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The article is devoted to the development of a sprinkling process model that is in relation to
the probabilistic similarity to the simulated process, the numerical implementation of which allows
to calculate the matrix of irrigation doses in the sprinkling area, or at the test site. The study was
performed using system analysis and probabilistic modeling. The uniform distribution of fluid over
the area until 2004 was estimated by the RD 10.11.1-9-89 by the effective irrigation coefficient, in-
sufficient irrigation coefficient, and excessive irrigation coefficient. After the introduction of the
interstate standard 1SO 7749-2-2004 it is estimated by the Christiansen coefficient. New mathematical
models and software were designed for probabilistic modeling of the sprinkling process. In
constructing the model, the event combining theorem and the Lyapunov theorem were used. As the
example, analysis of the operation of twelve sprinklers was carried out. The presented computational
experiment was performed to optimize the positioning of the apparatuses according to the criteria of
irrigation uniformity and the coefficient of ac-counting completeness of water, which falls on the test
site. The obtained results can be used in the process of optimizing the placement of vehicles on
«Volzhanka» and «Dnepr» machines. Probabilistic mathematical models of the sprinkling process
make it possible to optimize the positioning of apparatuses according to the criteria of uniform
irrigation. The programs for modeling water distribution by devices from four positions are applicable
only when the distance between the positions is greater than the radius of the sprinkling zone.
Irrigation uniformity indicators do not meet agrotechnical requirements. Optimization of the
positioning of the apparatus in twelve positions provides excellent indicators for irrigation uniformity.
The optimization programs and techniques that were used in the study are applicable to optimize the
distribution of other liquids in agricultural technologies, for example, for the distribution of
pesticides.
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Introduction. The purpose of the research is to design probabilistic model of the sprinkling
process. That model is in relation to the probabilistic similarity to the simulated process, the numerical
implementation of which is presented in the form of software that calculates matrix of irrigation doses
in the irrigation zone, or at test site according to the water flow through the apparatus and statistical
characteristics of the jet, performing imitation of the movement of the machine and the overlapping
of zones from several vehicles, calculating indicators of irrigation uniformity at different steps of
apparatus installation, issuing the result in the form of matrices or graphs.

The objective function of the sprinkling system is to reduce the unproductive water
consumption while maintaining the irrigation rate by optimizing the sprinkling process using
probabilistic modeling. Sprinklers do not require field layout. Some of them work with slopes of 0.05
and more. Exceeding the sprinkling intensity as compared with the soil absorbency in such field leads
to flooding of some sites, to surface runoff, that is, to the increase of unproductive consumption of
the most important natural resource and soil erosion, causing environmental damage to reservoirs that
receive waste water, and reduction of crop yields and others.

Materials and methods. The study was performed using system analysis and probabilistic
modeling. The uniform distribution of fluid over the area until 2004 was estimated by the RD 10.11.1—
9-89 by the effective irrigation coefficient, insufficient irrigation coefficient, and excessive irrigation
coefficient. After the introduction of the interstate standard ISO 7749-2-2004 it is estimated by the
Christiansen coefficient.

Research results. The intensity of sprinkling should not exceed the absorbency of the soil. The
effectiveness of the system is assessed by the compliance of the average dose, uniformity and
intensity of sprinkling to the established standards. To assess the effectiveness of the system in the
field the reporting area is to be indicated.

The size of the site is set by integers. The platform is divided into meter squares. There is set
the cycles and calculated the coordinates of the middle of each meter square. According to the
coordinates there is defined the distance of the squares to each of the devices involved in the irrigation
of the test site. The distance matrix is used when calculating the sprinkling intensities from each
apparatus. Intensities are summed to obtain an intensity matrix. By the intensity matrix, the uniformity
index, the dose matrix, the average dose are calculated. The dosage matrix checks the fulfillment of
the water intake condition and the absence of surface water flow. Calculation of the system
performance indicators is conducted using software probabilistic process models that are designed
further.

Defining the cycles of changing the distances between the devices, there is calculated the
performance indicators for all values of the parameters A and B, optimal positioning of the devices
is determined.

The most important step in system analysis is the design of adequate probabilistic models of
the process. Improvement of the adequacy of the models is achieved using the statistical results of

testing devices by the radial method.
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Design, testing and adjustment of sprinkling machines are associated with significant labor and
material resources, and take a lot of time. The use of computer-aided design systems for these
purposes allows to accelerate the designing of machines, reduce costs [2].

The rotation of the apparatus is considered to be uniform, if in one cycle of pulsed movement
the displacement is significantly less than the size of the sprinkling zone. The device operates in a
circle or sector.
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Fig. 1. Diagram of water distribution simulation with the sprinkling mashine

Sprinkler machines DShK-64A «Volzhanka» and DF-120 «Dnepr» work positionally. The
Sprinkler machine DF-120 works from the hydrants located at distance of 54 meters. The pipeline is
equipped with the flaps of 27 meters in length, at the ends of which medium jet sprinklers are installed.
The layout of the apparatus during sprinkling can be represented as the rectangle with dimensions

Ax B where A is the distance between the apparatus on the pipeline; B is the distance between
positions or flaps.

Stationary sprinkler systems have the same layout of the apparatus, therefore, the modeling of
water distribution by such systems can be performed according to programs designed for positional
action machines. For the programs to work, it is enough to obtain experimental data on the water
distribution along the radii of the irrigation zone, the other characteristics are calculated by the
simulation method.

Simulation is performed under the assumption of uniform rotation of the apparatus. In one cycle
of impulse movement, the displacement is significantly smaller than the size of the sprinkling zone,
therefore, after the overlapping of the sprinkling zones, the distribution of water is obtained in the
same way as with uniform continuous rotation of the apparatus. The apparatus of such machines
usually work in a circle.

Sprinklers create rain fan that irrigates circle on the field. The area that is irrigated by one

apparatus is called the sprinkling zone.
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Mathematical models of the process are presented under the following assumptions (Fig. 1) rain
distribution by fan angle or circle is known and defined by empirical density of angle probability

f () and flow Q; density of the water flow per angle unit equals to g, =Q- f («); the distribution

of the flight distance of the droplets by radius is known and given by the empirical probability density
of the distances f (p); wind speed is zero; consumption Q and installation height of the devices are

constant; the surface of the field is horizontal.

Let the device be in the center of the XOY coordinate system and work in a circle (Fig. 1). The
position of the site dF is set in rectangular and polar coordinates. The need to have two coordinate
systems is explained by the fact that the apparatus moves along angle and emits jet along radius, and
the uniformity of rain must be determined by the area in rectangular coordinates.

BGPOHTHOCTB nornagaHuAa KUAKOCTH Ha 3JIECMCHTAPHYIO IJIOAAKY dF , BBIICJICHHYIO B 30HC
JIOKIEBAHUS IBYMSI PaIyCaMH C YIJIOM MEKIy HUMU (¢ ¥ IBYMst OKPY>KHOCTSIMH C TIPUPAIl[eHHEM
pamuyca dp, onpenennTcs Kak NPOU3BEIEHUE BEPOATHOCTEN MMOMaAanus B AMana3oHn yria da u
pamguyca dp, T.e.

The probability of fluid entering elementary platform dF , that is marked in the sprinkling zone
by two radii with the angle between them de« and two circles with increment of radius d p , is defined
as the multiplication of the probabilities of falling into range of angle de and radius dp, i.e.

P{dF}= f(a)-da- f(p)dp.

The intensity of rain on the site is equal to the amount of water falling on it per unit of time
divided by its area. With independent units p and « itis

| . Q f(@)-da-f(p)-dp _Q-fla) T(p) 1)

p-da-dp P

In the SI system, the sprinkling intensity is measured in kg/m?-s, which is equivalent to such
usual units for land reclamation as mm of layer per second.

Initially, in formula (1), on the basis of the Lyapunov limit theorem, the normal laws of the
distribution of the angle and distance of the jet's flight were applied. Subsequently, any empirical
distribution was approximated by the method of cubic spline interpolation and the resulting function
was used to calculate the intensities by the formula (1)

The dose of irrigation of any site by the stationary device is determined by the multiplication
of the intensity and the operating time T, i.e.

O =1 -T,xe/ M. (2)
The rectangular coordinates of the site dF are related to the polar relations:
X =p-Co0Sx
{Y . ®)
=p-sina.

Inkjet apparatus when working in a circle rotates uniformly, therefore, all values of the angle
are equally probable and the probability density of the angle is determined by the formula

f(a)zi.

(4)
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The probability density of drops’ flight distance of a single-nozzle apparatus, such as the «Rosa-
1», is approximated by normal distribution law
1 (p—M,)?
f =———exp(—-—%2—), 5
()= G P ) (5)

P
where p is drops’ flight distance; M ,o, are mathematical expectation and standard deviation of
drops’ flight distance.

The probability density of drops’ flight distance of apparatus with two nozzles is determined
by the formula of the composition of the distribution laws

Fig. 2. Simulation scheme of water distribution by four sprinklers.

C, (p—M,)? C (P—M,,)’
f(p)=———exp(- )+ Z__exp(——2—, 6
(0) PN p( 2.0, ) e p( 207, (6)

where C,,C, are weight coefficients; M ,,,o , are mathematical expectation and standard deviation

pL?

of drops’ flight distance from the first nozzle; M ,,o, are mathematical expectation and standard

pL?
deviation of drops’ flight distance from the second nozzle.

The weight coefficients and numerical characteristics of the drops' flight distance are selected
at modeling by the condition of the most uniform distribution of water by radius or by sprinkling area.

Further, there are proposed algorithms and programs for mathematical modeling and
optimization of water distribution processes by stationary sprinklers or ones that are installed at
positional action machine taking into account random and deterministic factors.

There is presented the modeling of water distribution using example of “Rosa-1" type irrigation
system.

According to the technical characteristics of the device there is accepted M , =11m;

co,=3,2m;Q=12 I/s.
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The first device is located at the beginning of coordinates XQOY , the second one is shifted along
the X axis by distance B, the third one has coordinates of (B, A), the fourth one has coordinates of

0,A).
For clarity of modeling, there were set the dimensions of the general sprinkling area and
calculated the irrigation dose by all four devices using the designed algorithm (Fig. 3).
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Fig. 3. Block diagram of calculation of doses and indicators of irrigation uniformity for four devices.
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Fig. 4. The result of calculating the irrigation uniformity on the area irrigated by four devicesat A = B=25m

To do this, the coordinates of the point C(X, Y) are set in the form of matrix with the step of one
meter. Changing the distances between the devices, they were chosen under condition of more
uniform water distribution. However, this task was quite difficult.

Quantitative assessment of uniformity on the rectangle area with dimensions A and B was
performed using irrigation dose matrix. The limits of the X, Y coordinates are set so that the square
area bounded by the lines connecting the points of location of the apparatuses is divided into meter
sections. Doses of sprinkling are calculated in the center of each site.

Based on the calculation results, there were obtain a matrix of doses MD with the number of
elements A-B. According to the dose matrix, there were calculated the variation coefficients, the
minimum, average and maximum doses for different values of A and B. For calmness, it is logical to
set A=B.

Variational series were compiled using dose matrices and the coefficients of effective,
excessive and insufficient irrigation were calculated. The average dose was calculated by the matrix
and compared with the value of

ey = 2t ™

Studies have revealed the difficulty of obtaining uniform distribution of water with single-jet
stationary devices. The coefficient of effective irrigation was much less agronomic standards. Over -
and under-irrigation ratios were twice the agronomic standard.

To perform the optimization, dose calculation softwares were designed for squares bounded by
lines connecting the points of location of the apparatuses [3].

The algorithm has two cycles of calculating the coordinates of meter squares. In the center of
each square, irrigation dose of is calculated, matrix M;; is created. Next, there are calculated the
average value of the elements of the dose. Check is performed for the absence of wastewater, if
necessary, the sprinkling time is recalculated or the water flow through the apparatus is adjusted.

If the distance between positions A is greater or equals to (Fig. 5, a) the maximum radius of
sprinkling, then water from the four devices gets to the site F, bounded by lines connecting points 1,
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2,3, 4 ofthe devices’ location. Its quantity is equal to the multiplication of flow through one apparatus
at the sprinkling time.

‘ }/ al 3

Fig. 5. Schemes of sprinkling model design

At site F, each device produces a fourth part of the flow, other devices do not participate in
sprinkling the site. The models for calculating the sprinkling dose are relatively simple, the
assessment of the irrigation uniformity of the entire field is the same as the test area F. However, as
calculations presented, it is not possible to obtain distribution with a single-jet apparatus within limits.
When the distance between the positions decreases (Fig. 5, b), the sprinkling area of the apparatus
goes beyond the test site. The first apparatus has areas the water on which supplements the irrigation
of adjacent areas irrigated with fourth and ninth positions (Fig. 6, ¢). In this case, accurate assessment
of the sprinkling uniformity of the test site should be carried out taking into account the work of
twelve vehicles according to Fig. 6, c.

The preliminary assessment can be performed on four devices, but to calculate the coefficient
of completeness of accounting, that is equal to the ratio of the sum of doses on the test site to the
product of the flow through one device for the watering time. The smaller this coefficient is than 1,
the less reliable is the uniformity estimation. The data of the matrix shows that with A = 10 m the

distribution is very uniform, although the overlap is large.
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However, the coefficient of accounting completeness is less than 0.7, therefore it is necessary
to develop modeling software from twelve positions. Previously it can be noted the possibility of
uniform watering with single-jet sprinklers.

Software MD12 (4) is designed to calculate the dose of watering by twelve single-jet devices
installed in the corners of the squares on the Fig. 5, c.

The test site is located between the devices 1, 2, 3, 4.

Software Kel2 (A) [4] includes software MD12(A) and according to the dose matrix there is
performed calculations of the Christiansen, insufficient, effective and excessive irrigation coefficients
and the coefficient of accounting completeness. The program is supplemented with cycle of changing
the distance between the positions.

The output of the calculation results in the form of matrix (Fig. 6) allows to select the optimal
distance between the positions of the devices.

i:=0..4 j=0.8 Aj=j+9 M ji=Kel2(Aj); Ms ji=A;

96.448 96.738 98.251 91.012 83.152 76.818 72.146 67.974 64.464 CDU
0 0 0 0 0.071 0204 0.231 0.297 0.304 Knd
M= 1 1 1 0972 0.781 0.571 0516 0.469 0.346 Kef
0 0 0 0.028 0.148 0.224 0253 0.234 0.349 Kiz
0976 0991 0.997 0.999 0999 0.999 0999 0995 0.999 Ky
9 10 11 12 13 14 15 16 17 A

Fig. 6. Matrix of calculation results of uniformity indicators of water distribution by single-jet apparatus

Matrix in Fig. 6 shows that a single-jet apparatus distributes irrigation water in accordance with
agrotechnical requirements only when the distance between positions is less than 13.5 m. In this case,
the Christiansen coefficient is about 80%. The calculations were performed with the expectation of
the drops' flight distance of 10 m and the standard deviation of the distances of 3 m. Insufficient
watering under the vehicles was eliminated by the fact that the maximum intensity of the adjacent
apparatus almost coincides with the point of the neighboring one. When the distance between the
apparatuses is less than 13.5 m, the irrigation dose on all meter sites in the overlap zone equals to the
agrotechnical limits M (1+0,25). The coefficient of accounting completeness is equal to 0.997,
which testifies to the full account of the water flow to the teating site from twelve devices. The
possibility of uniform irrigation using single-jet sprinklers is proven, but the distance between the
positions is close to the mathematical expectation of the drops' flight distance.

The designations in Fig. 6 are written at the right of the counting matrix: Mg, is the
Christiansen ratio; M, ; is the underflow coefficient; M, ; is the coefficient of effective watering;

M, ; is the coefficient of over-irrigation; M, ; is the coefficient of accounting completeness; A is the

distance between the positions of the apparatus.
Fig. 6 shows that the coefficient of accounting completeness is very close to 1. The coefficient
of effective irrigation is 0.7 and the coefficient of uniformity according to Christiansen is obtained of
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Fig. 7. Matrix of doses and graphs of indicators of uniform water distribution by a double-jet apparatus when
working at twelve positions M, =15m;o,, =5m;M ,, =7m, o, =2m;C, =0,7;C, =0,3.

Next, simulation of the operation of the «Rosa-3» type apparatus was performed.
There was considered the work of the two main nozzles.
The following input data is accepted:Q=8l/s; M , =15m;

c,,=2m; C;=0,7, C,=0,3.
Software D1(A) calculates the matrix of doses of the two-jet apparatus.

Selection of weight coefficients, is conducted by mixing the two laws of normal distribution.
Along the lines of equal irrigation doses increase in the irrigation uniformity can be noted.
Excess irrigation is observed on the horizontal and vertical lines connecting the centers of rotation

c,=om, M, ,=7Tm,
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centers of the apparatuses, and there is insufficient irrigation at the intersection of the diagonals. The
uniformity estimation showed that the effective irrigation coefficient is 0.893.

The use of additional nozzle to equalize the water distribution along the radii proved to be
effective, the best simulation result was obtained.

The coefficient of effective watering is more than 0.7 with installation step of devices of less
than 37 m. Uniformity according to Christiansen is more than 80% in the same range of distances
between the apparatuses.

Discussion and conclusion. The method of modeling the water distribution by sprinklers can
be used in the design of new and modernization of existing machines.

The considered examples can be used to optimize the placement of apparatus on «Volzhanka»
and «Dnepr» machines.

According to the results of the work, number of conclusions can be formulated:

1. Probabilistic mathematical models of the sprinkling process make it possible to optimize the
positioning of the apparatuses according to the criteria of irrigation uniformity.

2. Programs for modeling water distribution by devices from four positions are applicable only
when the distance between the positions is greater than the radius of the sprinkling zone. In this case
irrigation uniformity indicators do not meet agrotechnical requirements.

3. Optimization of the positioning of the apparatus in twelve positions provides excellent
indicators of irrigation uniformity.

4. Optimization programs and techniques used in the research are applicable to optimize the
distribution of other liquids in agricultural technologies, for example, for the distribution of
pesticides.
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000 «HUII cyniep-2BM 1 HEHPOKOMITBIOTEPOB.

CraTbs nocBsleHa pa3paboTKe MOAEINH MPOLEcca 0K AEBaHU, HAXOASIIENCs B OTHOILIEHUT
BEPOSTHOCTHOI'O 101001 K MOJIEIUPYEMOMY IIPOLIECCY, YUCIIEHHAs peann3alus KOTOPOH MO3BOJISIET
BBIMIOJIHUTh pacdyeT MaTpullbl 703 IOJMBAa B 30HE JOKJEBaHUSA, WIM Ha 3a4€THOM IUIOIIAJKE.
HccrnenoBaHue BBIMOJIHEHO C I[PUMEHEHHMEM CHCTEMHOrO0 aHajiu3a M BEPOATHOCTHOI'O
MozenupoBaHus. PaBHOMEPHOCTh pacnpenesieHus XUAKOCTH no miomamu g0 2004 roma Ha
ocHoBanuu PJ1 10.11.1-9-89 ouenuBamm kodppunrenToM 3¢pPpekTnBHOr 0 oIHBa, K03 GUIIeHTOM
HEJIOCTAaTOYHOTO  ToJMBa, KodhduiuenToM  u30bITo4HOro monuBa. Ilocie  BBemeHus
MexrocyaapctBeHHoro crapgapra WCO  7749-2-2004 — xosgduuuentom XpucTHAHCEHA.
Pa3paboTaHbl HOBbIE MaTEMAaTHUECKHE MOJIENIM U IPOrpaMMHOE o0ecreueHHe Il BEpOSITHOCTHOT O
MOJIETUPOBaHMs Tporecca qoxaeBaHus. [Ipu mocTpoeHun Mozenu HCMIOJIb30BAINUCH TEOpEMa O
coBMelIeHUn coObITuil U Teopema A.M. JlsnynoBa. J{ns nmpumepa ObUT POBEEH aHAU3 pabOTHI
JBEHAIIATH JOXJEBaJbHbIX amnmnapaTtoB. IIpeacTaBieHHBbIH BBIYUCIUTENBHBIA JKCHEPUMEHT
BBIMOJMHEH [JIs ONTUMHU3ALUKM TO3UIMOHUPOBAHMS aIlNapaToB IO KPUTEPUSIM PaBHOMEPHOCTH
OpolLIeHUS U M0 KO3()(UIMEHTY MOJTHOTHI yyeTa BOABI, NONAJAoLIed Ha 3a4YeTHYIO IUIOLIAJKY.
Ob6cyxaenue u 3axkmoueHus. IlomydeHHble pe3yabTaThl MOIYT OBITh HMCIOJb30BAHBI B IIpolEcCe
ONTUMM3ALMN pa3MEIleHHs annapatoB Ha MaimmHax «Bomkanka» u «/lHenp». BeposTHOCTHBIE
MaTeMaTHYECKHe MOJEH Mpoliecca A0KIEBaHHs MT03BOJIIOT ONTHUMHU3UPOBATh [TO3UI[MOHUP OBAHUE
anmnapaToB [0 KPUTEPUSAM PaBHOMEPHOCTH opolieHus. [IporpaMmbl MOieIMPOBaHUS pacpe/eIeH s
BOJIbl anmapaTaMy C 4eThIPeX MO3UIUHI MPUMEHUMBI TOJIBKO MPH PACCTOSHUU MEXIY MO3ULMSIMU
OosplieM paauyca 30HBI JoxkAeBaHus. Ilokasarenu paBHOMEPHOCTH OpOLIEHUS NPU 3TOM He

COOTBCTCTBYIOT aIrpOTCXHUYICCKHUM TpeGOBaHI/ISIM. OHTI/IMI/I3aLII/ISI IMO3MIMOHHWPOBAHUA aIlllapaToOB I10
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JABCHAJLATHU IMMO3HUIUAM AACT OTIMYHBIC ITIOKA3aTCIMU 110 paBHOMCEPHOCTH OPOLICHMUA. HporpaMMH u
MCTOAUKH OITUMHU3AIMHU, HWCIIOJIb30OBAHHLIC IIpU HCCICAOBAHHWH, IIPUMCHHMBI JId OIITUMU3AllUMKU
mponecCoOB pacnpeACIICHUSA APYTUX JKHIKOCTEHN B ArpOTEXHOJIOTUAX, HAIPUMECP AT paCIIpCACIICHUA

neCTUIIUI0B.

KnawueBble cjoBa: pacdyer mokaszateield paBHOMEPHOCTH, PaBHOMEPHOCTH IOXJICBaHMUS,
PaBHOMEPHOCTh  TOJIMBA, KOIDQPHUIIMEHT PABHOMEPHOCTH  XPHUCTHAHCEHA, KOA(DPHUITUEHT
¢ dexTuBHOrO MONMMBA, KOIDPHUIMEHT HETOCTATOYHOrO TOJIMBA, KOA(PPUIMEHT H30BITOYHOTO
NOJIMBA.

ABTOpBI:

YepuonosioB Bacuinii AekcanapoBu4, A30Bo-UYepHoMopckuil uHkeHepHbIt uHCTUTYT PT'BOY
BO Jlouckoii TAY (P®, r. 3eprorpan, yiu. Jlenuna, 21), JIokTop TeXHHYECKHX HAYK, mpodeccop.

KpaBuenko Jlronmuiaa BaagumupoBHa, /[oHCKOI rocyaapcTBEHHbIH TEXHUUECKUNA YHUBEPCUTET
(344000 PoctoB-na-Jlony, mi. ['arapuna, a. 1), JIoKTOp TEXHHYECKHUX HAYK, TOLICHT.

JIurBunoB Baagumup Hukosaesnd, A3zoBo-UepHoMopckuii naxkeHepHblil uHcTUTYT ®I'5OY BO
Houckoit 'AY (PO, r. 3epuorpan, yiu. Jlennna, 21), Kanaunat TeXHHu4ecKuX HayK, TOIEHT.

Huxkutnna Ajua BanepbeBHa, [Oxubii @enepanbubiii  YHuBepcuter (347928, Poccus,
PocroBckas obnacts, r. Taranpor, nep. HekpacoBckuii, 44), JIOKTOp TEXHUUECKUX HayK, Tpodeccop.

®uauna Aunéna AgekcanapoBHa, HayuHo-uccnenoBatenbCkuii 1eHTp cynep-OBM u
HelipokommbroTepoB (347900, Poccusi, PoctoBckast o6macts, r. Taranpor, nep. UtanbsHCKHMA, 10M
106), Kanaumat TeXHHYECKUX HAyK, HAYYHBIH COTPYIHHK.



