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Abstract: The main methods of preparing the metallurgical charge for its
further use today include the operation of mixing various materials with
different granular composition to obtain a homogeneous mixture. For the
preparation of metallurgical charge in the mining and metallurgical
industry, continuous action mixers are used, which, unlike batch mixers,
have a number of significant advantages, such as high productivity and the
possibility of fully automating the process of preparing the necessary
mixture. The well-known designs of mixers used in the preparation of
metallurgical charge include drum, screw and rotary mixers. Recently, a
lot of attention has been paid to rotary mixers, because they are the best
among the mixers used in the preparation of metallurgical charge in terms
of their main characteristics - productivity and energy consumption. But
in a number of cases, rotary mixers do not meet the technological
conditions for the preparation of a high-quality mixture. Therefore,
increasing its efficiency when preparing the metallurgical charge for
sintering or remelting requires a deeper analysis of the operation of the
blade rotor, working in conjunction with the movement of the conveyor
belt installed above it. Such analysis and research would allow to improve
the mixing process to obtain a high-quality mixture of mineral raw
materials when using a rotary mixer installed above a moving conveyor
belt. Therefore, works aimed at establishing ways of improving this type
of equipment are very interesting and relevant today. The paper describes
the movement of material particles along the rough surface of the rotor
blade of the mixer, which rotates in a layer of loose material transported
simultaneously on the conveyor belt, and analyzed which main parameters
affect the quality of the mixture preparation. As a result of research, a
mathematical model was obtained for a horizontally-directed mixer with
rotor cable elements that bring the material layer into a suspended state,
which describes the influence of design and mode parameters on the
nature of the movement of material particles in a pseudo-viscous medium.
It was established that the nature of the movement of particles moving
along with the conveyor belt can be considered stable.

Keywords: rotary mixer, metallurgical charge, mixture, conveyor belt,
movement of material, quality, mathematical model.
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Abstract: The main methods of preparing the metallurgical charge for its further use today include
the operation of mixing various materials with different granular composition to obtain a
homogeneous mixture. For the preparation of metallurgical charge in the mining and metallurgical
industry, continuous action mixers are used, which, unlike batch mixers, have a number of significant
advantages, such as high productivity and the possibility of fully automating the process of preparing
the necessary mixture. The well-known designs of mixers used in the preparation of metallurgical
charge include drum, screw and rotary mixers. Recently, a lot of attention has been paid to rotary
mixers, because they are the best among the mixers used in the preparation of metallurgical charge in
terms of their main characteristics - productivity and energy consumption. But in a number of cases,
rotary mixers do not meet the technological conditions for the preparation of a high-quality mixture.
Therefore, increasing its efficiency when preparing the metallurgical charge for sintering or remelting
requires a deeper analysis of the operation of the blade rotor, working in conjunction with the
movement of the conveyor belt installed above it. Such analysis and research would allow to improve
the mixing process to obtain a high-quality mixture of mineral raw materials when using a rotary
mixer installed above a moving conveyor belt. Therefore, works aimed at establishing ways of
improving this type of equipment are very interesting and relevant today. The paper describes the
movement of material particles along the rough surface of the rotor blade of the mixer, which rotates
in a layer of loose material transported simultaneously on the conveyor belt, and analyzed which main
parameters affect the quality of the mixture preparation. As a result of research, a mathematical model
was obtained for a horizontally-directed mixer with rotor cable elements that bring the material layer
into a suspended state, which describes the influence of design and mode parameters on the nature of
the movement of material particles in a pseudo-viscous medium. It was established that the nature of
the movement of particles moving along with the conveyor belt can be considered stable.
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AHoTtamis: Jl0o OCHOBHHMX METOMIB MIATOTOBKH METANTYPrikHOT MIUXTH 10 MONAIBIIOTO il
BUKOPUCTaHHS Ha CHOTOJHIIIHIA Yac MOYKHA BIJHECTH OIEpalil0 3MIIIyBaHHS pPi3HOMaHITHUX
MaTepialliB 3 pi3HUM IPaHyJIbOBAHUM CKJIAJIO0M Ul OTPUMaHH TOMOTEHHOT cymimti. JIJist miIroTOBKH
METaNypriiHOl MIMXTH B TIPHUYO-METANYPriiiHIi MPOMHCIOBOCTI BHKOPHCTOBYIOTH 3MIIIyBayi
Oe3nepepBHOi Aii, sIKi, HAa BIIMIHY BijJ 3MilIyBadiB NEPiOANYHOI 1ii, MAIOTh PsJl CYTTEBUX IEpeBar,
TaKUX SIK BUCOKAa MPOAYKTHUBHICTh Ta MOXKJIUBICTh MOBHOI aBTOMaTH3allii Mpolecy MpUTrOTyBaHHS
HeoOXiqHOI cyMimTi. /1o BiTOMUX KOHCTPYKIiil 3MilllyBadiB, SIKi BAKOPUCTOBYIOTHCS MPH MiATOTOBII
METaNypriiHOl IIMXTH MOXHA BigHecTH OapabaHHi, TBUHTOBI Ta pPOTOpHI. 3a OCTaHHIA dYac
NpUaiIgeTbcst 0Oararo yBarM pOTOPHUM  3MillyBauaM, TOMY III0 BOHHM 33 OCHOBHUMH
XapaKTePUCTUKAMU - IPOAYKTHUBHICTIO 1 eHEPTrOCIIOKUBAHHIM € KPAIlMMU Cepell BAKOPUCTOBYBAHUX
3MIlTYBaYiB MpPU MiArOTOBLI METANypriiiHoi MUXTU. AJe B pAi BUINAJAKIB POTOPHI 3MillyBadi HE
3aJIOBOJIbHSIOTH TE€XHOJIOTITYHMM YMOBaM MiATOTOBKM BUCOKOSIKICHOI cyMimri. ToMy 30i1bIICHHS
fioro e(eKTHBHOCTI MpHU MiArOTOBII METATypriiHOI MIMXTH 10 CHiKaHHS abo MeperuIaBICHHS
norpedye MOriauOIeHHST aHallizy POOOTH JIOMATEBOTO POTOPA, IMPALIOIOYOrO0 CYMICHO 3 PyXOM
KOHBEEPHOI CTPIUKH, BCTAHOBJICHOI HaJ HEro. Takuwil aHami3 1 JOCHIIKCHHS TO3BOIHIN O
YIOCKOHAIMTHU TPOLEC 3MILTYyBaHHS Ul OTPUMAHHS SKICHOI CyMIiIll MiHepalbHOI CHPOBHHU TPHU
BUKOPUCTaHHI POTOPHOTO 3MilllyBaya, BCTAHOBJIEHOTO HAJ PyXOMOIO KOHBEEPHOIO CTPiukoio. Tomy
po6OTH, SIKI CIPSMOBaHI Ha BCTAHOBJICHHS HUISAXIB yIOCKOHAJIEHHS TAaKOro THIy OOJaJHaHHS Ha
CHOTOJIHI € JTy’Ke IIIKaBUMHU 1 aKTyaJIbHUMHU. B po00Ti onrcano pyX YaCTHHOK MaTepiaity 1o MIOPCTKIN
MOBEPXHI JIOMATI pOTOpa 3MillyBaya, SKHH oOepTaeTbcs y IIapi CHUIKOTO MaTepiainy,
TPAHCIOPTOBAHOTO OJIHOYACHO TI0 KOHBEEPHIH CTPIYlli, Ta MPOAHATI30BaHO, IKi OCHOBHI TapaMeTpH
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BIUTMBAIOTh Ha SIKICTh MIATOTOBKY CyMilli. B pe3ynpTati HochiKeHb A1 3MillyBaya FTOPU30HTAIEHO
HaINpaBJICHO] Aii 3 TPOCOBUMH €JIEMEHTaMH POTOPA, L0 MPUBOIATH IIap MaTepiany B CyClaHA0BaHUHA
CTaH, OJIepP’KaHO MAaTEMATUYHY MO/JIEJIb, IKa OIMCY€E BIUIMB KOHCTPYKTHBHUX 1 PSKUMHHX [TapaMeTpiB
Ha XapakTep pyXy YaCTUHOK MaTepially B IICEBJIOB’A3KOMY CepeOBHUIIIi. BcTaHOBIEHO, 1110 XapakTep
PYXY YaCTHHOK, SIKi pyXalOThCsl pa30M 3 KOHBEEPHOIO CTPIYKOI0, MOYKHA BBAYKATH MIEBHUM.
Kiro4oBi cjoBa: poTopHHii 3MilllyBau, METalypriiHa IIMXTa, CyMilll, KOHBEEpHA CTpiuKa, pyX
MaTtepiaiy, KicTb, MAaTEMaTUYHA MOJIENIb

Beryn (Introduction)

3 MOTIpIIEHHSM SKOCTI CHPOBHMHHOI 0a3M METalyprifHOr0 KOMIUIEKCY YKpaiHH OCOOJIMBOL
aKTyaJbHOCTI HaOyBa€ BHKOPUCTAHHS 3MillyBaJbHOrO oOnaaHaHHs. Take oOmagHaHHA Mae
3a0e3neuyBaTy aJanTalilo A0 ICHYIOUHX TEXHOJIOTIYHUX MPOLECIB 1 CHPUSATH MOKPAIICHHIO SIKOCTI
MiATOTOBKY IIMXTOBUX MaTepialliB Mepes CHiKaHHAM 1 IUIaBneHHAM (Zaselskiy et al., 2021). Ilpote
YIOCKOHAJIEHHS TaKOro BHJIY OOJaJHAaHHS CTPUMYETHCS  BIACYTHICTIO MaTeMaTHYHHUX
PO3paxXyHKOBHX MOJENEH, sKi O IO3BOJMWIM 3MOJEIIOBATH TEXHOJIOTIYHI MPOIECH NepepoOKH
CUPOBUHHU 1 O6e31mocepeIHh0 pOOOTY OCHOBHUX BY3JIiB 00JIaIHAHHS, 110 3A1MCHIOE HOTO 3MIIITyBaHHS.
Po3poOka Takux po3paxyHKOBUX Mojieneld Jo03Boiuia O BHU3HAYATH paLliOHAJIbHE MapaMeTpu
o0yaHaHHs, K1 JO3BOJISIOTH MIABUILUTH SKICTh IiITOTOBKH CUPOBUHM NIEpe MPOLIECaMU CIIIKaHHS
1 mnaBneHHsa. AHani3 poOit (Popolov et al., 2015; Vozniuk et al., 2011; Dilay, et al., 2017)
MIOB’SI3aHUX 3 PO3POOKOI0 1 YAOCKOHAJIEHHSM pI3HOTO POAy 3MillyBauiB Oe3nepepBHOI il mpu
MiATOTOBII CHIKHX MaTepialiB 0 MOJAJBIIOTO iX BUKOPUCTAHHS MOKa3ye, IO Take OOJaJHAHHS
MOBUHHE BIJNOBIJaTH CYYaCHUM TEHJIEHIIISIM PO3BUTKY MJAHOTO pOAY TEXHIKH, a came s
METaNypriiHUX MpPOIEeCiB, MATH BHUCOKY MPOAYKTUBHICTh 1 OJHOYACHO — CTYMiHb 3MiIIyBaHHS
CHPOBHMHH IMPHU HE3HAYHMUX CKCIUTyaTalliiHMUX 1 KaliTaIbHUX BUTpaTax. Y psiji TEXHOJOTIYHUX CXEM
METaypriiHOro BUPOOHMIITBA MOXKHA 3aCTOCYBAaTH 3MillyBau Oe3nepepBHOI Aii, oOnagHaHUN
eJIACTUYHUMH TPOCOBUMHU eJeMeHTaMH. OcoOIMBOCTI HOro KOHCTPYKIi J€TaJbHO BHUCBITICHI B
HaykoBux Jukepenax (Golub, et al., 2015; Tipikin, et al., 2013, Kazartsev, et al., 2015, Terentiev, et
al., 2018). OnHak yAOCKOHAJECHHS 3MilllyBaya, BUKOHAHOTO 32 TaKOK KOHCTPYKTUBHOIO CXEMOIO,
CTPUMYETHCS BIJICYTHICTIO TEOPETUYHUX TOCITIKEHb, CIPSIMOBAHUX Ha BUBYCHHS PyXy Marepiaiy
[0 JIOTIaTKaM 3MilllyBaya TOPU3OHTAJIbHO-HAIIPABIEHOI [ii BCTAHOBJIEHOTO O€3MOCepeHbO Hal
KOHBEEPHOIO CTPIYKOI0 TPAHCIIOPTOBAHOTO TPHUCTPor0. ToMmy BHBUEHHS pyXy MaTepiany B
pPOTOPHOMY 3MilllyBaui TOPU3OHTAJIBHO-HANPABIEHOI [ii, [0 MpaLIOe CIUIBHO 3 IIapOM
TPAHCHOPTYIOYOi CHPOBHUHH Ha KOHBEEPHI CTPIULLi, € aKTYAIBHOIO 1 CBOEYACHOIO HAYKOBOIO 33]1a4€I0
(Novak, , et al., 2020, Volokh, et al., 2019).

VY naHiii poOOTI PO3MISIHYTO MaTeMaTHMYHE MOJICNIIOBAHHS PyXy CHUIIKOTO Marepiany o
JIOTIaTKaM POTOPHOTO 3MilllyBaya Ta KOHBEEPHiH CTpiulli, 10 JO3BOJISE, BUXOASIUN 3 TEXHOJIOTTUHUX
BHUMOT, BH3HAYaTH HEOOXIJHI pallioHalbHI MapaMeTpu OOJIQAHAHHS, 10 CHPHUSIOTH IiJBUIICHHIO
e(EeKTUBHOCTI 3MIIIyBaHHS KOMIIOHEHTIB METAIyPriiHOI IIUXTH.

Marepiaan Ta metoaun (Materials and Methods)

Y 1mpoMy HpHUCTpPOi KOHBEEpPHA CTpiUKa, HAa SKYy HAHOCHUTBHCS IIAp CHUIIKOTO MaTepiainy,
KIHEMaTHYHO TOB’si3aHa 3 00epTOBMM poTopoM. Ha poTopi posramioBaHi JIOMATKH, SAKI MiJ Yac
o0epTaHHsS 3aHYpIOIOThCS B Imap Matepiany. KoHBeepHa cTpiuka pyXxaeTbcs B IUIOLIHMHI, sKa
30iraeThCst 3 JiaMeTpalibHOIO IUIOMIMHOIO poTopa. BomHodac BifCTaHb MIXK JIOMATKaMu POTOpa i
MOBEPXHEIO CTPIYKHU 3BEJICHA IO MIHIMAJIBHO MOXIIMBOTO 3a30pY, 110 3a0e3Meuy€e TOUYHY B3a€EMOIII0
MDK [[UMU €JIEMEHTAMH.

BBakaeTbces, 110 KOJIM JIONIATKA BUXOAMTS 13 1Py CHUIIKOTO MaTepiaiy, SKUN MepeMilly€eThCs
CTPIUKOIO, BOHA 3aXOILIIOE 32 COOOI0 YaCTHHY MaTepiaiy 3aBIsSKM eKckaBallii. Jlami posrnsnaerbes
IpoIleC BUBLIBHEHHS 3aXOIUICHOTO MaTepialy 3 JIONATKH Mij Yac MOJAJIBIIOr0 00epTaHHS POTOpA.
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JUnist CIpoleHHsT aHaJli3y NMPUUMAEThCA, 10 MPOCIU3aHHS MIXK JIOMATKAMU POTOpa Ta KOHBEEPHOIO
CTPIYKOIO BiJICYTHE.

3a TakMX yMOB KyTOBa IIBHJKICTb OOEpPTaHHS POTOpa, sIKa MO3HAYAETHCS K (0, TIOBUHHA
BIANOBINaTH JiHIAHIA IIBHAKOCTI pyxy KoHBeepHOi crpiuku. lle 3abesmedye KiHeMaTH4YHY
Y3rOKEHICTh MK 00€pTaHHSAM pOTOpa 3 JIONMATKAMU 1 epeMillieHHIM MaTepiary Ha ctpiumi. OTxe,
B33a€MO/IiSl MIJK POTOPOM 1 CTPIYKOIO HiATNOPSIKOBYETHCS KOPCTKOMY KiHEMAaTUYHOMY 3B SI3KY, IO
BHUPAXKAETHCS Y BIIMOBITHOMY CITIBBITHOIIEHH] MK IIBUAKOCTSIMH 000X €JIEMEHTIB

V=w-R, (1)

Jle @ — KyToBa IIBUJIKICTh aGCOMIOTHOTO 06epTaHHs poTopa, paa/c; V - miniitna aGcomoTHa
HIBUJIKICTh PyXy KOHBEEPHOI CTPIUKH, M/C; R — MaKCUMaJIbHUH pajiiyc JOMATKH pOTOPaA, M.

Pyxomuii pa3om 31 CTpiuKOIO MaTepial 3MyIlIly€e OCHAIIEHUH JIONaTKaMHu POTOp 31iIHCHIOBATH
o0epTaHHs, a, OT)Ke, KOXHA JIOMAaTKa pOoTOpa MPOXOJUTh KiJbKa CTaliil B3aeMoJii 3 Marepiajaom:
BIIPOBA/KEHHsI JIONIATKU B IIap Marepiay; JOCATHEHHS MaKCHMAaJbHOTO ii 3ariuOJIeHHS B IIap;
3aXOIUICHHS 1 BepTUKAIBHUI BUHOC (€KCKaBallii) MOpIIii CHITy4Oro MPOJYKTY 3 HOro MacuBY Ha30BHI;
BUKH/] 3aXOIJICHOTO CUITy4OTr0 MPOAYKTY 3 MMOBEPXHI JIONATi B HANPSAMKY PYXY CTPIUKH KOHBE€Epa.

[{inkoM mpouec BIPOBAKEHHS JIONATOK B IIAp HACHIIHOTO MPOAYKTY IOBUHEH OyTH
HAJIAIITOBAaHUK Ha MiHIMI3aIlil0 BUTpAT eHeprii. Y 3B'A3Ky 3 I[MM BUCYBAaeMO poOody TinoTe3y s
BHU3HAUCHHS MPOQUII0 Jomareld 3a YMOBU TOJIOHOMHOTO 3B'S3Ky POTOpa 31 CTPIUYKOIO KOHBEEpa

(puc.1).
o

h

Pucynoxk 1. Jlo MOsSICHEHHSM TilIOTE3H 10 B3a€MO/Iii JIOMATKH POTOpa 3 IapOM MaTepiary

Jlonatku B JiaMeTpasibHIN TUIOLIMHI MPHUCTPOIO PO3POOIIAIOTHCS TakK, 100 MPU KOHTAKTI 3
MOBEPXHEIO IIapy HACHUITHOTO MaTtepially 3aBBHIIKU /1 iX 3aHypeHHs BiOyBajoCsi B HaNpPSIMKY
TiHI#HOT BITHOCHOI MIBUAKOCTI TOYKH A, JIe JIONATKa CTHKAETHCS 3 BUIBHOIO TOBEPXHEIO MaTepiaiy.

Jnisi BUKOHAHHSI YMOB 3aIPOIIOHOBAHOI TOTE3U MPOQ1isib JIONATKH B JiaMeTpalbHil IIIOLIHHI
poTopa mMae OyTH KpUBOJiHIMHUM. JloTMyHA 70 MBOTO MPOQUII0 B 3a3HAYEHIN TUIONIMHI TOBUHHA
YTBOPIOBAaTH KyT f 13 paniycom OA, 110 NPOXOJUTh Yepe3 TOUKY KOHTAKTy A. Y Takiit koHpirypamii
npodinb JomaTKu 3abe3rnedyye TOYHY BIAMOBIAHICTH TPAEKTOPil BIAHOCHOTO PyXy TOYKH A MO
MOBEPXHI JiaMeTpasibHOI IUIOLUIMHUA POTOPA, a ii 3aHypeHHs 3I1HCHIOETHCS CYBOPO 32 HAIPSIMKOM
BEKTOpPA BIIHOCHOI MIBUAKOCTI TOUKH A.

PesyabTaTn (Results)

Jlnst aHanizy pyxy YaCTMHKM PO3TJISTHEMO Bl CUCTEMH KOOPAMHAT, SIK IOKA3aHO HA puC. 2.
Onny abcomotHO Hepyxomy xOy, TIOB’Si3aHy 3 TOPU30HTOM, a ApYyry tMn pyxomy (BiIHOCHY),
3B’s13aHy 3 JOTUYHOIO 10 mpodimto jonatku. JloTMyHa Bich HaxwiieHa MmiJg KyToMm 6 10 paaiyca-
BEKTOpA MOJIOKEHHS TOUKH.
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v

P=@y +@,t

Pucynok 2. Cucrema cwi, NPUKIAJCHHX [0 MaTepialbHOI TOYKM Ha JIOMATIl poOTOpa,
3IHCHIOIOUOTO PiBHOMIpHE OOEpTaHHS y BEPTHKAIbHIH IJIOCKOCTI

OcCKinbKH MJIOHIMHA 00EpTaHH JIOMATKA MA€ BEPTUKAIbHE PO3TAIllyBaHHA, CHJIA Bary, 10 Ji€
Ha YAaCTUHKY y BIJIHOCHIH cHCTEMi KOOpAMHAT, OyJe JiHIMHO 3MIHIOBATHUCS 3aJIEXKHO Bil KyTa
MIOBOPOTY ¢, KyTa Haxmiy 6 OTHYHOI 10 ii mpodisto, a TaKoX BiJ Yacy 3 ypaxyBaHHIM Hampsmy.
LTro 3a1eXHICTh MOYKHA OMMCATH TAKUM YHHOM:

G, = —mg - cos(¢ + ) )
{G, —mg - sin(¢ +9)’( )

BigmiTiMo, 1o mpu piBHOMipHOMY 00epTaHHI poTopa HOro MOTOYHHUM KYT HMOBOPOTY JIETKO
NPEJCTaBUTH K (PYHKIIIIO Hacy:

¢ =t wet,(3)

a KyT HaXWIy JOTUYHOIO € (DYyHKIIisI TOJIOKEHHS TOUKU

6= arctg( ) 4)
e dﬂ — moxigHa QyHKIIT mTpoduTio JIomarti, BIAMOBIIHO A0 BHUPIMICHHS AUQEPEHIIaTbHOTO
Xy,
piBHSAHHS (Ha mizacTaBi puc. 1, mpuiHHATO yMOBY (popMyBaHHS HpOQisI0 JIomaTi B JAlaMeTpaIbHIH
IUIOCKOCTI pOTOpa), 3100y1eMo (hyHKIIiF0 MPpodisto Jiomnari:

_ x?-(R-h)> _R-h X++y/x%2—=(R—h?3)
y(x) =x 2-(R—h) 2 ln[ R-h ]’ )
a0o0 B pe3yJbTaTi 4Or0 OTPUMAEMO HACTYITHUI BUpa3 JUIsl BUSHAYCHHA KyTa 6:
_x? —(R h)?
de - (6)

I 3 ypaxyBaHHSM TOT0, IO IPU TAHOMY BHOOP1 CUCTEM BIJUTIKY X = P, OAEPKUMO:

6 = arctg (—(Rh) (7)

OKle CUJIM Baru y BII[HOCHII/I cHCTEMI Bl[[.Hle Ha ‘-IaCTI/IHKy IIIIOTI: CcHhJia 1Hepu11 B

nepeHocHoMy ii pyci Plrl cuia iHepIii BiJ NMPUCKOPEHHS Koplomca E:OF (BexTop TPHCKOPCHHS
Kopiounica, HanpaBieHu# BiMOBiIHO A0 npaBuiia KyKOBCHKOT0); /1Bl CHIIM BiJl HAKJIaCHHUX 3B’ SI3KIB
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- -
- R eaKuis 1Mo 0e3yMOBHOMY OJHOCTOPOHHBOMY KiHEMAaTHMYHOMY 3B's3ky) i1 F eakIis 3a
n ‘ Y y k
JIOTIOMOT OO KYJIOHIBCBKOTO TEPTH).
Cuna iHepIlii B IEpeHOCHOMY pyci € (DYHKIII€I0 BiTHOCHOTO TOJOKEHHS YaCTUHKHU:

IPinI =m- Iaenl = mwg “p. (8)

Cuna iuepmii Bing aii mpuckopenHss Kopiomica € ¢yHkmiero ii BITHOCHOI MIBHIKOCTI, 1 1O
MOJYJIIO PUAMAE 3HAYCHHS

IFéorI = 2mw, - p. )

Cu1010 ONOpH PyXy YaCTHHKH B IOBITPi HEXTYEMO.

Cuna KyJIOHlBCBKOFO TEpTS YAaCTMHKHU 3 KOe(iLllEHTOM TepTs KOB3aHHA k 00 TIOBEPXHIO
JIOTIATKH 3aJICKUTh BiJl IPUTUCKAJIBHOIT CUJIH, BEJIMYMHA SIKOi B TOUHOCTI BiAMOBiIa€ peakiii onopu R
no Oe3yMOBHOMY KiHEMaTHYHOMY 3B's3Ky. bamaHc cui mpu BiJHOCHIM piBHOBa3i YacTUHKHU
BIJITIOBITHO /10 CXEMH il CUJI B HOPMAJILHOMY 10 ITOBEPXHI JIONATKH HANpsMi IpUitMe BUTIISA;

Ry, — For — G - cos(¢ + 0) = 0, (10)
3BIAKU O0YHCITIOEMO MOAYJIh CHITU TEPTS:

IFol=k For+k -G, =k-m- 2w, p+
==\ an

+k - mg - cos |w,t + ¢y + arctg —

Ha migcraBi OCHOBHOTO DIBHSHHS IMHAMIKH JAJS BIJHOCHOTO PYyXy MaTepiaibHOi TOYKH
BiJIMOBIAHO J0 CIPSIMOBAHOCTI [Iii CHJI, IPUBEICHOT Ha cXeMmi (pHC. 2), MAEMO:

—\/R(Rh)] (12)

m-ﬁ=Pin—Fk—mgSin><X[wet+¢o+arCtg< —-h

a0o0 miciIs MiACTAHOBKHU BXIHUX BEJINYUH
m-p=mw?-p—k-m-2w,p—
R-h (13)

=2

-h

—k - mg - cos [a)et + ¢ + arctg(
—mgsin [a)et + ¢ + arctg(

1e p — KOOpAMHATA BiHOCHOTO IOJOXEHHS YacTUHKH (1 MOTOYHUN pajiyC IMOJIOKEHHS);
R — MakcumaneHUI paaiyc poTopa, abo BiJCTaHb MIXK BICCIO POTOpa 1 TOBEPXHEIO CTPIYKH
KOHBel€epa; & — BUCOTA IIapy CUITKOTO MPOAYKTY Ha CTpiulli KOHBelepa; w=F/R — KyToBa IBUAKICTb
o0epTaHHs pPOTOpa 3 JIOMAaTKaMu; V — MIBHIKICTh pyXy KOHBEWepa 3 MarepiajJoM Ha HbOMY; k —
KOE(QIIIEHT TEPTS KOB3aHHS YaCTUHKHU 00 MOBEPXHIO JIOMATKU; 71 — Maca YaCTUHKHU; g — IPUCKOPEHHS
BIJILHOTO MaJiHHS.

Takum 4iHOM, AuQepeHIiaTbHe PIBHAHHS NPOLECY KOB3AHHS YACTHHKH MO KPUBOMIHIiHI
HOBerHl JIOTIATKU B JIEAKOMY CCKTOpl KyTiB TMOBOPOTY JIOMATKH chopmyboBaHe. 3alUIIAETHCS
3’5ICYyBaTH, B IKOMY CaMe CEKTOpi IMOJI0KEHHS JIONATi el mpoliec Bi0yBa€eThCs.

BusHaunmo 1omycTUMUi CeKTOp KOB3aHHSA 4acTHHOK. Y piBHAHHI (13) dirypye nmouaTkoBmii
KyT PO3TallyBaHHs JIONaTi, 3 SKOI MMOYMHAETHCS KOB3aHHS YAaCTUHOK MO ii moBepxHi. Jloriuxo
BU3HAYMTHU I MMOYATKOBHH KYT SIK KyTOBE TOJIOXKEHHS JIONaTi B MOMEHT, KOJH 1i KiHIIeBa TOYKa
3aJIMIa€ MAacUB MaTepialy, K IIe MoKa3aHo Ha puc. 3. B TakoMmy BUMNaJIKy MOYAaTKOBUI KyT, IpU
SKOMY PO3IOYMHAETHCS KOB3aHHS YAaCTHHOK IO TOBEpXHI Jiomati, Oylne CKJIagaTh MOJOBUHY
OIIOPHOTO KyTa 3 BiJl'€MHUM 3HAKOM
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¢o = —0,5a4. (14)

K

Pucynoxk 3. Jlo BU3HauEHHS CEKTOPY MPOLECY KOB3aHHS YACTUHOK IO MOBEPXHI JONATKH

I1ix yac KOB3aHHS YaCTMHOK I10 TIOBEPXHI JIOMIATKH B Mpolieci ii 00epTaHHsS HABKOJIO OCi poTopa
HEOOXiTHO BU3HAYMTH MAKCUMAJIBHO TOMYCTUMHUI KyT MOBOPOTY @cr. Lle# KyT BCTAaHOBIIOETHCS 3
ypaxyBaHHJIM YMOBH, II[0 OCTAHHS YacCTWHKA MOBHHHA OE€3MEYHO MOKUHYTH MOBEPXHIO JOMATKH.
3o0kpeMa, HampsSMOK ii aOCONIOTHOI IMIBUAKOCTI TICHs BIAMIJICHHS HE MOBHUHEH MPHU3BOAWTH IO
NaJiHHS YaCTUHKU Ha HACTYIIHI JOMATKH poTopa. TakuMm YMHOM, KPUTEPIMHUN KyT BH3HAYAETHCS
PIBHUM HYJTIO

¢cr = 0. (15)

3aBIsSKM 3aCTOCYBaHHIO KpaiioBux ymoB (14) ta (15) BiAKpUBAETbCSA MOXKIIMBICTD IS
NPOBEJICHHS aHali3y pe3ylbTaTiB po3B'A3Ky audepeHuiansHoro piBHsAHHA (13), mo mo3Bonse
ONTUMI3yBaTH TE€OMETPII0 MPUCTPOIO Ta peXUMHU Horo pyxy. IIporec KoB3aHHS YacCTUHOK II0
MOBEPXHI JIOMATKU JOCHIKY€EThCS U CEKTOpa IOJIOKEHHS JIOMATi, IO BHU3HAYAETHCS Yepes
BiJIMIOBiTHY HEPiBHICTb.

¢0 < ¢ < ¢cr- (16)

Sxmo mporec KOB3aHHS OCTaHHBOI, HAWIOBIIBHINIOI YAaCTUHKA TIO TIOBEPXHI JIOMATKH
BHUXOJIUTH 32 MEXI Jllana3oHy, BU3HAUYEHOTO HepiBHICTIO (16), BBaskaeMO HOTO HEMPUITY CTUMUM.

JUisi MoAaibIIoro aHaji3y pO3MILIYEMO KiTbKa YaCTUHOK Ha poOodiil MOBEpXHI JIOMATKH,
PIBHOMIPHO pO3TAlllOBAaHUX HAa PI3HMX paialibHUX BIICTAHSAX OJHA BiJ OAHOI, 1 JOCHIIKYEMO iX
KOB3aHHS 110 MIOBEPXHI JIOMATKH 3T1THO 3 YMOBaMH, 1110 BUITUBAIOTH 3 HEPiBHOCTI (16).

Po3B'si30k nudepentianbaoro piBasHHAS (13) 3A1ICHIOBATUMETHCS YNCETBHIMHA METOIaMU JIJISI
KO)KHOT 3 BHOpaHMX uacTMHOK. [Ipu iHTepmperaimii OTpUMaHUX pe3yibTaTiB Oyne BpaxoBaHO
piBHOMIpHMI 00epTaJIbHUI pyX poTOpa 3 JIOMATKaMH BiAMOBIIHO 10 33JaHOTO 3aKOHY:

B() = o+ we -t =y +=-t,(17)

y JOIyCTUMOMY Jiala3oHi:

—0.5a7 < ¢ <0, (18)

Jlnist IpoBeZIeHHs pO3paxyHKiB Oylia BUKOpPHCTaHa Mporpama, po3pobiaeHa Ha OCHOBI PiBHSHb

(13) ta (18). Pe3ynbraTi 4rcensHOTO MOJICTIOBAHHS MPEJICTaBICHI Ha puc. 4 IJs Takux 0a30BHX
napaMeTpiB: KUTbKICTh YaCTHHOK Ha JIOTATI(i, pO3TAIOBaHUX PIBHOMIPHO B paialbHOMY HaIlPSIMKY
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— 5; 30BHIIIHIN pajaiyc potopa 3 JonatkamMu — 1 M; Koe(ilieHT TepTs KOB3aHHS YaCTHHKH 10
noBepxHi sonatku — 0,4.
B sxocTi 3HaUYeHb HE3aJEeKHHX 3MIHHUX IMapaMeTpiB MPUHHATO: IIBUIKICTH PyXy CTPIUKH

KOHBeiepa 3 mMacuBoM Mmarepiamy — 10 M/c; KoedillieHT KpymHOCTI poTOpa 3 JOMaTKamH, IO
BHU3HAUYAETHCS SK BIJHOMICHHS BHUCOTH INApy Marepially J0 30BHINIHBOTO pajiycy poTopa 3
nonatkamu — 0,2 (BHachmiok uoro BHCOTa ImIapy marepiaidy craHoBuTh 200 mwm). Paniyc

MOYATKOBOTO TOJIOKEHHS YaCTUHOK 301JIbIIY€THCS POMOPLINHHO iX iHAekcy. YacTHHKA 3 HYJIbOBUM
1H/IEKCOM B ITOYATKOBOMY MOJIOKEHHI 3HAXOAUTHCS B 00J1aCTI MATOYMHHU POTOPA 3 JIONATKAMHU.

! 4 4 4 4 4 4 4 4
-0.45 —0.33 -0.21 -0.0855 0.0363 0.16 0.28 04 0.52

@,

Pucynok 4. OGpani napamMeTpu 3MiHHUX TIOBHICTIO 3a0€3Meuyr0Th €(heKTHBHE PO3BAHTAKEHHS

30Ha KyTa MOBOPOTY JIOMATI, 110 BiAmoBigae yMoBi (16), Mae BUIIISIT PSIMOKYTHOI 00JIaCTi,
00MeKeHO1 3 MpaBoro OOKy KpUTHYHUM KyTOM (CT Ta 3BepXy pajiycom R. SIKio mpu nocsrHeHHi
JIOTIATKOI0 KPUTUYHOTO KyTa (PCT HAWMOBUIBHIIIA YaCTHHKA HA JIOMATLi (3 HyJbOBHM 1HIEKCOM) HE
MOKHJIA€ ii TOBEPXHIO, TOOTO HE Jocsrae paaiycy R, 1e cBiI4UTh Mpo Te, MO AesKI YACTHHKH, SIKi
pYyXaroTbcs 3 HU3BKOIO IIBUIKICTIO, MiJl Yac 0OEpTaHHS POTOpa 3 JOMaTKaMH HE IMiJKUAAIOTHCS B
HanpsAMKY pyXy KoHBeiepa. Taki 4aCTHHKH 3HOBY 3aXOILTIOIOTHCS POTOPOM 1 MOTPAIUIAIOTH Y 30HY
BXOJIY JIONIATOK JI0 MaCHUBY MaTepiaiy.

Taxkum unHOM, KpUTEpieEM €(PEeKTUBHOCTI Ta JOUIIBHOCTI pOOOTH MPHUCTPOIO € TOW BHUIAJIOK,
KOJIM BCl YACTMHKH MOKHJIAIOTh MPSIMOKYTHY 00JIaCTh, HE MIEPETUHAIOYH 11 TIPAaBY MEXKY.

[Ticnsa BiApMBY YaCTMHKM CHUIIKOTO MaTepiayly BiJl MOBEPXHI JIONIATKM BOHA 3I1MCHIOE BUTbHHIMA
TMOJIIT, TIPY I[OMY PYXAIOYHCh MiJ Ai€r0 HaOyTOi KiHETUYHOI eHeprii. BipuB KOKHOI 4aCTUHKH
BiIOYBA€TbCA B CTPOTrO BH3HAUEHHM MOMEHT 4Yacy, KOJH JIONATKa JOCSITa€ KOHKPETHOTO KyTa
MOJIOKEHHS (puc. 5).

wss X
@

O

Pucynok 5. ;11 o04ricieHHs] BEKTOpa IIBUAKOCTI YACTUHKH TM1J1 Yac 11 BiAIICHHS BiJI JIONATKA
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3rifiHO 3 TPUHIIMIIOM CKJIaJIaHH BEKTOPIB IIBUAKOCTI, MOJKHA 3aMCAaTH HACTYITHY PIBHICTB:
Va=Ve+1V,, (19

ne V, — BexTop aGCOMOTHOI MIBUAKOCTI YACTUHKHU NPHU ii BUIILOTI 3 TIOBEPXHi JIOMATKY; V;, -

BEKTOp palialbHOI IIBUIKOCTI PYXYy YacTHHKH; V; — BEKTOp JOTHYHOI CKJIAQJOBOi IIBHUIKOCTI
YaCTUHKHU.

KokeH 3 BEKTOpHUX JOJAHKIB MOXXHAa OOYHMCIMTH 3a HOro abCOJIIOTHOIO BEITUYMHOIO 3a
JIOTIOMOTOI0 HACTYITHUX PIBHSHb:

V; = V;(20)
_ap
=2 1)

Bupa3s (21) BUBOAMTHCS HA OCHOBI OTPUMAHOTO PO3B'A3KY AudepeHiaabHoro piBHAHH (13).
[Tpu npoexkii Ha oci abcoMmOTHUX KoopanHaT x(Oy Ta BpaXyBaHHI HETaTUBHOT'O 3HAUEHHS KyTa
@, piBHsaHHS (19) HaOyBae HACTYITHOT'O BUTTISAY:

Vax = —Vsing + V,cos
{A P+ VoSt )

Vay = Vcosg + V,sing

[Ticna obumncneHHs MpoekUiid abCOMOTHUX MIBUIKOCTEH YaCTUHOK Ta BPaxyBaHHS KyTOBOTO
MIOJIOKEHHS JIOTIATKHU, PO3B'A3yeEMO TudepeHIliaibHe PiBHAHHS PyXYy Ul KOXKHOI YaCTUHKH, 110 Ja€
3MOTY OTPUMATH 3aKOH ii pyXy 10 MOMEHTY KOHTAKTY 3 TIOBEPXHEIO MaTepiaty

[MocriitHi iHTerpamii BU3HAYaIOTHCS HA OCHOBI MOYATKOBUX YMOB JUIsI TOYAaTKOBOTO MOMEHTY
qacy:

x(0) =R - cos¢
{y(O) = R -sin¢g’ (24)

Bincrans Big oci poTopa 10 MICIs MagiHHS KOKHOT YACTHHKH y MOMEHT T B3/I0BXK MOBEPXHIi
MaTepialy Ha KOHBE€EP1 BU3HAYUThHCS:

L =x(T), (25
[Tpu iboMy BepTHKalbHA KOOPAMHATA BCIX YACTHHOK, 110 BIaJIK, OyJie OfHA 1 Ta XK, piBHA:
y(T) =h—R, (26)
TakuM 4nHOM, BU3HAYCHHS MOAOBXKHIX PO3MIpiB 30HM PO3CIIOBAHHS Ha MOBEPXHI Marepiaiy,
KU PyXa€eThCs pa30M 3 KOHBEEPHOIO CTPIYKOI0, MOYKHA BBAYKATH 3aBEPILICHUM.

[Tpuknax oGuucieHHs i€l 30HU 3a MOMEpPEAHIMU MOYATKOBUMU YMOBAMHU PYyXy poTopa i
CTpIYKHM KOHBEEpPA HABEJCHO Ha pHC. 6.
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y.mi

x.m

AN

~—_—7 WA

PucyHok 6. Po3citoBaHHS YaCTUHOK OJHIEO JIOMATKOO IS 33JaHOTO pOTOpa

3 oJepKaHMUX 3aJEKHOCTEH 1 BIIMOBIIHO 10 pHUC. 6 PO3CiIOI0YO] YaCTHHU, MOKHA 3pOOUTH
BHUCHOBOK TIIpO Te, IO e(eKTHBHA eKCKaBallisg MaTepiasy OyJae iCTOTHUM YHHOM 3aJieKaTH BiJ
TE€OMETPUYHUX PO3MIPIB KoJieca, IIBUIKICTh TPAHCIOPTYBAHHS Marepiady 1 HOro BHCOTH Ha
KOHBEEPHIH CTpiulli, a TAKOXK (Pi3UKO-MEXaHIYHUX.

Bucnosku (Conclusions)

VY po6oTi mpencTaBieHo po3podIeHy PO3paXyHKOBY KOMIT IOTEPHY MaTEMAaTUYHY MOJIENb,
sIKa JO3BOJISIE MPOAHANi3yBaTH PyX MaTepialy Ha KOHBEEPHIN CTPIULli 3 MOAAJIBIIOI0 HOro 00poOKOI0
Ha JIOMaTKax POTOPHOTO 3MillyBaya, IO JIO3BOJUTH BI/I6I/IpaTI/I pauloﬂanbm KOHCprKTI/IBHl i
KiHEMaTH4HI MapaMeTpu OO0JaJHAaHHS BUXOISIYM 3 TEXHOJOTIYHHMX YMOB 1 3ajad, MOB’A3aHUX 3
YIOCKOHAJICHHSM SIKOCTI MiITOTOBKH METAITYpPriiiHOT IIMXTH Mepen ii CiKaHHAM 1 MJIaBJICHHM, 110
CTaHe OOTPYHTYBAaHHSM Il BHM3HAYCHHA ONTUMYMY TakOro KpHUTEpilo sK 3a0e3rnedeHHs
PIBHOMIPHOTO PO3MOJUTY YAaCTHMHOK IIiCNs 3MIIIyBaHHS 1 00’€My MUTOMHUX EHEproBUTpaT Ha
nepeMilryBaHHs
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