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IMocTranoBKa mpodyemu. [Iporecu MOiNIIB FETEPOreHHUX CUCTEM CKIIAJal0Th OCHOBY 0araThbOX BHPOOHHIITB
XiMi4HO1, HaTOXIMIYHOT, XapuoBOI, TIPHUYOPYAHOI, OIOJOTIYHOT i IHIIKMX ramy3ell IPOMHUCIOBOCTI. Y 3arajibHOMY
BUIMAJKY IIi CUCTEMH IIPO3IUISIOTh Ha PiJKi 1 ra30Bi TeTEPOreHHi CHCTEMHU Ta CENapyloThCs B YCTaTKyBaHHI, IO
BIZPI3HSIETHCS BEIMKOIO PO3MAITICTIO. MeToAM MOoJily BUOMPAIOTh Y 3aJIE)KHOCTI BiJl XapakTepy CKJIQJOBHX YacTHUH
cucreMu 1 crany ¢a3 [1-3] 3 BpaxyBaHHSIM (i3MYHMX 1 XIMIYHUX BJIACTHBOCTEH CepelloBHINA, a TaKoXK (a3, 110
3HAXOIWUTHCS B MUTKOpa3apoOieHoMy craHi. HaifOinpIn momupeHuMy anapaTaMy IS ceraparlii € UKIOHHI BUXPOBi
amaparty. Tak U1 OYMIIEHHS Ta3y BiJ ATy BUKOPUCTOBYIOTHCS IIUKIIOHH, IJIsl OYMINEHHS CYCHEH3Ii YM PiIUHN Bix
JOMIIIOK TiApOnMKIIOHH. Lle 3yMOBIeHO THM, 10 BKA3aHi anapaTH MOE€AHYIOTh MPOCTOTY KOHCTPYKIii, KOMITaKTHICTb,
HAIIWHICTh 3 BHUCOKOIO iHTCHCHUBHICTIO PO3IUIOBHX MPOIECIB, IO JO3BOJISAE 3HAYHO MOJIMIIUTH KiIacu(iKalito
MPOAYKTIB 3ApiOHIOBaHHS 1 30aradcHH.

OnHak icHyIOTh (akTOpH, L0 YTPYIHIOIOTH MPOLEC ITOIIMPEHHS BUXPOBHX PO3AUIIOBAJIBHUX amaparis.
OCHOBHHUM 3 HUX BBQXXA€ETBCS BIJICYTHICTh BUBIPEHHX METOJIB PO3PaxyHKy aepOJMHAMIKH PO3IIJIOBUX MPOLECIB i
KpHUTEpIIB Tepexojy 10 BEIMKOMACIITA0OHUX YCTAHOBOK Bijl JaOOpaTOPHUX Mojesel, Mo 0COOIMBO BaXIMBO VIS
[HUKJIOHHHUX TEIUIOOOMIiHHMX amapariB [4] sKi BUKOPHCTOBYIOTHCS B BUCOKOTEMIIEPATYPHUX TEIUIOBHX arperarax y
MOEIHAHHI 3 00€PTOBUMH NEeYaMy JUls BUPOOHMITBA B’sDKy4HX. ToMmy poOoTa, IpUCBSYEeHA BUPILICHHIO HAYKOBO-
TEXHIYHOT MPOOJIEMH 10 PO3BUTKY METO/IIB MOJIEIIFOBAHHS Ta AOCIIKEHHS IIPOLeCy cerapallii reTeporeHHuX CUCTEM
B LUKJIOHHUX BUXPOBHMX araparax, € BKpail aKTyaJbHOIO 1 HEOOXiJHOI0, Tak SIK CIPSIMOBAaHA Ha IIiJBHIICHHS
e(eKTUBHOCTI Ta B 3araJIbHOMY BHIIQJIKy 3HI)KCHHIO €HEPrOBUTPAT BKa3aHOTO 00JIaJHAHHS.

AHani3 momepeaHix xociaimkeHb. He3Bakaodnm Ha KOHCTPYKTHBHY IIPOCTOTY CeMapalifHIX BHUXPOBUX
amapaTiB, Ta BEJNHKY KUIBKICTh EKCIIEpHUMEHTaNbHOI iHopmamii [2, 5-9] mpo cTpykTypy 3akpydeHHX i
PEIHPKYIAMIMHAX TOTOKIB Ta 3aKOHOMIPHOCTEH MPOIECIB IMOMALTY, IXHE MOJICIIOBAHHS 3alUIIAETHCS OMHIET 3
TOJIOBHHX MpOOJIEM TIpH TNPOEKTYBaHHI IPOMHUCIOBHX YCTaHOBOK. JloTemep ©OaraTo NHTaHb, IOB'A3aHUX 3
PO3paxyHKOM MPOMHCIOBHX BUXPOBHUX allapariB, 3aMuIIMINCS HeBupimeHuMu [9—12]. ExcriepuMeHTanbHuUI miaxis
He BHpillye npoOiemMy, Tak SIK NpU LbOMY BIJICYTHSI y3araJlbHEHICTh pe3yJIbTaTiB, a TEOPETHYHUH OOYMOBJICHU M
TPYIHOIIAMH MaTEeMaTHYHOTO XapakTepy. 3arajbHOI HAyKOBOKO IMPOOJIEMOI0 € BiJCYTHICTh yHiBepcalbHOI Ta
e(eKTHBHOI TEOPETHYHOI MOJETI, SIKa 1aBaa O MOXIIMBICTh OHO3HAYHO IIPOTHO3YBATH 1 TUM OiJIbIIIe ONTUMI3yBaTH
ixai mapamerpu. BinCyTHICTH 4iTKO OOTPYHTOBAaHMX PEKOMEHIAILIH 3 pAaIliOHATBHOTO KOHCTPYIOBAHHS OOMEXYye
MOKa3HUKH CTBOPIOBAHUX MPOMHCIIOBUX anapaTiB i yCTAHOBOK.

CkJIaHiCTh MaTeMaTHYHOI MoJiesli 0OYMOBJIEHa THUM, II0 OCOOJIMBICTIO BKA3aHMX 3a/lad € HAsBHICTh BEJIMKOI
KIJTBKOCTI CKJIQJIHUX SIBHIL, 30KpeMa BpaxyBaHHS JETEPMIHOBAHO-CTOXAaCTUYHOIO XapakTepy pyXy YacTHHOK B
TypOyJIEHTHOMY 3aKpyYeHOMY HOTOIIl, 10 YCKJIaJHEHUH B3a€MOI€I0 YACTMHOK 31 CTIHKaMHM, OJHOI 3 IHIIUMHU Ta
HECy4YHM TypOYJICHTHUM ITOTOKOM, HEBU3HAUECHICTIO BXiJHUX YMOB, MO>KJIMBOIO 3MIHOIO YHCIIa 1 pO3MipY YaCTHHOK y
pe3ysbTarti 1pobieHHs abo Koaryssiii, 3MiHOI0 Gopmu 1eOpMOBaHNX YACTHHOK, @ TAKOXK 1HIIMMH NPUYNHAMH, 1110
BILUIMBAIOTh Ha PO3B’s3aHHS 3a/1a4i.

3a3Buyaii 3a71a4a po3rIAAAEThCS 3 YBEACHHAM BiATIOBITHUX CTIPOIIEHb, III0 YaCOM CIIOTBOPIOIOTH (Bhi3UKY MpoIiecy
[2, 3, 7], xoua O6e3 BUBYEHHS TPUBUMIPHOI CTPYKTYpH HMOTOKY HEMOXIINBO BHOPATH MpPaBHUIbHI KOHCTPYKTOPCHKI
pilreHHs 1 3HAWTH TPaAHHMII NEepexiTHUX 30H POOOTH BHXPOBUX amapariB, BU3HAYWTH, YU JOCATHYTa MaKCHMaJlbHa
e(eKTHBHICTh IpOIeCy MOMUTY, 1 HEMOXIMBO MiJECIPSIMOBAHO YAOCKOHANIOBATH KOHCTPYKIIIO, TEXHOJIOTidHI
napaMeTpH Ta MOMIIIIATH poOOTy BUXPOBUX amapartis [4].



MeTo1 poboTH € po3poOka MaTEMAaTUIHOT MOJIEII Ta TOCIPKEHHS MPOIIECY Cerapaiiii TeTeporeHHIX CUCTEM B
[MKJIOHHUX BHUXPOBHX araparax Ha OCHOBI HAyKOBO OOTPYHTOBaHWUX METOIIB PO3PAXyHKY TiIpOMEXaHidHUX
MIPOLIECIB TOJTY TETEPOTCHHUX CEPEeNOBHUI i3 TBepHoi0 (a3010, MO0 BKIOYAE BU3HAYEHHS TPAEKTOPii pyXy,
MIBUIKOCTI, Yacy HepeOyBaHHS YaCTHHOK B arapari.

BukJjiag ocHOBHOro Martepiany

OOrpyHTyBaHHSl IPHHIMIY cenapyBaHHsA. [ BUpIMIeHHS 33134 paliOHATEHOTO BHOOPY MPOIECY 1 PeKIMY
PO3IiIeHHs] B KOHKPETHUX BHUIIAJKaX, JOLITBHO OMHMCATH CYTHICTh CENapyBaHHsS FeTEPOreHHUX CUCTEM 3 €INHHX
no3uiii. He3akaroun Ha Aesiki BIIMIHHOCTI SIBUILL, IO BiJI0OYBArOTHCS MPHU PO3ALICHI FeTEPOreHHUX CUCTEM, BOHH
MAIOTh PSII MOAIOHMX BIACTHBOCTEH, IKi BiZIOYBAIOTHCS HE3aJICKHO Bifl CLIOCO0Y 3/iicHeHH mpotiecy. LIs oOcTaBuHa
JIO3BOJISIE IPE/ICTABUTH 3aralIbHUN (i3MKO-XIMIYHMH MEXaHi3M MPOIECiB cenapyBaHHs IeTEPOr€HHUX CHCTEM.

BBaxkaemo, 1110 B pe3ynbTaTi cemnaparii BinOyBaeThCs 3alI0BHEHHS JESIKUX pOOOYHX 30H — 301pHUKIB YaCTUHOK
(Puc. 1), B siKi HOTPAIUISIOTH KOMIOHEHTAMH MOALTIOBAHUX MTPOAYKTIB 4H a3y cenapallil moAiT0BaHOI [eTePOreHHOT
cucremu. [Iprmaomy B mux 30ipHHKAX 3HAXOAWTHCS PEYOBHHH, IO IO CKIIAMY BIIPI3HAIOTHCA Bil CKIAAY IOXiTHOI
cucteMu. TakuM YIHOM Y BCiX IpoIecax MOAUTy Ma€ MicCIle CIIPSIMOBaHE TIEPEHECEHHS MacH.

Jns  amHamizy mporecy cemapamii poO3INISHaeThCS pyX YAaCTHHOK IOAUTIOBaHOI cucteMu. [lpu mpomy
BUKOPUCTOBYIOTBCSL TIOHATTS EJIEMEHTIB MacH IOAUTIOBAaHMX (a3, SKi HPOTATOM YChOTO TIPOILECY cemapariii He
HiUIATal0Th ICTOTHAM 3MiHaM.

B camomy 3araisHOMY BHIAIKy MO TETEPOTEHHUX CHCTEM MOJKE BiOYBATHCS MpH PO3AUICHHI TBepauX ¢a3
JI0 HACTYITHOTO CTaHy (B 3araJIbHOMY BHIIQJIKY JIO PiBHS MOJIEKYII).
TakuM YMHOM AJIS CHUIBHOCTI OMHCY CYTHOCTI
NPOLIECIB PO3JIIEHHS HEOOXIIHO OMHCYBAaTH pPyX
KO)KHOI 4aCTHUHKH CUCTEMU, a |y BUDagKax
NpPOTIKaHHSA XIMIYHMX peakliii HaBiTb KOXHOI
MOJICKYJIM YH aTOMa.

Heo0xinHO 1 gOoCTaTHBO, 00 U1 3M1MCHEHHS

Anapat
LANA PO3fineHHa

i* 36ipHuMK

o

Oy#p-KOTO TIpolecy TMOUTYy B  pPe3yibTaTi
MPOTIKaHHS  TPOLECY TOXIMOBaHI  PEUYOBHHHU
BUSBIJINCS B  PI3HUX  INIPOCTOPOBHUX  30HAaxX

(obmactax), mpu HFOMY MOTPATUISIOYH B IIPHU3HAYCHI
™ Uit HAX 30ipHuKH. OTXe cemapallisi reTepOreHHUX
1+ 36ipHik AN " 36ipHuK cHCTEM BiI[6yBa€T‘I>CH B TOMY BHIAJIKY, SKIIO CHIH,
o » % 1O JFOTH HA MOJIIIOBAH] PEIOBHHH 3a0e3neuyroTh
%%ﬂq BIJIHOCHE mepeMilleHHs cknanoBux (a3. Bkazane
7 s6ipHuk 20%%9 7I03BOJISIE BUSHATHTH PSJL (bi3uKO-XIMIYHUX BHJ’II/IBiB?
X IO TPHUBOIATH JI0 MOJITY FeTePOreHHUX CUCTEM, i

TUM CAMHUM Ja€ MOKJIMBICTh BHUSIBUTH crocoOn il
3" sbiptuk inTencugikanuii.

Posrnsmatoun arperaTHBHO CTiiiKi TUCTIEPCHI

. . CHCTEMH pPO3PAaXyHOK MO>JIMBO BHKOHYBAaTH IS

Puc. 1 — Cxema po3aiieHHsSI YaCTHHOK AUcHiepcHOi ¢a3n OKPEMHX HACTHHOK, He MOAPIGHIO0MH iX Ha Merri

esleMeHTH. /1 rpy0oANCIIEpCHUX CHCTEM MOXKIIUBO

pO3IIIsiIaTH JIETEPMIHOBaHMH PyX YacTHHOK. B poOOTI NpOMOHYyeThCs pO3B’s3aHHS 3a/adi y BHIAJAKY DPYXY
JIeTepPMIHOBAHUX YaCTHHOK JJIsl IMCIIEPCHUX CHCTEM.

MaremaTH4Ha MOJEIb Ta PO3PaxXyHOK. PO3risiHEMO pyX YaCTHHKHM B IMEPETHHI BUXPOBOI'O CenapariiHoro
anapary. [Ipu 11bOMy HemepepBHE IIOCHIPKyBaHE CEpPENIOBHUINE 3aMIiHSEThCS AMCKPETHOIO CITKOBOIO MOAEI0. Y
By3Jlax CITKOBOi 00JyacTi HeoOXinHO, 1100 Oynu 3ajaHi CKJIaJO0Bi LIBHIKOCTI MOTOKY, LIUIBHICTh MOTOKY 1 YHCIIO
PeitHonbaca. BraszaHi gaHi MOXIIMBO OTPUMATH KOPHUCTYHOUYHCh METOAMKOIO IPUBEICHOIO B [ 6].
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ne M, - maca wactunku K - To1 dasu; ﬁk — pajiiyc BEKTOp YaCTHHKH; Fp, — CHUIA B3a€MOJIT YACTHHKH 3 IHIIHMI; Fu,

— PiBHOJIiF0Ya 30BHILIHIX CHJI HA YaCTHHKY K — TOI aucriepcHoi (hasu, cuiia Oropy cepeoBHIa Ta 30BHIIIHS MacoBa
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Cuctemy mudepeHmianbiux piBHAHb (1) HEOOXiTHO TOMOBHHTH IOYATKOBUMH YMOBAaMH, TOOTO 3amaTH
MIBUAKICTh AUCTIEPCIHHOTO cepepoBUIA Ta 3HAYCHHS IIBUIKOCTEH 1 KOOPAMHAT YAaCTHMHOK MPH HAJIXOKCHHI 1X B
amapar.

BpaxoBytoun, 110 cuiia TSDKIHHS CYTTEBO MEHIIA iHEPUIHHUX CHJI (Ha JEKiIbKa IOPS/KiB) MacoBOIO CHJIOIO Ta

FMk MOXHa 3HeXTyBaTH. Cunm B3a€MOJIil YACTHHOK TIPH 3ITKHEHHI, U1 TEIUNIOOOMIHHMX amapaTiB, IO

PO3IIISIAIOTECS, BIZICYTHI 200 BKpail He3HAYHI.
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[Ipu MozmemroBaHHI MpoIieCcy cenapariii HeoOXiTHO BPaxOBYBATH, IO TEOPis MUIJIOBJIOBICHHS W OYHIICHHS Ta3iB
BiJl TBEpJUX YaCTHHOK 3BUYANHO BUXOJMTH 3 TIOJIOKEHHS, IO KOXHE 3ITKHEHHS ii 3 TMepenrkoa00 abo MoBEpXHEIO
OCaJDKEHHS 3aBEPINYETHCS BHOAICHHSIM YAaCTHHKH 3 MOTOKY, TOOTO ymoBmoBaHHAM [2, 7]. B mamiii poborti
e(eKTHBHICTh BHUXPOBOTO amapary BH3HAYAJIACh MOXIIMBICTIO ITIPOXO/DKEHHS YACTHHKH BiIl BXiXHOTO [0
PO3BaHTAXXYBAJIFHOTO MAaTPyOKy, BH3HAUCHHSIM dHacy MepeOyBaHHS YaCTHHKH B TEIUIOOOMIHHUKY, IIBHAKOCTI Ta
TpaeKTopii pyxy.

Po3risnatoun nuTaHHS 3iTKHEHHS YaCTHHKY 3 TIEPEIIKO/I0I0 NOTPIOHO 3a3HAYMTH, 10 BETMYUHA BiJICKOKY 1 HOro
BEJIMUMHA CYTTEBO BIUIMBAE HA 3arajibHy €(eKTHBHICTh cemapalii 3a1eXHUTh KyTa 3ITKHEHHSI YaCTUHOK 31 CTIHKOIO,
BiJl IBUAKOCTI, ()OPMHU, MEXaHIYHUX XapaKTEPUCTUK MaTepiaiiB, KoedimieHTa TepTs i iHIMX mapamerpiB. OmHak
TEOPETHYHMI aHali3 IIMX YMOB CYTTEBO YTPYIHEHHH HEBHU3HAYECHICTIO 0araTthbOX 3 INepepaxoBaHUX IapaMeTpiB
npolecy, a ICHyrouli MaTeMaTW4Hi MOJeN Ui YHCIOBOTO PO3PAaXyHKYy MaJIOHAAiHHI Ta JAl0Th CYIEpewIHBi
pesynbraty [7]. ToMy A po3paxyHKy AOLIJIBHO BUKOPHCTOBYBATH EMITIPHYHI 3aJI€XKHOCTI, SKi MiATBEPAKYETHCS
€KCTIEPUMEHTAIBHUMH JOCIIKCHHIMU.

[pu 3iTKHEHHSX i3 CTIHKOIO 200 eIeMEHTOM KOHCTPYKIIil YaCTHHKH BTPAYarOTh SHEPTiI0 i 3MIHIOIOTh HAIPSIMOK
pyxy. st po3paxyHKy TpaeKTopii, IicIs 3iTKHEHHS 31 MOBEPXHEI0, HEOOXITHO BH3HAYUTH HAIPSMOK 1 BEIHIHHY
BEKTOpY MBHIKOCTI. [lapaMeTpn BiICKOKY MalOTh CTOXaCTHYHHI XapaKTep i B OCHOBHOMY BH3HAYAIOTHCSI KYTOM ITiJT
AKAM YacTHHKA TOTpamisie Ha moBepxHIo. IIpm po3paxyHKax BHKOpPHCTaHI HACTYIHI BHpa3u JUIA BU3HAYCHHS
CKJIQJIOBUX IIBHIKOCTI YaCTUHKH Tricyis 3iTkHeHHS [10 |:

V,, =(1-0.4150+0.4994 5° ~0.292 %)V, (25)
V,, =(1-2.124+3.07754° ~1.14°)-V,, (26)
Ae 3 — KyT MiX HaIpPIMKOM LIBHAKOCTi 0 3iTKHCHHAM H JOTHYHOI 10 OBEPXHi nepeinkonu uu crinku; V,,V,, —

n
CKJIa[I0Bi MIBHIKOCTI BITHOCHO IMOBEpXHI TiJla Iepe] 31TKHEHHSIM, HOpMalbHa Ta JOTHYHA; VnZ'V‘rZ — CKJIaZOBI

LIBUAKOCTI YACTUHKHY ITICJIA 3ITKHEHHS.

Ha ocHOBI BHKJIaJIeHUX MaTeMaTHYHUX METO/IB PO3pPOOJICHUI TaKeT NPUKIAJAHUX MTPOTpaM, NPU3HAYCHUH IS
BU3HAYCHHS TPAEKTOPIi pyXy YaCTHHOK Marepiany B IMKJIOHHHMX TEIUI00OMiHHMKaX. [lakeT mporpam siBise co06or0
HaOlp MporpaMHUX MOJYJIIB BUKOHAaHMX Ha ()YHKLIOHAJIBHHUX Ta aJrOPUTMIYHUX MOBAax IporpaMmyBaHHs. YucioBuii
PO3paxyHOK piBHAHb MaTeMaTHYHOI MOJENI 3MifiCHIOBABCS iTepalliiHUM METOJIOM 3 BHKOPHCTAHHSAM SBHOI CXEMH
METOAOM CKiHUeHHX pi3HUIb. Ha ¢pyHKIioOHaIBbHIN MOBI AutoLisp BUKOHAHI IPpOTpaMu I Bi3yaizamii pe3yIbTaTiB
po3paxyHKy B rpadigHoMy cepenoBuii AutoCAD.

PesysnbTaT po3paxyHkis. [y anpobarii MaTeMaTHYHOT MOJIENi Ta aJrOPUTMIB Ul PO3PaXyHKY TPAaeKTOpil
PYXy YaCTHHOK MaTepiary JOCITiKSHHUH 3aIIiYHIHA TeTI000OMIHHHK TIYHOTO arperary 3 migdro 4x60m KpuBopizpkoro
[EMEHTHOTO 3aBOAY. [ €OMETpWdYHI PO3MipH TEIUIOOOMIHHWKA MpPEICTaBIeHI Ha puc.2a. Y cXeMi pO3paxyHKY,
MOJICTIOIOTECSl IMJIIHJPUYHA 1 KOHIYHA YacTHHH, IO pPa3oM 13 BXIIHMM NaTpyOKOM, HampaBisiOTh MOTIK
TaHT'CHI[IAJIbHO yCepeInHy LMIHIPUYHOI YaCTUHU. BuxinHuit naTpyOOK MOZIETIOETHCS MepelIKOAaMHi KOHCTPYKIIT
Ha LIUIIXy ra3oBoro notoky. IlIBuakicte aucnepciiiHoro cepepoBuila (ra3oBo — MOBITPSHHUN TOTIK) 33Ja€THCS 110
KOMIOHeHTaM V1=2.5m/c; V3=4.3m/c.

Pesynbrat po3paxyHKy MPHUBEACHI Ha puc. 2, 1€ MOKa3aHi KOHCTPYKTHBHA CXEMa TEIIOOOMIHHHMKA, BEKTOPH
MIBUJIKOCTI Ta TPAEKTOPisl PyXy YaCTHMHOK MaTepialy BiIMOBITHOTO AWUCHEPCHOTO CKiamy, Bim 1 Mk mo 26,0 MK.
[IpuBeneHi MBHOKOCTI Ta TPAEKTOpii MEpPEeMIlICHHS IS HAWOLTBII XapakTepHHX PO3MIpiB YaCTHHOK. Takox
pe3yIbTaTH PO3PaXyHKY HaBeJICHI Y BUIIISII Bieo (aiiimiB B JOJATKY O CTATTi.
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Puc. 2 — TpaekTopisi pyXy 4aCTHHOK Ta IIBHAKiCTb(V+V?) B Tem1006MiHHNKY (V° He I0KA3aHA)

YacTHHKY, 10 TOTPAIUIAIOTH B TEIIOOOMIHHHK Pa3oM 3 MOTOKOM PiIMHU, 3aIy4aloThCS B 00epTaIbHAN PyX 31
MBUAKICTIO, IO HaOJNMKeHa A0 HIBHAKOCTI AWCHEpciiiHOTO cepenoBhma. [Ipn mpOMy YacTHHKH PyXarOTbCS B
OCBHOBOMY Ta pafiaTbHOMY HAIlpSIMKaX BiIIOBITHO O MIFOYMX HA HUX TiAPOJMHAMIYHAX, IHEPIIHHUX CHII 1 CHII OIIOPY
PyXy fKi CIJIbHO BIUIMBAIOTH Ha TpaekTopito. CymMa BEKTOPIB CHJI Y KOXKEH MOMEHT 4acy BM3HA4a€ NMPHUCKOPEHHS
YAaCTUHKH, ii INBUKICTH 1 BIAMOBIIHO TPAEKTOPIIO.

Ha npi6GHi yaCTHHKHM CYTTEBO BILIMBAE OIIp CEPEIOBHUINA, TOMY TPAEKTOPIT X pyXy Maiike CIliBIaJaloTh 3 JHIIMH
TOKY JAWCIIEpCIHHOTO cepefoBuiia, puc.20 — puc.2B. Sk BUAHO 3 rpadikiB HaWMEHIII YaCTHHKU PYXaroTbCs
aHAJIOTIYHO JaucnepciiiHoMy cepenoBuiny. Jleski 3 HHUX, IO 3HAXOIATHCS Ha mepudepii BXiTHOTO MOTOKY, TaKOX
OyZIyTh MOTPAIUISITH HA KOHIYHUX CTIHKAax amapara, a Ti sKi 3HaXOJSAThCS OJIKYE JI0 LEHTPY MOXKYTh MOTPAIUTH Y
PELUPKYIAMIHHOTO SAPO MOTOKY 1 B OCTATOYHOMY MiZICYyMKY HOTPAIUISIOTh Yy BUXIAHUHA matpyOok. Ha dacTuHKH
HEBEJMKMX PO3MIpiB BIUIMB BiALCHTPOBUX CHJI HE3HAYHWH 1 IPU TOCUTHh MAINX PO3Mipax pyX YacTHMHOK HE iCTOTHO
BiZIPI3HAETHCS Bl pyXy Hecydol pimuan. UuM ApiOHIII YaCTHHKH, THM OUTbIIC Ha HUX BIUIMBAE OIip CEpeIOBHUINA i
TpaekTopil pyXy CHIBHagae 3 JiHIAMHA TOKY pimuHU. HalMeHII YacTHHKH pPO3MOIUIAIOTHECS MK BXITHUMH i
PO3BaHTaXXyBAJILHUM MMaTPyOKaMHU B TiM K€ CIIIBBIIHOIICHHI, IO 1 Hecyda piguHa. 3 pUCYHKIB BUAHO, IO YACTHHKHU
PO3MipoM 6 MK Ta MEHIIIE TIOBHICTIO MOTPAIIISIOTH Y BiBiTHHI NATPyOOK.

YacTHHKHU cepeHbOro po3Mipy MOBOITHCS cebe iHakiie, puc.2 — puc.2xk. Jleski 3 HUX Ha MEHIIUX paniycax
o0epTaHHs, 32 paXyHOK Aii BIIIEHTPOBHUX CHJ, MOXKYTh 3MIHHTH HaIpsMOK pyXy. Bka3aHi 4acTHHKH MOXYTb
MOTPANKTH HA CTIHKW amapaty i BUITH 3 HBOTO 4epe3 PO3BaHTaXyBaJbHUI MaTpyOOK, a0 MOBEPHYTUCH B IMOTIK
PIAMHYU BHACIIIOK 3MEHINCHHS il BiAIEHTPOBOI cuiik. Bka3aHi YaCTHHKH MOXYTh TPHBAIUI Yac HUPKYJIIOBATH B
po6ouiii 30H1 3 0OTHAKOBOIO IMOBIPHICTIO MMOTPANUTH B BIABIHUI UM PO3BaHTAXYBAILHUN NaTtpyOku. Buxizn 3 naHoi
30HM MOXJIMBUI 3a paxyHOK KoaryJjsuii, JucHepryBaHHs a0o 3IITOBXYBAaHHSIM 3 IHIIMMH 4YacTHHKamu. [lo
30BHIIIHFOMY BHUTJISIY BOHH BiAPI3HSIOTHCS THUM, IO MPUHAMAIOTH OUTBII KpYTIcTy (opMy. 3TiIHO pe3ylbTaTiB
po3paxyHKy 87.2 % vacTuHOK ¢pakiii 14 MK MOTPaIuIAIOTh y pO3BaHTAXYyBaIbHUH, a 12,8% y BiaBiqHUI MaTpyOOK,
¢pakmiss 10 Mx — 33,8% y posBaHTaxyBanbHu#, 66,2% BigBiguuit marpyook, ¢paxmis 9 mx— 20,0% y
posBaHTaxyBanbHUi, 80,0% y BinBiaHMHA naTpyOoK, dpakmis 7 Mk — 8,0% y po3BaHTaKyBanbHUHA, 92.0% y BigBiHUN
naTpyOoK.

YacTHHKY OLTBIIOTO po3Mipy, 3a paxyHOK il BiIIIEHTPOBUX CHII, OyIyTh CemapyBaTHCS 1 HOTPAIUIATH HA CTIHKY
KOHIYHOT a00 HaBiTh LWIIHAPUYHOI YaCTHHH, pHUC.2K — puc.2M. Micue NOTparuIsHHS B TEIJIOOOMIHHMK HE Mae
CYTTEBOTO BIUIMBY Ha TPAEKTOPIIO TX PyXY Tak SK BKa3aHi YaCTUHKH MOTPAIUISIOTh Ha CTIHKY 32 JIOCUTh HE3HAUHHN
TEpMIH Yacy 1 Jayli pyXaroThCsl B3[OBXK CTIHKM JIO0 PO3BAaHTaXXyBaJbHOro NarpyOKy. Po3mip BKa3aHMX 4YacTHHOK
cTaHoBUTH 16.0 MK Ta Oijblre.

3 [oCTaTHIM CTYNEHEM IMOBIPHOCTI, MOXXHAa BHM3HAUYUTH MOXJIMBICTh IOTPAIUISIHHS YaCTUHOK KOHKPETHOT
¢pakuii B BigBinHMKA a00 po3BaHTaXyBalbHHH NaTpyOku. BusHaueHHs TpaekTopii YacTMHOK Ja€ MOKIMBICTBH
BCTaHOBUTH Yac 1X nepeOyBaHHS HE TUIBKH B IIJIOMY Y BUXPOBOMY arapari, ajie 1 pi3HHX HOro 30Hax, 10 0COOJINBO
B)XJIMBO JJIsl BU3HAUCHHS €(DEKTUBHOCTI pOOOTH TEIIOOOMiHHHMKA.

BukopucraBmm OTpuMaHi  pe3yNbTaTH, MOJMJIMBO OTpUMAard 3HA4YeHHS e(EeKTHBHOCTI cerapyBaHHA
TEIJIOOOMIHHHMKA B 3aJIE)KHOCTI BiJ IIBHJKOCTI IIOTOKY, PO3MIpiB ()pakiiiii Ta BiZICOTKY YJIOBIECHHsS (ppakumiiHuX
ckianoBux. JlaHi Mo cemapyBaHHIO, B 3aJIeKHOCTI BiJl pO3Mipy YacTWHOK MOKa3aHI Ha puHC.3, BKa3aHUH dHac
nepeOyBaHHS YaCTHHOK MaTepiaiy pi3HMX (pakiiii B 3aJ€KHOCTI BiJl MICIS iX YBEJACHHS B TEIUIOOOMIHHHK Bij
BUITYCKHOI TpyOH 10 CTIHKH.
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BiacTaHb
Puc. 3 — Yac nepeGyBaHHs YaCTMHOK B TENJIOOOMIHHMKY MPH Pi3HUX MOJIOKEHHSIX YBeIeHHS

Sk ciigye 3 OTpUMaHUX JIaHMX, Yac MepeOyBaHHS YaCTHHKU B TEINIOOOMIHHUKY 3MIHIOETHCS B 3aJI€KHOCTI BiJ
Miclsl MOTpAIUISIHHSL. B 3aranbHOMY BUIaKy Yac 30UIbIIY€EThCS TPH HAOJNMXKEHHI 10 CTIHKU BiJl BUITYCKHOI TpyOH
TeI1000MiHHHKA. J[aHe SBUIIEC MOSCHIOETHCS IEBHOIO KiIbKICTIO 3ITKHEHb YaCTHHKH 3 CTIHKOIO Ta ii BiJCKOKaMHU.
OTxe YaCTHHKA Ipoii/Ie OUTBIIHNIA MIIAX, HiXK Ta, 0 3HAXOAUTHCS B ITOTOIII IMTOCTIHHO.

Ha wactuHkm po3mipoM 16 MK — 26 MK Miclie NMOTPAIUISHHS HE CYTTEBO BIUIMBAE HA 4Yac 3HAXOJDKCHHS B
TEIUIOOOMIHHUKY. BKa3aHi YaCTMHKHM NPaKTUYHO BiApa3dy MOTPAIUIIOTh HA CTIHKY 1 CHpPSMOBYIOTHCS B
po3BaHTaXyBaJIBHUI maTpyOoK. Yac ix mepeOyBaHHS B TEINIOOOMIHHUKY CTAaHOBHTH BiJl 8 ¢ 10 35 ¢, B 3aJIeXKHOCTI Bif
MICIISI yBeIeHHs Ta po3Mipy ¢paxkii. [Tpu 30imbIIeHi BifcTaHi BiJl BUITYCKHOI TPYOH 10 KOPITyCY 301TBITY€EThCS MIISX
KOTPHH IPOXOJUTh YaCTHHKA TOMY 4ac il mepeOyBaHHs B TEIUNIOOOMIHHUKY 30UIbIIYeThCs. 3 TpadikiB TAKOXK BUIHO,
1110 Yac nepe0yBaHHs 3MEHIY€EThCS IPH 301TbILIEHH] IXHBOTO PO3MIpPYy YaCTHHKH.

BucnHoBku. ['0710BHUM pe3ysbTaTOM NPOBEICHUX JOCIIIKEHb € PO3POOKa MaTEeMaTUYHOT MOJIENi, AITOPUTMIB Ta
MPOTPaMHOTO 3a0e3MeueHHs Uil PO3PaxyHKY 1 TOCHTIKEHHS MPOoLecy cenapallii B IMKJIOHHUX BUXPOBHX anaparax,
IO JIO3BOJISIIOTH JOCHTh IOBHO OIMCATH TMOBO/KEHHS YaCTHHOK MaTepialy 3 MOXJIMBICTIO BUBUEHHS IIPOLECY
PO3/IiNIeHHS Ta BU3HAUEHHSIM TPAEKTOPIT PyXy YaCTUHOK, LIBHKOCTI Ta 4acy nepeOyBaHHs B anapari.

V pe3yspTati MpOBEACHHS TOCIiKEHb!

- 00rpyHTOBaHE BH3HAYCHHS PO3IOIITY aePO30JIbHUX CUCTEM 3 BUKOPHUCTOBYIOUH MOHATTS 30IpHUKIB YaCTHHOK
HOJUTIOBAHUX Mac, [0 IPYHTYIOTHCS HAa BUBYCHHI MaTEMAaTHYHUX MOJEINEH i 3aKOHOMIPHOCTEH pyXy ra3onmioBol
CyMiIlli B KOHCTPYKIIISIX BUXPOBHX amapaTis;

- BUKOPHCTOBYIOUHM METOJ CKIHYCHHX Pi3HHIb PO3POOICHO YHCIOBY METOAMKY Ta MPOrpaMHe 3a0e3eYeHHs
JUTsL pO3B’s3aHHSI 33/1a4 cenapallii B IUKJIOHHUX BUXPOBHUX araparax, 10 Aa€ MOXJIUBICTh BU3HAYUTH LIBUAKICTb,
TPAEKTOPIIO PyXy, Yac mepeOyBaHHs MaTepiaay B TEIJIOOOMIHHHUKY Ta B 3arajlbHOMY BHIIAKy 301IBIINTHA TOYHICTh
PO3paxyHKYy;

- po3p0o0IIEHO METOAMKY, MaTeMaTHYHI Ta NporpamMHe 3a0e3MeYeHHs Il pO3paxyHKIB CTYIIeHI cenapariii
YaCTHHOK JAMCIIEPCHOI (ha3u Ta hpakiiiHol eh)eKTHBHOCTI HUKIOHHHUX TEIIOOOMIHHHUKIB;

- 3aMPONOHOBAHO PIllICHHS [T PO3PaxXyHKY PO3IITIOBOI 3MATHOCTI 3 ypaxXyBaHHSAM 3ITKHCHHS YaCTHHOK 3
HEPEeIIKOJ0I0 Ta BU3HAUCHHS 3aKOHOMIpHOCTEH X pyXy IpH 1X B3aeMOJii 3 poOOYMMH OpraHaMH BUXPOBOTO
arapary.

IlepcnieKTHBH NMOAAJNBIINX J0CTiTKeHb. [I1aHyeThCs B MTOJANBIIOMY BHKOHATH BiJIIIOBIIHI JOCIIDKSHHS JUTS
OLJIBII ETAIBHOTO PO3TIISIHYTH MUTAaHHSA e()eKTUBHICTB MMOIINY 3 BpaXyBaHHSAM YMOB JHCHEPryBaHHS YAaCTHHOK Ta
BIUIMBY 3MiHM TEMIIEPATYPH 1 BHYTPIITHHOT0/30BHIIHEOTO THCKY Ha PyX YaCTHHOK 1 MOYIIMBOCTEH cenapartii.
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Shcherbyna V. Yu.
MODELING THE PROCESS OF SEPARATION IN CYCLONIC WIRING APPARATUS

The processes of division of heterogeneous systems form the basis of many chemical, petrochemical, food, mining,
biological and other branches of industry. The most common are cyclone vortex devices. So, for the purification of
gas from dust, cyclones are used to clean the suspension or liquid from impurities of the hydro-cyclone. This is due to
the fact that the vortex devices combine simplicity of construction, compactness, reliability and high intensity of
separation processes, which allows to significantly improve the classification of products of crushing and enrichment.
However, there are factors that complicate the process of propagation of vortex cyclone vehicles. The main reasons
for limited use are the lack of reliable methods for calculating the dynamics of separation processes and the criteria
for switching from laboratory models to large-scale installations.

Despite the apparent structural simplicity of these devices and the availability of extensive experimental information
on the structure of swirling and recirculation flows and the patterns of separation processes, their modeling remains
one of the main problems in the design of industrial plants. To date, many issues remain unresolved. A purely
experimental approach does not solve the problem, because in this case there is no generalization of research results,
and the theoretical is due to the difficulties of mathematical nature.

The complexity of the motion of particles within the cyclone and the presence of a large number of unexplored factors
that determine the processes of motion make the process of studying the trajectories of particles rather complicated.
In addition, in the study of aerodynamic patterns of motion of particles, their trajectories are usually not studied,
since in most cases the fact of removal or penetration onto the wall was investigated, not the path through which the
particle passed to the removal. Such an approach in the case of industrial devices does not justify itself, because it
does not allow to study the heat exchange between the particle and the aerodynamic flow. Therefore, the purpose of
the work is to develop a mathematical model and study the process of separation of heterogeneous systems in cyclone
vortex machines with the definition of the trajectory of motion, speed and time of the presence of particles in the
apparatus. As an example in this paper, a cyclone heat exchanger used in rotary kilns for cement production has been
investigated.

In order to solve these problems, the principle of particle separation is substantiated in the work, and a generalized
model of the distribution of the aerosol system is formulated using mass collections of particles, which is based on the
laws of the dust-air mixture movement.

The motion of particles was determined on the basis of the fundamental laws of mechanics of systems connected by
systems of continuum mechanics equations, using proven mathematical apparatus of numerical methods, developed
by numerical methods, algorithms and software.



An approach to the determination of separation capacity based on the calculation of the dispersion medium and
disperse particles is proposed, taking into account the phenomenon of collision of particles with an obstacle and the
establishment of patterns of motion of particles in their interaction with the working organs of the vortex apparatus.
The developed mathematical model, software and numerical calculations allow determining the trajectory of motion,
obtaining a field of velocities and the residence time of material particles in a separation apparatus. The software is
a package of application software modules executed on algorithmic and functional programming languages.
Numerical calculation of the equations of the mathematical model was carried out by an iterative method using
explicit scheme by finite difference method. In the functional language AutoLisp programs are implemented to
visualize the calculation results in the AutoCAD graphical environment.

The calculation results are also included in the appendix in the form of video files.

Key words: separation, vortex apparatus, cyclone heat exchanger, dispersion medium, disperse phase, speed,
trajectory of motion.
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