Turkey, Biomass Bioenergy, vol.26, pp. 189-195;
Pahlavan R., Omid M., Akram A., (2011), Energy use efficiency in greenhouse tomato production in
Iran. Energy 36: pp. 6714-6719, Ed. Elsevier, London/U.K.;

Peet M.M., Welles G., (2005), Greenhouse tomato production, Tomatoes, Centre for Agriculture and
Biosciences International, Chp.9, pp. 275-304, Oxford/U.K;

Rafiee S, Mousaviavval S.H., Mohammadi A., (2010), Modelling and sensitivity analysis of energy
inputs for apple production in Iran, Energy, vol.35(8), pp. 3301-3306, Ed. Elsevier, London/U.K.

Rekibi F., (2015), Analyse compétitive de la filiere tomate sous serre, Cas de la Wilaya de Biskra.
Magister Thesis, Mohamed Kheider University, Biskra/Algeria;

Singh H., Mishra D., Nahar N.M., (2002), Energy use pattern in production agriculture of a typical
village in arid zone India-Part I. Energy Conversion Manage, vol.43, pp. 2275-2286, Ed. Elsevier,
London/U.K.;

Singh G., (2006), Estimation of a Mechanization Index and Its Impact on Production and Economic
Factors - a Case Study in India, Biosystems Engineering, vol. 93(1), pp. 99-106, Ed. Elsevier,
London/U.K.;

Mohammadi A., Omid M., (2010), Economical analysis and relation between energy inputs and yield of
green house cucumber production in Iran, Energy, vol.87, pp.191-196, Ed. Elsevier, London/U.K;
Samavatean N., Rafiee S. and Mobli H., (2011), An Analysis of Energy Use and Estimation of a
Mechanization Index of Garlic Production in Iran, Journal of Agricultural Science, Vol.3, issue 2, pp.
198-205; Canadian Centre of Science and Education, Toronto/Canada;

Zarini R.L., Ghasempour A., Mostafavi S.M., (2013), A comparative study on energy use of
greenhouse and open-field cucumber production systems in Iran, International Journal of Agriculture
and Crop Sciences, vol.5 (13), pp. 1437-1441, Science Explorer Publications, London/U.K.

92



Vol.51, No.1 /2017 INMATEH — 7 inceti

INTEGRATED USE OF BIOENERGY CONVERSION TECHNOLOGIES IN
AGROECOSYSTEMS
/
KOMIMJIEKCHE BUKOPUCTAHHS TEXHOJIOINA BIOEHEPIETUYHOI KOHBEPCII Y
AIrPOEKOCUCTEMAX

Doctor of technical sciences Golub G.A.l), Doctor of technical sciences Kukharets S.M.z),
Ph.D. Eng. Yarosh Y.D.?, Ph.D. Econ. Kukharets V.V.?
YNational University of Life and Environmental Sciences of Ukraine / Ukraine, 2)Zhytomyr National Agroecological University / Ukraine
Tel: +380676653548, E-mail: saveliy_76@ukr.net

Keywords: agro-ecosystems, energy, conversion, straw, biodiesel, biogas

ABSTRACT

The paper substantiates the mechanical and technological principles of formalizing the structure of
agroecosystems on the basis of optimizing the interdependence between the elements of the agroecosystem
within a specified range of conditions. The equipment for the production of bioenergy resources is improved
by means of minimizing its energy capacity with all qualitative indices of the technological processes
preserved.

PE3IOME

Y cmammi 06rpyHmoeaHO MexaHiKO-mexHOoso2iYHi 0ocHoeU O hopmanisauii  cmpykmypu
agpoeKkocucmeM Ha OCHO8I orMuMI3auii 83a€MO38 A3KI8 MK efleMeHmamu agpoekocucmemu y 8U3Ha4eHoMy
Oiana3oHi ymos. YdockoHaneHo obnalHaHHSA Oris eupobHuymea bioeHepeaopecypcie WiisxoM MiHimizauir
lio2o eHep2oeMHOCMI rpu 36epPeXxXeHHi SKICHUX MOKa3HUKI8 MEXHOI02i4YHUX Mpoyecis.

INTRODUCTION

There is no doubt that every measure proposed for implementation in agroecosystems should not only
provide soil fertility, but favour the expanded fertility renewal. Therefore, the important task is to determine
the amount of plant biomass, which can be used in heating without any harm to soil fertility recovery. It
should also be taken into account that the use of technological processes with high mechanization level does
not always lead to higher economic production indices because of increased deductions in production costs
for technical servicing and repair of technical equipment, as well as deductions for depreciation, which are
not compensated by additional production profits.

Oil-bearing crop production takes one of the leading positions in the structure of plant growing and in
the whole system of agricultural production in Ukraine. In the structure of total agricultural output, 35% of
total production volumes in all farm categories are due to these crops. The main producers of these products
manufacture 60% of oilseed products (***Agricultural Ukraine, 2015). In terms of food security, the volumes
of domestic production fully satisfy domestic demands in these products, leaving some bulk for export and
raw materials for biofuels.

The experience of using biogas plants was completely analysed by the Agency for renewable
resources in Germany (***Guide to biogas, 2012). The authors of the analysis indicate that in the absence of
biomass mixing in the reactor, after a while there is a separation of biomass with layer forming due to the
difference in density of certain mineral and organic components, as well as to flotation of particles while
yielding gas. Thus, the biggest part of the anaerobic bacteria biomass is situated at the bottom of the reactor
and the organic part of the biomass substrate accumulates at the top of the reactor. As a result, the contact
zone of anaerobic bacteria with biomass substrate is limited by a boundary layer of mentioned parts of the
reactor. Floating crust of solid organic substances also blocks biogas yield. Facilitation of anaerobic bacteria
contact with substrate biomass is provided by mixing the substrate, but intensive mixing should be avoided
because it can cause stopping of anaerobic fermentation at the expense of disturbance of acetogenic and
methanogenic bacteria symbiosis. In practice, a compromise is achieved by slow rotation of agitators or by
their work within a short period of time. Part of the solid mineral inclusions contained in substrates based on
manure is released in the process of biological decomposition inside the reactor. Mineral sediment reduces
the useful volume of the reactor (Gouxa X. et al, 2016; Satjaritanuna P. et al, 2016).
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MATERIALS AND METHODS

Structural diagram for the biological conversion of organic material in agricultural ecosystems with
production of outputs and biofuels was developed on the basis of typical crop rotation for intensive farming in
the Forest-Steppe zone using the calculation of the balance of humus and compost mixture formulation
through agrochemical balances. The amount of straw for combustion was calculated as the difference
between the total quantity of straw and the priority needs of its use. Heat generation ability of different types
of straw was calculated on the basis of DSTU 3581-97 Energy efficiency. We used the methods of
measurement and calculation of combustion heat. Biodiesel production resources were determined on the
basis of statistical indicators of Ukrainian agricultural sector. Estimated volume of the produced biogas was
determined on the basis of the intensity of organic biomass decomposition during its fermentation.

RESULTS

Biological energy conversion

With due regard to well-known regularities and research results it is developed the structural diagram
and simulation model of diversified manufacturing of products with biological energy conversion of organic
raw materials for 6-field crop rotation with a total area of 300 hectares (fig. 1).

Balance of humus

16 kg/ha |Bioethanol — 4.8 t|

™| Crop rotation in Forest-steppe zone
0 kg/ha - P " field él'p 300 ha Grain realization Grain — 242 ¢
-73 kg/ha . mount o 1e. s — . — 40 % rain —
73 ke/ha = Perennial grasses Winter rape Winter wheat | Wheat and barley Eggs 5
£ . Sugar beets Grain corn Barley productivity — 3 million pieces
-268 kg'ha t/ha
/’w\‘
472 t | Non-grain part of | | Sugar beet and rape _ | Fodder production — _ | Laying hens -
harvest — 1089 t processing 1038801 fodder unit 20 thousand units
\_‘ Manure | 1336 t
1 | Honey -5t }— Sugar—125¢ | Water| 2003 t
77 kg/ha
‘ Straw — 617 1 || oil-10¢t [ — | Reactor || Biofuel — 23,1t
Heating|— 78 % ' . ;
Y Methanol 3,2t Catalyst 0,32 t Glycerin sediment — -
‘ Burning of straw — 481 t }——tl-leat —5442 GJ | 481
Bringing of manure on the fields — 2935 t
Straw — 136 t 409 t ! .
Compost for organic fertilizer — 0 % - Production of = Anaerobic
—0% Fotar . 3
P = . Compost — 545 t ....—Wat'ﬂ 21t | digester 92 m
Compost for substrate production— 100 % * ¥
) Biogas
Limestone — 8 t Production of 63 thousand m?
+ Substrate — 409 t
Peat— 74 t Producﬂon Of coatj_ng * | Cogeﬂefation
—_— .
soil - Production of ‘ Electric energy
Sowing mycelium — 2 ¢ » | champignon mushrooms 75939 kW-h
[ .
Heat ’i
* ‘Mushrooms - 76 t| ‘ ——

Substrate for organic fertilizer — 307 t 347 GJ

Fig. 1 — Structural diagram for the manufacturing of production and energy on the basis of biofuels

Structural diagram of diversified manufacturing of agricultural products and energy envisages: growing
of rotation field crops with production of grain and sugar beets; harvesting of crop straw and rape stalks;
leaving of shredded corn stalks in the field as mulch; feed production for poultry; manufacturing of poultry
products; methane (anaerobic) fermentation of poultry manure with production of heat and electric power
from biogas; the preparation and use of grain crop straw and rape stalks for heating needs in the form of
briquettes, rolls or chaff; usage of grain crop straw, rape stalks and fermented manure for compost
production; production of substrate for champignon growing in compost and champignon production;
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production of biodiesel from rape seeds; use of glycerine residue for heating needs or its anaerobic
fermentation.

On the basis of the introduced scheme it was defined the balance of humus in crop rotation using the
well-known equation:

n n m W.
Bt | -3 S M, + Y SUkyyky + > 0B, [1—@}/%] , L)

Z S, i-1 i-1 i
i-1

where:

B — the annual balance of humus in crop rotation, kg/ha;

Si — the area under the i rotation crop, ha; M; — mineralization of humus by the i rotation crop, kg/ha;

U; — the productivity of the i rotation crop, kg/ha;

Kowi, Kni — output coefficients of dry weight of residues and their humification for the i rotation crop, rel.
units.;

OB; — annual organic biomass volume of the j species (non-seed biomass of agricultural crops
remaining in the fields, manure, compost, substrate and biomass of weeds, green manure, etc.), which
enters the field during a year, kg;

W; — relative humidity of organic biomass of the j species, %;

ks — humification coefficient of dry organic biomass of the j species, rel. units.;

n, m — the number of rotation fields and the number of organic biomass species respectively, units.

Computer simulation model allows determining the quotient of straw, which can be used for heating
needs individually for separate farm. Thus, under the conditions shown in the figure, it can be reserved 78 %
of straw for heating needs, and the part of the gathered straw in amount of 136 tons should be used for
humus deficiency compensation in order to compensate humus losses completely. This can be done by two
methods — either to leave some chopped straw in the fields or to develop on its basis compost or substrate
for growing champignons.

Straw combustion

On the basis of existing indicators, which characterize agricultural production in Ukraine during recent
years in general, there were also made the calculations on defining the straw volume limits used for heating
needs. This dependence defined as a percentage of the total amount of straw is as follows:

C* =-0,57D + 48,66 )
where:

C” is the straw amount limit from the total amount which can be used for heating needs, %;

D — annual humus deficiency, kg/ha.

It should be mentioned, that in the case of the total humus deficiency in the range of 80 to 90 kg/ha,
the use of straw for heating needs is impossible because of soil fertility preserving terms. The maximum
amount of straw which can be used for heating needs with zero humus balance is about 50%.

To ensure use of corn and sunflower tops for heating needs, as well as of rape stems, there remain
unsolved technical issues of this plant biomass storage, that's why nowadays it is usually crushed and left in
the fields.

When summarizing the data of chemical composition of straw it was assumed that the nitrogen-
sulphur ratio in cereal straw is 5 units (in legume straw — 10 units), and the hydrogen-sulphur ratio is 56
units, which correspond to the averaged data according to (Barotfy I., Rapan P., 1988). The carbon-nitrogen
ratio was taken as medium in volume, according to the data in (Shkarada M., 1985). On the basis of the
generalized data, introduced in table 1, were received empirical calculation dependences for determination
of heat of different straw combustion types.

While calculations performed to prove the use of plant biomass for specific region or whole country,
the heat of straw combustion should be determined by the equation which takes into account the importance
of the volumes of a particular straw type. For example, it is known that the main volumes of grain crop straw
in Ukraine are presented by wheat straw (from 40 to 60%), barley straw (from 20 to 30%), rye straw (from 3
to 6%) and legume straw (from 2 to 8%). In recent years, it began to increase specific weight of rape straw,
which reached values from 4 to 6%.

It is well-known that grain crops, vegetative mass major producers, traditionally occupy from 40 to 55%
in the structure of sowed crops. It should also be mentioned that with livestock decrease straw consumption
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for feeding and litter decreased as well, and the surplus straw is usually burned in fields. Using straw in
existing volumes would allow natural gas saving in the range from 4.5 to 14.3 billion m*>.

Table 1
Composition and calculation of straw combustion heat
Content of dry weight, %

9 T

E= z
Field crop - the & < : g 2 2 Calculation formula,

= [} > pd

straw producer 2 % 2 _g g % f:. 5 MJ/kg

< = © ° X >

=2 z O T o «

O
Wheat 4.65 95.35 0.52 44.43 5.86 44.43 0.11 85 + =16.261-0.1876W
Rye 4.65 95.35 0.43 45.02 4.80 45.02 0.09 | 105 + =15.309-0.1781W
Barley 4.65 95.35 0.59 44.03 6.58 44.03 0.12 75 W = 16.914-0.1941W
Oats 6.98 93.02 0.51 43.35 5.71 43.35 0.10 85 W = 15.865-0.1836W
Corn 4.65 95.35 0.63 43.80 7.01 43.80 0.13 70 W = 17.304-0.1980W
Rape 5.88 94.12 0.66 42.96 7.40 42.96 0.13 65 Q. =17.520-0.2002W
Grain legumes 6.98 93.02 1.64 41.02 9.19 41.02 0.16 25 Q. =18.915-0.2141W

It is necessary to mention the appropriateness and availability of rolled straw storage, because this
technology allows quick removal of straw from fields and is realized by means of simple and reliable
technical equipment.

According to our estimations, while annual volume of straw combustion at the rate of 30 million tons,
the total amount of natural gas yielded will be 10.9 billion m®. In these conditions, additional investments for
preparation and combustion of straw will be 14.6 billion UAH, and their payback period will be from 1.2 to 1.3
years.

The effectiveness of straw combustion on the basis of comparison to heat generation by natural gas
burning dependence from the heat production efficiency of straw when compared to gas heating and
changing of straw cost.

Biodiesel

In Ukraine there are many cases of usage by agricultural producers of rapeseed oil in mixture with
diesel for diesel tractors which have exceeded their service life.

We found that rapeseed oil production for usage as biodiesel can be economically reasonable in terms
of agricultural production, when compared to rapeseed selling if the total cost of production is high and close
to the average selling price of rapeseeds, or if the price of realization is low and similar to the total cost of
rapeseeds.

Using biodiesel to replace diesel, it is necessary to heat biodiesel in the fuel lines of low pressure up to
the temperature which provides the determined level of biodiesel filtration (Man X. et al, 2015; Corsini A. et
al, 2015). To increase efficiency and temperature range of biodiesel use, we have designed and made a
two-stage heating system, which allows using biodiesel under any values of environment temperature and
provides an increase in completeness of fuel combustion. The second stage of fuel heating is made in the
fuel pump-injector section for its better spraying and increase of speed and combustion completeness.

Fuel prices are constantly increasing, and faster than those for agricultural products, which
significantly affects production cost, realization price and farmers’ profit. The analysis shows (fig. 2) that in
2000 farmers had to sell 4.6 tons of wheat to buy 1 ton of diesel, in 2006 it was necessary to sell 8.1 tons of
wheat, in 2008 — 9.1 tons. Over the past 11 years the price of wheat increased 2.74 times and of diesel —
4.73 times.

On the basis of statistical data about consumption of diesel in agriculture and rape gross harvest, we
have evaluated the capacity of replacing diesel to biodiesel while processing of whole rape harvest.

The largest consumption of diesel in agriculture for the observed period was noticed in 2001, 2002,
2000, and the lowest — in 2006, 2007, 2008; in 2011 it was observed the tendency of diesel use increase
when compared to 2010 from 1201.4 thousand tons to 1349.7 thousand tons. Rape gross yield increase is
being observed since 2004, and in 2009 was noticed production decline. The volume of biodiesel production
while processing the whole rape harvest was to be the highest for the investigated period in 2008 — 900.6
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thousand tons of biodiesel, in 2009 — 587.3 thousand tons, in 2010 — 460.8 thousand tons, in 2011 — 387.9
thousand tons, and the lowest — in 2003 — 15.8 thousand tons, as well as in 2002 — 19.1 thousand tons. The
quotient of diesel which can be substituted to biodiesel while processing whole rape harvest was the largest
in 2008 — 64.7%. At the same time, as it is predicted, production and use of biofuel in 2020 will not exceed
100 thousand tons per year (Geletukha G.G., Zheleznaya T.A., 2012).

10

biofuel, t/t
N w IS (6)] (o)) ~ [e0) [{e)

diesel and production of

Wheat sales for purchasing

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

g Diesel fuel - @ = Bjodiesel fuel Year

Fig. 2 — Change dynamics of required wheat sale volumes to buy diesel or produce biodiesel

Farms can produce biodiesel after harvesting oilseeds, i.e. in autumn. In autumn-winter period diesel
is limitedly used in agricultural production — in animal husbandry only (lvanova B., Stoyanov S., 2016; Baskar
G., Aiswarya R., 2016). The produced biodiesel is stored in warehouses for oil products till the beginning of
spring field work. When stored in sealed containers, biodiesel does not lose its properties during the year,
unlike rapeseeds and rape oil. Prices for fossil diesel are constantly increasing, especially at the beginning of
spring, but the cost of produced biofuels in the previous year remained unchanged, that is one of the cost
saving provisions in agriculture.

The profitability of production of rapeseeds, rapeseed oil and based on it biodiesel is affected by a
number of factors including: the cost and selling price of rapeseeds, production capacity of equipment which
was used for production of oil and biofuels, the price situation in the diesel market. Profitability of rapeseed
oil production was higher than the one of rapeseed production for the entire studied period, except of 2001,
2002 and 2010. Profitability of biodiesel production was lower than the one of oil and rapeseeds in 2000-
2004, 2006, 2008, 2009, 2011 and 2012. Profitability of biodiesel production in 2005, 2007, 2010 and 2013
was greater than the one of rapeseed production, which can be explained by reducing of rapeseed
realization cost.

Stable high demands, formed by the world market, and high prices provide highly profitable rapeseed
production and are very attractive to investors. Profitability of rapeseed production was increasing till 2004
and reached 69%, and starting from 2005 up to 2007 it tended to decrease, and stabilized at 17-35%.
Profitability of rapeseed oil production was increasing till 2004 and reached 81%, from 2005 to 2010 — it was
decreasing (except in 2008, when there was the highest index — 86%) and stabilized at the level of 8-17%.
Analysing the profitability of biodiesel production, it should be mentioned, that by 2002 biodiesel production
was not profitable, due to the relatively high cost of its production and a fairly low price of diesel. However,
with the rising cost of fossil fuels, the profitability of biodiesel production has significantly increased, and from
2004 to 2007 exceeded even the profitability of crop production, confirming the effectiveness of investment
and the need to develop the biofuel production branches.

The analysis of interest rates on deposits of banks of Ukraine shows that for the 2000-2011 the
interest rate for individuals ranged from 12.6 to 20.4%, for legal entities — from 6.6 to 13.8% (National Bank
of Ukraine). However, investing money into biodiesel production, investor derives much greater profit. So, in
2004 the average interest rate on bank deposits for individuals was 15.7%, for entities — 8.9%, while the
profitability of biofuel production was 40%, in 2007 respectively — 14.1 and 8.9%, and biofuel profitability —
38%, in 2010, rates of banks — 18.8% and 13.7%, while biofuel production — 27%. Raising funds to produce
biodiesel is probable not only to improve the efficiency of invested capital, but also to make contribution for
improving the environmental situation of the country and for ensuring power independence industry, as well
as the country as a whole.
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BIOGAS

Experience of using biogas reactors showed that there are reactors already half-filled with mineral
sediment, which can be removed only with an excavator after total stopping of fermentation process. Floating
layers, especially based on fibrous substrates, often form a crust and if it is not mixed, the reactor must also
be stopped to remove it.

Thus, the improvement of biogas reactor work to ensure the mixing of biomass substrate layers
requires new technical solutions, one of which is mixing by rotation of the suspended reactor submerged into
water. We have developed and patented several designs of modular anaerobic digesters of rotational type
(Patent Ukraine Ne110077, 2015); the design of one of those is shown in fig. 3.
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Fig. 3 — Construction of anaerobic digester immersed into thermostatic liquid
1 - horizontal outer casing, 2 — cylindrical reactor 3 — longitudinal bulkhead, 4, 5 — fermentation chambers,
6, 7 — tubes for cart and removal of organic matter, 8 — pipe for biogas runoff, 9 — unloading camera, 10 — joints
11 — mixing fingers, 12 — pipe for organic matter removing

Our calculations showed that the microbiological decomposition while anaerobic fermentation of 1 kg
of organic matter is accompanied by about 0.4 kg of methane yield and by 0.7 kg of carbon dioxide yield.
Assuming that the volume of produced biogas is determined by the intensity of organic matter decomposing
during organic biomass fermentation, biogas yield while fermentation in terms of normal conditions can be
defined as follows:

W m
_mﬂjkOMkEM Ei , 3)

VBG = Psu (1

where:
Vg is a specific biogas yield from the reactor under normal conditions, m>se/m®su per day;

Pey — biomass density, kggu/m’aw;

W,,, — biomass humidity, %;

(1—W564 J — dry matter content in relation to the total biomass, kgpw/kgsw;

Koy— organic matter content in relation to the volume of the total dry weight in fermenting biomass,
kgom/kgpw;

kODM — the number of decomposed organic matter per day in relation to the total organic mass,

kgoom/kgom per day;,
Mg — biogas yield per unit of decomposed organic matter, kgss/KQpom ;

ng — biogas density under normal conditions, kgBG/m3BG.
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Table 2
Calculation of the specific release of biogas and biomethane
Indicator Measurement Values
Manure density kgem/ M°gwm 1062
Humidity % 90
Water content kgw / kgem 0.9
% 10
Dry weight
ry 9 kgoml kgBM 0.1
Organic matter content % 80
9 kgoml ngM 0.8
9 3.0
The intensity of organic matter o per day
. kgpom! kgom per day 0.03
decomposing =
kgpom/m°em per day 2.55
Biogas yield from decomposed organic kgee/ kgpowm 11
matter under normal conditions m°sc/ kKgoom 0.92
Biogas yield from the reactor under 3 3
normal conditions M"sc/m’eu per day 2.34
Biomethane yield under normal 3 3
conditions m~CHJ/ m“gm per day 1.666
The maximum level of organic biomass % 38
decomposing kgpom | M gy 325
Fermentation time days 12.74
At the same time, specific biomethane yield will be:
VCH4 =V kCH4 ) (4)

where:

VCH4 — is specific biomethane yield from the reactor under normal conditions, m® , / m$,, per day;

CH*
k

With the parameters introduced in table 2, the relations between the intensity of organic matter
decomposing and specific biomethane and biogas yields, and fermentation time, will take the form shown in
fig. 4.
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Fig. 4 — The effect of organic matter decomposing intensity on the specific yield of biomethane,
biogas and fermentation time

Biogas and biomethane yields increase proportionally with increasing the level of organic biomass
decomposing in the reactor, and the fermentation time decreases exponentially until it reaches 38%
fermentation level.
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CONCLUSIONS

Biological and energetic conversion of organic agrocenosis raw materials with energy production can
ensure energy autonomy of agroecosystems in total energy balance. Though, it is impossible to do it
according to the types of fuels and energy, since there is a limit on the possibility of autonomous production
of electric power and gasoline. However, production of biodiesel and heat energy can be redundant. The
source of raw materials that would meet the needs of agricultural production under centralized bioethanol
production is sufficient. At the same time, to implement such systems, first of all, it is necessary to change
the basic principles of society existence, regarding manufacturing of environmentally friendly production and
biological diversity preserving.

The heat of straw combustion reduces down to 0.18 to 0.21 MJ/kg for each percent of its humidity
increase. Energy efficiency is increased while burning straw in the compressed form (briquettes, pellets).
Baled straw should be burned in boilers equipped with cameras for post-combustion of volatile compounds.
Non-pressed straw should be burned in crushed form by using eddy chambers.

The main direction in manure fermentation process intensification is the increase of organic matter
decomposition at the cost of creation of appropriate conditions for the development of anaerobic microflora.
This can be achieved by creating stable fermentation temperature conditions and, what is more important, by
providing quality biomass mixing, which, on the one hand, must not disturb the symbiosis of acetogenic and
methanogenic bacteria, and, on the other hand, prevent the exfoliation of biomass in the reactor to mineral
sediment and floating organic layer.
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ABSTRACT

Agricultural towing vehicles are driven under poor road conditions. The impact of rough road surface
seriously affects the driving safety of agricultural towing vehicles. The mechanism of vibration of agricultural
towing vehicles caused by rough roads is explored to reduce the adverse effects of road surface impact on
the handling stability of agricultural towing vehicles and to improve the handling and steering stability of
vehicles. First, the adverse effects of rough road input conditions on the handling stability of electric power
steering (EPS) system were considered, and the kinetic model of the EPS system and the eight degree-of-
freedom models of the whole vehicle were established. Second, tire and road surface impact models were
introduced. Finally, the stability of the steering system under rough road input conditions was analyzed.
Results show that the current following accuracy of the proposed motor control system is increased by 5%,
and the final return-to-center residual angle of the steering wheel is 15 degrees. This study indicates that
the vehicle vibration caused by road surface impact affects not only the driving stability of vehicles but also
the smooth return of the steering system. The motor control system designed in this study effectively
reduces the adverse effects of road surface impact on the steering system. The analysis and research
process and the results are suitable for the investigation on the return-to-center performance of the EPS
system for passenger and freight cars and the response of vehicle handling stability under different
vibration sources.
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INTRODUCTION

Agricultural towing vehicles have complex working conditions because roads in the wild field are
rough, and these vehicles are prone to making lateral and yaw motion when steering. When the steering
wheel of agricultural towing vehicles returns to center, road surface impact also affects the accuracy of the
return-to-center angle of the steering wheel, thereby causing the vehicle to deviate from the safe travel
path. The EPS system is combined with the active front-wheel steering system in which the damping
compensation algorithm is used to control the power motor in the EPS system, to effectively reduce the
negative effect of road surface impact on the steering system (Fan lu and Zhou bing, 2014). The vibration
sources of vehicles, such as the jitter that occurs when the engine is running, and the low-frequency
vibration of the steering system itself, affect the steering stability of vehicles (He Ren and Miao Lidong,
2009). In the research on road vibration, the road surface input model is divided into random and non-
random road surface input models; currently, research on the road surface input model mainly focuses on
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non-random road surface input model (Hu Jianjun, et al., 2008). Scholars generally believe that the high-
precision control algorithm of motor current tracking and the simulation technology of computer-based road
vibration play a unique role in suppressing road vibration and improving EPS steering stability (Hamada H.
et al., 2006; Anthony J, 2000). Other scholars have also conducted considerable research to explore the
improvement of the response speed and precision of motor used in the EPS system and to reduce the
adverse effect of vehicle vibration on the motor tracking performance. Zhao and Bei (Bei Shaoyi et al.,
2011) applied the fuzzy PID control algorithm to the return-to-center control to improve the return-to-center
stability of the EPS system, and the experimental results indicated that the algorithm improves the
insufficient and overshoot return-to-center situations of the steering system. Borowiec et al. (Sen A. et al.,
2010) collected data on the vertical acceleration speed of left and right suspension racks of a vehicle under
three road conditions, namely, asphalt, stone, and imitation railway crossroads; their analysis results of the
collected data values showed that the vertical vibration of the suspension rack caused by roads is a low-
frequency vibration. Mucka (Mucka P, 2016) used the “road surface vehicle driver” as a carrier and
established the relationship between the international flatness index and road roughness impact response
to improve the driving comfort and vehicle safety of the driver.This study analyzes the kinetic model of the
EPS system, the road surface input model, and the eight degree-of-freedom (DOF) whole vehicle model,
and investigates the effect of road surface impact on the steering stability of the EPS system.

MATERIAL AND METHODS
Eight DOF model of agricultural towing vehicles

Based on the yaw, lateral, and pitching motion of vehicles, the vehicle longitudinal dynamics of the
four DOF mathematical model was established. Formulas 1-3 are the kinetic equation of the vehicle in the
yaw, lateral, and pitching DOFs (Xiao Hansong et al., 2014; Guo Konghui, 1991), respectively.

x11 yl1 x12 x11

IZ\'('awz%[(-F +F,,)c0s 3 - (-F, +Fy12)sin5]+%(-F +F,,,)+a[(F, +F,q,)sind

(1)
+(F, 1, +F,15)c086]-b(F,,, +F,5,)

Where Y., IS Yaw angular velocity of vehicle (rad/s), § is steering angle of front wheel (°), a is
distance between vehicle centroid and front wheels(mm), b is distance between vehicle centroid and rear
wheels (mm), B, and B, is distance between front wheels and between rear wheels respectively (mm), I

is vehicle yaw moment of inertia (kg/m?), F,,;,F.,,F,,, and F,, is lateral force of left front, left rear, right
front, and right rear tire, respectively (N), F,,F ., ,F

11:F120F, 20 @nd F o, is longitudinal force of left front, left rear,
right front, and right rear tire, respectively (N).

The pitch motion equation of vehicles is as follows:
J,0+mDy(u-W,,)-Fa-F,a+F,b+F,b=0 2

sl1

Where M, is mass of the whole vehicle (kg), Jy is the pitch moment of inertia of the vehicle body

(kg/m?), F.,,F,,,F,, and F,, is suspension force (N), v is vehicle horizontal velocity (m/s), fis vehicle

pitch angle (°), u is vehicle lateral velocity (m/s?), D, is coefficient of body roll.

The lateral motion equation of vehicles is as follows:

- . ; 1 1 1 1
fo - mseo (V + UYaw) = -Fsll EBll + Fle EBM -F EB +F EBZZ (3)

s21 22 s22

Where: J, is vehicle lateral moment of inertia (kg/mz), f is the roll angle of the vehicle, ¢, is

coefficient of body pitch.
The vertical displacement caused by random road excitations will change the vertical force of
vehicles. The vertical motion equation of vehicles is shown in Formulas 4-7.

rn[l).(.tl = ktl (Xrl - Xu) + ksl(xsl - Xu) + Csl().(sl - th) (4)
rnIZ).(.tZ :krz(xrz -X12)+k52(X52 -X12)+C52().(s2 'th) (5)
mrs).(.:s = krs (Xr3 - X13) + ksa (Xss - Xiz ) +Cgs (Xs3 - Xt3) (6)
rnt4)'('t4 = kt4 (Xr4 - Xt4) + k54 (Xs4 - Xt4) +Cyy ().(54 - Xm) (7)
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where m,,m,,m, and m,, is suspension mass (kg), X.;, X, X3 and x., is Roda surface stimulus input
(Mm). X, X, X5 and x., 1S suspension mass and displacement at the connection of suspension (mm),
Cy+CersCes and c., is equivalent damping coefficient of left front wheel, left rear wheel, right front wheel

and right wheel, k k., k., and k., is suspension stiffness coefficient, k,,k, k., and k., Is tire stiffness.

The longitudinal displacement of vehicles will cause the change in vehicle suspension force.
Formulas 8-11 are used to calculate the suspension force.

1 L1

F, =K (x, -ad+ > B,f)+C, (x, -ad + > B, f) (8)
1 L1 .

Fa, =K (X, -a0- EB”f) +C, (%, -a0- Ean) 9)
1 -1 .

Foo =Ky (X5 - b9+EBZZf)+C2 (X5 - bH'EBzzf) (10)
1 .1 .

Fszl = Kz (Xt4 - b9+§Bzzf)+C2 (Xm - bg"'EBzzf) (11)

where x,,%,,X%, and x, is sprung mass displacement (mm).

Formula 12 expresses the conversion relationship between the steering and the front-wheel angle.
5:%_M|1+M|2 (12)
n k
where M, and M,, is positive moments of left and right front wheels (kg), k is stiffness of steering

system, N is total transmission ratio of steering system.
The DOF of the whole vehicle model is illustrated in Fig.1.

m
— A ’ A
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ktl ktz§
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\ o a , b f
L » ' x2l

Fig.1 - Whole vehicle model
Kinetic model of EPS system

The EPS system is a steering column EPS system (Lin Yi et al., 2007; Mohammadi H and Kazemi R,
2003), and the established kinetic equation of the EPS steering system is expressed as Formulas 13-17.

) .. . X
Steering column:J. 6, +B.6, +k, (6, -—) =T, (13)
r
P
.. . X ki X
Output shaft: J_6, +B,0, =k, (0, -—) +-21(0, -—) (14)
r r r
. . k X,y K X
Rack: m X +bx +F =—=(0 -r)+-mm(g -2r) (15)
I’p rp I’p I’p
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.. . T
Motor: 3,6 + Bl =To - & (16)

Motor current: i, :U‘kTmHm an
where J, is deceleration mechanism inertia (kg/mz), J, is motor moment of inertia (kg/mz), B, is damping
coefficient of steering column, B, is damping coefficient of deceleration mechanism, B,, is motor damping
coefficient, K is stiffness coefficient of torque sensor, k, is motor torque coefficient, T, is motor
electromagnetic torque (N.m), T, is power torque of motor (N.m), T, is input torque of steering wheel
(N.m), X, is rack displacement (mm), I, is pinion radius (mm), i,, is motor current (A), m_ is total mass of
pinion and rack (kg), b, is sticking coefficient of the rack; G is transmission ratio of deceleration

mechanism; U is motor voltage (V), F, is force of tire on the road (N) , J, is moment of inertia of steering
column (kg/m?).
Tire Model

The conversion between steering and the front wheel angle requires using the return-to-center torque
of the tire; thus, introducing the tire mechanics model is necessary. The establishment of a relatively perfect
tire model is difficult because the force of the tire is influenced by many factors, such as tire material,
pressure, and positioning parameter. This study quotes a mature tire model, namely, the tire magic formula
model (Li Songyan et al., 2009).

In formula 18, F, is the force between tire and road surface. If the tire sideslip angle is less than 3°,

then the lateral force is linearly proportional to the transverse displacement of the rack X, .
F. = Dsin{C arctan[Bx - E(Bx - arctan Bx)]} (18)

where Y is a longitudinal force, lateral force, or return-to-center torque; X is the tire sideslip angle or
longitudinal slip rate; D is the peak factor; C is the shape factor; B is the stiffness factor and E is the
curvature factor.

Under pure rolling conditions, the lateral force applied on the tire is expressed as follows:

F, = Dsin{Carctan[BX, - E(BX, -arctanBX,)]} + S, (19)

where S, is the vertical displacement of the tire lateral force curve. Road surface conditions affect the

smooth driving of vehicles, and the dynamic load of the tire is closely related to road excitation.
Road time-domain model of four-wheel input

The road-surface input model (Lu Shifu and Zhao Heng, 1999) acting on the tire is expressed as
follows:

Xr (t) = I:wXO (t) + BO\Nl(t) (20)
where x, =[x . X, X, and x., ] is the road excitation input of four wheels. W, (t) is the white noise input of

the left front wheel. F,, is the product of vehicle speed V and road roughness coefficient a.

Determination of return-to-center status of EPS system

The torque sensor used in the designed EPS system integrates the function of detecting the steering
wheel angle. Therefore, the return-to-center conditions of the EPS system can be judged by the steering
wheel angle and the change rate of angle. The judgment bases are demonstrated as follows:

Power control conditions: 6, > 0,6, > 0;

Return-to-center control conditions: 6, > 0,6, <0;

Design of variable structure controller of global fast terminal sliding mode

A global fast terminal sliding mode control (SMC) can make the system (Liu Jinkun, 2000) state
converge to zero within a finite time, whereas an ordinary sliding mode control gradually converges under
the linear sliding mode surface. The dynamic performance of the system is better than the ordinary sliding
mode control.
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Design of sliding mode surface
The EPS system is a two-order system, and the sliding mode surface equation of the sliding mode

controller iss = ce +€é+ Be?”, where e=6,-x, €=46,-% , where e is the error signal, ¢, is the steering wheel

angle, the state variable x, is the displacement of gear, and a is the constant larger than zero and satisfies

the Hurwitz polynomial. b>0 p and @ (p>0q) in which F(t) represents the

are positive odd number’
non-linear part, F(t) = f (t)Be”". The sliding mode surface equation satisfies the following conditions: (1)
s(0) = ae(0)+€(0)+F(t); (2)t > 0,5(0)=0; (3) s=ae+é+£eY? and can be differentiable. Condition (1)
ensures that the initial condition of the system is on a sliding mode surface. Condition (2) ensures the
gradual stability of the system. Condition (3) ensures the occurrence of sliding mode motion.
Verifying the stability of sliding mode controller
The high-order single-input single-output nonlinear state equation of the global fast terminal sliding
mode controller is expressed in the following formulas:
Xi =X (21)
X, =f(x)+g(xu(t) (22)
According to the sliding mode surface equation, the recursive expression for the sliding mode surface
of the global fast sliding mode is expressed as follows:
Sna = Snz T OnoSnz T BraSun ™ (23)
According to formula 23,

. d

2 J— o~ qn‘ /pn‘
Spq =Sne T %58, T P asn-z e (24)

. n-2 ke n-2 dn-k-l
Sn-l = f(X) + g(X)U(t) + zakslg “b + Zﬁk dtn.k.lsl?k/pk (25)
k=0 k=0
After substituting formula 2 into formula 25,
S.n—l =-¢S n—l_ysg—/lp (26)
According to Lyapunov function,
1
V=38 (27)

Then, V =s 3., =-¢s° ,-7s\%P/ p+qis an even number; thus, when V <0, the system is stable.
Design of sliding mode control rule
If x =6, then the EPS system model can be represented by a high-order single-input single-output
nonlinear system:
X =f(x)+g(x)u(t) +d(t)
k,’G, k,’pG Kn’Gy? \ - K K, X
100 (e s S Py, + i g =S 8)

s'p sp

r
d(t){—d-J—"(m,%, +b X +k X,)

The control rule of the global time-varying sliding mode, U = Uy, + Uy, X =f(x) +g(x)u(t) +d(t) is
substituted into s =0. Then,

2 2 r . .
ae+ fge + p[k"‘sm x-(B, + Kn G, X k' PO, -J—p(mrxr +b X +k X, ) 29
u= kG, kx +Ksign(t) + kG kx
-5 Xt X+
R J.p R J.p

RESULTS

In this study, an LH-UTV-400 low-energy-consumption agricultural towing vehicle is used as the
research object. Fig.2(a) depicts the real vehicle.

Table 1 displays the measurement parameters of the vehicle.
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Fig. 2(a) - Picture of vehicle
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Fig.2(b) - Picture of vehicle model

Fig.2(b) illustrates the vehicle simulation model established in SolidWorks software based on the
measurement parameters of the vehicle.

Table 1
Vehicle parameters
Name of parameters Parameter

value
Mass of vehicle, (m/kg) 3021
Mass of suspension, (ms/kg) 2687
Lateral inertia moment of body, (Jx/kg/m?) 1960
Distance between front wheels, B; (mm) 1320
Distance between rear wheels B, (mm) 1330
Distance between vehicle centroid and front axle, a (m) 1.24
Distance between vehicle centroid and rear axle b (m) 1.28
Body yaw rotation inertia I, (kg/m?) 10437
Mass of front wheel non-suspension, mga, my (kg) 55
Mass of rear wheel non-suspension, m, Mu (Kg) 58
Stiffness of front suspension Kks1, Ks2 (N/m) 17000
Stiffness of rear suspension Kss, ksa (N/m) 2000
Total transmission ratio of steering system, n 18
Stiffness of left-front tire and left rear-tire ki1 kiz (N/m) 192000
Stiffness of left-front tire ki and left-rear tire ki (N/m) 192000
The total stiffness of the steering system k (N/m) 2317
The damping coefficients of left-front wheel and left- 2048
rear wheel cs; Cs2 (Ns/m)
The damping coefficients of right-front wheel and right- 2048

rear wheel cs3 and csq(Ns/m)
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Comparison between accuracy of motor target current tracking through the variable structure
control algorithm of the global fast terminal sliding mode and PID algorithm

The preconditions for the variable structure controller of the global fast terminal sliding mode to reach
the steady state include the following: (1) The sliding mode surface moves on the surface s = 0 from t = 0.
(2) The phase trajectory of the system finally converges to 0. In Fig.3, the sliding mode surface selected by
global fast terminal sliding mode control has a position displacement of -0.1 near s = 0 at the initial stage of
the system motion, which lasts for approximately 0.25 s, and the state variable selected from the system
moves on the sliding mode surface s = 0. In Fig.4, the phase plane of the sliding mode controller is
convergent, indicating that the sliding mode control is stable. The motion trajectory of the state variable
selected by the sliding state controller has been on the sliding mode surface, and the system has strong
robustness. Therefore, applying the sliding-mode control algorithm in the motor control system is essential
to enhance the control accuracy of the EPS system.
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Fig. 3 - Sliding mode surface
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Fig. 4 - Phase trajectory

After adding the control algorithm of the global fast sliding mode into the EPS system, the tracking
accuracy of the motor target current is increased by 5%. In Fig.6, the control algorithm of the global fast
sliding mode increases the robustness of the system and weakens the jitter effect of the road surface
impact on the motor current. In Fig.5, the traditional PID algorithm has obvious inadequate motor current
tracking effect, whereas the motor current has a significant jitter. The effect of road surface impact is
retained.
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Fig. 6 - Global fast sliding mode control

Relationship between vehicle handling stability and road surface impact

Based on the simulation model of “road surface—EPS system vehicle,” this study compares the
response curves of the yaw angular velocity with the lateral acceleration by using the sliding mode and the
PID control and concludes that the yaw angular velocity response of the vehicle controlled by the global fast
sliding mode control is zero under road surface impact, and the yaw angular velocity response residual of
vehicle is 0.01 under control of traditional PID. The results indicate that the global sliding mode control can
effectively overcome the impact of road direction input on the yaw angular velocity of the vehicles.

Fig.7 indicates the response of yaw angular velocity and Fig.8 indicates the response of lateral
angular velocity.
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Fig. 7 - Response of yaw angular velocity
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Fig. 8 - Response of lateral angular velocity

According to the judgment basis of the return-to-center conditions of the EPS system, Fig.9 analyzes
the return-to-center residual angle of the steering wheel.

The results indicate that the steering-wheel residual angle of the EPS system that is added with the
return-to-center control is 15°. This steering wheel angle does not cause a jitter phenomenon. Meanwhile,
the steering-wheel residual angle of the EPS system that excludes the return-to-center control is 40°. This
steering wheel angle generates significant jitter because of the effect of road surface impact.
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Fig. 9 - Diagram of steering wheel return-to-center results

CONCLUSIONS

In order to reduce the adverse effects of road surface impact on the handling stability and the smooth
return-to-center of agricultural towing vehicles, the LH-UTV-400 low-energy-consumption agricultural towing
vehicle was taken as research object, a road surface impact model was established, road surface impact
model was combined with the whole vehicle model, the global fast terminal sliding mode control algorithm
was added into the EPS control system, and a complete simulation model of “road surface - vehicle-EPS
system” was established.

Finally, the main conclusions are presented below:

- when agricultural towing vehicles were steering, road surface impact increases the amplitude of the
yaw motion and lateral motion of vehicles, and reduces the driving stability of vehicles.

- when steering wheel returns to center, the vibration caused by road surface impact was transmitted
to steering wheel, resulting in the slight jitter of steering wheel, and reducing the stability of steering system.
After global fast terminal sliding mode control algorithm was added into motor control algorithm, the tracking
accuracy of motor current was improved significantly. After the steering wheel returns to the basic middle of
angle, the return-to-center process of steering wheel was more smooth and stable.

- global fast terminal sliding mode control algorithm could make the power motor of the EPS system
respond quickly to different steering conditions, improved the steering performance of vehicles in the
condition of road excitation input, and it had great engineering practice significance in improving the
steering stability of vehicles.
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The steering stability response of the EPS system for agricultural towing vehicles under road surface
impact is investigated, a motor current tracking control algorithm based on the global fast terminal sliding
mode variable structure control algorithm is proposed, the accuracy of tracking and controlling motor
current is improved, the return-to-center angle of steering wheel is calculated more accurately, and the jitter
of steering wheel is weakened. Due to the limitations of models, the road surface impact investigated by
this research is small-amplitude high-frequency impact. Based on this research, the influence of low-
frequency large-amplitude road surface impact on the EPS system’s return-to-center stability will be
explored in future research, and the whole vehicle model will be further improved in the future.
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ABSTRACT

Jujube fruit, also called Chinese jujube (Zizyphus jujuba Mill.), is the main economic crop in Southern
XinJiang province of China. However, due to the lack of suitable jujube irrigation technology, it not only
wastes water resources, but also increases soil salinization. Indirect subsurface drip irrigation is a kind of
high efficient water-saving irrigation technology, suitable for fruit tree irrigation. Dripper discharge is an
important parameter in irrigation design. In this paper, an indoor experiment was adopted, and the effect of
different dripper discharges on the distribution rules of water and salt were analysed in wetted body under
indirect subsurface drip irrigation, and appropriate dripper discharges was selected to adjust the growth
environment of crop root system. This study aims to provide theoretical guidance on using the indirect
subsurface drip irrigation technology for jujubes in arid area.

WE

FFO IR —ZL AR 1 [ 3 5 g 3 1 - BZE T (F Y, (] T Z 38 H AR, A BT 7R
NTRIAK IR T HIRY T LI 17t o VT T A — PR S KRR, & J TR
H KA AR T T P RS, I e BN (7% IR T L 5K 2 s BRI, Al %
I MW AN T BT T R FF LR T PP K ik 2 A ZE A TSR, R E i i 8 LA
TIEIRF ML KIS o LU 70 T I FER 7 T X 2 o b T 4 P e 177 o

INTRODUCTION

Drought and soil salinization are the main factors that hinder the agricultural development of arid areas
in southern XinJiang province of China (Yang Yu et al. 2016; Xiaodong Li et al., 2016; Xiaoming Li et al.,
2011). In recent years, jujube fruit called Chinese jujube (Zizyphus jujuba Mill.) with a high economic value
has been grown in large areas, enabled rapid development and promoted the local economy and ecological
environment (Xiaoou Li et al., 2014; Ming Hong , et al., 2014). However, local irrigation technology not only
wastes water resources but also causes serious soil salinization because of the lack of a suitable fruit
irrigation technology. A suitable water-saving and salt-inhibiting irrigation technology for jujubes in arid areas
should be identified.

Indirect subsurface drip irrigation is an efficient water-saving irrigation technology. This technology
mainly consists of a surface drip irrigation system and a water-conducting device and it is characterized by
the effect of using a surface-dripping method to achieve subsurface drip irrigation. In the process of irrigating
fruit trees, a water-conducting device can be used to supply water to the root zone of fruit trees and to
reduce surface evaporation and interception. This device is suitable for irrigating fruit trees. Experimental
results show that compared to surface drip irrigation, indirect subsurface drip irrigation can better reduce
evaporation among trees and improve water utilization efficiency (Meshkat et al., 1998).

Similar to surface drip irrigation, indirect subsurface drip irrigation is a type of partial root-zone
irrigation that has a limited soil-wetting area. The size and distribution of the soil-wetting area can affect crop
yield.

Dripper discharge is one of the most important elements in local irrigation design (Mingsi Li et al.,
2006), with its size affecting not only the shape and moisture distribution of wetted body but also the salt
leaching and salt distribution in wetted body (Shu Wang et al., 2005; Chungin Liu et al., 2007). Accordingly,
laboratory tests were adopted and the effect of different dripper discharges on the water and salt distribution
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were evaluated in wetted body under the condition of using indirect subsurface drip irrigation in this study.
This study aimed to provide theoretical guidance on using the indirect subsurface drip irrigation technology
for jujubes in arid area.

MATERIAL AND METHODS
Water-conducting device components

The test system was composed of three parts (Sanmin Sun, et al., 2015): a soil-box, a water supply
device, and a water-conducting device. The soil-box was a 500 mm (L) x 500 mm (W) x 500 mm (H) cube
made of 8 mm-thick plexiglass. The water supply device was composed of a water bottle and guide pipe with
flow control valve. The water-conducting device was composed of water permeable boundary and
impermeable boundary, impermeable boundary for PVC tube. In order to observe the water level in the PVC
tube, the PVC tube was symmetrically divided along the tube diameter, placed into half of the inside wall of
the soil box at a depth of 20 cm, and the testing soil was put into the box. Gravels screened in 2—-5 mm were
filled into the bottom of the PVC tube, which formed permeable boundary 5 cm high.

Water bottle

~_Water pipe ~—— The soil box

/

Control Valve

Impermeable boundary

Wetted zone

Sand ermeable boundary

Bottom of pei

Fig. 1- Diagram of the components of indirect subsurface drip irrigation

Method and materials

The sample soils were selected from 0-50cm sandy loam soil of Tarim Irrigation Area in the southern
Xinjiang province of China. The soil samples were air-dried and layered in the soil-box according to the
predetermined soil bulk density of 1.40g/cm3, after the screening of the sieve with the pore size of 1 mm.

After 24 hours of irrigation, soil samples were collected from different profiles at 10, 20, and 30 cm
(Profiles A, B, and C, respectively) away from the water-conducting device horizontally. The sampling depth
of each profile was 40 cm, and every 5 cm depth was determined as one soil layer. Each treatment has 24
soil samples, and a total of 72 soil samples were collected. Soil moisture content was measured by the oven-
drying method. After mixing 5 and 25 g of dried soil and water, respectively, and filtering the solution with
filter paper, the electrical conductivity of the leach solution was measured with the DDSJ-308A electrical
conductivity meter (INESA).

Testing program: The test-designed diameter for the water-conducting device and the height for the
permeable stratum were fixed at 90 mm and 50 mm, respectively. Water flow was fixed at 1.5, 2, and 4 L/h,
respectively. The irrigation amount was fixed at 4 L.

The purpose of the experiment was to study the distribution of water and salt under different water flow
rates and the relationship between the distribution of water and salt in the wet body.

Data processing
The conversion between soil salinity content and soil conductivity was calculated according to the
references (Yu Zhang et al., 2011; Qiaoxia An et al., 2016).

RESULTS
Effect of dripper discharge on soil moisture distribution

Under the subsurface drip irrigation condition, the capillary force of soil is the main force that affects
water movement in soil. The force is equal in all directions. When the soil is dry, capillary force is greater
than gravity. Thus, water flows evenly in all directions, including the upward direction. When the soil
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becomes moist, soil pore reaches saturation, capillary force becomes weak, gravity exceeds capillary force
and water flow downward (Zhenghua Wang et al., 2006). Along with the increasing irrigation time, a
saturated area will be formed around the dripper. The saturated area has high water matric potential and
gravitational potential. However, the soil outside the saturated area has low matric potential. Thus, water
spreads in all directions from the dripper. When the distance between soil and dripper increases, soil water
content decreases. Therefore, the area close to dripper has the highest water content in wetted solum.
However, the water content decreases gradually in all directions. In this experiment, the water-conducting
device was buried 20 cm deep into the ground. After irrigation, the soil layer at a depth of 20—-30 cm had the
highest water content. When the distance between soil and water outlet increased, the water content of each
vertical soil layer gradually decreased in the upward and downward directions. In the horizontal direction, soil
water content gradually decreased when the distance between soil and water outlet increased (Figure 2).

profiles A profiles B profiles C
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Fig. 2- Effect of dripper discharge on soil water distribution

Figure 2 shows that the dripper discharge had a significant effect on the distribution of water content in
wetted solum. When the other conditions were the same, the soil water content of three soil profiles at a
depth of 15-30 cm near the water outlet gradually increased with dripper discharge increase. By contrast,
the soil water content of soil layers at depths of 0-15 cm and 30—40 cm gradually decreased. Accordingly, a
large dripper discharge could facilitate water movement in the horizontal direction, whereas a small dripper
discharge could facilitate water movement in the vertical direction.

Effect of dripper discharge on the soil salt distribution in the vertical profile

Under the indirect subsurface drip irrigation, water moves upward and downward in the vertical
direction, and the water content of soil near the water outlet is large. Therefore, the water potential gradient
of soil is large. Water moves rapidly, so that the soil salinity is effectively diminished. When the distance
between soil and water outlet increases, soil water content decreases, soil matric potential decreases, soil
suction capacity increases, salt content gradually decreases with water movement and salt content in soil
accumulates at the upper and lower edges. In this experiment, a water-conducting device was buried 20 cm
deep into the soil, so that the salt content of soil layer at 15-30 cm deep near the water outlet reached its
minimum (Fig. 3).
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Fig. 3 - Effect of dripper discharge on the soil salt distribution in the vertical profiles
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The salt contents of other soil layers in profiles A and B basically increased when the distance
between soil layer and water outlet increased. The salt content of other soil layers in profiles C initially
increased and then decreased when the distance between soil layer and water outlet increased. The salt
content of soil layer at 5-10 cm and 30-35 cm was the highest, which might be caused by the decreased
vertical wetting distance of profiles C. The 5-10 cm and 30-35 cm soil layers were at the edge of the wetting
front. Salt accumulated in these soil layers, resulting in the highest salt content.

Effect of dripper discharge on the soil salt distribution in the horizontal section

The variation characteristics of salt content in each horizontal soil layer are shown in Figure 4. In the
5-35 cm soil layer, the salt content of all soil layers in profile A was the lowest. When the horizontal distance
between soil layer and water outlet increased, salt spreads rapidly with water and gradually accumulated at
each soil layer. Consequently, the salt content of each soil layer basically showed an increasing trend from
profile A to profile B to profile C. By contrast, the 0—5 cm and 35-40 cm soil layers in profile B had the
highest salt content. The soil salt content of each section initially increased and then decreased. This trend
might be related to the relative position of different sections and wetting front edges. Profile B was only at the
edge of the wetting front, where salt accumulated. Profile C was outside the wetting front and its salt content
was substantially consistent with the base salt content of soail.

Dripper discharge had different salt-leaching effects on different sections. Figure 4 shows that, at the
10-30 cm soil layer, a large dripper discharge leads to a low soil salt content. The salt content of the 0-10
cm and 30-40 cm soil layers decreased when dripper discharge increased. This result indicated that a large
dripper discharge could promote water and salt leaching, whereas a small dripper discharge could promote
salt leaching in the vertical direction (Tao Li et al., 2010).
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Fig. 4 - Effect of dripper discharge on the soil salt distribution in the horizontal section

Relationship between salt distribution and water content increment in wetted solum

The sampled soil was homogeneous air-dried loam soil and had a consistent salt content. Soil water
content increases after irrigation, the soil water content increment is equal to the difference of the soil water
content between after irrigation and before irrigation, the soil salt content at a certain area could represent
the effect of water content on soil salt leaching, i.e., a low soil salt content could indicate a good desalination
effect. In the experiment, the soil water content increment and the soil salt content of each section were fitted
(Fig. 5).
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Fig. 5 - Relationship between salt distribution and water content increment in wetted solum

Figure 5 shows that, after three treatments, the soil moisture increment and the soil salt content in
profile A and B had a good correlation. A high soil moisture increment had a good soil salt-leaching effect and
could decrease soil salt content. The soil moisture increment and the soil salt content in profile C had a poor
correlation. This result might be due to the fact that profile C was near the edge of wetted solum. Different
sampling points and wetting fronts also had different relative positions (several points were not in the wetting
front, several points were on the wetting front, and several points were in the wetting front). The fitting result
indicated that, in wetted solum, a high soil moisture increment could have an evident salt-leaching effect.

CONCLUSIONS

(1) Under the experimental conditions, the 20-30 cm soil layer had the highest soil water content. As
the distance between soil layer and water outlet increased, the soil water content of vertical soil layers
gradually decreased in the upward and downward directions. In the horizontal direction, the soil water
content gradually decreased when the distance between soil layer and water outlet increased. In wetted
solum, the soil that was near the water outlet had a low soil salt content. When the distance between soil
layer and water outlet increased, soil salt content increased.

(2) Dripper discharge had a significant effect on the distribution of water and salt movement in wetted
solum. A large dripper discharge could promote water movement in the horizontal direction, whereas a small
dripper discharge could facilitate water movement in the vertical direction. The corresponding large dripper
discharge could promote salt leaching in the horizontal direction, whereas small dripper discharge could
promote salt leaching in the vertical direction.

(3) In wetted solum, when the soil moisture increment in the same profile was high, then salt leaching
would become evident.
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ABSTRACT

Water storage pit irrigation is a common irrigation method widely used in the northern part of China
which can combine water-saving irrigation with soil and water conservation. Applying this method, this study
analyzed different temperature and water content of the soil and established correlative models to study the
water and nitrogen transport of soil in water storage pits. The results showed that the difference between the
measured values of water and nitrogen obtained from the models and the actual values was small, either
under different temperature or irrigation amount, suggesting that the models were correct.
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INTRODUCTION

Since ancient times, China has long been a big agricultural country. Currently, despite its abundant
total water resources, China is in a noticeable lack of fresh water resources (Holland et al., 2015).

The development of agriculture is inseparable from water and fertilizer and fertilizer is rich in nutrients
and is an important nutriment for crop growth. Nitrogen is the mostly absorbed nutrient element by crops, so
the use of fertilizer in China is also wide (Zhang, 2016). In recent years, with the continuous increase of
population, the shortage of water resources is becoming more and more serious. At the same time, the
combination of water resources and water fertilizer is an important way to realize agricultural high yield and
high efficiency, thus how to achieve scientific irrigation of water and fertilizer on crops has become a key
technology.

Water storage pit irrigation method was initially put forward for solving the water shortage and soil
erosion problems in northern China (Fang, et al., 2014). For the fact that nitrogen cannot be adequately
absorbed and used since agricultural irrigation and fertilization have long been carried out separately in
China, the application of storage pit irrigation method can not only save water, but also reduce soil erosion
(Ma, et al, 2010).

Many experts have studied this irrigation method. Fan Xiaobo et al (Fan et al., 2013) established a
TRIME-PICO IPH system and revealed the water content in the soil under the condition of water storage pit
irrigation, thereby improving the utilization of water. In an indoor soil column evaporation experiment, Wang
Zengtao et al (Wang, et al., 2011) studied the law of soil evaporation, and analyzed the mechanism of soil
water movement under the water storage pit irrigation condition during evaporation.

B Askri et al. (2014) used the HYDRUS-1D model on the basis of the water storage pit irrigation
method in the study of the water of date palm and achieved good results.

Sepaskhah A R et al. (2012) studied the effects of different N rates and water-saving irrigation on
rapeseed yield and nitrogen leaching.

In this paper, the soil water and nitrogen transport model in water storage pits was tested under
different temperature and different irrigation amount. The results show that the model can well reflect the
water and nitrogen transport situation in the soil, thus it is applicable.
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MATERIAL AND METHODS

Water storage pit irrigation method

Water storage pit irrigation method is to dig around the trunk 5-7 water storage pits and place on the
bottom of the water storage pits waterproof material to avoid deep percolation of the irrigation water. During
irrigation, the water is led into the water storage pits through the circular canals and then penetrates into the
root of the soil through the pit walls. In the farming areas, this method consists of water storage pits, solid
wall facilities, annular ditches, covering facilities, and ditches (Li et al., 2016).

The specific design is shown in figure 1.

water flow direction

'

tree trunk

circular canal

ditch ——p

water storage pit

Fig. 1 — Field area engineering schematic diagram

The diameter of a single storage pit is determined according to the volume of irrigating water quota
and is about 30 cm generally. The number of water storage pits needed by a single plant depends on the soil
irrigation rate, which must ensure that the middle layer soil is completely wet in the neighbouring pit and
realize the pit volume required by the irrigation rate. The circular canal locates at the lower part of the trunk
and is a shallow canal which connects all the water storage pits. In addition to water delivery, it can also
share the water volume under large rainfall conditions. The ditch is a fixed channel connecting the main
irrigation system with the annular canal. It is generally divided according to the contour line and located in the
upper trunk, which is beneficial to the artesian flow of the water during irrigation and can block the water
produced by excessive rainfalls to reduce water and soil loss. The size of the section of the ditch is
determined by the amount of water conveyed (Zhang et al., 2010).

MODEL CONSTRUCTION
Each layer of soil is assumed to be homogeneous and isotropic, ignoring the biological effects and
chemical effects of soil on water production and the impact of solutes on soil moisture. The soil can be
considered as porous media without skeleton deformation and soil water is a kind of incompressible
continuous liquid. During the infiltration with different system temperature, the irrigation water achieves a
uniform spread to the surrounding area, taking the centre axis of the water storage pit as the symmetric axis.
Therefore, the water storage pit irrigation can be considered a two-dimensional plane situation.
Fig. 2 is the infiltration profile of the water storage pit, where:
OG is the water storage pit axis Oy;
OB - the ground plane r, (i.e., the soil surface);
AF - the puddle wall;
EF - the bottom of the pit;
EG, GH, BH are respectively the left border, lower border and right border of the model
boundary.
H1 - initial depth of the puddle,
h2 - depth of the water storage pit,
h3 - total height of the soil,
rl - radius of the water storage pit,
r2 - calculated radius of the soil.
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Fig. 2 — Profile diagram of a water storage pit

Water movement model
Because the water in the single reservoir is the positive pressure water and the pothole is the negative

pressure, the governing equation of the model chooses the basic equation of the saturated-unsaturated soil
water movement, and g is the dependent variable of the negative pressure head.

o0v 0 a9\, o ag, K(9)
P k@ 2 LD .

where:

6v is the water content in the soil;

K(9) . unsaturated soil hydraulic conductivity;
t - infiltration time;

r - horizontal coordinate of the puddle;

y - depth of the soil below the surface.

In order to obtain the unsaturated hydraulic conductivity, the soil water characteristic curve and the soil
saturated hydraulic conductivity were solved at first, as follows:

o(g) = 0r+(6m—0r)£l+|pg b"Ta" (g <0) @
ém (9=0)

0—0r
om —or

K(h)=Km-SF[1-(1-S¥*)*]%, S, = ®

where:

ém is the volume water content of saturated soil;

or . soil residual volume water content;
Km - saturated soil hydraulic conductivity;
S, - effective volume water content;

p - inverse of the intake air pressure;

b, - soil pore size distribution index;

dp - 1'1/b0,

jo - porosity connectivity parameter.
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The two-dimensional convection-diffusion equation describes the transformation process of urea in
soil as follows:

ok +pm) _ 0 N %+6Dry % +r (D, %‘Fa:)ry aci)+ﬁ(6Dyy % +6D,, %)
o or or oy or oy’ oy oy or @)
_ - 0q,C;
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where:
c is the soil volumetric quality;
j - nitrogen element,
g, and gy are soil moisture flux in the r-direction and soil moisture flux in the y-direction;

Q. source term of the transformation between nitrogen forms;

H - reminiscence of the transformation between nitrogen forms;

D, - the effect coefficients of the concentration gradient in the r-direction on the diffusion flux of the
solute in the r-direction;

Dy, - the effect coefficients of the concentration-gradient in the y-direction on the diffusion flux in the
r-direction solute.

EXPERIMENT DESIGN

Water and Nitrogen Experiments at Different Temperatures

The soil bulk density was 1.51 g/cm® and the following experiments were carried out in the
environments of 5°C, 10°C, 15°C, 20°C, 25°C, 30°C and 35°C, respectively:

(1) The orifice plate and the copper mesh are installed on one end of the plexiglass soil column, and
the pressure in the semi-infinite soil column is pushed in line with the external pressure.

(2) The experiment was air-dried, blended with 2mm sieve, mixed and layered, and packed into
plexiglass soil column according to the standard of 5cm per layer. Then, copper mesh and supportable
porous plate are installed, covered with bottom plate to prevent the collapse of the soil edge.

(3) Preparation of 100mgN / L potassium nitrate solution, poured into the bottle. The temperature of
the incubator was adjusted to 5°C, 10°C, 15°C, 20°C, 25°C, 30°C and 35°C, respectively, and the plexiglass
soil column was placed in an incubator.

(4) The Markov bottle is made the constant water head for infiltration and the water level and the
lower edge of the soil column is maintained in a balance.

(5) When the wet front is 2/3 that of the length of the soil column, the water supply is stopped. At the
end of the experiment, the soil water content and the concentration of nitrate were determined by taking 5 g
of soil in each layer. The soil water content was measured by oven-weighing method. The soil water content
was measured by oven at 105°C, and the concentration of nitrate nitrogen was detected by flow analyzer.

Experiments on Different Irrigation Quantity

(1) On the first day after irrigation, soil samples were extracted with a 2 cm diameter, 1 m long soll
drill. The soil samples were taken in plastic bags and aluminium boxes, and well marked for use in soil
moisture and nitrogen measurements.

(2) Soil extraction was carried out along a same radial section every day. Sampling points are taken
at the points where r is 20, 25, 30 and 35 cm in the radial direction. For the vertical direction, sampling points
are chosen at the points where y is 10, 25 and 30 cm. The upper limit depends on the wet range.

(3) The soil moisture content was determined by dry weighing method. The oven temperature is
adjusted to 105°C to bake the soil for 6-8 hours, and the soil is then removed and put into the desiccators for

weighing after cooling. Finally, (X =Y)/Y =Q) js used for water content determination. In the equation, X is
the container + wet soil weight and Y is the container + dry soil weight; Q is the container weight.

(4) According to the above steps, the water content and NO3-N of the 3rd, 5th and 7th day of
irrigation were measured.
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RESULTS
Water and nitrogen transport at different temperatures
Water content
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Fig. 3—The measured and model values of soil water content at different temperatures

As shown in figure 2, the left figure is the comparison of the measured value and the model value of
soil volumetric moisture content, changing with the vertical depth changes at 35°C system temperature, on
the 15th day, when the radius is 45 cm.

The right figure is the comparison of the measured value and the model value of soil volumetric
moisture content, changing with the vertical depth changes at 25°C system temperature, on the 5th day,
when the radius is 25cm.

The left and right graphs show that the values obtained by the model agree well with the actual
measured values. At the edge of the moist soil, the model value is slightly larger than the measured value,
because the reduction rate of the volume of soil moisture around the wetting front of the moisture is faster
than other regions. At the same time there is the possibility of human influence, that is, the operation of
mixing with dry soil can lead to the result that the model value is greater than the measured value.

On the whole, the error range between the model value and the measured value is small and the error
is within the allowable range. Therefore, the model can effectively verify that the water content determination
model with constant volume head water infiltration is correct.

Nitric nitrogen
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Fig. 4 — The measured and model values of soil nitric nitrogen at different temperatures
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As shown in figure 3, the left graph shows the comparison chart of the simulated and measured
values of vertical nitrate nitrogen distribution at 35°C, on the 5th day, when the radius is 25cm; the right
graph shows the comparison chart at 25°C, on the 10th day, when the radius is 45cm.

From the figure, we can see that the content of NO3-N in the more humid edge soil is higher, and in
the middle part is smaller, with the model values close to the actual ones.

The average error is small, within the allowable range, so the model can effectively detect the
situation of nitrogen in soil.

Water and nitrogen transport of different irrigation
Water content
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Fig. 5—The contour map of soil water content under different irrigation water amount

As shown in Fig. 4, the distribution characteristics of the contours of the three water-cut maps are the
same, representing the maps when the irrigation water amount is 6L, 8L and 10L. When the irrigation
amount is 6L, the soil surface water content is low. With the increase of depth, water content begins to rise
and is about 0.165 at 20 cm depth and 0.175 at 30 cm depth and reaches the maximum value at 50 cm
depth. The depth area of the increase in water content is 40-60 cm, which is the same case when the
irrigation water amount is 8L and 10L. It shows that in the water storage pit, the deep water content is larger
and the water content in the middle and deep layers also increases with the increase in irrigation.
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Fig. 6 — The nitrate content at different irrigation water amount

As shown in Fig. 5, when the irrigation amount was 8 L, the concentration of nitrate nitrogen increased
first and then decreased. The soil NO3 - N concentration increased at the depth of 20-40 cm, and reached
the maximum at 40 cm depth. The concentration of NO3-N decreased in the depth of 40-60 cm and
gradually increased after 60 cm. The middle and deep level irrigation of the puddle has good water retention
feature and soil water can be considered as an important carrier of soil nutrient cycling and flow. From figure
5 and figure 6, we can see that the soil water content began to increase at 30-60 cm depth and peaked at
about 50 cm. For NO3-N, it dissolves in the soil solution and migrates soil colloid along the soil gap, so the
adsorption capacity of soil on it is weak. The nitrate nitrogen in the soil below 40cm depth presents a
decreasing trend. With the increase of soil depth, the nitrification was weakened, and the denitrification was
gradually enhanced. Denitrification requires denitrifying bacteria, while most of denitrifying bacteria are isoxic
bacteria and only a small part of denitrifying bacteria are good bacteria. At the depth of 70-80 cm, the nitrate
content increased due to the accumulation of NO3-N in the edge of the wetted soil. The other irrigation water
had the similar characteristics. It should be pointed out that when the irrigation amount is 10L, the
concentration of NO3-N in the soil is obviously smaller than 1, indicating that the nitrate infiltration is more
obvious in the lower soil layer.

CONCLUSION

The development of agriculture is inseparable from water, soil and fertilizer. To make the
relationship among the three more clear, in this paper, water and nitrogen contents in soil under different
temperature and different irrigation water conditions were studied.

The water and nitrogen values of the model were in good agreement with the measured values. With
the increase in irrigation volume, the water content in the deep layer also increased. Besides, large
irrigation volume led to the more obvious infiltration of nitrate nitrogen in the lower soil layer. The moisture
movement model and the nitrogen transport model established in this experiment had certain accuracy and
feasibility, and should be popularized and used.
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ABSTRACT

The aim of this work is to study the possibility of remedying polluted agricultural soils by lead with the
association: earthworms / barley. An experimentation of sixty pots was conducted in controlled conditions
containing artificially contaminated soil by lead. It is divided into three systems: S1: soil-plant; S2: soil-
earthworms; S3: soil-plant-earthworms, and five blocks representing lead concentrations: control; 500 pg g*;
1000 pg g™; 1500 pg g*and 2000 pg g™ with 4 replicas each.

The results show that the S3 system (soil-plant-earthworm) has the highest remediation rate
compared to the two other: S1 (soil-earthworm), S2 (soil-plant). The presence of earthworms Lumbricus sp
decreases the bioaccumulation of lead by Hordeum vulgare, while concentrations recorded in earthworm
tissues suggests that the presence of the plant considerably increase those concentrations.

The concentrations of lead in soil, earthworms and plants are influenced by the physical and chemical
soil parameters; however, other factors related to the pollutant, the species of both earthworm and plant and
their interactions can increase or decrease retention of lead by the soil and its bioaccumulation.

RESUME

Le but de ce travail est d’étudier la possibilité de remédier les sols agricoles pollués au plomb a l'aide
d'une association vers de terre / orge. Une expérimentation de soixante pots comportant des sols
artificiellement contaminés au plomb a été menée dans des conditions contrdlées. Elle est répartis en trois
systemes : S1: sol-plante ; S2: sol-ver de terre; S3: sol-plante-ver de terre et cing blocs représentant les
concentrations de plomb : 500 pg gl; 1000 ug g'l; 1500 pg g'l; 2000 pg g'1 et témoin avec 4 réplicas chacun.

Les résultats montrent que le systéme S3 (sol-plante-ver de terre) présente le taux de remédiation le
plus élevé comparé aux deux autres : S1 (sol-ver de terre), S2 (sol-plante). La présence des vers de terre
Lumbricus sp diminue la bioaccumulation du plomb par Hordeum vulgare, alors que les concentrations
enregistres dans les tissues des vers de terre suggére que la présence de la plante accrois
considérablement ces concentrations.

Les concentrations du plomb dans le sol, les vers de terre et la plante sont influencées par les
parameétres physico-chimiques du sol cependant d'autre facteurs liées au polluant, a I'espéce du ver de terre
et a celle de la plante et leurs interactions peuvent augmentées ou diminuées la rétention du plomb par le
sol et sa bioaccumulation.

INTRODUCTION

Earthworms are one of the dominant groups of macro invertebrates of ground in several terrestrial
ecosystems representing nearly 80% of the biomass of soil. They are identified as ecosystem engineers for
their long-term effects on soil physical, chemical and biological properties (Edwards and Bohlen, 1996;
Blouin et al, 2013; Bityutskii et al, 2016).
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Due to their constant contact and their strong interaction with soil, earthworms can be profoundly
affected by the soil pollution and accumulated contaminants in their bodies. Those characteristics among
others allowed their use as indicator organisms of soil contamination (Lanno et al, 2004; Xiao et al, 2006).

Earthworms can concentrate some chemical products by involving selective absorption and excretion
mechanisms, which vary according to species and families of chemicals. The toxic effects of a large number
of chemical substances and the analysis of their absorption and metabolism have been identified to
underline the importance of earthworms in biomonitoring of soil quality (De Vaufleury et al, 2013).

Human activity is the source of soil contamination by various organic and inorganic compounds.
Heavy metals pollution caused by industrial enterprises activity and road traffic has reached high levels in the
soil in some regions (Ha et al, 2011; Jiang, Z.F., 2012; Adriano, D.C., 2001; Alkorta et al, 2004).

It is established that such heavy metals as copper (Cu), zinc (Zn), lead (Pb) and cadmium (Cd) show a
different effect of acute and chronic toxicity to animals and plants (Cheng et al, 2002; Li M, et al, 2009; Li N
et al, 2009). Excessive levels of lead in soil inhibit the normal plant growth, disturb the ecosystem equilibrium
and have an extremely negative impact on the environment and human health (Mishra et al, 2006 Zeng et al,
2006).

Studies on the ability of certain plant to accumulate heavy metals propose them as an alternative to
the physical and chemical methods of decontamination.

Several studies were conducted using the plant / earthworms association for soil remediation.
Earthworms increase the availability of heavy metals in some situations and aid in maintaining the structure
and the quality of soil. The introduction of earthworms into metal contaminated soils has been suggested as
an aid for the phytoremediation processes (Lemtiri et al, 2015; Jusselme et al, 2012).

The main objectives of this study are: i) to study the possibility of decontaminating a polluted by lead
arable land using the association earthworm / plant; ii) to assess these two organisms impact on soil physics-
chemical parameters.

MATERIAL AND METHODS

Samples and characterization of experimental soil

The soil samples were taken in uncontaminated arable land to the depth of 0 - 30 cm. All soil samples
were air dried, crushed, sieved at 5 mm and mixed. This sieved soil was used for the pot experiment.

The soil samples were sieved at 2 mm additionally to provide physics-chemical analyses. The
distribution of particles according to their size, or particle size analysis was determined by sedimentation
using the Robinson pipette. Soil pH was measured using a soil suspension in a ratio (M/V) 1/5. The organic
matter (OM) was determined by calcination in the oven at 500 °C according to NF 1SO10694. The cation
exchange capacity (CEC) was determined by percolation according to NF X 31-130. The electrical
conductivity was measured in a soil suspension (M/V) 1/5 according to NF ISO 11265. The total lead
concentration was determined by tri-acid attack following standard NF X 31-147, and measured by atomic
absorption spectrometry (Agilent Technology. 55 AA). The characterization of experimental soil and the
averages of lead concentrations in the soil, barley and earthworms (ug g"l dry weight) are represented in
Table 1.

Lead contamination of soil

The soil was artificially contaminated with four levels of lead (500 upg/g, 1000 pg/g, 1500 ug/g and
2000 pg/g ) using lead nitrate powder [Pb (NO3) 2] dissolved in distilled water, in addition to uncontaminated
soil (control) with a lead concentration (<100 pg/g) in the international norms described by (AFNOR X 31 in
1996).

Experimental procedure

Three factors were involved in the experimental design: (i) lead concentration in soil; (ii) Presence /
Absence of the earthworms and (iii) Presence / Absence of the plant. The experimentation is divided into
three systems: S1: soil-plant; S2: soil-earthworms and S3: soil-plant-earthworms, five blocks representing
lead concentrations: control, 500 pg g'l, 1000 pg g'l, 1500 pg g'l and 2000 g g'l with 4 replicas each (see
fig. 1). This disposition will allow to study and compare the effect of each organism alone on the soil and the
effect of their association at different levels of pollution.
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Lead concentrations in the soil, plants and earthworms (ug g'l DW),
and chemical parameters measured in the experimental soils

Parameters Mean+SD Minimum Maximum
Soil (N=60)
Clay (%)* 24,5143,73 15,30 34,35
Silt (%)* 9,54+5,90 0,77 25,54
Sand (%) * 65,9845,49 45,95 74,49
OM (%)" 2,30+0,37 1,50 3,12
PHuwater ° 7,4240,57 6,39 8,34
CEC(meq1007g) ¢ 11,93+3,20 0,13 18,55
EC (us/cm)® 831,27+273 335,00 1485,00
System 1(N=16)
Pb soil (ug/g) " 331.86+66.95 200,00 430,00
Pb plant (ug/g) " 59.44+13.16 38,00 75,00
Remediation (%) ° 17.93+1.87 14,85 21,50
Control 1 (N=4)
Pb soil (ug/g) ' 50.00+21.60 20,00 70,00
Pb plant (ug/g) ' 11.75+3.10 9,00 16,00
Remediation (%) ° 27.13+12.34 16.67 45.00
System 2 (N=16)

) 44
Pb soil (ug/g)’ 342.5£54.59 250,00 Sg’gg
Pb EW (ug/g) 24.01+10.97 12.55 290
Biomass () 2.11+0.45 1.40 1299
Remediation (%) ° 7.54+1.95 5,32 '
Control 2 (N=4)

- 90.00
Pb soi ((ug//g))’f 70.00+16.33 50.00 859

Ha/g 8.20+0.48 7.50 '

: 3.20
Biomass (g) 3.130.1 3.00 14.00
Remediation (%) ° 12.29+1.49 10.38 '
System 3 (N=16)

Pb soil (ug/g) " 316.25+87.25 150,00 430,00
Pb plant (pg/g?' 38.00%5.68 31.00 50.00
Pb EW (ug/g) 26.01+6.66 16.53 39.00
Biomass (g) 1.18+0.47 0,90 2,50
Remediation (%) ° 18.79+2.14 15.70 22.69
Control 3 (N=4)

Pb soil (ug/g) " 67.5£9.57 60,00 80,00
Pb plant (ug/g?f 20.25+2.25 17.00 23.00
Pb EW (ug/g) 12.84+1.09 11.36 13.93
Biomass () 2.78+0.13 2.60 2,90
Remediation (%) ° 49.01+10.81 40.29 64.72

2 Size particles by sedimentation using the Robinson pipette method.

@ = o a o T

accumulated Pb in

sail].

Organic matter was determined by calcination in the oven at 500°C according to NF 1SO10694
PHuwater With distilled water (w:v 1:5 ratio).
CEC determined by percolation according to NF X31-130.
Electrical conductivity water suspension with ratio 1:5.

Digestion with mixture of three acids inspired by the NF X 31-147.
calculated according to :(R1/R0)*100 ; [R1: accumulated Pb in the system, Rq:

@ Nen
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System 1 system 2 system 3

contaminated bloc

@ Bloc 500 ug/g Pb

A Bloc 1000 ug/g Pb
B Bloc 1500 ug/g Pb
% Bloc 2000 ug/g Ph

system 1: soil_plant
system 2: soil_earthworm
system 3: soil_plant_earthworm

Fig. 1 - Experimental design
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Sixty pots (18 cm diameter x 20 cm height) were prepared with 3 kg of dry soil, contaminated and
mixed. The plant used in this experiment is a grass, common barley Hordeum vulgare L. Ten seeds were
sown in the pots of the system S1 and S3. The experiment was conducted in greenhouses (temperature of
25 + 2°C and 60 + 5% relative humidity) and germination was determined visually. The pots of the three
systems are watered daily to keep the soil moist. After 4 months, adult anecic earthworms Lumbricus sp
were collected in an uncultivated and unpolluted soil of Tiaret. They were rinsed to remove the soil, kept in
plastic box in the laboratory (24 h) for cleaning their gut. 2 - 3 earthworms (mass: 3 = 0.5 g) were introduced
into each pot of system S2 and S3; to provide a density of about 100 g m™ (Blouin et al, 2006; Jusselme et
al, 2013). The experiment was conducted under controlled conditions during 21 days.

Harvesting and treatment of samples

At the end of the experiment the samples were harvested, the aerial part of the plant was cut at
ground level. The stems and leaves were separated and preserved in paper bags. Then the pots were
overturned on plastic. Earthworms were gathered, their survival was determined by observing their activities
in the hand; afterward they were rinsed, weighed and conserved for 48 hours in boxes containing moistened
paper with distilled water to clean their gut (Lemtiri et al, 2015; Bityutskii et al, 2016).

The roots were collected, washed with distilled water to remove the soil and kept in paper bags, the
soil dried in the open air for 48 h. The samples were the subject of a series of operations as follows:

- dehydration: the usual method is dehydration in an oven at 105° + 2° C for 72 hours, and the earthworms
for 24 h.

- grinding: This step is highly critical as it can be source of contamination or loss. For this, the grinder used
is an agate mortar; 0.5 to 1 g of the powder obtained is placed in quartz capsules and calcined in an
oven, the temperature of which being gradually increased to 450 ° C for 3 h.

- mineralization and dissolution: after calcination, the sample are placed in an acid solution (10 ml of
hydrofluoric acid HF 40% and 3 ml of perchloric acid CIHO, 70%) and heated in a sand bath until total
evaporation of the solution. Outside of the sand bath, we added 1 ml of nitric acid HNO3; and 10 ml of
distilled water and allowed 30 min, after that, it was placed in the sand bath for 30 min to 1 h.

- filtration and dilution: After filtration, the obtained extracts are diluted with 100 ml of distilled water
(Durand, C., 2003). The lead concentration was determined by atomic absorption spectrometry.

Statistical analysis

The statistical treatment was performed using two software packages STATISTICA 8 and SPSS 20.
The data obtained were subjected to several analyses: Descriptive statistics, ANOVA, ANOVAR and
correlation analysis. Firstly, the effects of soil lead levels on the concentration of lead in earthworm’s tissues
and plant were evaluated through analysis of variance (ANOVA). Secondly, the effects of physicochemical
parameters of soil on the concentration of lead in earthworm’s tissues and plant were investigated. Finally,
the effects of lead levels (block T, B1, B2, B3 and B4) and the systems (S1, S2 and S3) on Pb concentration
in earthworms’ tissues and plant were evaluated. Differences were considered significant at P<0.05%, highly
significant at P<0.01** and very highly significant at P<0.001***.

RESULTS
Levels of lead in soil
The concentrations of lead in soil within blocks of each system before and at the end of the

experiment are represented in fig. 2.
2000
[ Pb Intial (ug/g)

[$] Pb Final (ug/g)
1500

1000

S1T  Si11 S12 S13 S14 S2T S21 S22 S23 S24 S3T S31 S32 S33 S34

Sy tem/Block

Fig.2 - Lead levels in the experimental soil
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We see that the final concentrations of the soil have greatly reduced compared to the initial
concentrations, a positive correlation was observed between the levels of contamination and soil
concentrations with a correlation coefficient r=0,94*** and a highly significant effect p<0.001***,

The toxicity of metals does not depend only on the total concentration but also on their mobility and
reactivity with other components of the ecosystem (Abollino.et al, 2002). Many authors classify this
reactivity in the order: Ni>Zn>Cu>Pb (Harter, R. D., 1983; Kabala and Szerszen, 2002). Lead is generally
found in surface horizons 0-20 cm than in deeper soil layers (Contat et al, 1991). Several factors affect its
mobility and bioavailability: pH, soil texture especially clay content and organic matter content.
Concentrations of lead in the three systems

Remediation percentages of the three systems (including the five blocks) are shown in fig. 3. We
observe that the association plant-earthworm (S3) shows the highest rate of remediation (accumulation)
24.83 + 13.26 %, a highly significant difference was observed between the three systems p<0.001***, The
concentrations of lead accumulated in the plant and earthworm increased significantly with the levels of
lead in soil p <0.001***,

The accumulation of lead by barley varies depending on the concentration of lead in the soil and the
physic - chemical parameters of the soil (Maatoug et al, 2013). This concord with the results found in our
study. Bioaccumulation of metals in earthworms depends a lot on the species and the characteristics of
their environment, including soil composition and pH (Van Gestel and Ma 1988; Morgan J.E. and Morgan
A.J. 1991; 1999). De Vaufleury A. et al, 2013).The presence of the plant and earthworms can create a
competition between them for the accumulation of lead. By producing exudates, plants can modify metal
speciation and their behaviour in soil, particularly in the rhizosphere (Chaignon and Hinsinger, 2003; Uzu,
G.et al, 2009). Therefore, plants can change the metal accumulation by earthworms (Lemtiri et al, 2015).

Current effect: F(3, 57)=96,340, p=0,0000
Type |l decomposition
Vertical bars denote 0,95 confidence intervals

30
25
20
15

10

% of Remediation

s1 S2 s3
system

Fig. 3 - Percentage of remediation in the three systems S1: soil-plant;
S2: soil-earthworm; S3: soil-plant-earthworm

Effects of the interaction plant / earthworms on the contaminated soil

Our study focused on the interaction between earthworm Lumbricus sp and the plant Hordeum
vulgare for bioremediation of artificially contaminated soil with lead. In order to study the effects of the five
lead concentrations used in this experiment which are divided into blocks, on the recorded soil
concentrations, an ANOVA test was performed (fig. 4). A very highly significant difference is observed for
the effect of lead dose added to the ground on the lead concentration in the soil, plants and earthworms
P<0.000***,

We notice an important fixative power of lead by the ground following the doses added at the
beginning of the experiment.

The system S3 presents the highest concentration of lead extracted from the soil. We also observe
that the plant accumulates more lead on its own 49.9 + 22.83 pg g™ than in the presence of earthworms
34.45 + 8.92 pg g . The correlation matrix shows a positive correlation between Pb soil and Pb plant
r=0.688**.

The concentrations of lead in earthworm tissues after 21 days of exposure are positively correlated
with soil concentrations with a correlation coefficient r=0.919** and a highly significant effect p<0.000**.We
observed that concentrations of lead in earthworm tissues are higher in the presence of the plant 23.37 +
8.02 ug g'1 against 20.85 + 11.71 ug g'l in its absence.
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—=— Pb-soil(ug/g) Wilks lambda=,01500, F(24, 125,31)=16,993, p=0,0000
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Fig. 4 - Effect of the interaction between bloc and Pb concentrations in plant,
earthworm and soil for the three systems

Barley accumulates the trace elements to different degrees depending on the metal and its
concentration in the soil. (Maatoug et al., 2013) reported that in an agricultural soil close to a highway
contaminated with lead 1714.39 + 512.62 ug g'l, barley accumulates until 36.28 + 14.90 ug g'l. In our
study, we find that for lead concentrations in the soil of the order of 331.86 + 66.95 ug g'l barley
accumulates 59.44 + 13.16 ug g™

Lead contrary to the other elements (Zn, Cu) is not an essential element, although present in the
plants, it does not participate to any known physiological or biochemical function (Marschner H.,1995). Pb
is accumulated by the plant according to another uptake pathway than those of the essential elements Zn
and Cu (Lemtiri et al 2015). In this study, lead being added in a highly soluble form may be more available
and easily absorbed by the plant, which explains the high concentrations accumulated by barley.
Earthworms (of various species) that live in soils polluted by metals, mainly of anthropogenic source, have
heavy metal contents much higher than those which develop in unpolluted areas (Ireland M.P., 1983;
Morgan J.E. & Morgan A.J., 1988; Dai et al, 2004; De Vaufleury et al, 2013). Other studies report that
concentrations in earthworms were weakly correlated with those of soils (Beyer and Cromartie, 1987;
Abdul Rida and Bouché, 1995). The results found in this study indicate a very significant correlation
between lead levels in soil and lead concentrations in earthworms Lumbricus sp.

An increase of metal concentration in plants was observed in the presence of earthworms (Wen and
Hu, 2004). These results are opposite of what we observed in our study. Lead concentration in barley
decreases greatly in the presence of Lumbricus sp. It can be explained by a different accumulation
capacity and affinity according to the plant and the metal.

Earthworms can concentrate some chemicals involving selective absorption and excretion
mechanisms, which vary according to earthworm species and chemical families (De Vaufleury A, 2013).

The ability of earthworms to accumulate heavy metals is widely studied (Morgan et al, 1986; Beyer
W.N.et al, 1987; Morgan J.E. and Morgan A.J., 1992). Some differences in bioaccumulation were reported
between ecophysiologically distinct earthworms (Morgan et al, 1993; Van Vliet et al, 2005; Kamitani and
Kaneko, 2007). The presence of the plant increases the concentration of lead in earthworm tissues.

Effect of physicochemical soil parameters on Pb soil, Pb plant and Pb earthworms

In order to investigate the effect of physicochemical parameters of the soil on the accumulation of
lead in the soil, plant and earthworms we performed a correlation analysis with a variance analysis
(ANOVA).

Effect of pH
We observe a negative correlation between soil pH and lead soil, plants and earthworms with a
correlation coefficient r=-0.572**, r=-0.396*, r=-0.410**, respectively. ANOVA revealed a significant effect
of soil pH on the Pb soil p=0.037*and Pb plant p=0.002**, but no effect on the Pb earthworms p=0.224.
The pH is a factor whose role is crucial for the mobility of metal ions, because it influences the
number of negative charges that can be brought into solution (McLaughlin, M.J., 2000). Generally, when
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the pH increases, the cations are less soluble and less mobile (Blanchard C., 2000; Santillan-Medrano and
Jurinak, 1975; Kabala and Szerszen, 2002). Different interpretations have been advanced to explain the
influence of soil pH on the accumulation of lead (McBride,1994). It was found that the Cd, Cu, Hg, Ni, Pb
and Zn are strongly absorbed by the roots at pH<5.5 (Blaylock and Huang, 2000).

The accumulation of metals in earthworms is influenced by their concentration in the soil, and in the
case of Cd, by the pH (Spurgeon et al. 2006). The low bioavailability of metals (Cu, Pb and Zn) in a
contaminated soil with an alkaline pH, and the absence of toxic effects were confirmed experimentally in
Lumbricus terrestris, in urban soils little rich in nutriment of Montreal (Kennette D., 2002). Among the
reasons that may explain the limited effects of pH change on the concentration of earthworm tissue (Oste
et al. 2001) suggest firstly, an effect of pH on the absorption by the skin, and secondly, the influence of
soil particles ingested.

Effect of CEC

The cation exchange capacity is positively correlated with lead soil r=0.221 and earthworms
r=0.215**and is weakly correlated with the lead of the plant with a correlation coefficient r=0.023**,
ANOVA shows no significant effect of CEC on the Pb soil, Pb earthworms and Pb plant p> 0.05.

The pH influences the CEC, the nature of the organic matter and its decomposition via the fauna
and flora of the soil. (Allan and Jarrell, 1989) have shown that CEC decreases gradually as decreases the
external pH. The soil constituents thus modified will register increase or decrease the complexation
capacity of the elements and therefore the mobility and bioavailability of trace elements (McBride et
al1997; Sauvé et al, 1997 Sauvé and McBride, 1998; Venditti D., 2000). Simultaneous measurements of the
cation exchange capacity suggest that this soil parameter is a better indicator of the bioavailability of Cd
and Zn because it takes into account the type of clay and organic matte (Lock K. & Janssen C.R., 2001).

Effect of clay rate

Concerning the clay content it has a positive correlation with Pb soil r=0.234** and Pb earthworms
r=0.102 and negatively correlated with the Pb plant r=-0,054**, the analysis of variance indicated a highly
significant effect for Pb soil and Pb plant p<0.000*** and highly significant for Pb earthworms p<0.005 **,

Clays and organic matter play a predominant role in the adsorption of lead by the plant. Trace
elements show a high affinity for the humic substances with which they form stable humic-clay complex,
eventually soluble. This explains the abundance of the trace elements on the surface mainly in the
presence of organic matter (Baize D., 1997).

Lock and Janssen (2001) conducted experiments with Enchytraeus albidus, which show that the
toxicity of Cd and Zn depends on the nature of the clay used and the organic matter.

Effect of organic matter

A weak correlation was observed between the organic matter and the three variables, however it is
negative with Pb soil r=-0,029**, Pb earthworms r=-0,038 and positive with Pb plant r=0.052**, ANOVA
shows no significant effect p>0.05.

The assimilation of trace elements by plants is highly dependent on the bioavailability of these
elements in the soil. The soil constituents, especially clays and organic matter can interact with the metal
across different chemical interactions (electrostatic interactions etc.) All these interactions limit the
bioavailability of the metals in the soil (Tanner and Headley, 2011).

The soil characteristics have a different impact from one earthworm species to another also
depending on the studied metal (Peijnenburg W.J.G.M., 1999; Posthuma L., 1998). It was observed an
increase of lead concentration in earthworms exposed in soil with high lead contamination (Grelle and
Descamps, 1998; Scaps et al., 1997). Pb accumulation is proportional to the time of exposure. However
the concentration in the earthworms remains much lower than that of soil. These results are similar with
the results that we found in our experiments.

CONCLUSIONS

The present study shows that using the association Hordeum vulgare and Lumbricus sp significantly
increases the concentrations of lead extracted from the soil. The concentrations of lead in Lumbricus sp
tissues and Hordeum vulgare increase with increasing levels of lead in the soil.

The lead concentrations in the soil depend on the physico-chemical parameters. However, other
factors (element content and mobility) may increase or decrease retention of lead by the soil. The system S3
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(soil-plant-earthworm) has the highest rate of remediation 24.83 + 13.26 % compared to the two others S1
(soil-earthworm) 8.49 + 2.67 % and S2 (soil-plant) 19.77 £ 6.41 %.

The presence of earthworms Lumbricus sp decreases the bioaccumulation of lead by Hordeum
vulgare, while content recorded in tissues of earthworms suggests that the presence of the plant significantly
increases the element concentration. This can be explained by a competition between the two organisms in
the absorption of trace elements.

Several studies report that the accumulation of trace elements differs from one species to another.
However, the interaction between two organisms such as earthworms and plants can be complex and
influenced by many factors: the species of the plant and the earthworm, the physico-chemical parameters of
the soil, the levels of pollution and the nature of the pollutant.

The results of this study suggest that it is possible to use the association plant/earthworms for the
bioremediation of agricultural soils polluted by lead.
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ABSTRACT

Considering the serious soil and water losses that impede the development of agricultural production
in Loess Plateau in China, this study investigated the soil water infiltration, runoff yield, and sediment yield
through simulated rainfall using rainfall water of different qualities; additionally, this study investigated the
influence of water quality on rainfall-induced erosion. The effects of rainfall water quality on soil erosion
under artificial simulation were studied in the State Key Laboratory of Soil Erosion and Dryland Farming on
the Loess Plateau from 2015 to 2016. This experiment used four rainfall water types (water, natural
precipitation, natural hydrops, and tap water) and three typical loess plateau soil samples (Loessal soil, Lou
soil, and laminated Lou-Sand). The effect of water quality on soil erosion under the same rainfall intensity
(60mm/H) and slope (5°) was determined. Results showed that the intensity of rainfall erosion was
significantly affected by water quality, and soil erosion intensity gradually decreased with increased sodium
adsorption ratio and conductivity (water<natural precipitation<natural hydrops<tap water) under natural
hydrops; the runoff coefficient of soil erosion was the lowest (29.3%) under natural hydrops; stable
infiltration rate and rainfall erosion were the lowest under rainfall hydrops; and soil erosion was the highest
under water. Moreover, the influence of water quality on rainfall erosion was affected by soil type.
Compared with the Loessal soil, which contains low amount of clay particles, the erosion of rainfall to the
Lou soil with higher content of clay particle was more susceptible to the water quality. Water quality plays
an important role in soil erosion and exerts more significant effects on soil with higher clay content.
Therefore, water quality factors must be fully considered in studying and simulating rainfall erosion.
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INTRODUCTION

Agricultural development in arid and semiarid areas is achieved mainly by fully utilizing natural
precipitation, by reducing surface runoff, and by increasing soil moisture. Given the fragility of the
ecological environment, sustainable development of modern agriculture and the possibility of obtaining
high yield of existing agricultural land have become very difficult. The quality of atmospheric
precipitation will exert a direct impact on soil quality and crop yield.
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The Loess Plateau in China has a fragmented terrain and scarce vegetation cover; moreover, rainfall
commonly occurs as heavy rain, and variation in land is lacking. Erosion resistance of Loessal soil,
especially its antiscourability, is quite weak and thus is not suitable for the implementation of agricultural
cultivation measures, which in turn become the common leading factors of soil erosion (Jie et al., 2004). For
a long time, the erosion resistance of Loessal soil not only limited the sustainable development of
agriculture in this area but also became the root cause of the low income of farmers. Loess Plateau mainly
consists of loose Loessal soil, which is characterized by low fertility, low content of agglomerates, and high
vulnerability to rainfall erosion. This region has a heterogeneous land structure, showing a layered
distribution; with intensified rainfall erosion, the fertile topsoil thickness gradually decreases, and land
production efficiency has become low and unstable.

Artificial rainfall simulation effectively regulates rainfall and rapidly realizes the erosion process; this
approach is widely used in soil and water conservation research (Wenyan et al., 2005; Guangyan et al.,
2011). The results have shown that the simulated rainfall water quality exerts a significant impact on soil
erosion process, and the degree of influence is significantly affected by soil type (Lili et al., 2015). Lorenzo
found that rainfall water quality can change the process of soil erosion, and the influence of water quality on
silty clay soil is larger than that on silty loam (Borselli et al.,, 2001). Zhang showed that the soil erosion
amount increases as the sodium adsorption ratio (SAR) of irrigation water increases, whereas it gradually
decreases as conductivity increases (Lijun et al., 2010). Therefore, studying the impact of water quality on
rainfall erosion has important theoretical and practical significance in revealing the characteristics of rainfall
erosion and the choice of water quality in simulated rainfall experiment. Moreover, the present research
was conducted to provide some data useful in preventing soil and water losses in Loess Plateau region and
improve the utilization rate of natural precipitation and promote agricultural development.

The physical and chemical properties of aqueous solution can significantly affect soil water potential
and hydraulic conductivity (Yuli Zhao and Jianzhi Niu, 2012). Studies have shown that the type and content
of solute in water affects the density, surface tension, and viscosity of water, affecting the movement of
water in soil pores (Caijing Zhou, 2008). At present, the effects of solute on soil hydrodynamic parameters
are mostly saline material. The hydraulic conductivity of soil has been suggested to be related to the
composition and content of exchangeable cations in soil solution and soluble electrolyte concentration
(Carter and Robbins, 1978; De and Wierenga, 1984), and the hydraulic conductivity decreases as SAR
increases; when distilled water was used to simulate rainfall, hydraulic conductivity decreases (Oster and
Frenkel, 1980). Xiao studied the impact of irrigation water quality on the hydraulic properties of unsaturated
soil and found that highly mineralized irrigation water could increase soil hydraulic conductivity (Zhenhua
Xiao and Hongfu Wan, 1998); Feign found that increased sodium ion content of irrigation water can cause
soil particle contraction and colloidal particle dispersion and expansion, thereby affecting soil permeability
(Feigin et al., 1991). To a certain extent, increase in soil salt concentration can promote flocculation of soll
particles, increase in aggregate ability, stabilization of soil structure, increase in soil macrospores, and
enhancement of permeability. Therefore, water quality is quite important in soil moisture movement and soil
structure. However, studies on rainfall erosion have devoted little attention on the impact of water quality.
Investigations on soil erosion will not only help to improve the existing theory on soil erosion but will also
provide an important basis for accurate prediction of soil erosion under different rainfall conditions.

Loess Plateau is characterized by loose soil, sparse vegetation, serious erosion, and fragile ecology.
Soil erosion has long been a core problem that constrains ecological civilization construction and regional
sustainable development in Loess Plateau. Discussing the influence of water quality on rainfall erosion
process is of great significance in understanding the process, intensity, and model prediction of soil erosion
in this area, and it is a kind of sustainable circular agriculture with very important ecological protection
significance. In Loess Plateau, a large number of artificial simulated rainfall experiments were conducted,
and the water used for the simulated rainfall was mostly tap water or well water. Given that water quality in
different places obviously varies, the effects of water qualities on rainfall erosion will also vary in artificial
simulated rainfall experiments. In this study, where Loessal soil and Lou soil were used as research
objects, artificial simulated rainfall experiments were conducted using deionized water, tap water, natural
precipitation, and natural hydrops, and the influence of water quality on slope runoff and sediment yield and
soil water infiltration was analysed to reveal the influence of water quality on rainfall erosion, providing a
scientific basis for accurate prediction of soil erosion process.

136



Vol.51, No.1 /2017 INMATEH — 7 inceti

MATERIAL AND METHODS
Rainfall simulator

A simulated rainfall experiment was conducted in the Hall of Artificial Simulated Rainfall in the State
Key Laboratory of Soil Erosion and Dryland Farming of Loess Plateau, Northwest A & F University, China
from 2015 to 2016. Disturbed soils were studied, and homogenous Lou soil, Loessal soil, and Lou-sand
laminated soil were used as samples. Loessal soil was collected from Ansai County of Shaanxi Province
(109°19'46"N,36°51'44"E); Lou soil was collected from Yangling Demonstration Zone of Shaanxi Province
(108°5'40"N, 34°16'20"E); and river sand was collected from the riverbed of Weihe, Yangling (108°4'39"N,
34°14'9"E). Table 1 shows the physical and chemical properties of the soil samples. The soil samples were
air-dried, pressed, crushed, screened through 5 mm sifter, and mixed for subsequent use. Bulk density was
controlled based on the bulk density of the undisturbed soils (Sandy soil, Lou soil, and Loessal soil). For the
air-dried soils, the required soil quality for each processing was calculated according to the volumetric
moisture content (approximately 2%) and soil bulk density for layered filling. Special plate was used to blur
the layer to prevent vertical layering of soil.

Table 1
Physical and chemical properties of soil samples
Particle composition /%
Non-mulching Dry b_U|k Ks
Particle sizes Texture density Imi
0-0.002 0.002-0.05 | 0.05-1.00 [g/cm?] [mm/min]
[mm]
Homogenous 22.8 68.5 8.7 silty loam 14 0.020
Lou soil
Sand soil 4.49 20.87 75.64 medium sand soil 1.8 2.791
Loessal soil 9.10 61.80 29.10 silt loam soll 1.2 0.577

Materials and experimental design

Experiments were performed using a fully saturated design. Three types of soil exist: Lou soil (L),
Loessal soil (Lo), Lou soil (L)-Sandy soil (S); four types of rainfall water exist: water (C), natural
precipitation (R), natural hydrops (J), and tap water (Z). After different combinations of soil types and rainfall
water quality were made, 12 treatments were designed, and each treatment was performed three times.
The experiment involved the use of water supply device, rainfall simulator, and soil bin (Figs.1 and Figs.2).
The rainfall simulator was a movable needle-type sealed box with a height of H,=40cm, a length of
L;=145cm, a width of W;=145cm, and a needle spacing of D=2 cm. The average diameter of the raindrops
is d = 2.97 £ 0.05 mm, the rainfall height is H;=220 cm and the rainfall uniformity was greater than 94%.
Rain intensity was controlled by a peristaltic vacuum pump. An erosion soil bin (100 cm x 40 cm x 30 cm)
was self-manufactured. Evenly distributed holes were created at the bottom of the soil bin to exclude gravity
water. The rainfall intensity was 60 mm/h, and the soil bin slope was set as 5°, which was quite common in
Loess Plateau, and the duration of rainfall was 60 min.

1,=145cm

.
H;=40cm | Rainfall simulator Intake

—

H=220cm Water tanks
l Piezomete X
Soil trough
L,=100cm
Submersible
W;=40cm pump
Q Q

Fig. 1 - Schematic of artificial simulated rainfall device
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Fig. 2 - Artificial simulated rainfall device

During rainfall, runoff and sediment samples were collected every 3 min from the time when the flow
yield was observed on the slope. After the rainfall was finished, the runoff collected was measured, the
sediment was separated, and the amount of sediment was measured by using the drying method. The
infiltration rate was calculated as follows equation (1) (Yuanjun Zhu and Ming-an Shao, 2006):

i =Rcosf-

A'\I' [cm/min] (1)

where:

i is the infiltration rate, [cm/min]; R is the rainfall [cm]; T is the duration of rainfall [min]; 6 is the slope of
soil bin [°]; F is the flow yield within the interval [g/min]; S is the sediment yield within the interval [g/min]; K
is the conversion ratio [1g/cm3]; A is the cross sectional area of soil bin [sz]_

Prior to the rainfall test, three rain gauges were placed in the areas where the soil bins were located.
Calibration was performed after the rainfall intensity stabilized. The mean was determined and taken as the
rainfall intensity. The formula was as in the following equation (2) (Qianhua et al., 2015):

P= Pi+Pp+Py [mm/min] (2)
3xT
where:

P is the average rainfall intensity [mm/min]; T is the rainfall duration [min].

The water types used in the artificial simulated rainfall include water, tap water, natural precipitation,
and rainfall hydrops. The water was produced by the Institute of Soil and Water Conservation, CAS&MWR,;
compounds and ions were not detected. The tap water was collected from the residents of Yangling District,
Shaanxi; natural precipitation was collected from natural rainfall in Yangling, Shaanxi. Rainfall hydrops was
a natural precipitation that has been stored for more than one year. Table 2 shows the SAR, pH value, and
conductivity of the four water types.

Table 2
Physical and chemical properties of different types of rainfall water
Type of water quality so:jaitui(r)n[:j.:no;r;ii]on pH conductivity [uS/cm]
Water[D] 0.00 7.04 3
Natural precipitation[P] 0.03 7.76 36
Natural hydrops[H] 1.47 7.97 452
Tap water[T] 2.24 7.78 634

Data analysis
SPSS software was used for correlation analysis, and Excel and Origin were used for correlation
calculation and chart drawing.
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RESULTS
Changes in soil flow yield and runoff coefficient

Flow yield time and runoff coefficient are important indexes that characterize soil water infiltration;
these indexes are affected by factors such as soil type, rainfall intensity, and slope (Zhixin Xu and Mengli
Zhao, 2001). Initially, rainfall completely infiltrates into the soil, and no runoff yield is observed in the slope.
When the rainfall intensity is greater than the infiltration capability of the soil, the excess rainfall will cause
slope runoff. The initial flow yield time is the main factor affecting the runoff process and the degree of
rainfall (Tianxu et al., 2011).

Table 3 shows the flow yield time and runoff coefficient in different soils as a function of water quality.
We could see that:

Table 3
Flow yield time of soils under different water qualities
Flow yield time, s Runoff coefficient, a
. . . L il- ) L I L il-
Water quality Lou soil | Loessal saoil ou sol . Lou soil oes.sa ou sol .
sandy soil soil sandy soil
Water [D] 240.0 1800.0 180.0 0.618 0.264 0.683
Natural precipitation [P] 480.0 1560.0 360.0 0.458 0.297 0.502
Natural hydrops [H] 978.0 1320.0 840.0 0.293 0.299 0.378
Tap water [T] 540.0 1620.0 360.0 0.440 0.287 0.498

For the homogenous Lou soil and Lou soil-sandy soil (Top Lou soil layer and bottom Sand layer), as
SAR and conductivity of rainfall water increased, the flow yield time was postponed and the duration of
natural hydrops was extended. Moreover, as soil and water erosions and conductivity of rainfall increased,
the flow yield time started to decrease, indicating that SAR and conductivity of rainfall water showed the
highest threshold values. This result suggested that water quality could reduce the intensity of rainfall-
induced soil and water erosions. The flow yield time of Loessal soil was longer than that of Lou soil
because the infiltration capability of the Loessal soil was stronger than that of Lou soil, and it was
characterized by loose particles and strong water absorption capacity. For the Loessal soil, as the SAR of
rainfall, the flow yield time decreased and the natural hydrops showed the shortest duration. Moreover, as
the SAR of rainfall increases, the flow yield time decreased once again; this pattern was opposite that of the
variations in Lou soil and Lou soil-sandy soil. The infiltration rate was related to the physical properties of
oil, as follows: (1) Soil texture. The structure and texture of soil were not uniform, facilitating blockade of
water. Therefore, the infiltration capability of Lou soil-sandy soil was weaker than that of Lou soil. (2) Bulk
density of soil. Previous results showed that the higher the bulk density, the lower the infiltration rate
(Jiangsu Wen, 2012) and the shorter the flow yield time. The increasing flow yield times were as follows:
Lou soil-sandy soil < homogenous Lou soil < Loessal soil. The slope runoff was calculated using the water
balance method, that is, runoff was the difference between rainfall amount and infiltration amount.
Therefore, the slope runoff was closely related to soil water infiltration rate. If the infiltration rate was large,
the runoff amount was small. If the soil pores of Loessal soil were large, the flow yield time was long, and
the runoff generation time would be postponed. Therefore, the runoff coefficient would be low. The soil
water infiltration rates of Lou soil and Lou soil-sandy soil were low, the bulk densities were large, the flow
yield times were short, and the runoff coefficients were large. Additionally, due to the laminated structure of
Lou soil-sand soil, the sandy soil of lower layer blocks the water (Wenyan et al., 1995; Wenyan et al.,
2005). As a result, the permeability of the soil to water was considerably small, the runoff increased, and
the runoff coefficient was the greatest. From the perspective of rainfall water quality, the runoff coefficient of
natural hydrops was the lowest, whereas that of the deionized water was the highest. The type of rainfall
water displaying the appropriate SAR and conductivity can relatively relieve the erosion effect of soil with
high viscosity.

Influence of water quality on soil water infiltration

Infiltration rate is the amount of water that infiltrated the soil within a given time, reflecting the
infiltration capability of soil. Generally, for the three soil types under any rainfall water quality, soil water
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infiltration rates decreased as time was shortened (Fig.3). The results of the independent sample T
examination showed that for Lou soil and Lou soil-sandy soil, the soil water infiltration rate of the deionized
water was significantly lower than that of the three other rainfall water types (p<0.05), and the rainfall
hydrops showed the highest soil water infiltration rate. The soil water infiltration rate of tap water and
natural precipitation did not significantly differ (p>0.05). Different from Lou soil, under four water qualities,
the Loessal soil didn't display significant difference in terms of soil water infiltration rate (p> 0.05). The sail
water infiltration rates of the four water types were quite close for the first 30 min after infiltration. Therefore,
the influence of water quality on soil water infiltration rate depends on soil type.

0.12 ——deionized W‘at.ef ‘ 0.12 ——deionized water
—8—natural precipitation . —4—natural precipitation
0.10 ——natural hydrops % 010 4 sl b
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Fig. 3 - Changes in soil water infiltration rate of artificial simulated rainfall

Water quality matters only for heavy clay soil; thus, for Lou soil and Lou soil-sandy soil, the soil water
infiltration rate was higher under the natural hydrops than that under the four other rainfall water types. The
decreasing infiltration rate of the different water types was as follows: natural precipitation > tap water >
natural precipitation > deionized water. With the SAR and conductivity of rainfall, the infiltration rate of soil
increased while the soil erosion decreased. However, the rate of soil erosion was the lowest under natural
hydrops. As the SAR increased, the soil water infiltration rate decreased, whereas the erosion worsened,
indicating that the SAR and conductivity had a range of threshold values. The SAR of deionized water was
0; thus, when deionized water infiltrated into the soil, no spectrometer exchange occurred. By contrast, the
sodium ions would be dissolved, which changed the flocculation of clay particle and promoted the
dispersion. As a result, soil pores were blocked, and soil water infiltration rate decreased. Figure showed
that in terms of SAR, an inflection point was observed under the effect of natural hydrops. The tap water
showed the highest SAR, and the infiltration rate of tap water was lower than that of natural hydrops.
Therefore, the SAR of rainfall water that promotes soil water infiltration was confined within a certain range.

Flocculation of soil clay particle and the stability of soil aggregates are determined by the
composition of ion concentration of soil solution, which further determine the conductive capability and
infiltration rate in soil and the difficulty of runoff generation on earth’s surface (Fahu Li and Guojing
Rong,2004). The different water qualities of artificial simulated rainfall will lead to the different electrolyte
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concentrations and conductivities. The increase in electrolyte concentration in soil solution will promote the
formation and development of soil crust, and the increase in conductivity of soil solution will inhibit the
formation of soil crust, which will further affect the runoff and sediment yield during rainfall erosion.
Hydration will occur if rainfall water of different qualities acts on the soil. The base cations will cause the soil
to swell and explode. The aggregates are damaged, and the particles are dispersed, blocking the pores. As
a result, the hydraulic conductivity or infiltration rate of soil decreases. In this study, the clay particle content
of Lou soil (22.8%) was higher than that of Loessal soil (9.1%). The influence of water quality on the
infiltration rate of Lou soil is higher than that on the infiltration rate of Loessal soil, consistent with the results
of Ben-Hur et al. (Ben-Hur et al., 1985).

Influence of water quality on flow and sediment yields

Fig.4 showed the runoff and sediment yield caused by erosion of Lou soil, Loessal soil, and laminated
soil under the four types of rainfall water. During erosion, natural hydrops showed the lowest runoff and
sediment yield, whereas the water showed the highest runoff and sediment yield (Fig.4). In the two-layered
structure of Lou soil and laminated Lou soil-sandy soil, the decreasing erosion capabilities of rainfall water
types were as follows: water > natural precipitation > tap water and natural hydrops. Therefore, in the
artificial simulated rainfall experiment, the water quality greatly influenced the test results and thus was a
factor that cannot be ignored. Moreover, a proper increase in SAR of rainfall water with different qualities
(contents of sodium, magnesium, and calcium ions in aqueous solution) can prevent slope erosion. These
ions will prevent slope erosion to some extent.
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Fig. 4- Changes in rainfall runoff and sediment yield under different types of rainfall water.

Application of Philip infiltration model in rainfall infiltration process by using different SARS

The influence of SAR on the characteristics of soil water infiltration is simulated using a Philip
infiltration model, and the infiltration of rainfall water types with different SAR changes with time. The Philip
model assumes that at any moment of infiltration, the infiltration rate displays the relationship of power
series with time, and the specific infiltration model was as follows equation (3) (Zhongdong Wu and
Quanijiu Wang, 2008):

I(t) = St0-9+A [cm] A3)

Where:

| is the accumulated infiltration amount [cm]; S is the infiltration rate [cm/mino's]; A is the stable
infiltration rate [cm/min]; and t is the infiltration time of rainfall [min].

In equation (3), the relationship between accumulated infiltration amount and was expressed as a
guadratic equation (the intercept is 0). After being fitted, the coefficients of the quadratic term were the
stable infiltration rate A. The coefficient of one degree term was the infiltration rate S. Moreover, because A
= i(«), during rapid infiltration, it could be considered as A = 0 (A = i(»)). The fitted equation was the straight
line passing through the origin, and its slope was the soil infiltration rate S.
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Table 4
Physical and chemical properties of different types of rainfall water
Type of_water Type of .water Water Ngtl_Jra! Natural Tap water
quality quality precipitation hydrops
S 0.277 0.302 0.338 0.329
Homog:;‘ius Lou R’ 0.988 0.955 0.971 0.978
Fitting equation (1) | 0.277t*° 0.302t*° 0.3381%° 0.329 t*°
S 0.257 0.301 0.391 0.292
Lou soil-sandy soil R? 0.995 0.980 0.954 0.990
Fitting equation (1) 0.5.55)7 0.301t*° 0.391t°° 0.292 t*°

Note: R*-Pearson product-moment correlation coefficient

The water quality did not significantly influence the Loessal soil. Therefore, the Philip infiltration
model was used to simulate the Lou soil and Lou soil-sandy soil. Table 4 showed that the sequence of
infiltration rate (as determined using the Philip model) for the homogenous soil and the Lou soil-sandy soil
with similar initial moisture content under the one-dimensional rainfall infiltration was as follows: natural
hydrops — tap water — natural precipitation — water. Comparison of the result of the Philip model with the
observation results suggested that when SAR was relatively low, (its SAR was smaller than that of natural
hydrops), the results of the Philip infiltration model is similar to the experimental results; when the SAR was
relatively high (its SAR was smaller than that of natural hydrops), and the experimental demonstrated that
as SAR increases, the infiltration rate of soil reached the highest when the SAR was the one of natural
hydrops. As the SAR increased, the infiltration rate decreased. Therefore, when SAR was relatively low (its
SAR was smaller than that of natural precipitation), the results of the Philip infiltration model was opposite
to the experimental results. This finding indicated that when the Philip infiltration model was applied to study
the infiltration rates of rainfall waters of different qualities, the calculation results would be more accurate for
the rainfall water type with low SAR. For the water quality with a relatively high SAR, the calculation results
showed certain deviations, consistent with the results of Zhongdong Wu, although the specific mechanism
remains to be studied.

CONCLUSIONS

Artificial simulated rainfall experiment was conducted to study the influence of the quality of four
types of rainfall water (water, tap water, natural precipitation, and natural hydrops) on soil water infiltration
and soil erosion under the same rainfall intensity and slope, as well as determine the influence of the water
quality of rainfall and farmland irrigation on soil quality. In this study, Loessal soil and Lou soil were used as
soil samples. The following conclusions were drawn.

(1) Water quality significantly influenced the infiltration rate in Lou soil and Lou soil-sandy soil.
Water showed the lowest soil water infiltration rate, which was significantly different from that of tap water,
natural precipitation, and rainfall hydrops, whose soil water infiltration rates did not significantly vary. Water
quality did not significantly influence the rainfall infiltration rate. Therefore, the influence of water quality on
soil water infiltration rate depended on soil type. The low infiltration rate worsened the soil condition,
promoted water erosion, and reduced soil quality, affecting soil productivity.

(2) Water quality significantly influenced the characteristics of erosion runoff and sediment yield.
As the salt concentration of rainfall water increased, the erosion intensity of the soil gradually decreased.
The influence of water quality was considerably more significant in Lou soil with relatively high clay particle
contents; in Loessal soil, as salt concentration of rainfall water increased, the degree of soil erosion
gradually decreased, indicating that the influence of transportation process of eroded sediment was made
more complicated by water quality relative to the influence of the runoff process. For this reason, the
influence of water quality on the erosion intensity varied depending on the soil type.

(3) When the Philip model was adopted in simulating the infiltration of rainfall water of different
qualities, relatively accurate calculation results for the rainfall water with relatively low SAR were obtained.
For the aqueous solution with relatively high SAR, the results obtained using the Philip model displayed a
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certain degree of deviation. That is, the SAR of rainfall water had certain range of threshold value. In this
experiment, rainfall erosion was lowest when the SAR equals the SAR of natural hydrops.

Studies on water quality are conducted in irrigated farmland. In this work, the problem on water
quality was incorporated in the rainfall experiment to study the influence of water quality on soil erosion
process. Meanwhile, it is combined with the laminated soil stricture, providing a new theoretical basis for
soil infiltration mechanism. Given that the water containing different solutes enters into the soil, the solute
content of soil solution will change, and the soil solute will undergo chemical and physical processes during
movement of solution on the earth’s surface and underground. A complex material migration system is
formed due to multiple factors and the interactions of these factors. A more comprehensive analysis of the
guantitative relationship between soil erosion and migration of soil is necessary, and a mathematical model
of soil erosion must be established to provide scientific basis for agricultural production and disaster
prevention and control.
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