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IMocTanoBka mpoo6JemMu. [Iporecu MOaiIB reTEPOreHHUX CUCTEM CKJIAJAl0Th OCHOBY 0araTboX BUPOOHHUIITB
XIMi4HOT, HaTOXIMIYHOT, XapuoBOl, TiPHUYOPYIHOI, OIOJOTIYHOT i IHIIMX rajy3eil MPOMHCIOBOCTI. Y 3arajJbHOMY
BUIAJKY Il CUCTEMH MiJPO3AUIAIOTH Ha PiKi 1 ra30Bi reTeporeHHi CUCTEMHU Ta CENapyloThCsl B yCTAaTKyBaHHI, 110
BIJIPI3HAETHCS BEJIMKOIO PO3MAITICTIO. MeToAN MOy BUOMPAIOTh Y 3aJI€KHOCTI Bil XapakTepy CKJIAJI0BHX YaCTHH
cucremH i crany ¢a3 [1-3] 3 BpaxyBaHHsIM (i3WYHUX 1 XIMIYHHX BJIACTUBOCTEH CepellOBHUINA, a TaKOX (ha3u, 10
3HAXOJUTHCS B MUIKOpa3apoOieHoMy craHi. HaiiOinpmn mommpeHnmu amaparamu JUiss cenapanii € IUKJIOHHI
BUXpOBI amapatd. Tak Ui OYMIICHHS Ta3y Bill MWIYy BUKOPHCTOBYIOTHCS LMKJIOHHM, UL OYMIICHHS CyCHEH3il 4u
PIAMHU BiX TOMIMIOK TiZporukioHu. Lle 3yMOBIeHO THM, IO BKa3aHI amapard MOETHYIOTh MPOCTOTY KOHCTPYKIII,
KOMIMAKTHICTh, HAMIHHICTh 3 BHCOKOI IHTEHCHBHICTIO PO3AUIOBHX TPOIECIB, IO AO3BOJISIE 3HAYHO MOJIMIIUTH
Kacudikaiito IpoayKTIiB 31piOHIOBaHHS 1 30aradeHHs..

OpHak iCHYIOTh (AKTOpH, IO YTPYAHIOIOTH MPOIEC IOMIMPEHHS BHUXPOBHUX PO3IUTIOBATBHUX araparis.
OCHOBHHM 3 HUX BB@)KA€ThCS BIJCYTHICTh BHBIPEHHX METOJIB PO3PaxXyHKY aepoJMHAMIKH PO3/ALIOBUX MPOIECIB i
KpHUTEpIiB Nepexoay 0 BEIMKOMACIITAOHWX YCTAaHOBOK Bifl JJaOOpPAaTOPHUX MOEJeH, 0 OCOOIUBO BaXKIUBO IS
LUUKJIOHHUX TEIMJIOOOMIHHUX arnapatiB [4] siki BAKOPUCTOBYIOTBCSI B BUCOKOTEMITEPATYPHHUX TEIUIOBUX arperarax y
MO€/IHAHHI 3 00EPTOBUMH NeYaMu JUIsi BUPOOHMITBA B’shKy4nX. ToMy poOoTa, MpUCBsIUCHA BUPIILICHHIO HayKOBO-
TEXHIYHOI NMPOOJeMU 1O PO3BUTKY METO/IB MOJENIOBAHHS Ta JOCTIJDKEHHS IIPOlecy cenaparii reTeporeHHHX
CcHUCTEeM B IMKJIOHHMX BUXPOBHX amaparax, € BKpall akTyalbHOI0 1 HEOOXIiJHOI0, TaKk SK CIpsSMOBaHa Ha
MiABUIIEHHAS e()eKTUBHOCTI Ta B 3aTaIbHOMY BHITAJKy 3HIKCHHIO CHEPTOBUTPAT BKa3aHOTO 00JIaTHAHHS.

Amnani3 momepeaHix aociaimkeHb. He3pakaroun Ha KOHCTPYKTHBHY MPOCTOTY CEMapaIlifHUX BHXPOBHUX
amapaTiB, Ta BENIHMKY KUIBKICTh €KCIIepHMEHTalnbHOI iH(opMmamii [2, 5-9] mpo CTPyKTypy 3aKpydeHHX i
PEIMPKYIAMIITHAX TOTOKIB Ta 3aKOHOMIPHOCTEH NpOIECiB MOILTY, IXHE MOJETIOBAHHS 3aJHMINAETHCS OMHIET 3
TOJOBHUX MpoOJeM IpH MpPOEKTyBaHHI NPOMHUCIOBHX YCTaHOBOK. JloTremep Oarato mNUTaHb, MOB'S3aHUX 3
PO3paxyHKOM ITPOMHUCIIOBHX BUXPOBHX anapariB, 3aIHIIMINCS HeBUpimeHnMH [9—12]. ExcriepuMeHTaTbHIH iIX i
He BUpillye npoOieMy, Tak SIK IpU IbOMY BiJICYTHS y3arajbHEHICTh Pe3yJIbTaTiB, a TEOPETUUHHH 00yMOBIICHUIH
TPY/ZHOLIAMH MaTEMaTUYHOTO XapakTepy. 3arajibHOI0 HAayKOBOKI NPOOJIEMOIO € BIJICYTHICTh yHIBEpCaJbHOI Ta
e(eKTUBHOT TEOpeTHYHOI Mojeli, sKa JaBaja O MOJMJIMBICTh OJHO3HAYHO MPOTHO3YBAaTH 1 THUM Oijblie
ONTHUMI3yBaTh iXHI mNapaMeTpd. BigcyTHICTP UITKO OOIPYHTOBaHMX pEKOMEHJalid 3 paliOHAILHOTO
KOHCTPYIOBaHHsI 0OMEXYy€e MOKa3HUKHM CTBOPIOBAHHUX ITPOMHUCIIOBHX aIlapariB 1 yCTaHOBOK.
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CKIIQIHICTh MaTeMaTHYHOI MOJIE)i 0OYMOBJICHA TUM, IO OCOOJUBICTIO BKa3aHMX 3aJ[ad € HAsSBHICTh BEJIUKOI
KIJIBKOCTI CKJIQJHHUX SIBHII, 30KpEMa BpaxyBaHHS JETCPMiHOBAHO-CTOXACTHYHOTO XapaKTepy pyXy YacTHHOK B
TypOyJIEeHTHOMY 3aKpy4e€HOMY HOTOLl, 10 YCKJIaJHEHHH B3a€MOJIEI0 YACTMHOK 31 CTIHKaMH, OJHOI 3 IHIIMMH Ta
HECYYHM TypOYJIEHTHHM ITOTOKOM, HEBU3HAYEHICTIO BXiTHUX YMOB, MOJIMBOIO 3MIHOO YHCIIA 1 PO3MIPY YACTHHOK
y pe3yabTati qpoOJaeHHs a00 Koarylrii, 3MiHOI0 (GopMu AeOopMOBaHUX YaCTHHOK, a TAKOXK IHIIAMHU IIPHYNHAMH,
10 BIUTMBAIOTH HA PO3B’sI3aHHA 33Jadi.

3a3Buuail 3amada pO3IIBINAETHCA 3 YBEICHHSIM BiIMOBIIHUX CHPOIIEHD, IO YacOM CIOTBOPIOIOTH (i3HKY
mporecy [2, 3, 7], xoua 0e3 BHBYCHHS TPHBHMIPHOI CTPYKTYPH IIOTOKY HEMOXXIMBO BHOpaTH MpaBHIIbHI
KOHCTPYKTOPCBKI DIlIEHHS 1 3HAWTH TPaHUII NEepPexXifHUX 30H POOOTH BUXPOBUX alapaTiB, BU3HAYUTH, UH
JIOCATHYTAa MaKCHMaJlbHAa C(QEKTHBHICTh IMPOIECY IMOILTY, 1 HEMOXJIMBO IUICCIPIMOBAHO YIOCKOHAIIOBATH
KOHCTPYKIIi}0, TEXHOJIOT1YHI TapaMeTpH Ta MOJIMIIUTH poOOTy BUXPOBHX anaparis [4].

MeTo1o poboTu € po3pobka MaTeMaTHYHOT MOJIENII Ta JOCIIIXKEHHS MPOLIeCy cenapaliii reTeporeHHIX CUCTEM B
LUKJIOHHUX BHXPOBHX amaparax Ha OCHOBI HayKOBO OOIPYHTOBaHMX METOJIB PO3PAaXyHKY TiIpOMEXaHIYHHX
MIPOLIECIB TOALTY TETEPOreHHHX CEpeIOBHI i3 TBEpAOIO (a3010, M0 BKIOYAE€ BU3HAUCHHS TPAEKTOpil pyXy,
LIBHUKOCTI, 4acy rnepeOyBaHHS YaCTHHOK B arapari.

Buxuian ocHOBHOT0 MaTepiajy

OOrpyHTyBaHHSI NPUHIMIY cenapyBaHHs. J[1s1 BUpiIeHHS 3a/1a4 pamioHaTIFHOTO BUOOPY TPOLIECY 1 PEIKUMY
PO3/iNIeHHS] B KOHKPETHUX BHUIIAJKaX, IOLILHO OMUCATH CYTHICTh CEMapyBaHHS I'€TEPOrCHHHUX CHCTEM 3 €IMHHX
mo3umii. He3paxkaroun Ha NesKi BIAMIHHOCTI SIBHIL, IO BiAOYBAIOTHCS MPH PO3AUICHI T€TEPOTEHHUX CHUCTEM, BOHH
MalOTh PsAA MOAIOHMX BIIACTHBOCTEH, SKi BigOYBarOThCA HE3AIEKHO Bif crmocoOy 3aiiicHeHHs mporecy. Ll
oOcTaBuHA JI03BOJISIE MPEICTABUTH 3arajibHUM (Di3MKO-XIMIYHMIT MeXaHi3M HPOLECIB CenapyBaHHs I'€TEePOr€HHHX
CHUCTEM.

BBaxkaemo, 1110 B pe3yJbTaTi cenapailii Bii0OyBa€eThCs 3alIOBHEHHS JCSIKUX POOOYHMX 30H — 30IPHUKIB YACTHHOK
Puc.1, B AKi MOTpaIUISIOT KOMIIOHEHTaMH TOALTIOBAHMX HMPOIYKTIB 4 a3y cenapanii Mo/iII0BaHO] reTeporeHHo1
cucremu. [Ipryomy B 1ux 30ipHUKaX 3HAXOAMTHCS PEUOBHHH, IO 11O CKJIALY BiIPI3HAIOTHCS BiX CKIaMy HMOXigHOT
cucreMH. TakUM YMHOM y BCIX IpoLecax Moy Ma€e MicIe CIPSIMOBaHE IIEPEHECEHHS MacH.

Jnsa aHamizy mporecy cemapariii po3risaaeThCs
PyX YaCTHHOK IIOALUTIOBAHOI cucTeMu. llpu mpomy
BUKOPHCTOBYIOTHCSI ~ MOHATTS ~ CJIEMEHTIB  Macu
moniTIoBaHuX (a3, AKi MPOTSATOM YCHOTO IPOIECY
cenapailii He TiAIAraloTh ICTOTHUM 3MiHaM.

B camoMy 3arajpHOMY BHOAgKy  HOALI
TeTepPOTeHHUX CHCTEM MOXKe BigOyBaTHCS NpHU
po3nineHHi TBepAux (a3 10 HACTYIHOTro CTaHy (B
3arajJbHOMY BHIAAKY 10 pPIBHA MoJieKyn). Takum
— — YMHOM JUIS CIUIBHOCTI ONKCY CYTHOCTI ITpOLECiB
— PO3IUICHHS HEOOXIJHO ONKMCYBAaTH pPyX KOXHOI
' Og— YaCTMHKA CHCTEMH, a Yy BHUIAJKax IPOTIKaHHS
?1‘ XIMIYHUX peakmid HaBiTh KOXXHOI MOJIEKYTH YHU
00y aToMma.
2,36ipH““§§ Ooct + atipan Heo0OxigHO 1 AOCTATHBO, m06 IS BZ[if/'ICHeHHff

g’ G ey Oy/lb-SIKOrO  TpOIeCy MOAUTY B pe3yJbTaTi

- MPOTIKaHHS ~ TpOLECYy  IOJUIOBaHI  PEYOBHHHU

3 sGipHuk %}; BHABUIINCA B Pi3HUX NPOCTOPOBHX 30Hax (00NacTsx),

P LBOMY MOTPAIUIAIOYU B IPU3HAYEH! IJIs1 HUX

30ipHuKH. OTxe cemapallisi TeTepOreHHUX CHUCTEM

BiIOYBAa€TbCS B TOMY BHIIAAKY, SIKIIO CHJIH, LIO

JIIIOTh Ha TOAUTIOBAHI PEYOBHHH 3a0€3MEUYIOTh

BIJTHOCHE IIepeMillleHHs1 CKianoBux (pa3. Bkazane 103Bojsie BU3HAYMTH psx (DI3MKO-XIMIYHMX BIUIMBIB, MIO
MIPUBOJATH JIO MOALTY TeTEPOTEHHUX CHCTEM, 1 THM CAMUM J1a€ MOXKJIMBICTh BUSIBUTH CIIOCOOH i iHTeHCH(iKaIIii.

Po3risiiaroun arperaTMBHO CTIHKI JHUCHEPCHI CUCTEMH pPO3PaXyHOK MOXJIMBO BHUKOHYBATH JUISI OKPEMHX
YaCTHHOK, HE TIOAPIOHIOIOYM IX Ha Memi eleMeHTH. s rpyOoAHMCHepCHHX CHCTEM MOXIHUBO PO3TIIATH
JIETEepMIHOBAaHUH PyX YaCTHHOK. B poOOTi MpOmOHYyeThCS pO3B’s3aHHA 334adl y BHIAAKY PyXy AETEPMIHOBAHHX
YAaCTHHOK JUIsl TUCTIEPCHUX CHUCTEM.

AnapaTt
4NA po3fineHHa

1* 36ipHHK

b

Puc. 1. Cxema po3aijieHHsI YaCTUHOK JucniepcHoi ¢a3u
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MaremaTH4yHa MoJedb Ta PO3paxyHOK. Po3misHEMO pyX YacTMHKM B MEPETHHI BUXPOBOTO CenapamiiHoro
anapary. [Ipu 11boMy HemepepBHE IOCIHIIKYyBaHE CEPENOBHUILE 3aMiHSETHCS JUCKPETHOIO CITKOBOIO MOJEIUI0. Y
By3JlaX CITKOBOi o0OyacTi HeoOxinHO, mo0 Oyyn 3agaHi CKIAZOBi MIBUAKOCTI MOTOKY, IIUIBHICTH MOTOKY 1 YHMCIIO
Pefinonpaca. Bkazasi qaHi MOXIIMBO OTPUMATH KOPUCTYIOUHCH METOINKOIO TIPUBEIECHOIO B [6].

g
d°R — —
y = Fy +Fy, M)
t

ne M- maca 4aCTMHKH k - TOi ¢asu; R, — pajiyc BEKTOp YaCTUHKH; Fp; — cUJa B3a€MOJil YaCTMHKH 3 iHIINMM;

m;

Fyy, — piBHOZII0YA 30BHIIIHIX CHJI HAa YaCTHHKY k — Toi TUCTepCHOI (a3u, crila OIopy CepeloBHINA Ta 30BHIIIHS
MacoBa cuiia (HapUKJIa, CHjIa TSOKIHHS).

Cucremy paudepeHuianbHux piBHsSHb (1) HEOOXiZIHO MOMOBHHUTH IOYAaTKOBMMH YMOBaMH, TOOTO 3aaaTH
LIBHJKICTH JUCIIEPCIHHOrO CepeloBUINa Ta 3HAYCHHS IIBUJIKOCTEH 1 KOOpAWHAT YaCTHHOK NPH HAAXOKEHHI iX B
amapar.

BpaxoByroun, 110 cuiia TSDKIHHS CYTTEBO MEHINA iHEpUIHHMX cHi (Ha JeKUIbKa HOPS/IKiB) MaCOBOIO CHJIOIO Ta

Fy, moxkna 3uextyBatd. CHiM B3a€MOJii 4YAaCTMHOK NPHU 3iTKHEHHI, Ul TEIIOOOMIHHMX anaparis, IO

PO3TIIAAI0THCS, BIICYTHI 00 BKpai He3HAUHI.
Jis BuzHAUeHoi (a3 MaeMo:

d’R -
" dﬂk =m-Vi,) @
ae
.oV, oV, ox
% (m) (m) ~7(m)
Vv, . = + . 3
(= 5z axfm) or 3)
ITincraBuBImIHN B (2) OTpHIMAEMO:
d’R, Wy W,
m =m-|——=+——=V 4
“dr’ o oxg, " )
PiBHOAIFOUY 30BHIIIHIX CHII Ha YacTKy k — Toi (pa3u BU3HAYAEMO 3 BUPA3Y:
FB’Hk =Fy -n Q)

ne Fp — cuna onopy cepenosuima, a 71; — 9UCI0 YACTHHOK B OJMHUII 00'eMy.
IBunkicTh 3MiHM IMITyJbCy TiJIa BigmoBimae cuii omopy cepenosuina. st chepu amiamerpom d, mpu
BUKOPHMCTaHHI WICHY w2, B 3araJIbHOMY BUIIAJIKy MAaTUMEMO:
Fp = [Cprp.d"w’]/8 (6)
e Cp — KoedilieHT OIOpy CepeIOBHIIA.
Jnst TaMiHApHOTO TIOTOKY O CePeIOBHUILA BU3HAYAETHCS MO 3AJICIKHOCTI:

24
Cp=—-" @)
Re
Moesorul TPAaEKTOPII0 PyXy YaCTHHOK Matepiany aucrepcHol ¢asu mizcraBmo B (6) 3HauenHs (7) Ta
OTPUMA€EMO HACTYITHE BU3HAYAETHCS CHJIA OMIOPY CEPEIOBUINA IS JAMIHAPHOTO PEKUMY:

24 gpdw  18pw = 18vp,

6
Jie m - Maca 4aCTHHKU,
k, =18 ppnfdvz . ©)
Pipastans (1) y mpoMy BHUIAAKy, 3 BpaxyBaHHsaM (4) Ta (8) Oyxme matu BUA:
617('") 6[7(”1) i
k,wm—m- ?+ ax(zm) Vi | =0 (10)

OCKUIBKH W — IIBUIIKICTD PyXY TOYKH IIOJIO MTOTOKY, TO:

—— 4
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w=V -V, (11)
e 17( — IIBUJKICTh CEPEIOBUIIA, 17,"_ LIBUAKICTb YacTUHKU. Toxi
Vo Vi i 7 i
2 aw, e = (12
3 piBHsiHHSA (12) oTprMaeMo po3paxyHKOBY (GOPMYJTy JUIs BU3HAYCHHS PyXy YaCTHHOK Matepiaiy:
ov' ov A ; ;
— V" — +V”’I",’n/.V’ +kV' =kV. (13)
or Ox
V piustani (13) 7, - cumBon Kpucroddens 2 poay sikuii 10piBHIOE:
o1 |08y 02, 08w | 1| .08y Og.. . %
["_:7 N 5/ + ,sr.n+ J [ i 5/ + n.n_i_ Jm ,S:1,2,3 14
w8 {Bx”’ o o |22 e e T (19

si . . . .
ne 8 ,(ag 5,-) — KOHTpaBapiaHTHI (KOBapiaHTHi) KOMIIOHEHTH METPUIHOTO TEH30pa.
HuknoHHI BEXPOBi amapaty 3a3BHYail IPEACTABISIIOTE COO0I0 BiCECHMETPHYHY 3aJady, TOMY IJIS IIEPEX0ay B

. . . L/ . o .
LHWTIHAPUYHI KOOPIWHATH BBEAEMO 1HACKC I , MICIS 90To 3araibHui BuJ piBHAHHEA (12) B Oyme MaTu BUTILIL:
o' (aV""
+

prll b Co+ ..V J vkt =k (15)

2" 3t 3 2 . -
Bpaxosytoun, mo 7= X", 1 50 =g = %,F3,.3,, =r,aigm I

m" "

=0, OTpUMaEMO /IS JIAMIHAPHOTO PEKUMY

HACTYITHY CUCTEMY PiBHSHb:

" 1" "

by aVl +7? 6V2 +k V" =k V"

or Ox ox '

or* o o -~ . .

- +(V1 LA V3J+k,V2 =kV! (16)
3" 3" 3"

a;/ +[V1 aaVl +V? 66V2 +21V2"V3"J+k1V3”=k,Vj"
T X X r

[Ipu TypOyneHTHOMY pexxuMi Koe]ilieHT OTIOPY CEpPEeIOBHIIA CTAHOBUTH:
C,=044. (17)
MMincraBuBmm (17) B (6) OTpuMaeMO HACTYITHE BHU3HAYAETHCS CHJIA OIOPY CEPEIOBHINA IS TypOYIEHTHOTO
pexXUMY:

2 2
F, =0.44 ~’W1—W3m = kwm
g ( p.7d ] (18)
6
L.
k,=0.33 L
’ p,d (19
Bpaxosytoun (4) ta (18) maemo:
kw’m—m - %+ é)ﬁ("z)Vi =0 (20)
: or  dx, "
Bukonasmnm Bi,I[HOBi,HHi NEPETBOPCHHA, OTPUMAEMO B IlI/IJ'IiHI[pI/I‘lHI/IX KOOpAuHAaTax:
Wy OV Vv kv =2k Vv =kV'v" (21)
ot o /

TaxuM YUHOM 17151 TypOYJIEHTHOTO PEXUMY MaeMO HAaCTYIIHY CHCTEMY PiBHSHb:
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1" 1" 1"
Voo —+7? Wz +EVV 2k VIV =k YV
or ox ox
2" 2" 2"
5; + (V' iVl +1? ?Vz -y ] +EVIVE 2k VPV =k VIV (22)
T X X
3" 3" 3"
”Z + [V' ZVl +1? ?Lz 2l VZ"V-’”] +EVV =2k VIV =k VIV
T X X r

IIpu moOymoBi KiHIIEBO-Pi3HHUIIEBOI TUCKPETHOI MOEIi ITOCTaBUMO y BiANOBIOHICTH OC3YNMHHO BH3HAYCHIN
o " . i . . 1" 2
¢ynxuii V' puckperny dyukuiro @', sxa Bu3HadeHa y Bysiax citku. Jlis spyunocti nossauumo Vo oax U, V

3 . :
ax V, V7 ax W. Orpumaemo HacTyIHy cucTeMy PiBHAHB IS JAMiHAPHOTO PEXKUMY:

1 1
20 AV2), A2 o -k
T X )y
ow* [o(U@?) o(ve?) R ,
S +T—rWW +h@ = kD . (23)
2 3 3
@Jr M+@+21VW +h D = kD]
or ox oy r

AHaNOTIYHO 1715 TypOYJIEHTHOTO PEXXUMY MAEMO:

1 1
a;pl + M + @ + k}@1®1 — 2k[®l(pcl = k,q)qu)Cl

or ox dy
2 (g(ud*) o(Ve?
or M+Q—rWW KPP 2 DD = kDD (24)
or ox oy
s (o(Ud®) o(Vae’
ov | M+M+21VW +k DD -2k DD} =k D’D’
or ox dy r

[Tpu MozxenroBaHHI nporecy cenaparii HeoOXiTHO BpaXxOBYBaTH, 110 TEOPisl MIJIOBJIOBJICHHS i OYMIIEHHS ra3iB
BiJl TBEPIMX YACTHHOK 3BUYAaHHO BUXOJUTD 3 MOJIOXKEHHS, 110 KOXKHE 3ITKHEHHS ii 3 MepemKkoj0i0 abo MOBEPXHEI0
OCa/DKEHHS 3aBEpIIYETHCS BHIAICHHAM YAaCTHHKH 3 TOTOKY, TOOTO ymnoBmioBaHHsM [2, 7]. B mamiii poboti
e(pEeKTHBHICTF BUXPOBOTO amapary BH3Ha4YallaCh MOMJIMBICTIO MPOXOMKECHHS YACTHHKH B BXiZHOTO IO
PO3BaHTaXyBAIBHOTO MaTpyOKy, BH3HAUCHHSIM Yacy NepeOyBaHHA YaCTHHKH B TEIDIOOOMIHHUKY, IIBHIKOCTI Ta
TPaeKTOpii pyxy.

Posrnsagaroun muTaHHA 3ITKHEHHS YAaCTHHKH 3 TEPENIKOIOI0 MOTPiOHO 3a3HAYMTH, IO BEIWYHHA BiJCKOKY 1
HOro BEeTMYMHA CYTTEBO BIUTMBAE HA 3arajbHy €(QEKTHBHICTH cemaparii 3aJe)XUTh KyTa 3ITKHEHHS YaCTHHOK 3i
CTIHKOIO, Bifl HIBUAKOCTI, JOPMH, MEXAHIYHUX XapaKTEPUCTUK MaTepiaiiB, koedilieHTa TepTs W IHIIMX apaMeTpiB.
OpHaK TEOpEeTHMYHMH aHami3 IMX YMOB CYTTEBO YTPYIHEHU HEBU3HAUYECHICTIO 0araThbOX 3 MepepaxoBaHHX
mapaMeTpiB MpoIeCy, a ICHYIOYl MaTreMaTW4Hi MOJETI JUIS YHCJIOBOTO PO3PaxyHKy MaJOHAIidHI Ta JIar0Th
cynepewinBi pesynbratd [7]. Tomy Juis po3paxyHKy IOIUIBHO BHKOPHUCTOBYBaTH €MITIPUYHI 3aJIeKHOCTI, SIKi
HATBEPKYETHCS €KCIIEPUMEHTAIBHIUMH JTOCIIDKEHHIMH.

[Tpw 3iTKHEHHSIX 13 CTIHKOIO a00 eJIEMEHTOM KOHCTPYKIIi{ YaCTMHKM BTPAa4alOTh €HEPTilo 1 3MIHIOIOThH HAIPSIMOK
pyxy. dns po3paxyHKy TpaekTopii, Imicis 3iTKHEHHS 31 MOBEpXHEI0, HEOOXiqHO BU3HAYHUTH HAIIPSIMOK i BEIHUHHY
BEKTOpY IIBHIKOCTI. [lapamMeTpy BiICKOKY MAarOTh CTOXAaCTUYHHMI XapakTep 1 B OCHOBHOMY BH3HAYalOTHCS KYTOM
i SIKMM YacTHHKA MOTPAIUIAE Ha IMOBEpXHIO. [Ipy po3paxyHKax BHKOPHCTaHI HACTYIHI BHpa3d Ul BH3HAYCHHS
CKJIaJIOBUX IIBUAKOCTI YaCTUHKH Micys 3iTKHEeHH [10 ]:

V,,=(1-0.41598+0.4994 8> ~0.2928°)-V,, (25)
V., =(1-2128+3.07758* -1.18°) -V, (26)
ne [ — KyT Mi HaIpAMKOM LIBMJKOCTI 10 3iTKHEHHSAM i JOTHYHOI 10 MOBEPXHi NEPEIKOH 4u CTinku; V V. —

CKJIAJIOBI MIBHIKOCTI BITHOCHO IMOBEPXHI TiJla Mepe]] 3iTKHEHHSIM, HOpMajJbHa Ta JOTHYHA, J/ — CKJIQOBI

n2s" 12
MIBUAKOCTI YACTUHKH ITiCJIS 31TKHEHHS.
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Ha ocHOBI BUKJIQICHUX MaTeMaTHYHHX METOJIB PO3POOJICHHI TaKeT MPUKIAJHHUX MMPOrpaM, NPHU3HAYCHUH IS
BU3HAYCHHS TPAEKTOPIi PyXy YaCTHHOK MaTepiany B LMKIOHHHX TEINI00OMiHHMKAX. [lakeT mporpam siBisie coOor0
Habip mporpaMHUX MOIYJiB BUKOHAHHX Ha ()YHKIIOHAIBHUX Ta AJITOPUTMIYHHX MOBaxX NporpamyBaHHsi. YucnoBuii
PO3paxyHOK piBHSHb MaTEMAaTHYHOI MO 3MiMCHIOBABCS ITEpaIlifHUM METOJOM 3 BUKOPHUCTAHHSM SIBHOI CXEMHU
METOJOM CKiHYeHHX pi3HAIb. Ha ¢yHKOiOHaNBHIA MOBI AutoLisp BHKOHaHI THporpaMy Uil Bi3yamizamii
pe3ynpTaTiB po3paxyHKy B rpadigHoMy cepenouri AutoCAD.

Pe3yabraTu po3paxyHkis. s anpobariii MaTeMaTH4HO! MOJENI Ta aJrOPUTMIB Uil PO3PAxyHKY TPaeKTOpil
pPYXy YacCTHHOK Marepiany JOCITiDKeHHH 3amiyHud TEIUIOOOMIHHMK MYHOrO arperaty 3 miudio 4x60m
KpHBOpi3bKOro 1eMEHTHOTrO 3aBOAy. | eoMeTpuuHi po3MipH TEIUIOOOMIHHMKA MpeacTaBieHi Ha puc.2a. Y cxemi
PO3paxyHKy, MOJCIIOIOTECS NUTIHIPUYHA | KOHIYHA YACTHUHH, IO Pa30M i3 BXIJHHAM MaTpPyOKOM, HAIPaBISIOTh
MOTIK TAaHTEHLIAIbHO yCepeAMHY IMIIHIAPUYHOI YacTHHH. BUXiAHWI NaTpyOOK MOJAENIOETHCS NEePEeLIKOAaMHU
KOHCTpYKLIi Ha HUISIXy ra3oBoro mnoroky. lIBuakicte aucnepciiHoro cepenoBuina (ra3oBo — IMOBITPSHHUNA MOTIK)
3a7a€THCS 110 KOMIIOHEHTAM Vl:2.5M/c; V3=43wm/c.

Pesynbrat po3paxyHKy OpHBEACHI Ha pHC. 2, e MOKa3aHi KOHCTPYKTHBHA CXeMa TEIUIOOOMIHHHKA, BEKTOPH
LIBHJKOCTI Ta TPAEKTOPis pyXy YaCTHHOK Marepialy BiAIOBIIHOIO AWCIIEPCHOTO CKiIady, Bix 1 Mk mo 26,0 Mmk.
[IpuBeneHi MBHIOKOCTI Ta TPaeKTOpil MEpeMIlIeHHS Uil HAaHOUTBII XapaKTEpPHUX pO3MIpIB YACTHHOK. Takoxk
pe3yIBTaTh pO3paxyHKy HaBEACHI Y BUTILAAL Bileo (aiiiiiB B TOJATKY OO CTATTi.
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a) TennoobminHux 0)Posmip 1 mx

e)Posmip 10 mx orc)Posmip 14 mx K)Posmip 16 mk )Posmip 19 mx m)Poszmip 26 mx

Puc. 2 — TpaekTopisi pyXy YacTHHOK Ta MIBHAKIcTH(V'+v’) B Ten1006MiHHIKY (V' He IOKa3aHA)

YacTHHKY, 10 TOTPAIUIAIOTE B TEIDIOOOMIHHHUK Pa30M 3 IIOTOKOM DPiTUHH, 3aly4aroThCs B 00EpTabHUHA pyX 31
IIBUKICTIO, IO HAONMKEHa IO MIBHIKOCTI AMCIEPCIHHOTO cepemoBuimia. [IpW IbOMYy YacCTHHKH PyXalOThCS B
OCBHOBOMY Ta PajiajbHOMY HAaIpsSIMKaxX BiJIOBIJAHO O AIFOYMX HAa HHUX TiAPOJMHAMIYHUX, IHEPLIHHUX CHI 1 CHII
omopy pyxy SKi CHUIBHO BIUIMBalOTh Ha TpaekTopiro. CyMa BEKTOpPIB CHJ Yy KOXKEH MOMEHT 4acy BH3HAYae
MIPUCKOPEHHS YaCTHHKH, 11 IIBUAKICTH 1 BIAMOBIIHO TPAEKTOPIFO.
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JIHISIMU TOKY AMCHEPCIHHOTO cepenoBuIa, puc.20 — puc.2B. SIk BuaHO 3 rpadikiB HalMEHII YaCTHHKN PyXaroThCs
aHaJIOTIYHO AWCIIepciiHOMY cepenoBuiny. Jleski 3 HUX, IO 3HAXOAATHCA Ha Hepudepii BXiHOTO MOTOKY, TaKOX
OyAyTh IOTPAIUIATH HA KOHIYHUX CTIHKAaX amapara, a Ti SKi 3HaXOAATHCS ONK4Ye 0 HEHTPY MOXKYTh MOTPAITUTH Y
PEIHPKYIAMIIHOTO AAPO MOTOKY 1 B OCTATOYHOMY MiACYMKY MOTPAIUBIIOTh Y BUXiMHUHA maTpyOok. Ha gactuHKM
HEBEJIIMKUX PO3MIpiB BIUIMB BiAIEHTPOBHX CHJI HE3HAYHHHM i IIPH TOCHTH MATUX PO3Mipax pyX YaCTUHOK HE iICTOTHO
BIJIPI3HSETHCS BiJ| pyXy Hecyd4oi piuHu. YuM IpiOHilll YaCTHHKY, TUM OLIbIIE HA HUX BIUTUBAE OMIp CEpeoBHUINa i
TPAaEKTOpii pyXy CHIBNajae 3 JIHIIMU TOKY pianHu. HaliMeHII YacTHMHKM pPO3MOAUISIOTBCS MDK BXIIHHUMH 1
PO3BaHTAXYBAIBLHUM MaTPyOKaMy B TiM K€ CITIBBIIHOIICHHI, 1110 1 HeCy4a piiuHa. 3 pUCYHKIB BUIHO, 1110 YaCTHHKA
PO3MipoM 6 MK Ta MEHILE TOBHICTIO OTPAIUISIIOTh Y BIJIBIAHUI NaTpyOOK.

YacTHHKH CepeJHbOTO PO3MIpy MOBOAAThCA cebe iHakiue, puc.2 — puc.2xk. Jleski 3 HUX Ha MEHIIHMX pajiycax
obepTaHHs, 32 PaxyHOK Aii BIILEHTPOBHUX CHJI, MOXYTb 3MIHUTH HAampsMOK pyXy. Bka3aHi YaCTUHKH MOXYTh
MOTPANUTH HA CTIHKU anapary i BUATH 3 HHOTO 4epe3 PO3BaHTaXyBalbHUI MaTpy0oK, a00 MOBEPHYTHUCH B MOTIK
PIIMHU BHACTIZAOK 3MEHIICHHS il BIANEHTPOBOI CHIK. BKa3aHi 4YaCTHHKU MOXYTh TPHUBAJIHH 4Yac LIUPKYJIIOBATH B
po0ouiii 30Hi 3 0THAKOBOIO IMOBIPHICTIO MOTPAIIMTH B BiJIBIIHMI YK PO3BAaHTAXXyBaJbHUI naTpyOku. Buxin 3 nanoi
30HM MOXJIMBHH 3a paxyHOK KOAaryJiidii, AWCIEpryBaHHS a0o0 3IUTOBXYBaHHAM 3 IHIIMMH YacTHHKaMmH. [lo
30BHIIIHFOMY BHTJISIAY BOHH BiAPI3HSIOTHCS THM, IO IMPHUAMAIOTH OLTBII KPYTISCTY (GopMy. 3TiHO pe3ynbTariB
pospaxyHKy 87.2 % dacTuHOK (pakiii 14 MK NOTPAIUISIOTh Yy PO3BaHTaKyBaNbHUH, a 12,8% y BiaBiHMI MaTpyOoOK,
¢bpakuiss 10 Mk — 33,8% y po3BaHTaxyBaibHHU, 66,2% BigBinHuii narpyook, ¢paxmis 9 mx— 20,0% y
po3BaHTaxyBaidbHUH, 80,0% y BinBimHHMiIl marpyOok, ¢pakuis 7 Mk — 8,0% y posBaHTaxyBanbHUH, 92.0% y
BIJIBITHUI TTATPYOOK.

YacTuHKHM OUIBIIOTO PO3Mipy, 3a paxyHOK Jii BIALIEHTPOBUX CHJI, OyJIyTh cemapyBaTHCS 1 MOTpAIUIATH Ha
CTIHKY KOHIYHOi a00 HaBiTh LMIIHAPHUYHOI YaCTUHHU, pUC.2K — puc.2M. Miclle MOTpaIuIsiHHs B TEIUIOOOMIHHHUK HE
Ma€e CyTTEBOrO BIUIMBY HA TPAEKTOPIKO X pyXy Tak SIK BKa3aHi YaCTHHKH MOTPAIUIAIOTH HA CTIHKY 3a JOCHTb
HE3HAYHMI TEPMIH 4acy i Jalli pyXalTbCs B3IOBXK CTIHKM JI0 PO3BAHTAXYBAIBHOro marpyOKy. Po3mip BkasaHHX
YaCTHHOK CTaHOBUTH 16.0 MK Ta Oinblie.

3 [mocTaTHIM CTYIIEHEM IMOBIpPHOCTi, MOXXHA BH3HAYHTH MOXUIMBICTH IOTPAIUITHHS YACTHHOK KOHKPETHOI
¢pakmii B BigBimHWN a00 pO3BaHTaXXKyBANbHHUHA MATpyOKu. Bu3HaueHHS TpaeKTOpil YaCTWHOK A€ MOKIHBICTH
BCTAaHOBUTH 4ac iX nepeOyBaHHS HE TITBKU B IIUUIOMY y BUXPOBOMY amapaTi, aje i pi3HUX HOro 30Hax, 1o 0COOIUBO
BaYKJIUBO U1 BU3HAYCHHS €(DEKTUBHOCTI pOOOTH TEIJIOOOMIHHHKA.

BukopucraBmm OTpuMaHi pe3ysbTaTH, MOXJIMBO OTPHMAaTH 3Ha4deHHS e(EeKTHBHOCTI cemapyBaHHA
TEII00OMIHHUKA B 3aJISKHOCTI BiJl HIBUIKOCTI MOTOKY, pO3MipiB ()pakiiii Ta BiACOTKY YJIOBIEHHS (pakuiiHux
cxinazoBux. JlaHi Mo cemapyBaHHIO, B 3aJI©XKHOCTI BiJl PO3MiIpy YacTMHOK IIOKa3aHi Ha puc.3, BKazaHHW 4ac
nepeOyBaHHs YaCTHHOK MaTepiany pi3HHX (pakifiii B 3aJeKHOCTI BiJl MiClli 1X YBEICHHS B TCIUIOOOMIHHUK Bij
BUITYCKHOT TpyOH J10 CTiHKH.

50 Yac, c
—o—1mMkM —B—5MKM —&A—9 MKM
40 —¢—11 MKM —¥—12 MKM —@— 14 MKM
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Puc.3 — Yac nepedyBaHHSl YACTHHOK B TeNJI000MiHHUKY NMPU Pi3HUX MOJI0KEHHAX YBeIeHHA
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Sk crmigye 3 OTpEMaHUX JaHUX 4Yac repeOyBaHHS YaCTHHKU B TEINIOOOMIHHUKY 3MIHIOETBCS B 3aJIC)KHOCTI Bij
Micus MOTparvIsiHHS. B 3aranbHOMY BHIaaKy Yac 30UIBIIY€EThCS NPH HAOIMKEHHI IO CTIHKHM BiJl BUILYCKHOI TpyOH
TerooOMiHHUKa. J[aHe SBUIE MOSCHIOETHCS MEBHOIO KIJBKICTIO 3ITKHEHb YaCTHHKHU 3 CTIHKOIO Ta Ii BiJICKOKaMH.
OTXe 4acTHHKA Mpoiife OUIbIINil IUIIX, HiXK Ta, M0 3HAXOAUTHCS B MOTOIII IOCTIIHO.

Ha wactunkm po3mipom 16 Mk — 26 MK Micle MOTpaIUITHHA HE CYTTEBO BIUIMBAE HAa Yac 3HAXOIKCHHS B
TEIUIOOOMIHHUKY. Bka3aHi YaCTHMHKM TpPaKTUYHO BiApa3dy MOTPAIUIIIOTh Ha CTIHKY 1 CHpPSIMOBYIOTBCS B
po3BaHTaXyBanbHUI maTpyOok. Yac ix mepebyBaHHSA B TEINIOOOMIHHUKY CTaHOBHTH Bif 8 ¢ 10 35 ¢, B 3aI€KHOCTI
BiJl MICIIs YBECHHA Ta po3Mipy paxuii. IIpu 361bIIeH] BiICTaHI Bil BUITyCKHOI TPyOU 1O KOPITyCY 301TBIIY€ETHCS
IUIAX KOTPHH MPOXOIHUTh YaCTHHKA TOMY 4ac ii mepeOyBaHHS B TEIIO0OMIHHHKY 301IbIIy€eThCs. 3 rpadikiB TaKOXK
BUJIHO, 1110 Yac repeOyBaHHs 3MEHILIYEThCS MPH 30UIbILEHH]I IXHBOTO PO3MIpPY YaCTHHKH.

BucHoBkH. ['0JI0BHUM pe3ylbTaToM MPOBENEHHUX AOCIIKEHb € PO3po0Ka MaTeMaTHYHOI MOJIEINI, aJrOPUTMIB
Ta MPOrpamMHOr0 3a0e3MeYeHHs I PO3PaxXyHKY 1 JOCHTIHKCHHS MNpOIECy cemapailii B IUKJIOHHUX BHUXPOBHX
amaparax, 10 JO3BOJIIIOTH JAOCHThH ITOBHO OMKCATH IOBO/PKEHHS YAaCTHHOK MaTepialy 3 MOJJIMBICTIO BHBYEHHS
MIPOLIECY PO3JIICHHS Ta BU3HAYCHHIM TPA€KTOPil pyXy YaCTHHOK, IIBUAKOCTI Ta yacy rnepedyBaHHS B anapari.

Y pe3ysbraTi NpOBEAECHHS JOCIIKECHb!

- oOrpyHTOBaHE BHW3HAYEHHS pO3MOIUTY aepo30JbHUX CHCTEM 3 BHKOPHCTOBYIOYH TIIOHATTSA 30ipHHKIB
YaCTHHOK TOAUTIOBAHMX Mac, IO IPYHTYIOTHCS Ha BHBYEHHI MAaTEMaTHYHHX MOJEJEH i 3aKOHOMIpHOCTEH pyxy
ra30MIIOBOI CyMillli B KOHCTPYKIIISIX BUXPOBUX arapaTis;

- BHKOPHCTOBYIOYH METOJ CKIHYEHUX PIi3HHUIb PO3POOJICHO YHCIOBY METOIUKY Ta MpOrpamHe 3abe3redeHHs
UL PO3B’S3aHHS 3a7ay cenapalii B IMKIOHHHX BHXPOBHUX alaparax, IO Ja€ MOXJIMBICTh BH3HAYUTH LIBUIKICTS,
TPAEKTOPIO PYXY, Yac mepeOyBaHHs MaTepialy B TEIUIOOOMIHHHUKY Ta B 3araJlbHOMY BHIIQJKY 301LIbIIUTH TOYHICTh
PO3paxyHKYy;

- po3po0JIeHO0 METOJHMKY, MaTeMaTW4Hi Ta MporpaMHe 3a0e3ledyeHHs Uil PO3paxyHKIB CTYIeEHi cenaparii
YaCTHHOK JucnepcHoi (a3u Ta (ppakuiiiHol eheKTHBHOCTI HUKIOHHUX TEINIOOOMIHHUKIB;

- 3alpOINOHOBAHO PIIIEHHS Ul PO3PaxyHKY PpO3JUIOBOI 37aTHOCTI 3 ypaxyBaHHSM 3ITKHEHHS YacTHHOK 3
MIEpEIKOJIOI0 Ta BH3HAYEHHS 3aKOHOMIpHOCTEH X pyxXy mpu ix B3aemoaii 3 poOOYMMH OpraHamMu BHUXPOBOTO
amapary.

IepcnekTHBH MOJAJBIINX AOCTiIKeHb. [ITaHy€eThCSI B TOAATBIIOMY BUKOHATH BIIIIOBIAHI JOCITIHKCHHS IS
OUTBII AETAIEHOTO PO3TIITHYTH NMUTAHHSA €(PEKTHBHICTH MOALTY 3 BpaXyBaHHIM yMOB TUCIIEPTYBaHHS YaCTHHOK Ta
BIUIMBY 3MIiHM TEMIEPATypH | BHYTPILIHHOT0/30BHIIIHBOTO THCKY Ha PyX YaCTHHOK 1 MOXKJIMBOCTEW cernapaitii.
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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.
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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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