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a primary condition for the transition to a new level of management and the survival of the agricultural
production industry in a difficult time for the country.

For a comparative analysis of energy efficiency, the most used models of self-propelled sprayers and
agricultural drones in Ukraine were selected. The functional and technological capabilities of agricultural drones in
comparison with ground sprayers are analyzed. A comparison of the technological process of spraying with self-
propelled sprayers and agricultural drones revealed a number of advantages of unmanned aerial vehicles. The
specific fuel consumption of both sprayers was determined, so the specific consumption of New Holland is equal to
0.44 1/ha, and that of Tecnoma is 0.5 1/ha. The specific energy consumption of agricultural drones was determined,
so the specific energy consumption of the LOVOL LJ16L-606 is 0.41 kW/ha, and the DJI AGRAS T30 is 0.31
kW/ha. To compare the specific energy consumption of self-propelled and unmanned units in monetary terms, it
was established that for the New Holland GUARDIAN 275F self-propelled sprayer this indicator is 25.0 UAH/ha,
for the Tecnoma LASER4240 self-propelled sprayer it is 22.0 UAH/ha, and for agricultural drones it is 7 .6
UAH/ha and 5.7 UAH/ha for LOVOL LJ16L-606 and DJI AGRAS T30, respectively.

Therefore, the use of agricultural drones for the system of precision farming in agricultural production
is not only a modern technology that provides the opportunity to apply technological materials during the entire
growing season of plants, but is also more ecological and economical than when using self-propelled sprayers.
precision agriculture, geographic information system, agricultural drones, crop spraying, specific energy
consumption, effectiveness
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MartemaThuHe MOJICIIOBAaHHS Ta PE3yJbTaTH
CKCIEPUMEHTAIBHUX JTOCIIIKEHb TPOIIECY
B1IOpOITHEBMOIMITYJILCHOT'O TIO/I1TY HACIHHS 32 T'YCTUHOIO

HaBeneHo pesynbTaT MaTeMaTHYHOTO MOJICIIOBAHHS pPyXy 3€pHOBOrO Marepialy Ha IIOBEpXHi
0e3mpoBaILHOTO perieTa BiOpOIMHEBMOIMITYILCHOTO cemapaTopa. BukopucTana cuiioBa Ta KiHEeMaTHIHA MOJICITh,
TEOMETPUYHI XapaKTEPUCTUKH TOBEPXHI OE3MPOBAILHOTO pelieTa BiOPOMHEBMOIMITYJIBCHOTO cermapaTopa B
JUHaMIill 3KIHEMaTWYHUMHM IOKa3HUKH O0OpoOkH. Po3paxyHKH 3a 3aIllpOIIOHOBAHOI0 MOJEIUIIO JIO3BOJISIOTH
BH3HAYATH TPAEKTOPIl MEpeMillleHHs, MIBUAKOCTI Ta TPHCKOPEHHS HACIHUH 3EPHOBOTO CEPEOBUINA IPH
CYKyMHil 1ii Ha HUX BiOpaliif Ta MHEBMOIMIIYJIECHOTO ITOTOKY.

B pesynbraTi mpoBeNeHMX HAYKOBHXJIOCTIDKEHh Ta aHaANi3y CTBOPIOBAHUX CHJI 3a PO3POOJIECHOIO
MaTeMaTUYHOIO MOJIEJUII0 BCTAHOBJICHO: HAHOUIBIINKA BIUIMB Ha MPOLEC MIEPEMILICHHS 3¢pHOBOTO Martepiaiy, sK
B TOPU30HTAIBHOMY TaK 1 Y BEpTHKAIBPHOMY HANPSIMKY HaJla€e CHia IMIyJbCy (IyJbcalliid) MOBITPSHOTO MOTOKY,
CHJIa THCKY BHILE JIS)KQUuX IIapiB 3€pHOBOro Martepiany (Uil HaciHMH Yy CepelqHil YacTWHI Ta Ha NOBEPXHI
0e3MpoBaIbHOTO pelieTa), CHIIM TEPTs, Bard HACiHWHU Ta apximenoBa cuia. ToMy 3 MeToro iHTeHcHpikarrii
npouecy (pakuionyBaHHS 3€pPHOBOTO CepeloBHINa, 30UIbIICHHS MUTOMOTTIPOIYKTUBHOCTI
BiOPOITHEBMOIMITYJILCHOTO CemapaTopa HEOOXiTHO MiJABUIIUTH CHUIY MYJIbCYIOUOTO IMOBITPSIHOTO TOTOKY, CHIIH
iHepLii KOJIMBAJIBHOTO PYXY, TEPTs Ta O1YHMH THCK Ha HACIHMHY B 36PHOBOMY CEpPE/IOBHIILI.

HACiHHSI, TYCTHHA, NHUTOMe HABAHTa:KeHHs, AudepeHIiadbHi pPIBHAHHSI, MBHAKICTH MepeMilleHHS
HACiHHS, eKCIIEPUMEHTAJbHI 10C/IIKeHHSI, MAKeTHU 3Pa3oK
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IMocTanoBka mpodiaemu. Pyx marepiany y 3epHOTPAHCIIOPTHUX CHCTEMaxX Ha Pi3HHUX
TUTIAaX TIOBEPXOHb (HAMPUKIAA, Ha J>KUBWIBHHKAX, JIomaTsax y OapabaHax 1 MilIankax,
BiOpocuTax Ta OOEPTOBHX pO3KHAAYAX) € 3arajibHOMOIIMPEHUM SBHUIIEM Yy TEXHIIl I
MoIaJIbIII0T 0OpOOKH 3epHa micis oro 30upanHs [ 1-2].

OcHOBOI0 Teopii pyXy YacTHHOK 10 IIOPCTKUX IOBEPXHAX € audepeHIianbHi
PIBHSHHS JJI TIEPEMIIIICHHS! YaCTUHOK, SIK1 JIIFOTH IMiJT BILTABOM CHJIA TSDKIHHS, CyXOTO TEPTS
Ta onopy nositps (cepenosuiia)[3, 9, 13]. Tomy npu po3poOii HOBUX KOHCTPYKLINA MaIIHH i
oONaHaHHS Ui MIJBHUIIECHHS I1X MHUTOMOIMPOAYKTHBHOCTI Ba)XJIMBO MaTH MaTeMaTHYHI
MoOJiell, SKI HaJeKHUM YMHOM OMHUCYIOTh MPOIEC MEPEeMILICHHS 3epHa 3 ypaxyBaHHIM BCiX
aKTHBHUX CHJI B 36pPHOBOMY cepenoBuili[4, 6-8].

SIKICTh TEXHOJIOTIYHHX MPOLIECiB, TIOB'A3aHUX 3 TPAHCIIOPTYBAHHSM 3€pHA HA OTIOPHUX
MOBEPXHSIX, 3aJICKHUTh Bl KOHCTPYKIIIHHUX MMapaMeTpiB 1 peKUMiB poOOTH POOOYHMX OPTaHiB,
TaKMX SK MIBUJAKICTh TEPEMIIIEHHS MaTepiany, TPHUBAJICTh KOHTAKTY 3 IIOBEPXHEIO,
MIBUIKICTH pyXy Ta iHII moka3Huku[ 10, 12, 18].

Heonno3naynicte y BuOOpi MareMaTHMUHUX (OpMYyST Ta MEXaHIKO-MaTeMaTHYHHX
MOJIeJIeH, SIK1 BpaxOBYIOTh 30BHIIIIHI Ta BHYTPIIIHI CHJIM Ta BU3HAYAIOTh KOE(IIIEHT OIODPY,
YCKIIQJHIOE BUKOPUCTAHHS HASBHUX aHATITHYHHUX3AJEKHOCTEH A pO3paXyHKY IIBUIKOCTI i
HUIAXY NEePEeMILIeHHs 3epHa B 3epHOBOMY cepenoBuii[S, 11, 17]. Bukopucranus koediieHTa
BITPUJIILHOCTI SIK KoedillieHTa omopy Ta Koedilli€eHTaIuHAMIYHOIBA3KOCTI 3E€pHOBOTO
Cepe/IoBUINA HE € HAJIEKHO OOIPYHTOBaHMM. TOMy U KOXKHOI MaTeMaTHYHOI MOJENI pyXy
YACTUHKH T10 TMOBEPXHI HEOOXiAHO BU3HAYATH KOoe]ilieHTH B IU(EpeHIAIbHUX PIBHSIHHIX
HAa OCHOBI EKCIEPHMEHTAIbHUX MJAHUX 1 OLIHIOBAaTH BIJNOBIAHICTH MOJENI PEATLHOMY
IPOLIECY.

AHaJi3 ocTaHHIX Joc/igxkeHb i myOaikauiii. {1 oTpuMaHHsS SKICHOTO BPOXKAIo 3
OJIHOYAaCHUM 3OUIBIICHHSM BaJIOBOTO HAJIXO/DKEHHS Ha 3€PHOOYMCHI KOMIUICKCH Ta
MIHIMI3aIi€10 [IOCIBHUX HOPM HaCIHHS HEOOXI1THO 3a0e3neunT BHUCIB
CITBCBKOTOCTIOIAPCHKUMHU  MaTepiajlaMd - HACiHHAM, sKe Oyzae BIiAMOBIAaTH HAWBUIIUM
cTaHmapTam 10 (i3uKo-MexaHIYHMX BIacTHBOCTEH HaciHHS. [lis 3a0e3meueHHs JTaHUX
BJIACTUBOCTEH IIOCIBHOTO MaTepialy, Oe3nepedyHo, HEOOXiqHO BHUKOHAHHS TOCIITOBHUX
TEXHOJIOTIYHUX OMepalliif, SKi MOB’A3aHi 3 MONEPEHIM OUUIICHHSIM Ta CYUIIHHAM 310paHOro
KOMOAiHOM 3aCMIYE€HOT0 3€pHOBOTO MaTepially, IPOBECTH HOro Oe3mocepeHe JOOUUIIICHHS
Ha KOMOIHOBAaHMX 3€pHOOYMCHHX TEXHIYHUX 3aco0ax, Tpiepax Ta BIOpOIMHEBMAaTHUYHUX
copryBabHUX cTojiaX. Ciag BIAMITUTH, IO JOCTIIPKCHHS BIUIMBY Ha 3€pHIBKY Y
BIOpOIHEBMO3PIDKEHOMY MIapi MaTepiajlly 3 MiJBEACHHSAM JOAATKOBUX 30YpPIOIOUUX CHII,
TUIY TYJIbCYIOUOTO TOBITPSHOTO TOTOKY B OIJBIIOCTI BHUMAAKIB HE MPOBOJUTHCS, a Ti
JOCTIPKeHHST SIKI TpOBeJeHI aBropamu [3-4], MO0 BIUIMBY Ha 3€PHOBE CEPEIOBHIIE
OOMEXYIOThCSI JIOCHJIb 3HAYHMMH TPUITYIICHHSIMH, SKI HE BIAOOpPakalOTh pPEAIbHICTh
nepebiry mporecy BiOpONHEBMO3pIKEHHS Iapy 3epHoBoro Marepiamy [9, 12, 13].
OCHOBHUMM HEJOJIIKaMHU, SIK1 CIII BIIMITUTH, JIJI1 BAKOPUCTAHHS JaHUX TEXHIYHHUX 3aC001B €
norpeda y BUCOKOKBaJTi(hIKOBAaHMX MpAaLliBHUKAX JUIS PAlliOHAIBHOTO HAJAIITYBAaHHS JOCHTH
CKJIAHUX 3a CBO€ OyoBOIO MamuH (BIOpOCTOJIB, BiOPOMHEBMATHUYHUX CTOJIB,
BiOpOBHEBMOCETIAPATOPIB TOIIO), 3HAUYHA ITUTOMA €HEPrOEMHICTh JAHUX TEXHIYHUX 3aCO0IB Yy
MOPIBHSHHI 3 OLIBII TPOCTUMHU JJISI BUKOPHUCTAHHS PEIIITHAMH Ta ITHEBMOPEIIITHUMH
TEXHIYHUMU 3ac00aMU Ta TPiEpaMHU.

JlocTmiKEeHHIMH TaMOJICPHI3AIEI0 KOHCTPYKIIHBIOPOITHEBMOCOPTYBAIBHUX CTOJIIB
3aiimManiocsi 3Ha4Ha KiMbKicTh Bimomux BueHwx [1, 8-10, 13, 17, 18], sk B YkpaiHi, Tak i 3a
kopaoHoM [14]. Hwkue y Tabnuis 1 HaBeneHO Mepesik iCHYIOUMX TEXHIYHHX 3ac00iB Ta
iXTEXHOJIOT1YHI 1 EHEepreTHYHi XapaKTEepUCTHKH. AHaNI3 JaHUX XapaKTEPUCTHK, IOJO
MPOJIYKTUBHOCTI BIOPOITHEBMOCTOIBBITUN3HSHOTO BUPOOHHIITBA cTaHOBUTH Biax 1,0 mo 6,0
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T/TO/I, TUTOME HaBaHTAKEHHS Ha JieKy (0e3mpoBaJIbHE pEIIeTO) KOIMBaeThCa B Mexkax 0,83—
3,20 T/roa-M’, iXHS IHTOMA €HEPrOEMHICTh CTaHOBHTH 1,83—4,75 kBr.roa/r. Mauman dipmu
«Cimbria» (JlaHis)MarOTh MUTOME HABAHTAXEHHSIX HA AEKY 2,63—3,53 T/rog*m’Ta mUTOMY
E€HEProeMHICTh Yy Mexax 1,79-5,50 kBt.roa/t, ciig BIAMITUTH IO JUISI JAHUX TEXHIYHHUX
3ac001B 3 MPOAYKTUBHICTIO 10 1,5 T/rox 1iei moka3sHUK cTaHoBUTH 5,50 kBT. roa/T

[TaeBmoctomu  ¢ipmu  «Iletkyc» (Himeuunna) 3 mnpomyktuBHicTio 1,5 T/Ton
MAIOTBITHTOME HABAHTAKEHHS Ha eKy 0,64 T/romx*m’, a iX MTOMa eHEProEMHICTh CTAHOBHTE
5,5 kBt/ro.

Ha 6a3i npoBeaeHOro KOPOTKOTO aHaJi3y TEXHIYHUX 3aCO01B JJIs TOALUTY HACIHHEBOTO
Mmarepiany 3a TyCTHHOIO 3€pHIBOK, a00 KOMIUIEKCOM (Di3MKO-MEXaHIYHUX BIIACTMBOCTEH
MOCTa€ TMHWTAHHS, IMOA0 MOJCpHI3alii ICHYHOYMX 1 PO3pOOJICHHS HOBHX MAIMH, K1
3a0e3nedaTh PO3ZUICHHS HACIHHEBOI'O MaTepially 3a KOMILJIEKCOM BJACTUBOCTEH, Yy TOMY
YHCIIi, TYCTUHOIO, 3 OJJHOYACHUM 3MEHILIEHHSM MUTOMOI €HEPrOEMHOCTI, 382 HE3MIHHUX YMOB
MOKA3HMKIB SIKOCTI PO3AUICHHS, TOMY BHUPIIIEHHS JaHOi MPOOJIEMH € TOCUTh aKTYaJIbHUM Ta
CBOEYACHUM.

IlocTanoBKka 3aBAaHHA. MeTo0 poOOTH € OOIPYHTYBaHHsS HapameTpiB 1 peKUMIB
Mpolecy MOAUTY HACIHHS TMIIEHHUINl 3a TYCTHHOKO HACIHUH Y BIOPOIMTHEBMOIMITYJIBCHOMY
3epHOBOMY CEpEIOBHILI Ha TEXHIYHOMY 3ac001 3 BIJOCKOHAJICHOIO KOHCTPYKIIIETO.

BuxJjax ocHOBHOro mMarepiajy. AHaIITHUYHI JOCTIIHKCHHS MPOIECYNOITY HACIHHS
NIIEHUIl 32 TYCTUHOIO HACIHUH Yy BiOpPOMHEBMOIMIYJIBCHOMY 3E€pPHOBOMY CEpEeIOBHIII
MPOBE/ICHI 3 BUKOPHCTAHHSM METOJIB JWHAMIKKM 1 KJIACHMYHOI MeXaHIKHd, a JabopaTopHi
JOCITIJDKEHHST BUKOHAHI Ha YCTAHOBII JJs TOAUTY HAciHHS 3a TYCTHHOIO HAaCiHMH Yy
BIOpOTHEBMOIMITYJIbCHOMY 3€pPHOBOMY CEpPEIOBHIII, SIKa po3po0jeHa y BIAIIII MEXaHIKO-
TEXHOJIOTIYHUX TpoOieM 30upaHHs 1 micas30upanbHOi OOpOOKM YpOKalo 3€pHOBHX Ta
omitaux KyaeTyp IMA AIIB [5, 17] 3 BUKOpHUCTAaHHAM METOIWK OJHO(AKTOPHOTO Ta
6araToakTOPHOTO EKCIEPUMEHTY. B sIKOCTI HAaCiHHA OCHOBHOI KYJIbTYPH BUKOPHUCTOBYBAIIU
HaciHHA mieHuIl Bpoxkao 2022 poky 3a HAcCTYNHHUX 3HaueHb: Bosoru 12,8% BuximHoro
Mmarepiany, 10 MPOWIIOB MOIMEPEJHE OYHUILEHHS, OCHOBHE OYMIICHHS Ha MOBMOPELIITHIN
MAIIIHI, Ta Ma€e 00'eMHy Macy 656 I/IM° — JUIsS BAXKHX HACIHHH Ta 00'eMHy Macy 450 r/am’ —
JUTSL BITHOCHO JIETKUX HACIHWUH.

[TocTaBneHi 3aBHaHHs BHpPINIYBAIM TMPOBEACHHSAM [-HO Ta  2-pakTOpHOTrO
eKcnepuMeHTy. B mporeci 1abopaTopHUX AOCIIIKEHb 3MIHIOBAIM YaCTOTY KOJIMBaHb JEKH,
KYT 11 HaXWJTy 10 TOPU30HTY Ta YaCTOTY MyJIbCalliil HOBITPSHOTO MOTOKY, K€ MOJaBaIOCh I
neky (6esnpoBanbHe pemiero). [Ipu mpoBeneHH1 1a00paTOPHUX JOCTIKEHb HAAIITOBYBAIN
3HAYCHHS 10/1a4l 3epHOBOr0 MaTepianry B Mexax 750—850 kr/rox, a TakoX BUKOPHUCTOBYBAIH
HACTymHe JlabopaTopHe OONaTHAHHA: TEPMOTITPOAHEMOMETPAJS BHU3HAYCHHS INBUIKOCTI
MOBITPSIHOTO MOTOKY HaJ MOBEPXHEIO JMeKUB Mexax 0-3.6 m/c, YaCTOTHHM PETyJaTop - IJIs
3MIHM YacTOTH KOJHMBaHb JeKW B miamazoHi 3—10I'1 i kyTtomip - i BCTaHOBJIEHHS KyTa
Haxminy Jekd. DyHKIieo onTumizamii poOOTH TEXHIYHOTO 3aco0y oOpaiu: CTyIiHb
pO3MiJIeHHsT HACiHHS 3a TYCTHMHOIO Ta BTpaTH HaciHHA (TOOTO TOTpAIUISHHS HACIHUH 3
OLITBIIOI0 (MEHIIOK) X TycTHHOIO y BinOipauku I, I1 dhpaxiiii).

Ha nacinuHy y 3epHOBOMY CEpeIOBHIII, KA PYXa€ThCS MO TOBEPXHI O€3MPOBAIIBHOTO
pemeTa 3 MO3A0BXKHIM KyTOM Haxmily, Mija Ai€lo ii KOJMBaHb 1 MyJbCYIOYOTO MOBITPSHOTO
MOTOKY JIIFOTh CHJIH, IKi TIpe/ICTaBlIeHl Ha puc. 11 2.
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[G

Pucynok 1 — Cxema cui, o Jif0Th HAa HACIHUHY 3€PHOBOTO CEPEIOBHINA, SIKA PYXA€ThCS
0 TIOBEpXHi Oe3MPOBAIBLHOTO pemiera (pyxX CIliBIajgae 3 HapsSMOM CHIIM 1HEpLiT)

Lcepeno: pospobaeno asmopamu

=

gy

Pucynok 2 — Cxema cwii, 0 IiF0Th Ha HACIHWHY 36PHOBOTO CEPEOBUINA, SIKA PYXa€ThCs
Ha TIOBEPXHi 0€3MPOBAILHOTO pemieTa (PyX MPOTHIICKHHUN 3 HAITPSIMOM CHITH 1HEPIIil)

Ioicepeno: pospobaeno agmopamu

BignosigHo mo puc. 1. ta puc. 2 audepeHuiaabHi piBHIHHS pyXy HACIHUHH JJIs
pI3HUX IHTEpBaJIiB HAOYAYTh HACTYITHOTO BUTJISAY:
d*x(y)

me———
dt?

=F;-cos(@ —B)=-m-g-sin(B)=F; + F, - cos(p — ) ()
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2
d?Xey

JIe M —macaHaCiHUHY,

d?x

dt? — IPUCKOPEHHS;

Fi — cuna inepuit;

@ — KyT CIPIMOBAHOCTI KOJINBAHb;

B — kyr Haxui1y IOBEpXHi EKK;

¥ — KyT TepTs MaTepialy 1o MOBEPXHIi JICKH;

9 — npUCKOPEHHS BUIBHOTO MAJiHHS;

Fy— cuna OIIOPY MOBITPSHOTO MOTOKY;

Y — KyT CIpAMOBaHOCTI MOBITPSIHOTO MOTOKY;
Np _ cuna, wo nie HEepPIEHIUKYIISPHO MIOBEPXHI JIeKHU (peaKilisi OnopH);
Fy — cuna Teprs.

[Ticnsa HecKIIaHUX MaTeMaTUYHHUX MEPETBOPEHb piBHAHHA (1), oTpuMaemo:

cos(y) sin(B +y) N

dt?

i

cos(a-B-y) =@ R-cos(w-1)-g- cos(a- B -vy)

gpoppm ot e B

(2)
- .. . |
ze AP—KOC(blLIleHT BITPUIIBHOCTI, M, [3, 5];
- IBUAKICTh BUTAHHIHACIHHAIIIICHHUII, M/C;
md?
S ==

M 4 — IUIOLIAMIJIEJIEBOTONIEPETHHY3EPHIBKH;

d =27 _ giaMerp KyIbOBOI 3ePHIBKH, M;

§(Re) — xoedilieHTaepPOAMHAMIYHOTO ONOPY, SKHH 3aleKUTh Bif KpHTEpis
du

. e=—
PeitnHonpaca v [1];

dzll'_]
dt?

m-

V. — koediIieHT KIHEMaTHYHOI B SI3KOCTI, M*/C;
U — MBUAKICTh OOTIKAHHS YACTUHKHU, M/C;
Vpn —IIBUJKICTh TOBITPSIHOTO IMTOTOKY, M/C;

@ — yacToTa KOJIMBaHb OE3MpPOBAIBLHOTO pemieta, [
@1 —y4acToTa KOJUBAHb MYJIbCYIOUOT0 MOBITPSHOTO MOTOKY, ['I1;

R _ paniyc kpuBommumna, M.

=F, -~ F;-cos(a-f)-m-g-sin(B) +F, - cos( - B)

[Ticns BiAMOBITHUX EPETBOPEHD, piBHAHHSA (3) HaOy1e HACTYITHOTO BUTJISAY:
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+ﬁr-¥n - J- sin- t _Etasﬁ

sin(f - y)

cos(a—-fF +vy) T

d’xey _ cos(y) _ 5 :
FTE .CGS(ﬂ'—ﬁ-i-}'j_w ‘R-cos(w-t)-g-

Bsenemo no3HaueHHs:

- cosla—B +y)
A=

cos(y) (5)
_ _['t:)s(a—,ﬁ’—}')
B cos(y) (6)

Toni 3nayennst piBHsAHb (2) Ta (4) 3 BIAMOBITHUM ypaxyBaHHSIM BupasiB (5) ta (6)
HaOyIyTh HACTYITHOTO BUTJISITY:

d?xgy 1 ~ sin(f + y)
L ode g R 0 oyt
tho-Fn -] gin t - gos B
) ; (7)
_1.'{_] l_ . . . - _M—
N F.E_{UZ R C‘Ds(&) I‘} g Cos(a_ﬁ—}!) -
o —kp - (Vo - [1=sin(w, ‘f}])z rcos(y - ) (8)

[TpointerpyBaBmu piBHAHHA (7) 1 (8) Ta OTpUMAaBIIM PIBHSIHHS NEPEMIIEHHS PyXy
HACIHMHHM TIO TTOBEPXH1 OE3MPOBATBHOTO PEIIETa, KA MiAAA€ThCS MYICYIOUOMY TTOBITPSTHOMY
TIOTOKY, MOYIIMBO BCTAHOBMTH 3HAYEHHs BEJIMYMHM MEPEMIllleHHs Ta MIBUAKOCTI HaciHuuVs
10 TIOBEPXHI:

_Xn X
= T )
ne *(+)»*(=) — nmepemimleHHs HaciHMH MaTepialy 3€pHOBOIO CEpeIOBHIIA,

BIJIMOBIJIHO, BFOPY Ta BHHU3 3a MEPI0J T konusaup.
Po3paxyHky MpOBOIMIM 3a HACTYITHHUX IMOYATKOBHX YMOB: KyT HaXWJIy ITOBEPXHI

mexu B =10712%14";16"; 1a @ =127147:16:18" ; xyr Teprs HaciHMHHA MOBEpXHI
nexn ¥ =30" ; paniyc xpusommmny R = 0,005 y; koedimient BitpuibHOCTI HaciHuH,
IIBHIKOCTI IIOBITPSHOTO HOTOKyVP” =0-36 Mm/c, gactoTi konmBaup aekm@ = 10— 20
I'u; yacToTi mynbcaniit nositTpsaHoro noroky @i = 10 — 20 Ty (tabnuus 1).

Tabmuus 1 — Po3paxyHKOBI BEIMYMHHM CEPEIHIX IMIBUIKOCTEH pPyXy HACiHHH IO
Oe3npoBaTbHIN MMOBEPXHI IEKH
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Vpn , M/C Ve , MM/C 'r{+), MM '1'(-}, MM i1 Y a| Y- w Wy
0 29 0.07 2.7 0
1,2 29 0.2231 2.636 15
’ 1 12 1 1
2.4 29 0.87 2.014 0 30 0 0
3,6 29 2.194 0.742 45
0 18 0.022 0.857 0
1,2 18 0.1514 0.7333 15
2.4 18 0.72 0.18 12 30 14 20115
3,6 18 1.9 -0.96 45 30
0 24 0.038 1.429 0
1,2 25 0.159 1.312 15
: 14 1 1 2
2.4 25 0.07161 0.07776 30 6 > 0
3,6 26 1.893 -0.03528 45
0 19 0.0246 0.908 0
1,2 19 0.1384 0.7981 15 20
2,4 19 0.6789 0.279 16 30 18 20
3,6 20 1.8 -0.8382 45

Lrcepeno: pospobaeno asmopamu

I'padiuni 3aneKHOCTI 3MIHM CEpeAHIX 3HAuY€Hb MIBUAKOCTEH HACIHMH BiJ YacTOTH
KOJIMBaHb IMOBEPXHI Ta YaCTOTH MYJIbCAIIM MOBITPSTHOTO MOTOKY HaBEIEeH] Ha pHC. 3.

Ve,mm/c tEe LERITUBBEY
0.04
38,
1
0.038 \-..__..— o)
'wl) .:l= -... .... ..........................
1 : e
"D 0036 ‘ : 3
wl)
o, I’
0.034 EEE

1 - CepenHs WBUAKICTE IPK BUAKOCTI MOBITPAHOTO NOTOKY Vo, =1.2 M/c
2 - CepenHs WBUAKICTD IPH MBUAKOCTI MOBITPSHOTO NOTOKY V4 =2.4 M/c
3 - CepelHs LIBUAKICTB IIPU LIBUAKOCTI HOBITPSHOTO MOTOKY Vp,=3.6 M/C
Pucynok 3 — 3aKOHOMIPHOCTI 3MiHH CEpEHIX 3HAYCHb IBUAKOCTCH HACIHWH Ha JEIl,
3aJIe)HO BiJl 9aCTOTH KOJMBAHb MIOBEPXHI ACKUTIPH PI3HUX 3HAYCHHSX IBHIXOCTI
BXi/IHOTO MOBITPSHOTO MOTOKY Vp,
Lcepeno: pospobaeno asmopamu
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3 anamizy TpadiuHUX 3aJEKHOCTEH, HABEJACHUX HA pHUC. 3 BCTAHOBIECHO, IO
MIBUIKICTh PYXY HaCIHUHU 10 ACIi 3017IBITY€ETHCS 3 TiIBUINCHHIM YacTOTH KOJMBAaHb JACKU Ta
YacTOTH MYJbCALlil TIOBITPSIHOTO IMOTOKY Y BKa3aHOMY 1HTEPBaJIi.

B pesynprari mpoBeneHHS 1a0OpAaTOPHUX OCHIDKEHb 3TiAHO 3 MAaTPHUICI0, SKa
HaBesieHa B TaOaMIll 2, BCTAHOBJICHI CEpe/HI 3HAYCHHS CTYIEHs MOUTY HAaCIHHS MIIEHUI 32
iX TYCTHHOIO 1 BTpAT MOBHOIIIHHOTO HACIHHSI OCHOBHO1 KYJIBTYPH Y BIAXO/IH.

Tabmumst 2 —Matpurs eKCIiepuMeHTy, PiBHI BapitoBaHHS (aKTOpiBTa pPe3yJbTaTh
71a060PaTOPHUX TOCIIKCHb

No ®dakTopu CepenHe 3HaUEHHS CTYIEHS TTOIUTY
TOCIITY HACiHHS TIIeHHI, Y1 %
Yacrora Yacrora mynbcarii
KOJIMBaHb JICKH, | TOBITPSHOTO IMOTOKY,
X111 Xz, I'1g

1 10 10 68,6

2 15 10 77,1

3 20 10 80,0

4 10 15 82,9

5 15 15 85,7

6 20 15 88,6

7 10 20 77,1

8 15 20 82,9

9 20 20 85,7

Lcepeno: pospobaeno asmopamu

Y1 = PaccToAHWE B3BELUEHHbLIX HAUMMEHbLLWX KBagpe
Y19%

Wy

Pucynox 4 — BrumB yacToTH KOJNMBaHb KU M Ta YaCTOTH ITyJIbCalii ) HOBITPSHOTO HOTOKY
Ha CTYMiHb MOAUTYy HACIHHA NIIEHHII
Lowcepeno: pospobaeno agmopamu
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[Ticns 06poOKK OTpUMaHKUX JTA0OPATOPHUX JAHUX OTPUMAJIHA PIBHIHHS perpecii:

Y, =8747+532-x, +2,88-x,-1,66-x7-0,54-x,-x,-6,67-x% (10)

Ha puc. 4 HaBeneHO BIUTMB YacTOTH KOJMBAaHb JACKW Ta KyTa il HaXWIy Ha CTYITIHb
MOJILTy HACIHHS TIIEHUIII.

3 orpumaHux rpadivyHUX 3aJCKHOCTEH MOXXHA 3pOOUTH BHUCHOBOK IIPO TE, IO
palioHAJIbHUMH ~ HapaMeTpaMH 1 peXHMaMH Mpolecy TMOAUTy HaciHHS — IIICHUI
€:3HAYCHHIYACTOTUKOIMBaHb nekul18-20 I, yactoTa mynbcariinoBiTpsHOTO MOTOKY—14-16
I

BucnoBku. B pesynapTaTi TpoBEeNEHMX JOCTIIKEHb BCTAHOBJICHI palllOHATBHI
3HAYCHHs MapaMeTpiB TEXHIYHOTO 3aco0y AJs MOAUTY HACIHHS IMIICHHUII 3a X TYCTHHOIO y
BIOpOMTHEBMOIMITYJIbCHOMY ~ IIapi  3€pHOBOTO  CEPEIOBHINA: 3HAYCHHSYACTOTUKOJIUBAHB
nekun 182011, yacToTa myabCcaIiinoBiTpssHOTO MOTOKY —1416 T'mI.

3a BU3HAYCHHUX paIliOHAIBPHUX 3HAYCHb KOHCTPYKI[IHHO-KIHEMAaTUYHUX TapaMeTpiB
TEXHIYHOTO 3aco0y Ui MOJALTY HACiHHA 3a T'yCTHHOIO, MaKCHUMallbHE CepeaHE 3HAuCHHS
CTYIIEHS MOy HACIHHS MIIEHHUL 3011bIryeThest Ha 2025%.

Crnucok niTepatypu

1. Kotos b. 1., Crenanenko C. I1. OcHoBu Teopii Ta TeXHOJIOTIT MOBITPSIHOT cenaparii 3epHOBUX MaTepiajiB
: MmoHorpadist. Kuis : IIIT Komnpunt, 2023. 427 c.
2. KoroB b. 1., Crenanenko C. Il. OcHOBHI TeOpeTHUHI NOJIOKEHHS cemnapaliii 3epHOBOrO Marepiayly B

MOBITPSHUX KaHaJax 3 HEPIBHOMIPHOIO INBUIKICTIO TMOBITPSHOTO TOTOKY. Kowucmpyiosanns,
BUPOOHUYMBO Ma excnayamayis citbcvkococnodapcevkux mawiun. 2020. Ne 50. C. 122-123.

3. Pe6ot M. I1., Tominpaumpkuii B. I'. MaTemaTidHa MoJienb pyxy CHIIKOTO MaTepialy y BiOparmiiiHoMy
cenaparopi. Aemomamusayis SUPOOHUYUX NPOYeCis Yy MauunoOyo0yeanui ma npuiadodbyoysanni. 2022. Ne
56. C. 67-74.

4. Pe6or JI. II., TomimpHuupkwmii B. I'. MaremarndHe MOJEITIOBaHHS B3a€MOBIUIMBY JHHAMIYHHAX

XapaKTEepUCTHK CHUITKOI CUPOBHHHM y Tpoleci BiOpauiliHoi cenapauii. Scientific Bulletin of UNFU. 2021.
T.31, Ne 2. C. 88-92. https://doi.org/10.36930/40310214

5. Crenanenxko C. I1., Koros b. ., Kaninidenko P. A. JlocnikeHHs pyXy YaCTHHOK 3€pHOBOTO Martepiaiy y
BEPTHKAJIBHOMY KaHalll 3a YMOB JIii MyJjbcaliii NOBITPSHOTro motoky. CiibcbK020cno0apcvki Mauwiunu.
2021. Ne 47. C. 25-36. https://doi.org/10.36910/acm.vi47.619

6. Analytical assessment of the pneumatic separation quality in the process of grain multilayer feeding.
INMATEH / A. Nesterenko et al. Agricultural Engineering. 2017. No. 53(3). P. 65-70.

7. Energy Assessment of the Pneumatic Sieve Separator for Agricultural Crops / Y. Mykhailov et al.
Agricultural Engineering. 2021. Vol. 25, no. 1. P. 147-156. https://doi.org/10.2478/agriceng-2021-0012

8. Experimental study of the process of grain cleaning in a vibro-pneumatic resistant separator with passive
weeders / I. Rogovskii et al. Series II: Forestry Wood Industry Agricultural Food Engineering. 2020. Vol.
13(62), no. 1. P. 117-128. https://doi.org/10.31926/but.fwiafe.2020.13.62.1.11

9. Identification of a mixture of grain particle velocity through the holes of the vibrating sieves grain
separators / L. Tishchenko et al. Eastern-European Journal of Enterprise Technologies. 2016. Vol. 2, no.
7(80). P. 63. https://doi.org/10.15587/1729-4061.2016.65920

10.  Improvement of the sunflower seed separation process efficiency on the vibrating surface / E. Aliiev et al.
Acta Periodica Technologica.2019. No. 50. P. 12-22. https://doi.org/10.2298/apt1950012a

11.  Improving the efficiency of harvesting sunflower seed crops / S. Stepanenko et al. INMATEH
Agricultural Engineering. 2022. P. 331-340. https://doi.org/10.35633/inmateh-67-34

12.  Improving the mechanical-mathematical model of pneumatic vibration centrifugal fractionation of grain
materials based on their density / V. Bredykhin et al. Eastern-European Journal of Enterprise
Technologies. 2021. Vol. 4, no. 1(112). P. 54-60. https://doi.org/10.15587/1729-4061.2021.236938

13.  Modeling of Aerodynamic Separation of Preliminarily Stratified Grain Mixture in Vertical Pneumatic
Separation Duct / S. Kharchenko et al. Applied Sciences. 2021. Vol. 11, no. 10. P. 4383.
https://doi.org/10.3390/app11104383

146



ISSN 2414-3820 KoHcTpyroBaHHS, BUPOOHHIITBO Ta €KCILTyaTallisl CLUTECBKOrOCIIoAapchkux MartvH, 2023, purt. 53

14.

15.

16.

17.

18.

Reguta T., Fraczek J., Fitas J. A Model of Transport of Particulate Biomass in a Stream of Fluid.
Processes. 2020. Vol. 9, no. 1. P. 5. https://doi.org/10.3390/pr9010005

Research of the process of air separation of grain material in a vertical zigzag channel / S. Stepanenko et
al. Journal Of Central European Agriculture. 2023. Vol. 24, no. 1. P. 225-235.
https://doi.org/10.5513/jcea01/24.1.3732

Theoretical studies of the process of grain material movement on the surface of the stepped vibrating
feeder / S. Stepanenko et al. 2(105). 2022. No. 2(105). P. 25-32. https://doi.org/10.37128/2306-8744-
2022-2-3

Theoretical study of pneumatic separation of grain mixtures in vortex flow / V. Adamchuk et al. /n
Engineering for Rural Development. No. 20. P. 657-664.

Theoretical Study of Vibrocentrifugal Separation of Grain Mixtures on a Sieveless Seed-cleaning
Machine / V. Adamchuk et al. Rural Sustainability Research. 2021. Vol. 46, no. 341. P. 116-124.
https://doi.org/10.2478/plua-2021-0023

References

1.

2.

10.

11.

12.

13.

Kotov, B. 1., & Stepanenko, S. P. (2023). Basics of the theory and technology of air separation of grain
materials. Kyiv: TsP Komprynt. [in Ukrainian].

Kotov, B. I., & Stepanenko, S. P. (2020). The main theoretical principles of the separation of grain
material in air ducts with non-uniform air flow speed. Design, production and operation of agricultural
machines, (50), 122—123. [in Ukrainian].

Rebot, D. P., & Topilnytskyi, V. H. (2022). Mathematical model of movement of loose material in a
vibrating separator. Automation of production processes in mechanical engineering and instrument
engineering. (56), 67-74. [in Ukrainian].

Rebot, D. P., & Topilnytskyi, V. H. (2021). Mathematical modeling of the interaction of dynamic
characteristics of loose raw materials in the process of vibration separation. Scientific Bulletin of
UNFU.31 (2), 88-92. [in Ukrainian].

Stepanenko, S. P., Kotov, B. I., & Kalinichenko, R. A. (2021). Study of the movement of grain material
particles in a vertical channel under the conditions of air flow pulsations. Agricultural machinery., (47),
25-36. http://dx.doi.org/10.36910/acm.vi47.619 [in Ukrainian].

Nesterenko, A., Leshchenko, S., Vasylkovskyi, O., & Petrenko, D. (2017). Analytical assessment of the
pneumatic separation quality in the process of grain multilayer feeding. INMATEH. Agricultural
Engineering, (53(3)), 65-70. [in English].

Mykhailov, Y., Zadosna, N., Postnikova, M., Pedchenko, G., Khmelovskyi, V., Bondar, M., ...
Tomaszewska-Gorecka, W. (2021). Energy Assessment of the Pneumatic Sieve Separator for Agricultural
Crops. Agricultural Engineering, 25(1), 147-156. http://dx.doi.org/10.2478/agriceng-2021-0012 [in
English].

Rogovskii, 1., Titova, L., Trokhaniak, V., Trokhaniak, O., & Stepanenko, S. (2020). Experimental study
of the process of grain cleaning in a vibro-pneumatic resistant separator with passive weeders. Series II:
Forestry Wood Industry Agricultural Food Engineering, 13(62)(1), 117-128.
http://dx.doi.org/10.31926/but.fwiafe.2020.13.62.1.11 [in English].

Tishchenko, L., Kharchenko, S., Kharchenko, F., Bredykhin, V., & Tsurkan, O. (2016). Identification of a
mixture of grain particle velocity through the holes of the vibrating sieves grain separators. Eastern-
European Journal of Enterprise Technologies, 2(7(80)), 63. http://dx.doi.org/10.15587/1729-
4061.2016.65920 [in English].

Aliiev, E., Gavrilchenko, A., Tesliuk, H., Tolstenko, A., & Koshul’ko, V. (2019). Improvement of the
sunflower seed separation process efficiency on the vibrating surface. Acta Periodica Technologica, (50),
12-22. http://dx.doi.org/10.2298/apt1950012a [in English]

Stepanenko, S., Aneliak, M., Kuzmych, A., Kustov, S., & Lysaniuk, V. (2022). Improving the efficiency
of harvesting sunflower seed crops. INMATEH  Agricultural Engineering, 331-340.
http://dx.doi.org/10.35633/inmateh-67-34 [in English].

Bredykhin, V., Pak, A., Gurskyi, P., Denisenko, S., & Bredykhina, K. (2021). Improving the mechanical-
mathematical model of pneumatic vibration centrifugal fractionation of grain materials based on their
density.  Eastern-European  Journal  of  Enterprise  Technologies,  4(1(112)),  54-60.
http://dx.doi.org/10.15587/1729-4061.2021.236938 [in English].

Kharchenko, S., Borshch, Y., Kovalyshyn, S., Piven, M., Abduev, M., Miernik, A. Et al. (2021).
Modeling of Aerodynamic Separation of Preliminarily Stratified Grain Mixture in Vertical Pneumatic
Separation Duct. Applied Sciences, 11(10), 4383. http://dx.doi.org/10.3390/app11104383 [in English].

147



ISSN 2414-3820 KoHcTpyroBaHHsI, BUPOOHMIITBO Ta €KCILTyaTallis CUTLChKOTOCTIONAPChKIX MamvH, 2023 Bur. 53

14.  Regula, T., Fraczek, J., & Fitas, J. (2020). A Model of Transport of Particulate Biomass in a Stream of
Fluid. Processes, 9(1), 5. http://dx.doi.org/10.3390/pr9010005 [in English].

15. Stepanenko, S., Kotov, B., Kuzmych, A., Kalinichenko, R., & Hryshchenko, V. (2023). Research of the
process of air separation of grain material in a vertical zigzag channel. Journal Of Central European
Agriculture, 24(1), 225-235. http://dx.doi.org/10.5513/jcea01/24.1.3732 [in English].

16. Stepanenko, S., Kotov, B., Rud, A., & Zamrii, M. (2022). Theoretical studies of the process of grain
material movement on the surface of the stepped vibrating feeder. 2(105), 25-32.
http://dx.doi.org/10.37128/2306-8744-2022-2-3 [in English].

17.  Adamchuk, V., Bulgakov, V., Ivanovs, S., Holovach, 1., & Ihnatiev, Y. (b. d.). Theoretical study of
pneumatic separation of grain mixtures in vortex flow. In Engineering for Rural Development, (20), 657—
664. [in English].

18.  Adamchuk, V., Bulgakov, V., Gadzalo, I., Ivanovs, S., Stepanenko, S., Holovach, 1., & Ihnatiev, Y.
(2021). Theoretical Study of Vibrocentrifugal Separation of Grain Mixtures on a Sieveless Seed-cleaning
Machine. Rural Sustainability Research, 46(341), 116—124. http://dx.doi.org/10.2478/plua-2021-0023 [in
English].

Serhii Stepanenko, D.Sc., Senior Researcher, Daryna Volyk, Junior Research Fellow
Institute of Mechanics and Automation of Agroindustrial Production, National Academy of Agrarian Sciences of
Ukraine, Hlevakha, Ukraine

Mathematical Modeling and the Results of Experimental Research of the Process of

Density-Based Seed Separation Using Vibro-Pneumatic-Impulse Technology

The results of the mathematical simulation of the movement of grain material on the surface of the
perforated deck of the vibro-pneumatic-impulse separator have been presented. Both force and kinematic models
were employed, considering the geometric characteristics of the perforated deck surface in dynamic interaction
with the kinematic indicators of processing. The calculations based on the proposed model allow for determining
the trajectories of movement, velocities, and accelerations of the grain seeds within the grain medium under the
combined action of vibrations and the pneumatic-impulse flow.

As a result of the scientific research and analysis of the forces created according to the developed
mathematical model, it has been established that the most significant influence on the process of grain material
movement, both in the horizontal and vertical directions, is exerted by the impulse force (pulsations) of the air
flow, the pressure force of the underlying layers of the grain medium (for seeds in the middle part and on the
surface of the perforated deck), frictional forces, the weight of the seeds, and the Archimedean force. Therefore,
in order to intensify the process of fractionation of the grain medium and increase the specific productivity of the
vibro-pneumatic-impulse separator, it is necessary to increase the force of the pulsating air flow, the force of
inertia of the oscillatory motion, friction, and lateral pressure on the seeds within the grain medium.
seeds, density, specific load, differential equations, seed displacement velocity, experimental research,

prototype
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