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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 I/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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MareMatuyHe MOJICIIOBAHHS T PE3YJIbTaTH
CKCIIEPUMEHTAIBHUX JIOCI1KEHb POIIECY
B1OpOMMHEBMOIMITYJILCHOTO MOJIUTY HACIHHS 34 TYCTUHOIO

HaBeneHo pe3ynbTaTd MaTeMaTH4HOTO MOJICNIOBAHHS PyXy 3€pPHOBOTO Marepialy Ha IOBEpXHi
0e3MIpOBaIBLHOTO penieTa BiOpOMHEBMOIMITYILCHOTO cerapaTopa. BUkoprcTana CuiioBa Ta KiHEeMaTHYHA MO/ICIb,
TeOMETPUYHI XapaKTEPUCTUKU TIOBEpXHI OE3NpOBajbHOrO pelera BiOPOIMHEBMOIMITYJIIBCHOTO cemaparopa B
JMUHAMIII 3KIHEMAaTHYHAMHU [TOKa3HUKH OOpoOKu. Po3paxyHKH 3a 3alpONOHOBAHOK MOJEIUIIO I03BOJISIFOTH
BHU3HAYATH TPAEKTOPil TEpEeMilleHHs], MBUIKOCTI Ta TMPHCKOPEHHS HACIHWH 3EpHOBOTO CEpENIOBHINA MpHU
CYKYIIHIH il Ha HUX BiOpaiif Ta MHEBMOIMITYJILCHOTO TTOTOKY.

B pesympTari mpoBeIEHMX HAYKOBUX IOCHTIMKEHb Ta aHANi3y CTBOPIOBAHHUX CHJI 32 PO3POOICHOIO
MaTeMaTHYHOIO MOJEIUTIO BCTAHOBJICHO: HAHOIIBIINI BIUTMB HAa MPOIIEC MTEPEMIIIICHHS 36PHOBOTO MaTepiaty, sSK
B TOPM30HTATBHOMY TaK i y BEPTHKAIFHOMY HAMPSIMKY HaJa€ CUia IMITyIIbCy (ITybCalliif) MOBITPSHOTO MOTOKY,
CWJIa THCKY BHINE JICKAUUX IIapiB 3€PHOBOTO MaTepiany (IUIsi HACIHWH y CepeiHiil YacTHHI Ta Ha MOBEpPXHi
0€e3MpOBAILHOTO pEIIeTa), CHIM TEPTs, Bark HACIHMHU Ta ApxiMmenoBa cwia. ToMmy 3 MeTOI iHTEHCH(iKAIil
nporecy (bpakilioHyBaHHS ~ 3EPHOBOIO cepeioBuIIa, 301IbIICHHS OUTOMOI  MPOAYKTUBHOCTI
BiOPOITHEBMOIMITYJILCHOTO CerapaTopa HEOOXIJHO MiABUIIMTH CHIIYy MYJIbCYIOYOI'O MOBITPSIHOTO MOTOKY, CHIIA
iHepIii KOJIMBAJIBHOTO PyXY, TEPTs Ta OIYHMI THCK Ha HACIHMHU B 36PHOBOMY CEpPE/IOBHIIII.

HACiHHSl, TYCTHHA, NHMTOMe HABAHTA)KeHHs, AuepeHuUiaJbHI PIBHAHHSA, WBHIKICTH mNepeMillleHHS
HACIHHS, eKCIIePUMEHTANIbHI T0C/IiIKeHHsI, MAKEeTHU 3pa3oK
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IHocTanoBka mpo0Jemu. Pyx marepiainy y 3epHOTPAaHCIIOPTHUX CHCTEMax Ha Pi3HUX
TUIAX [OBEPXOHb (HAMPHUKIAJ, Ha >KUBWIbHHKAX, JOMaTsIX y OapabaHax 1 MillaJKax,
BIOpocUTax Ta O0EPTOBHX pPO3KUAAYax) € 3aralibHOMOIIMPEHUM SBUIIEM Y TEXHIIl st
MOJTAJTBIII0T 00pOOKH 3epHa Ticiis Horo 30upanHs [1-2].

OcHOBOIO Teopii pyXy YacTHHOK M0 IIOPCTKUX IOBEPXHAX € JudepeHIianbHi
PIBHSIHHS JJTs1 TIEPEMIIIICHHS] YACTHHOK, SIK1 TIFOTh MiJ] BILTABOM CHJIHM TSKIHHS, CyXOTO TEPTS
Ta onopy nositps (cepenopumia)[3, 9, 13]. Tomy npu po3poOILi HOBUX KOHCTPYKIIIH MaIIHH i
oOnagHaHHs JUId MIABUILEHHS iX MUTOMOi NMPOJYKTHBHOCTI Ba)JIMBO MaTW MaTeMaTH4HI
MoOJieNl, SIKI HaJeKHUM YMHOM ONMCYIOTh IPOILEC MEPEMIICHHs 3epHa 3 ypaxyBaHHIM BCiX
aKTHBHHUX CHJI B 36pHOBOMY cepenoBuiiii[4, 6-8].

SIKICTh TEXHOJIOTIYHHMX NPOILIECIB, MOB'A3aHUX 3 TPAHCIIOPTYBaHHSAM 3€pHA Ha OTIOPHUX
MOBEPXHSX, 3AJICKUTH BiJl KOHCTPYKIIHHUX MapamMeTpiB 1 pekUMiB poOOTH poOOUUX OpraHiB,
TaKUX $K LIBUJKICT TEpEeMIllleHHs MaTepiany, TPHUBAJIICTb KOHTAKTY 3 IOBEPXHEO,
HMIBUAKICT pyxy Ta iHm mokasuuku[10, 12, 18].

HeonHo3naunicth y BHOOpI MareMaTHYHHX (OpMYT Ta MeXaHIKO-MaTeMaTUYHHX
MojieTiel, SIKi BpaXOBYIOTh 30BHIIIIHI Ta BHYTPIIIHI CHJIM Ta BU3HAYAIOTh KOE(Illi€HT OMOopY,
YCKJIQJIHIOE BUKOPUCTaHHS HAassBHUX aHATITUYHUX 3QJIEKHOCTEH Ui PO3paxyHKY LHIBHJIKOCTI 1
HIISXY TMEePEMILICHHS 3epHa B 3epHOBOMY cepemoBuiii[5, 11, 17]. Bukopucranus koedimieHTa
BITPUJIILHOCTI K KoedillleHTa ormopy Ta KoedimieHTa AUHAMIYHOI B’S3KOCTI 3€pPHOBOTO
CepeIOBUINA HE € HAJIEXKHO OOIPYHTOBaHMM. ToMy Ul KOXKHOI MareMaTHYHOI MOJENl pyxy
YACTHUHKH TI0 TOBEPXHI HEOOXiAHO BHU3HAYATH Koe(ilieHTH B MudEpeHIiaTbHUX PIBHIHHAX
Ha OCHOBI EKCIEPUMEHTAJIbHUX JaHWX 1 OIIHIOBATH BIAMOBITHICTE MOJEII pPEabHOMY
nporecy.

AHai3 ocTaHHIX AocCailKeHb i myoOJikauniii. /[ oTpuMaHHS SKICHOTO BpPOXaio 3
OJIHOYACHUM 3OUTBIIEHHSM BAaJIOBOTO HAIXO/DKEHHS HA 3€PHOOYMCHI KOMIUIEKCH Ta
MIHIMI3AIiE€0 IIOCIBHUX HOPM HaClHHA HEOoOX1IHO 3a0e3euynT BHCIB
CITbCHKOTOCTIOJIAPCHKUMH  MaTepiajlaMi - HACIHHSAM, sKe Oyje BIAMOBIIATH HaWBHIIUM
cTaHjaptam 10 (i3UKO-MEXaHIYHUX BJIACTUBOCTEM HaciHHA. [l 3a0e3neueHHs JaHUX
BJIACTHBOCTEH TIOCIBHOTO Marepiary, Oe3mepedHo, HEoOXiJIHO BUKOHAHHS TOCIIIOBHHUX
TEXHOJIOTIYHUX Ollepalliif, sKl MOB’sA3aHl 3 MONEPEIHIM OUMIIEHHSM Ta CYLIIHHAM 310paHoro
KOMOaHHOM 3aCMIY€HOr0 3€pHOBOTO MaTepiayly, IPOBECTH MOro Oe3mocepeiHe OOUHIICHHS
Ha KOMOIHOBaHHMX 3€pHOOYMCHHX TEXHIYHHX 3aco0aX, Tpiepax Ta BIOpOMHEBMAaTHUYHUX
copTyBaJibHUX crosiax. CmiJ BIAMITUTH, IO JOCHIIKEHHS BIUIMBY Ha 3€pPHIBKY Y
BIOpOITHEBMO3PI[UKEHOMY IIapi MaTepiasly 3 MiJBEICHHSIM J0JAaTKOBUX 30ypIOIOYUX CHII,
TUIY IyJIbCYIOYOr0 MOBITPSHOTO IMOTOKY B OUIBIIOCTI BUIAJKIB HE MPOBOJIUTHCH, a Ti
JOCITIDKCHHST sIKI TMpOBeJCHI aBTopamMu [3-4], 100 BIUIMBY Ha 3E€PHOBE CEPEIOBHIIEC
OOMEXYIOTbCSI JIOCUTh 3HAYHUMHU MPUIYIIEHHSMH, SIKI HE BIAOOpaXkaloTh pEaJbHICTh
nepeOiry mporecy BiOpOITHEBMO3pI/DKEHHs Imapy 3epHoBoro Matepiamy [9, 12, 13].
OCHOBHMMH HEJIOJIKaMH, SIKI CITi] BIAMITHTH, JUIsl BAKOPUCTAHHS JaHUX TEXHIYHHUX 3aCO0IB €
norpeda y BUCOKOKBaJTi(hIKOBAaHMX MpAIliBHUKAX JUIS PAIllOHAIBHOTO HAJAIITYBAaHHS JOCHTH
CKJIaIHUX 3a CBOE€K OyJoBOO MamuH (BIOpOCTOINiB, BiOpPOMHEBMATUYHUX CTOJIIB,
BIOpOBHEBMOCETIAPATOPIB TOIIO), 3HAYHA MUTOMA CHEPIrOEMHICTh JJAHUX TEXHIYHHUX 3ac00iB y
NOPIBHSAHHI 3 OBl MPOCTUMH JJS BUKOPUCTaHHA PEHITHUMH Ta MHEBMOPELIITHUMHU
TEXHIYHUMH 3aC00aMH Ta TpiepamH.

JloCHmiKeHHSIMU Ta MOJEPHI3aIli€l0 KOHCTPYKIIH BiOPOIMHEBMOCOPTYBAIBHUX CTOJIIB
3aiiMasiocsl 3Ha4YHa KUIbKicTh Bimomux BueHux [1, 8-10, 13, 17, 18], sk B YkpaiHi, Tak i 3a
kopaoHoM [14]. Hmwkue y Tabmuist 1 HaBeeHO Mepeltik iICHYIYHX TEXHIYHUX 3ac00iB Ta 1X
TEXHOJOTIYHI 1 EHEpPreTWYHI XapaKTepUCTHKH. AHami3 JaHUX XapaKTEePHUCTHUK, II0J0
MPOAYKTHUBHOCTI BIOPOITHEBMOCTOJIIB BITYU3HSIHOTO BUpOOHMIITBA cTaHOBUTH Bix 1,0 mo 6,0
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T/Tol, MMTOME HaBaHTa)XCHHs Ha JeKy (Oe3npoBajbHE pelieTo) KoauBaeThes B Mexax 0,83—
3,20 1/roa-M’, iXHs IHTOMa eHeproeMuicTh craHoBuTh1,83-4,75 kBr.roa/r. Mammuu dipmu
«Cimbria» (/lanis)MarTh MUTOME HABAaHTAKCHHAX Ha Jeky 2,63-3,53 T/rom*M>Ta MTUTOMY
eHeproemHicth y Mexax 1,79-550 kBt.roa/t, ciig BiAMITUTH IO IS JaHUX TEXHIYHUX
3ac00iB 3 MPoAyKTUBHICTIO 10 1,5 T/ros 1eit mokasuuk ctanoButh 5,50 kBT. roa/T

IMTueBmocromu  dipmu  «Ilerkyc» (Himewumna) 3 mnponykrusHicTio 1,5 T/roa
MarTHIIUTOME HaBaHTaKCHHS Ha Jeky 0,64 T/FOI[*MZ, a iX MUTOMa €HEPrOEMHICTh CTAHOBUTH
5,5 kBr/rog.

Ha 6a3i mpoBeieHOT0 KOPOTKOTO aHalli3y TEXHIYHUX 3aC00iB /ISl TTOIUTY HACIHHEBOTO
Mmarepiajly 3a TyCTHHOIO 3€pHIBOK, a00 KOMIUIEKCOM (Di3MKO-MEXaHIYHUX BIACTUBOCTEH
MOCTa€ TMHTAHHS, IMIOAO MOJEpHI3alii ICHYIUHMX 1 PO3pOOJICHHS HOBHX MAIWH, Kl
3a0e3neyaTh PO3AUICHHS HACIHHEBOTO MaTepially 3a KOMILIEKCOM BJIACTUBOCTEH, y TOMY
YKCIIl, TYCTHHOIO, 3 OJJHOYAaCHUM 3MEHILIEHHSIM IMUTOMOI €HEPrOEMHOCTI, 38 HE3MIHHUX YMOB
MOKA3HMKIB SIKOCTI PO3IUICHHs, TOMY BHPIIIEHHS JaHOI MPOOJIEMH € TOCUTh aKTyaJbHUM Ta
CBO€YACHUM.

IHocTanoBka 3aBaaHHs. MeTol0 poOOTH € OOIPYHTYBaHHsS MapaMeTpiB 1 PEKUMIB
IpoLeCy MOAUTY HACIHHS MIUEHUIl 3a TYCTUHOIO HACIHMH y BIOPOIHEBMOIMITYJIbCHOMY
3epHOBOMY CEpPEIOBHILI HAa TEXHIYHOMY 3ac001 3 BJOCKOHAIEHOIO KOHCTPYKIIEIO.

Buxaaa ocHOBHOro martepiany. AHaNITUYHI JOCTIIKEHHS MPOIECYNOITY HACIHHSA
NIIEHUIl 3a TYCTUHOIO HACIHUH Y BIOPOMHEBMOIMITYJIbCHOMY 3E€PHOBOMY CEpEIOBHILI
NPOBE/ICHI 3 BUKOPUCTAHHSAM METOJIB TUHAMIKM 1 KJIACMYHOI MEXaHiKH, a J1abopaTopHi
JOCHTIDKEHHsST BUKOHAHI HAa YCTaHOBLI JJs MOAUTY HAciHHS 3a TYCTHHOIO HAaciHMH Y
BiOPOITHEBMOIMITYJIbCHOMY 3€pHOBOMY CEpEIOBHINI, sIKa PO3po0iIeHa y BT MeXaHiKo-
TEXHOJOTIYHUX MpoOsieM 30MpaHHs 1 MICHI30MpanbHOi OOpOOKM ypoKal 3epHOBHX Ta
omiitaux KynbTyp IMA AIIB [5, 17] 3 BHKOPHUCTaHHSM METOAMK OIHO(PAKTOPHOTO Ta
6araTo(akTOpPHOrO €KCIEPUMEHTY. B sSIKOCTI HaCiHHA OCHOBHOI KyJbTYPH BUKOPHUCTOBYBAJIU
HaciHHA mmeHnni Bpokato 2022 poky 3a HAacTYNMHUX 3HaudeHb. Bosorn 12,8% BuximHOTO
Mmartepiay, 10 MPOWIIOB MOMNEPEHE OYHILEHHsS, OCHOBHE OYMIIEHHS Ha MOBMOPELIITHIN
MaIlIuHi, Ta Ma€e 00'eMHy Macy 656 F/I[M3 — JUTS BAKKHUX HaciHUH Ta 00'eMHy Macy 450 F/I[M3 -
JUISA BIAHOCHO JIETKUX HACIHUH.

[locraBneni 3aBmaHHS BHpINIyBaIM MpoBeAeHHSM 1-HO Ta  2-¢dakTOpHOTO
ekcrepuMeHTy. B npoueci mabopaTOpHUX IOCHIAKEHb 3MIHIOBAIM YacTOTY KOJIMBaHb JIEKH,
KyT 11 HAXHMITy 1O TOPH30HTY Ta YaCTOTY ITyJIbCAIIH MOBITPSHOTO MOTOKY, SIKE ITO1aBAIOCH TTi]T
neky (6esmpoBanbhe perieto). [Ipu mpoBeaeHHI 1a0OPATOPHUX JOCIIHKEHb HATAIITOBYBAIN
3HAYEHHSI 1M0J1a4i 3epPHOBOr0 Marepiany B Mexkax 750-850 kr/roj, a Tako BHKOPHUCTOBYBAaIH
HAcTylHe JlaboparopHe OOJaJHaHHA: TEPMOTIrPOAHEMOMETPJIS BH3HAYEHHS IIBMKOCTI
HOBITPSHOTO TIOTOKY Haj MOBEpXHEr JNekuB Mexax 0-3.6 m/c, 4acTOTHHH perynsTop - s
3MIHM YacTOTH KONIMBaHb ek B mianmazoHi 3-10I'1 i kyTomip - 1 BCTAHOBIIGHHS KyTa
Haxwity Jgekd. QDyHKIIE onTuMizamii poOOTH TEXHIYHOro 3aco0y oOpaiu: CTyIiHb
PO3/IiJICHHS HACiHHS 3a TYCTHHOIO Ta BTpaTH HAciHHS (TOOTO TOTpAIUITHHS HACIHUH 3
OubIIO0 (MEHINO) 1X TyCTHHOO y BinoOipHuku I, 11 ppaxiriii).

Ha HaciHMHY y 3€pHOBOMY CEpEelOBHIL, KA PYyXa€ThCs MO MOBEPXHI OE3MPOBATHLHOIO
peliera 3 MO3J0BKHIM KyTOM HaxWiy, MiJ JA1€l0 il KOJMBaHb 1 MyJbCYIOUOTO IMOBITPSIHOIO
MOTOKY JiIOTh CUJIH, K1 MpeJcTaBieHi Ha puc. 11 2.
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I 2O0U50HTY

Pucynok 1 — Cxema cuJ, 1110 JiI0Th Ha HACIHWHY 3€PHOBOTO CEPEOBUILIA,
SIKa PYXA€ThCS MO TIOBEPXHI OE3MPOBATIBLHOTO perera (PyX CHiBIaIae 3 HAMPSMOM CHITH iHEpIIii)
Licepeno: pospobaeno agmopamu

JIHIR ZO0USOHITY

Pucynoxk 2 — Cxema cuJi, 1110 JiI0Th Ha HACIHUHY 3€PHOBOTO CEPEIOBUILA, KA PYXAEThCS
Ha TIOBEPXHi O€3MPOBATIBLHOTO perera (PyX MPOTHIICKHHN 3 HATPSIMOM CHIIH iHEPITii)
Jicepeno: pospobreno asmopamu

BianosigHo nmo puc. 1. Ta puc. 2 audepeHiiaabHl pIBHIHHS PyXy HACIHUHHU IS
pi3HUX IHTepBaliB HAOYAYTh HACTYITHOTO BUTIISIY:

m- S = Fy-cos(@—f) —m-gsin() = Fo+ Fy-cos@ =), (D)
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JIe m — Maca HaClHUHY,

d?x )

—;z ~ IPHCKOPCHH,

F; — cua iHepitii;

Q — KyT CIIPSIMOBAHOCTI KOJINBaHb,

B — KyT HaXuiy MOBEPXHi JACKH,

Y — KyT TepTs MaTepially 1o MOBEPXHI JICKH,

g — IIPUCKOPEHHS BUIBHOTO Ma/IiHHS,

F, — cuna onopy NoBiTPSAHOTO MOTOKY;

) — KyT COPSMOBAHOCTI MOBITPSHOT'O TIOTOKY;

N,, — cua, 10 Jii€ nepHeHAuKyIspHO HOBEPXHI JekH (peakilis Omopu);
F; — cuna Teprs.

[Ticis HECKITaAHUX MaTEMATHYHKX TIEPETBOPEHb piBHAHHSA (1), oTprMaemo:

d?x(4) cos(y) 2 sin(B+y)
. =w“ R -cos(w-t)—g —————
dt?  cos(a—B-v) ( ) g cos(a—B-vy)
_ 2
+k, - (Vpn -[1 — sin(wy - t)]) -cos(Y — B), 2
.. ) . S,
ne k;, — xoedilieHT BiTPHIBHOCTI, M ! k, = VLZ =¢(Re) " p ﬁ [3, 5];
BiT :
Vi - IIBUJIKICTH BUTAHHS HACIHHS MIICHHMII, M/C;
2
TT . .
Sy = —,~ — TLIOIIA MiJIeNIeBOr0 NEPETHHY 3ePHIBKH,
d = 2 - r — niaMeTp KyJIbOBO1 3epHIBKH, M;
p — TYCTHHA TOBITpA, K/
§(Re) — xoeQilmieHT aepoAMHAMIYHOTO OMOpPY, SKUH 3aJIEKHUTH BiJl KpHUTEPIs
o du
Peiinonbaca Re = — [1];
vV — Koe(IlieHT KIHEMaTUYHOT B’ I3KOCTI, lec;
U — WIBUAKICTh OOTIKaHHS YaCTUHKH, M/C;
Vyn — WIBUJIKICTH HOBITPSAHOIO HOTOKY, M/C;
@ — Y9acTOTa KOJIMBAaHb OE3MPOBAIBLHOTO permrera, [ 1,
W1 — YacTOTa KOJIUBaHb IyJIbCYIOYOTO MOBITPSHOTO MOTOKY, ['11;
R — paniyc KpUBOIIHUIIA, M.
ax _ -
—a =R —F- cos(a —B) —m- g-sin(B) + E, - cos(y — B). 3)

[Ticnst BiANOBIAHUX MIEPETBOPEHD, piBHAHHS (3) HaOy/1e HACTYITHOTO BUTIISILY:

d’xy _cos) _ 2. p. ) — g By
dt2  cos(a—-B+y) w*-R-cos(w-t) 9 cos(a—p+y)
] 2
+ky - (Vo - [1 = sin(wq - £)]) - cos(y — B). 4)
BBenemo nosHaueHH:
__cos(a—p+y)
A== ®)
__cos(a—B~-v)
§= cos(y) ©)
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Toni 3naueHHs piBHssHb (2) Ta (4) 3 BiAnmoBiAHUM ypaxyBaHHsM BupasiB (5) Ta (6)
HaOy/lyTh HACTYITHOTO BUIJISILY:

Pxw 1 2. p. ) — g . SN
i w* R-cos(w-t)—g os@—p—7)
, 2
+ky + (Vpn - [1 — sin(w, - 0)])" - cos(@ — B), (7
x 1 _ 2 p, CF) . SINBHY)
o ;=W R cos(w-t)—g prwvy o R
. 2
= —ky, - (Vo - [1 = sin(wy - ©)])" - cos(@ — B). (8)

IMpointerpysapiu piBHstHHA (7) 1 (8) Ta OTpUMaBLIM PIBHIHHS MEPEMIIICHHS PYXY
HACIHWHU TI0 TIOBEPXHI 0€3MPOBAIHLHOTO PENIeTa, sIKa IMiIIA€THCS ITyJIbCYI0UOMY TIOBITPSIHOMY
MOTOKY, MOJIUBO BCTAHOBUTH 3HAYCHHS BEJIMYMHU NEPEMIIIEHHS Ta IIBUAKOCTI HaCIHUH Vj
10 TIOBEPXHI:

X +X(—
oy, = Tt 9)
T
e Xy, X—y — MEepeMillleHHsT HAclHWH Marepially 3epHOBOTO CepelIOBHUIIIA,

BIJINTOBIJIHO, BIrOPY Ta BHU3 32 nepioa T KOJUBaHb.

Po3paxyHKH TpOBOAMIM 32 HACTyIMHUX IOYATKOBHUX YMOB. KyT HAaXWJy IOBEpXHI
IneKu S = 10%12%14°;16"; ta a = 12°;14°; 167; 18"; KyT TepTsS HACIHMH Ha TOBEPXHI JEKU
y = 30", pagiyc kpusommmy R = 0,005 M, Kkoe(dillieHT BIiTPWIBHOCTI HACIHUH
kp = 0.074 M~ !, mBuaKOCTI MOBITPSIHOTO TOTOKY Von =0—3,6 m/c, 4acToTi KOJHMBAHb
ek w = 10 — 20 I'y; yacToTi mynbcartiit moBiTpsHOro moToky w, = 10 — 20 I'y (Tabm.1).

Tabmuns 1 — Po3paxyHKOBI BEIMYMHU CEPEIHIX IMIBUIKOCTEW PyXy HACIHMH IIO
0e3mpoBajbHill MOBEPXHI JEKU

|4 |74

pn: S

m/c wufe | KoM Xt B el y @ @y
0 29 0.07 2.7

1,2 29 0.2231 2.636 15

2,4 29 0.87 2.014 10 30 12 10} 10
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 14 201 15
3,6 18 1.9 -0.96 45 30

0 24 0.038 1.429 0

1,2 25 0.159 1.312 15

2,4 25 0.0716| 0.07776 14 30 16 15 20
3,6 26 1.893 - 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

Jicepeno: pospobneno asmopamu
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I'padiuni 3a1eKHOCTI 3MIHM CEpeHIX 3HAY€Hb IIBUAKOCTEH HACIHMH BiJl YaCTOTH
KOJIMBaHb IMOBEPXHI Ta YaCTOTH MYJIbCAIII MOBITPSHOTO IMOTOKY HaBEJEHI Ha puC. 3.
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1 - CepenHst IIBUIKICTD NPH MIBUAKOCTI HOBITPSHOTO HOTOKY Vo, =1.2 M/c
2 - CepeHsi LIBUAKICTD IIPH IIBUJIKOCTI IIOBITPSHOTO MOTOKY Vpn=2.4 m/c
3 - CepenHs LIBUKICTb IIPHU MIBUAKOCTI HOBITPSHOTO MOTOKY Vp,=3.6 M/c

PucyHok 3 — 3aKkOHOMIPHOCTI 3MiHH CEpe/IHIX 3HAYCHb IIBUIKOCTEH HACIHUH Ha JIelll,
3aJI)KHO BiJl YACTOTH KOJIMBAHb IIOBEPXHI JIEKH NP PI3HUX 3HAYEHHSX HIBUIXOCTI
BXi/IHOTO MOBITPSHOTO MOTOKY Vp,

Ppo3pobaeno asmopamu

3 anam3y rpadiuyHUX 3aJEKHOCTEH, HABEICHWX HA pPHUC. 3 BCTAHOBJICHO, IO
MIBUJIKICTh pyXy HACIHUHHM O Tl 301UIBIIY€EThCS 3 TMiABUILIEHHSM YacTOTH KOJIMBAaHb JIEKU Ta
YaCTOTH ITyJIbCAIlIH TTOBITPSHOTO MTOTOKY Y BKa3aHOMY 1HTEPBAJII.

B pesynbprari mpoBeneHHS 1aOOpaTOPHHUX JOCTIDKEHb 3TiTHO 3 MAaTpHICIo, sKa
HaBeJIeHa B TAOJIMIN 2, BCTAHOBJICHI CepeIHI 3HAUEHHs CTYTICHS TOJIITy HACIHHS MINCHHUIN 3a
iX T'YCTHHOIO 1 BTpaT MOBHOLIHHOT'O HACIHHS OCHOBHOT KYJIBTYPH Y BiJIXO/H.

Tabnuus 2 — Matpuiisi eKCriepuMeHTY, PiBHI BapiloBaHHS ()aKTOpIB Ta pe3yIbTaTH
71a00PAaTOPHUX JTOCITITKEHb

®dakTopu
No Yacrora Yacrora mymnbcarii Cepenne 3HaYeHHS CTYTICHS TTOIUTY
JIOCIIY | KONMBAHB JEKH, | IOBITPAHOIO MOTOKY, HaCiHHA neHu, Y; %
x, ' x5,
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
ﬂofcepeﬂoi p03p06ﬂeH0 asmopamu
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wy, Ty Y, %

VA

M -85
Bl <84
<79
<74
[ <69
I <64
B <59 w, 'y
B <54

PucyHok 4 — BIuinB 4acTOTH KOJIMBaHb JACKH () Ta YaCTOTH ITYJIbCALIT M)
MOBITPSIHOTO MMOTOKY Ha CTYIIHb MOy HACIHHS TIICHUII
Hoicepeno: pospobneno asmopamu

[Ticiist 06poOKH OTpUMaHUX Ta0OPATOPHUX JAHUX OTPUMAIIH PIBHSIHHS perpecii:
Y; =87,47 +532 %, +2,88-x, — 1,66 - x? — 0,54 - x; - x, — 6,67 - x% (10)

Ha puc. 4 HaBeeHO BIUTMB YaCTOTH KOJIMBAHb JIGKH Ta KyTa ii HaXWJIy Ha CTYIIHb
MOJIITY HACIHHS MILIEHUIT.

3 oTpuMaHuxX TrpadiyHUX 3aJEKHOCTEH MOKHAa 3pOOMTH BHCHOBOK TMpO T€, IIO
palioHAILHUMH TTapaMeTpaMHu 1 PSKUMaMHK TPOLIECY MOALTY HACIHHS TIICHUIN €. 3HAYCHHS
yacToTH KosmBaHb 1ekn18-20 ['1y, yactoTa mysnbcailii moBiTpssHOro MOTOKy—14-16 I'm.

BucnoBku. B pesynbpTaTi mpoBeneHUX OCTIDKEHb BCTAHOBIICHI palliOHAIBbHI
3HAYCHHSI MapaMeTpiB TEXHIYHOTO 3ac00y JUIsl MOAUTY HACiHHS MIICHHIN 32 iX TYCTHHOIO y
BIOPOMMTHEBMOIMITYILCHOMY IIIapi 36PHOBOTO CEPEJIOBHINA. 3HAYCHHSI YaCTOTH KOJIMBAHb JIEKH
182001, wacToTa myabcaniinoBiTpstHOro MoToKy —1416 I'm.

3a BHM3HAUCHHMX pPAIliOHAIBHUX 3HAYCHb KOHCTPYKI[IHHO-KIHEMAaTUYHUX TapaMeTpiB
TEXHIYHOTO 3aco0y JJig TOJITy HAaCiHHA 3a TYCTHHOIO, MaKCHUMaJIbHE CEPEIHE 3HAYCHHS
CTYyTEHS TOAUTY HaCiHHS MIeHuIll 30utbiryeThest Ha 2025%.

Crucok niteparypu

1. KotoB Bb. I., Cremanmenko C. II. OcHOBH Teopii Ta TEXHOJOTII MOBITPSHOI cemaparlii 3epHOBHX
marepianis : monorpadis. Kuis : L{IT Komnpunr, 2023. 427 c.

2. KotoB b. 1., Cremanenko C. II. OcHOBHI TeOpeTHUHI IMOJOKEHHS cemapallii 3epHOBOTO MaTepialy B
MOBITPSHUX KaHajlaxXx 3 HEPIBHOMIPHOK IIBHIKICTIO IOBITPSHOTO TOTOKY. KoHncmpyroganHs.,
8UpobHUYME0 ma excniyamayis cinecvroeocnooapcovkux mawiun. 2020. Ne 50. C. 122-123.

145



ISSN 2414-3820 KoHcTpyroBaHHs, BUpOOHUIITBO Ta KCILTyaTaIlisl CUIbChKOrocronapcbkux Maivs, 2023 Br. 53

10.

11.

12.

13.

14.

15.

16.

17.

18.

Pe6or JI. I1., Toninpuuupkuii B. I'. MaremaTnyna MoJielib pyXy CHIIKOTO Marepiaiy y BiOpaiiiiHoMy
cemapaTopi. Agmomamuzayis 8upoOHUYUX npoyecis y MauuHo6yoysanti ma npunadooyoysanti. 2022. Ne
56. C. 67-74.

Pebor JI. II., TomimpHmupkmii B. I'. MaTemaTudHe MOJETIOBAaHHS B3a€MOBIUIMBY JIHHAMIYHUX
XapaKTEPUCTHUK CHITKOI CHPOBHHHM Yy TIpolieci BiOpamiiinoi cenaparii. Scientific Bulletin of UNFU. 2021.
T. 31, Ne 2. C. 88-92. https://doi.org/10.36930/40310214

Crenanenko C. 1., Korog b. 1., Kaninidenko P. A. Jlocni/pkeHHs pyxXy YaCTHHOK 36pHOBOTO MaTtepiany y
BEPTUKAJIHHOMY KaHalli 32 YMOB Jii MyJbCalliii MOBITPIHOTO MOTOKY. CiibCbK0O20CHOOAPCHKI MAULUHU.
2021. Ne 47. C. 25-36. https://doi.org/10.36910/acm.vi47.619

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.

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
Experimental study of the process of grain cleaning in a vibro-pneumatic resistant separator with passive
weeders / 1. Rogovskii et al. Series 1I: 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

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

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

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

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
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

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. In
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.

Kotov, B. I., & 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].

146



ISSN 2414-3820 KoHcTpyroBaHHs, BUpOOHUIITBO Ta KCILTyaTaIlisl CUIbChKOrocronapcbkux Maivs, 2023 Br. 53

10.

11.

12.

13.

14.

15.

16.

17.

18.

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., Zadosha, N., Postnikova, M., Pedchenko, G., Khmelovskyi, V., Bondar, M., ..
Tomaszewska-Goérecka, 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 I1:
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].
Reguta, 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].

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].

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 Englishl].

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

Adamchuk, V., Bulgakov, V., Gadzalo, I., Ivanovs, S., Stepanenko, S., Holovach, 1., & lhnatiev, Y.
(2021). Theoretical Study of Vibrocentrifugal Separation of Grain Mixtures on a Sieveless Seed-cleaning

147



ISSN 2414-3820 KoHcTpyroBaHHs, BUpOOHUIITBO Ta KCILTyaTaIlisl CUIbChKOrocronapcbkux Maivs, 2023 Br. 53

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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