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Pedepar. Ananu3 HaydHbIX pabOT, MOCBSIICHHBIX MAaTEeMAaTHYECKOMY OIMCAHHIO DIICKTpUYE-
CKHMX T€HEPATOPOB BO3BPATHO-NIOCTYNATEIbHOIO JBMU)KEHUS C OCTOSIHHBIMM MAarHUTaMu, IOKa3all,
YTO IpeylaraéMble MaTEMaTHYECKUE MOJEIN TAKOIO TUIIA FEHEPAaTOPOB OCHOBBIBAIOTCS HA TEOPUHU
MArHUTHBIX Ienell (yIpOIIEeHHOM IPEICTaBIEHHH O MArHUTHOW CHCTEME W MAarHUTHOM II0JIe
B BHJIC MArHUTHOM IIEMHU C COOTBETCTBYIOIIUMH MPOBOAUMOCTsIMK). OIHAKO B OTIMYUE OT TPAJIH-
LIMOHHBIX JEKTPUYECKUX MAIIMH BPAIIATENIbHOTO TUIA JIEKTPUUECKUE T€HEPATOPbI BO3BPATHO-
MMOCTYNATENFHOTO JBHKEHUS 00IaIaloT psAIoM 0COOECHHOCTEH, OIMyIIeHNe KOTOPHIX MPU MOJIEIH-
pOBaHMU YBEIMUYUBACT 3aTpaThl HA UX CO3/IaHUE 3a CUET MPOJOJLKUTEIBHOCTH MPOEKTHPOBAHUS
¥ DKCIEPUMEHTAJIbHON HopaboTku. [109TOMy Ha HaYaJ bHBIX JTaNax AIEKTPOMArHUTHOTO pacyera
Y peIleHus 3a/1ad ONTHMH3aLHUK TpeOyeTcsl MPUMEHEeHHEe aleKBAaTHBIX MaTEMAaTHYECKIX MOJEIEH.
C 3Toi1 LeNbI0 MOXKET HCIIOJIF30BATHCS MOJICITUPOBAHUE HA OCHOBE TEOPHH IIOJIS, OJTHAKO OCHOB-
HBIM €r0 HEJOCTaTKOM SIBJISIETCSI CJIOXHOCTh NMPUMEHEHUs U pelleHHs 3ajjad ONTHMU3ALUU.
Jl1s1 TIOBBIIIEHUS] TOYHOCTH PAcyYeTOB MMApaMeTPOB AJIEKTPUUECKUX TE€HEPaTOPOB BO3BPATHO-
MOCTYIATEJILHOTO JBMXKEHUSI C TIOCTOSIHHBIMM MarHUTaMy IpeylaraeTcsi UCIoib30BaTh B MaTeMarTu-
YEeCKHX MOJIEISIX Ha OCHOBE TEOPHH MArHUTHBIX IIeNed YTOUHSIomMe KOI((UIHEHTH! paccessHus 1
BBIIYYMBAaHMS MarHUTHOI'O IOTOKAa. ABTOpaMH pa3paboTaHbl YTOUHEHHBIC 3JIEKTPOMArHUTHBIE MOJIE-
JIM YKa3aHHBIX T'€HEPaTOPOB, MO3BOJISAIONINE BBIYUCIUTS OCHOBHBIE TApaMeTphbl Ha HauaJIbHBIX 3Tarax
JJIEKTPOMArHUTHOTO pacueTa W pelleHus 3aJad ONTHMHU3ALMU C BBICOKOW CTENEHbIO COOTBETCTBUSL.
OTNMYIUTENEHON 0COOCHHOCTBIO YTOYHEHHBIX 3JIEKTPOMATHUTHBIX MOJENIEH TeHEepaTOpOB SIBIISCTCS
y4eT 3aBUCHUMOCTH KO3()(DHUIMECHTOB PACCESHHUS ¥ BBITYYHBAHKS MArHUTHOTO MOTOKA OT KOOPAWHATHI
MOJIBIYKHOM 4acTH M TUIOIAM MOTIEPEYHOI0 CEYCHHSI MArHUTOIPOBOIA.

KiroueBble cjioBa: MareMaTH4yecKas MOJeENb, SJIEKTPHYECKUI TeHepaTop BO3BPATHO-NOCTYIIA-
TEIBHOTO JABMKEHUS, TEOPUs MATHUTHBIX LEIICH, TEOPHs II0JI1, METO/ KOHEUHBIX 3JIEMEHTOB
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Development of Refined Electromagnetic Models
of Reciprocating Electric Generators with Permanent Magnets

A. B. Menzhinski?, A. N. Malashin®, P. B. Menzhinski?®

DMilitary Academy of the Republic of Belarus (Minsk, Republic of Belarus),
2Yanka Kupala State University of Grodno (Grodno, Republic of Belarus)

Abstract. The analysis of scientific papers devoted to the mathematical description of electric
generators of reciprocating motion with permanent magnets demonstrated that the proposed
mathematical models of this type of generators are based on the theory of magnetic circuits.
Such mathematical models are based on a simplified representation of the magnetic system and
the magnetic field in the form of a magnetic circuit with corresponding magnetic conductivities.
However, unlike traditional rotary type electric machines, electric generators of reciprocating
motion have a number of features, the omission of which in mathematical modeling causes the
increase of the cost of their creation (due to the duration of the design and experimental refine-
ment of the generators). Therefore, at the initial stages of electromagnetic calculation and solving
optimization problems, it is necessary to use adequate mathematical models to improve the
accuracy of calculations of the parameters of these generators. For this purpose, a mathematical
model based on field theory can be used; however, its main drawback is the complexity of its
application for solving optimization problems. In this regard, to improve the accuracy of calcu-
lations of the parameters of electric generators of reciprocating motion with permanent magnets,
it is proposed to use refining coefficients (coefficients of scattering and buckling of the magnetic
flux) in mathematical models based on the theory of magnetic circuits. The authors have deve-
loped refined electromagnetic models of electric generators of reciprocating motion with perma-
nent magnets, which make it possible to obtain the main parameters of generators at the initial
stages of electromagnetic calculation and when solving optimization problems with acceptable
accuracy. A distinctive feature of the refined electromagnetic models of generators is the consi-
deration of the scattering and buckling coefficients of the magnetic flux in the magnetic system
that change during the simulation.

Keywords: mathematical model, electric generator of reciprocating motion, theory of magnetic
circuits, field theory, finite element method

For citation: Menzhinski A. B., Malashin A. N., Menzhinski P. B. (2021) Development of Re-
fined Electromagnetic Models of Reciprocating Electric Generators with Permanent Magnets.
Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (4), 291-302. https://doi.org/10.
21122/1 029-7448-2021-64-4-291-302 (in Russian)

BBenenne

MareMaTH4ecKOMy OITMCAHUIO DJIEKTPHUYECKHUX T'e€HEepaTopoB BO3BPATHO-
noctynareiapHoro aemkeHus (D1 BIIM) ¢ MOCTOSHHBIME MarHUTaMH ITOCBSIIICHO
JIOCTAaTOYHOE KOJIM4YeCTBO padoT. VX aHamu3 [1-6] mokasbIBaeT, 4TO MaTeMaTHuC-
ckre Moaenu (MM), omuchIBaIONINE AJIEKTPOMArHuTHBIC Tporieccsl B DI BIL/],
0a3upyrOTCs HAa TEOPUH MarHUTHBIX Iierell (Ha ocHoBe ypaBHeHHH Kupxroda).
Takue MoJeny MHUPOKO NMPUMEHSIOTCS B MHXKEHEPHBIX pacyeTax IJis oIpese-
JeHus mapaMeTpoB W xapakrtepucTuk OI'BIIJl Ha HadampHBIX 3Tamax IMPOEK-
TUPOBaHUSI.

[MocTpoennbie Ha 0asze mEMHBIX MeTOJO0B MM ynoOHO UCHONB30BATH MPHU
pelieHny 3a/1a4 ONTHMU3AIUU. METOJbI TEOpUM MATrHUTHBIX IIETIed OCHOBAaHBI
Ha YIPOIICHHOM IIPEJICTABJICHUM O MAarHUTHOW CHCTEME U MarHUTHOM TIOJIE
B BUJC MarHUTHOW IENH C COOTBETCTBYIOIIMMU MAarHUTHBIMHU IPOBOJIUMOCTSI-
mu [1, 6]. HemocTatouHas TOYHOCTh TaKWX MOJEJCH YBEIMUMBAET 3aTPAThI
Ha co3ganue DI'BII]] 3a cueT mpomoKUTETLHOCTH MTPOSKTUPOBAHUS U JKCIIe-
PUMEHTANLHOW J10paboTKu reHeparopoB. [103ToMy Ha HaYaNBHBIX dTamax 3JCK-
TPOMarHUTHOTO pacueTa W pemIeHHs 3aJad ONTHMH3alud Heobdxoamma 0o-
nee agexBatHas MM, Hampumep Ha ocHoBe ypaBHeHUH Kupxroda u [lyaccona
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JUISS BEKTOPDHOIO MATHHTHOTO IOTeHIMana [7-9], Oasupyroliascsi Ha TCOPUH
nosist. OCHOBHBIM HEJIOCTATKOM Takoro Tuma MM SBISETCSl CIIOXKHOCTh €€ TIpH-
MEHEHHUSI.

ITocTaHoBKa 3aga4u

Pa3zpaGorka yrouneHHbsix mopeneii DI'BIIJ] ¢ MOCTOSHHBIMH MarHHTaMH,
MO3BOJISIONIUX MOIYYHTh C MPUEMIIEMOI TOYHOCTHEO 3HAYCHUS OCHOBHBIX Mapa-
METPOB TEHEPATOPOB HA HAYaJIbHBIX ATalax JICKTPOMArHUTHOT'O pacyeTa u pe-
IIeHNS 33/1a4 ONTHMHU3AINH, UMEET 0COOYIO aKTyaTbHOCTb.

[Ipu marematmdeckom wMonenmpoBannn OI'BIIJ] Ha ocHOBe ypaBHEHHIA
Kupxroda npunuMmaercs psiji TpaAuIUoHHBIX nomymenuid [10-15]: morepu B
MarHMTOMPOBOJIC OT BUXPEBBIX TOKOB HE YYHUTHIBAIOTCS; CONPOTUBIICHHUE BO3-
JIYLIHOTO 3a30pa 3HAYMTENHHO OOJbIIEe COMPOTHUBICHUS! MarHUTOIIPOBOAA (Mar-
HUTHOE CONPOTHBJICHHUE MAarHUTOIMPOBOJIA HE YYUTHIBACTCS); TIOCTOSIHHBIM Mar-
HUT CTaOWIM3UPOBAH, MOJIOKEeHHe pabodell TOUKH B Tporiecce paboTsl HE MEHSI-
€TCs; MarHWTOIIPOBOJ HE HACHINIEH; MHIYKTUBHOCTH PAacCesHUS KOHTYPOB He
yuuteiBaeTcsa. Kpome TOro, AOMOTHUTENHFHO MPUHATH YCIOBHUS (YHKIIHOHUPO-
Banus DI BI1/I: onHoda3Hoe UCTIOIHEHKE; JIMHEHHAS HArpy3Ka.

Pa3pa0oTka yroYHeHHBIX 3J1eKTPOMATHUTHBIX Mojesel

B OI'BIIJ ¢ 4nciaoM MOCTOSHHBIX MarHUTOB N, (OPMUPYIOIINX MarHUTHBIN
MOTOK 4yepe3 K-if KOHTYp, IMOTOKOCIEIUIEHHe K-ro KOHTypa

S
vy =L +Z‘|’E1Ma 1)
i

rae iy — Tok K-ro xoHTypa; Ly — cOOCTBEHHas MHIYKTUBHOCTH K-r0 KOHTYypa;

S
Z\V&M — INOTOKOCHCIIIICHUC k-ro KOHTYpa, O6YCJ'IOBJ'I€HHO€ N-M ITOCTOSIHHBIM
=1

n=k
MarHUuTOM.

C yuerom (1) m BTOporo 3akoHa Kupxroda mis smeKTpUYeCKUX Ierel
3auIlieM ypaBHEHHUE d3JeKTpuueckoro paBHoBecus [1, 14] mis k-ro koHTy-
pa OI'BIIJ]

: dii . dlg > Ay
Rei + kad—"[‘+|kd—f[<k+nz_l:—“é‘;” =0

n=k

: )

rac Rk — aKTUBHOC COIIPOTUBJICHUC k'FO KOHTYypa.
Brinenss narpysky u mnpeobpasyst ypaBHeHHE (2) B COOTBETCTBUH C NPaBU-
namu audepeHIpOBaHUs, 3aIIMILIEM €ro B BUIC
. . di dip . diy, [ dy™
i, Ry +i R, + L, —+ Ly —C+i, —%K+ > [y —K_ =0 3
k' M0k k" u LHdt LOk dt k dt ; r dX ()

n=k

rae Rox — akTMBHOE compoTHBICHUE padoueii 0OMOTKM K-To KOHTypa reHepa-
topa; R, — To ke Harpy3ku; L, — MHAYKTHBHOCTb Harpy3ku; Lox — coOcTBeH-
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Hasi MHAYKTHBHOCTh K-To KOHTypa; V. =dx/dt — CKOpPOCTh HepeMEeIleHHs MOo-
JIBUDKHOM 4acTH TreHeparopa.

Bripakenuto (3) ¢ y4eTOM NPHUHATBHIX IOMYIICHUH M YCAOBHH (DYHKIHO-
HUPOBAaHUSI TE€HEpaTOpa MOXET OBbITh IIOCTAaBJIEHA B COOTBETCTBHE SKBHBA-
nenTtHas snektpudeckas cxema DI'BILJI, mpeacraBnennas na puc. 1, roe Ey —
DJIC mBwkenus K-ro konrypa; Uy — HampsbkeHHe Harpy3ku K-ro KOHTY-

pa (U, =i R, +L,(di,/dt)) [1, 14].

E, iy

R Puc. 1. DxBUBaJIEHTHAS dJIEKTPHUYECKas CXeMa
Rok H U, k-ro KOHTypa 3MeKTpHIECKOro reHeparopa
BO3BPaTHO-MIOCTYNATEILHOTO JIBUIKECHHS

Fig. 1. Equivalent electrical diagram
Lok L, of the k-th circuit of a magnetoelectric
v reciprocating generator

CoGCTBEHHAs! MHyKTHBHOCTB K-TO KOHTYpa ONpEIENseTes o BhIpaKeHuio [1]
Lo = (‘Dika )/ik ’ 4

rae ©; — MarHuTHbIA NOTOK 4epes K-if KOHTYp, CO31aHHBIA TOKOM K-TO KOHTY-

pa ix; Wy — KOITHIEeCTBO BUTKOB K-ro KOHTYpA.
IMoTokocuermieHre K-ro KOHTypa, 00yCIIOBJIEHHOE 72 TOCTOSHHBIMM MarHuTa-
mu [1]:

s s
IIM M
Z\Vkﬂ = zwkq)kn P (5)
=1 =1
n=k n=k

M o v )
rae @,,° — MarHUTHBIA TOTOK Yepe3 K-if KOHTYp, 00YCIIOBICHHBINH N-M IOCTO-

SIHHBIM MarHUTOM.

Y4uThIBas, YTO MarHUTHBIM IOTOK PaBEH HPOM3BEICHHUIO MAarHUTOIBIKY-
I CHJIBI M MAarHUTHOM MPOBOJMMOCTH 1O ITyTH 1MOTOKa [1], 3amuieM MarHut-
HbIIT TOTOK uepe3 K-it KoHTyp:

— 00yCIIOBJICHHBIH N-M MTOCTOSHHBIM MarHUTOM:

D' = Fy MGy (6)

rne FIM

n — MAarHATOJBMKYIIas Cujia N-ro IOCTOSSHHOTO MarHuTa, thnM — Mar-
n

HHUTHas TPOBOJMMOCTb BO3AYIIHOTO MPOMEXYTKA MO MyTH MArHUTHOTO IT0-
M
TOKa N-TO MOCTOSIHHOTO MarHuTa @ ;
— CO3IaHHBINH TOKOM K-To KOHTYpa iy

®, =FGy,. (7)

rae F, = w,i, —MarHuTOIBIKYyIIas cuiaa K-To KOHTYypa; G% — MarHuTHas Ipo-

BOIMMOCTB BO3JIyIITHOT'O IIPOMEXKYTKa 110 IyTH OoT0Ka P .
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CymiecTByeT MHOXECTBO METOJOB pacueTa MAarHUTHBIX IPOBOJUMOCTEH
MarautHOU enw [13, 16]. Jlns pacdera MarHMTHBIX mpoBoaumocteir DI BITJ]
HONIEPEYHOT0 U IPOJOIBHOTO TUIIOB, KaK MPaBUJIO, UCIOJIb3YETCs] METO BEPO-
SITHBIX TyTel moToka (Merox Porepca), monmydwBIIHiA pacrpocTpaHeHue OJ1aro-
Japsi CBOCW HArJsIIHOCTH M mpocTtoTe mpumeneHus [1, 16]. [Ipu pacyere mar-
HUTHBIX MPOBOAMMOCTEN BO3AYIIHBIX 3a30poB OI'BIIJl mpoponsHOro THma c
MOMOIIBI0 MeToZa PoTepca HCIONB3YIOTCS pacyeTHBIE BBIPAXKECHUS, IPUMEHsIe-
MbI€ K AsekTpomarauram [17, 18] kak Hanbosee OMM3KUM 10 KOHCTPYKTHBHBIM
npu3Hakam npeodpasoBarensiM. Kpome Toro, B [17, ¢. 52-53] myTem maremaru-
4ecKol 00pabOTKM JKCIIEPUMEHTANBHBIX JAHHBIX HA OCHOBE IMPHHIMUNA TOJ0-
ous A.T. CTUBUHCKON TMOJy4YeHBI 3aBUCHMOCTH, BBIPAKAIOIIUE CYMMapHYIO
BHEIIHIOI0 MarHUTHYIO IPOBOJKMMOCTH BO3AYIIHBIX 3a30pOB AJIsI KBaJApaTHBIX
U OWIMHAPHYECKUX NMOM0cOB. ONHAKO B OTIMYHE OT TPAJAWLMOHHBIX IEKTpH-
YecKHX MalivH BpamartensHoro tuna DI BIIJ] obnagaroT psgomM ocoOeHHOCTEH
(HepaBHOMEPHOCTb PACHpEACICHUS! MarHUTHOTO IOTOKA B BO3IYLIHOM 3a30pe
MarHUTHOM CHUCTEMBI, TIEPEMEHHBIN XapakTep BO3IYLIHOTO 3a30pa MEXAY IO-
JIBHKHOW M HETIOJIBIDKHO# 4acTsaMu [1]), yueT KOTOphIX HMeeT BaKHOE 3HAUCHUE
MIpH UCCIEIOBAaHUM U TIPOEKTUPOBAHUH reHepaTopa. [loaTomMy Ui MOBBIIEHUS
agexkBatHocTu MoaenupoBanust DI BIIJl npegnoxeHo ucnonab3oBath B MM Ha
ocHoBe ypaBHeHMI Kupxroda yrouHstomue KodQQHUINEHTH MAarHUTHBIX MTOTO-
KOB BBIIyuMBaHus K U paccesHHsi G, MOJyYCHHbIC C MOMOIIBI0 METOa KOHEeu-
HbIX 37ieMeHTOB [19]. C y4eToM CKa3aHHOIO 3allWIleM MarHUTHBIA TOTOK Ye-
pe3 k-ii koHTyp:

— 00yCTIOBICHHBINA N-M MTOCTOSHHBIM MarHUTOM:

k

D = - FHHMG(DnHM ; (8)
— CO3aHHBII TOKOM K-T0 KOHTYpa iy
k

D, = - FkG¢,ik . 9)

CreoBatenibHO, COOCTBEHHAS HHIYKTHBHOCTD K-ro KOHTYpa MpUMET BUJT

k
Lo = EWEGcDik : (10)

B [19, 20] uznokeH HOPSIIOK HMOAYYCHHS YTOUHSIOMUX KOI(DDUINEHTOB G,

k mms OT'BIIJl u mpencraBieHbl yTOUHSIONHE KO3()(OUIMEHTHI G(SMHP,X),

k(SMHp,x), nonyuennsle ansa STBIIJ] npogonbHOTO THMA, B 3aBUCUMOCTU OT

KOOD/IMHATHI MEPEMEIIICHHS X TTOJBM)KHON YacTH M IUIOMIAIH MOMEPEYHOro ce-
4eHHs] MarHUTONPOBOJa Syvi,. PaspaboTannslil panee moaxoxn [8, 19, 20] ocHo-

BaH Ha MCMOIb30BaHNU B MM G(SMHp,x), k(SMHp,x) HPH 3aJaHHBIX Sy, U X.

To ects B mporecce MOJENNPOBAHUS MIPU U3MEHEHHH Sy, WM X HEOOXOIUMO
Jenath mnepecyer Ko3hPHUIMEHTOB 6 U K, 4T0 HE OYeHb YAO0OHO Ha HAYATBHBIX
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JTanax AMEeKTPOMAarHUTHOTO pacueTa M PelleHns 3a1ad ONTHMHU3AIUN TeHepaTo-
poB. Kpome Toro, B [21] BBIsSIBIEHO, YTO CYIIECTBEHHOE BIMSAHUE HA 3HAYCHUS
K03 QUINEHTOB paccesiHUs U BBITyYHBAHUS OKa3bIBAIOT Sy, U X. AHAIN3 BbI-
paxenuit (8)—(10) mokas3sIBaeT, 4TO €CIM HE YIE€CTh ATOT (haKT, MOTPEIIHOCTh
pacueroB napametpos DI BII/l yBenuuurcs.

C ydyeTrom aHanm3a pe3ynbTaToB MaTeMatndeckoro moaenupoBanus O BIT/]
[8, 9, 15, 19-21] B paHHON cTaThe MNPEMIOKEHBI JBa HOBBIX IOIXO0/a
K MCTOJb30BaHuI0 B MM Ha ocHOBe ypaBHeHMH Kupxroda yrounstomumx koag-

¢buieHToB G(SMHp,x), k(SMHp,x): 1) npu u3MeHeHUM KOOPAMHATHI MOJABIK-
HOI yacTu X = var 1 3aJaHHOM IUIOLa | MONIEPEYHOr0 CEYEeHUs] MarHUTOIIPOBO-
ma Sy = Sy —Swmpns 2) TPH X = Var u Sy, = Var.

Jns MOosACHEHWs pealu3allud HEpBOro IMOAXOJa Hpeanaraercs HCHOIb-
30BaTh MOJTYYCHHBIC paHEe YTOUHSIOMNE KOAPPUITUESHTHI G(San,x), k(SMHp,x)
st OTBIT npomonsHoro tuma [20], Ha KOTOPBIX CTPOSITCS 3aBUCUMOCTH G OT X
u K or x mpu Sy, =Sy, —Sypns ¥ =Var (puc. 2, 3). Takue 3aBHCHMOCTH

MOTYT OBITH TOdy4eHbl it moboro tuma OIBIIJl myTem MHOrokpaTHO-
ro IOCTPOEHHS IBYXMEPHOM KOHEUHO-3JIEMEHTHOW MOJEIM MarHUTHOIO IO-
st (puc. 4) [19].

?\(SMHP ’ x) % (SMHW’XG)GB (SMHPJ’\XS) % (SMHPZ’XQ)O.H(SM“N T ) Ijk(SM“P ' x) ks (Sann'xx)kg (SMupsvxq ) kg (Sanzvxm) k11 (SMum X |)

Oy o ko + ~
Sirions? 9
1 65( Mg XSZ " G1o S\Hlpl’x!(]) s k10 Sanl,Xm)
o, k k. (S .
e 54(SMIIpn>x4)Q i 5( M"PH'XSJ °
0T~ . % SM””’XQ) k, 3 K (S wxc)
. Ga(Sann’Xz)(’ N ca(smnpwxx k7 ‘ (S ) ks(San \ X
(a ° s T X, S *
; 7 (Swnis X7 EL L LRV S A k7(SMHI X
o. & . kL . .
05“ o . G ([Sungis X DG(SWW,X) ks T - 4 Ke (IS X6 °k(5wnpn!"')
‘ - s (S 20 (Syps» X) ‘ - eens Ko (Sumo s oK (Symysrx)
O3 - 8(54 Sungi> ¥4 .g(Sanz’x) ks " . skA(SM“ X, -k(Sanz,x)
o, T Os Pumpi %3 ° G(SMthX) k2 T . ) 3( g5 ° k(s\“‘r"'x)
s 6 [Symgns X kL kZ(SMII 1 X2
T 1T (R
' zcl(svlﬂp’xl) R ‘kl(DMIIp 'xl) R
T > T Ll
Xy X X3 Xy Xg Xg Xg Xg Xg Xyo Xy Xy Xy X3 Xy X5 Xg X Xg Xg Xy Xy
Puc. 2. 3aBUCUMOCTB G OT X Puc. 3. 3aBucumocTs K o1 X
npu San = San]—Sann, x=var npu San = San,—Sann, x=var
Fig. 2. Dependence of o on x Fig. 3. Dependence of k on x
by Snirtp = Swrip1—Smripns X = Var bY Syinp = Swirip—Swripn X = Var

Hanee myTeM MONMMHOMHUAIBHON anmmpokcuManuu (N = 3) pacCUUTaHHBIX KO-

s dunmento o, k (puc. 2, 3) mpu S S S X =Var TOIy4YeHbI

MIlp — SMIlpl~ > MIIpn

BBIPaXXCHHA:
3 2
Oy (Sumpn-X) =2,X° +2,X° +a,x+a,,

(11)
neN; a,,a8,a8,,a, €R;
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Ko (Syiipns X) = 39X +2,X* +a,x+ay,

(12)
neN; a,a,a, a R,

rae N — MHOXKECTBO HaTypalbHBIX 4YHCEN; &, &, 8,, 8; — KOOQOHULUCHTHI;

R — mMHOXecTBO HCﬁCTBHTGHBHBIX YUCCII.

MarHuTHBI# MOTOK
Bbityunsannst Ovi

MarHuTHBIH TOTOK MaruutHsli 10T0K (D . :(Dsl +CI)Vl +d
B BO3/YIIHOM 3a30p€  IOCTOSHHOTO MarHUTa == e
Qs D

N MarHuTHBIi TOTOK
MarsuTHsIi MOTOK paccesHus

gepe3 pabodyro 0OMOTKY

DKBHBAJICHTHAs CXeMa
MAarHUTHOH Lenn

MarHUTHbIC
TIPOBOAMMOCTH |

Puc. 4. [IByxmepHasi KOHEYHO-2JIEMEHTHAsE MOJIECIIb MATHUTHOTO T10JIs
UEKTPUYECKOTO TeHEPaTOpa BO3BPATHO-TIOCTYIIATEIBHOTO JIBHIKCHUS
C HPOOJIBbHBIM H3MEHEHHEM MarHUTHOTO TIOTOKA

Fig. 4. Two-dimensional finite element model of the magnetic field
of an electric generator of reciprocating motion with a longitudinal alteration
in the magnetic flux

CremeHp THONMHOMA N ONpeneIseT TOYHOCTH pacyera o, K. Bripaxe-
Hus (11) 1 (12) nokaspiBaloT 3aBUCUMOCTH G, K OT X PH Sy = Sy —Swirpn

Y TIO3BOJISTIOT MCIIONB30BaTh B MM Ha ocHOBe ypaBHeHH# Kupxroda nm3mensio-
myecs B TPOIECCe MOACIUPOBAHHS G(San,x), k(San,x) npu X = var,

Smip = Swirpi—Smmpn- € YUETOM [OJYYEHHBIX KO3 HUIHUECHTOB Gn(SMHpn,X),

K, (Sann , X) u BeIpakenuit (8), (10) ypaBaenwme (3) MOXKHO 3aMKcaTh B BUIE

o di, [ *WiGo, |di,
Ry + 1R, + L, ot + o it +
2 M (13)
i i kan G(Dik N i y i kan Fn G‘DnnM 0.
“dt o, =1 " dx o,

n=k
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Bropoii mogxon peanusyercs B cpeae Matlab-Simulink 3a cuer ucmomns3o-
Banus 6;oka Look-Up Table 2-D (puc. 5).

Lookup Table (n-D) -

2-DT(u) Perform n-dimensional interpolated table lookup including ind
U ) u function in N variables, Breakpoint sets relate the input values

> y =f (ul;uz )wputport. =

U2 ) u2 Table and Breakpaints ‘ Algorithm | Data Types

2D Lookup Number of table dimensions: 2 -
Table Table data: y= f (ul;uz)
Breakpoints 11 Uy,...

Breakpoints 2:  Ups...

4| [ | »

Puc. 5. biok Look-Up Table 2-D
Fig. 5. Look-Up Table 2-D block

IMopsinok popMUpOBaAHMS YHCIOBOI0 COCTABA TAOJIUIIBI
6s0ka Look-Up Table 2-D

[TyTreM MHOTOKPaTHOTO TOCTPOCHUS IByXMEPHOW KOHEYHO-3JIEMEHTHON MO-
pemu MaruutHoro moss [19] OIBII npu Sy, = var, x=var (puc. 4) popmu-
pyeTcst 4ucioBoM cocTaB Tabmuiel O70ka Look-Up Table 2-D, sxmirouarommit
3HA4YEHHs OTHOLICHHs K (San,x) / G(San,x) npu Sy, =\Var, x =var. B kaue-

CTBE IpUMepa Ha puc. 6 IpenCTaBICHbI UaoroBbie okHa Ooka Look-Up Tab-
le 2-D npu Sympi, Smrpz, Smrps B X1, X2, X3. Llaru u3sMeHeHus Sy, X ompenens-

10T TOYHOCTh pacyera K (San , x) / G(San,x).

Loakup Table Editar: untitled/2-0 Lookup Tahke

ok Tk b S S S

1o T A ks Milp! MIlp2 MITp3
x1 oded ] e D Lockup Table™ blodk deta [T /
% i 3| eapoets Colmn [0] [&:] ]
N Fiw 1 2 3
N [ a0t To8 - om o
\ @ | omns }n.ae o] n.ﬂ

) won e e ui
— ————— k(Sanvx)/G(Smnp,x)

Dot Type: Rowe [dochle % Colrn: (doubie | Tables |doubie v

Dinteaesion Selechor:
oinsce | 3 | 3 |
_witke | A v 4 v

5| L Trenspose deplar

Function Block Parameters: 2-D Lookup Table E Data for block: uniilled!2 D Lookp Table EEE
| Edt Vew Sowt Tock Desitop Window e Y
ookup Table (h-D) o} A =
dde kAR UBE A G 0E D
erform n-dimensional interpolated table lookup including index searches. Tablp and braskgainis data for biock: uriAe-0 Lookup.
Jnction in M variables, Breakpaint sets relate the input values to positions Table
3 the top (or left) input part,

fable and Breakpoints | Algorithm | Data Types k(SM"p'X)/G(SV'”P’X)
Amber of table dimensions: J H |

sble data: |[UB 0.85 0.88;0.82 0.86 0.92;0.84 0.98 0.95]

-eakpoints 1! |[D‘E|1 0.0105 0.011]

eakpoints 2: |[1 23]

=dit table and breakpoints...
ample time (-1 for inherited):
v

>

= Annctabions denote calumn braakpaints

I 0K H Cancel ][ Help ] Anply

Puc. 6. nanorossie okHa 6;10ka Look-Up Table 2-D
Fig. 6. Dialog boxes of the Look-Up Table 2-D block
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JlaHHBIM MOJAXO0M TMO3BOJISIET MCIOJIb30BaTh B MM Ha OCHOBE YypaBHEHUU
Kupxroga u3meHsromuecs B NPoLECCEe MOJACIUPOBAHMS G(SMHp,x), k(SMHp,x)
npu x =Var, Sy, =var. [ns ero peanmusauun na ocuose (3), (5), (10) B cpene

MatLab-Simulink paspaborana umurtanuonunas momens DI BIII, crpykrypHas
cxeMa KOTOpOH IMpejcTaBieHa Ha puc. 7.

JABHXCHHUS C IIOCTOAHHBIMHU MarHuTaMu

%
Table P

MIIpn 2-D Lookyj

Fig. 7. Block diagram of a simulation model of a reciprocating electric generator with permanent magnets

M
F1 G M
Puc. 7. CprKTypHaS{ cxema I/IMI’ITﬁHHOHHOﬁ MOJECIIN DJIEKTPUIECCKOT'0 Ir€HEpAaTOpa BO3BPATHO-NNIOCTYHATEIIbHOT'O

HByXMCpHaX KOHCYHO-3JICMCHTHAA MOJC]Ib MArHUTHOTO TIOJISA

...S

SMl'[pl

Pazpaborannas umutarmonnas moaenb J1 BITJL ¢ mOCTOSHHBIMUA MarHUTaMH
MO3BOJISIET ITOJYYWTh MIHOBEHHBIE 3HaueHHs Toka I(t), mampspkenums U(t)
u moiHocTH Py(t) B menu renepatopa ¢ yueToM 3aBHCUMOCTH KO3()(HUITHEHTOB
paccesHUsI M BBINYYHMBAHWSI MarHUTHOTO TOTOKA OT KOOPMHATHI TOJBIKHON
YaCTH U TUIOIIAJU TTOTIEPEYHOTO CEYCHUSI MATHUTONPOBO/IA.
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BbIBO/JbI

1. O6ocHOBaHa HEOOXOIUMOCTH MMPUMEHEHHUS U MPEAIOKCHBI HOBBIE TIOIX0-
Il K HCIIOJb30BAaHUIO B MAaTEMATHYCCKHX MOJIENISX DIIEKTPUICCKUX TeHEpaTo-
POB BO3BPATHO-IIOCTYIATENLHOTO JIBHXKCHUST Ha OCHOBE ypaBHeHWi Kupxro-
(a, MprMeHsIeMbIX Ha HAYAJIBHBIX dTarax AJIEKTPOMArHUTHOTO pacueTa U B pe-
HICHUM 337124 ONTHMH3AIUA TeHEPaTOPOB, YTOYHSIOMMUX KO3(QQUIIMEHTOB pac-
CEsIHHS ¥ BBIITyYMBaHHUS MAarHUTHOTO MOTOKA.

2. Pa3zpaboTaHbl YTOYHEHHBIE JJIEKTPOMATHUTHBIC MOJICIH 3JIEKTPHUYECKHX
TeHepaToOpOB BO3BPATHO-IIOCTYIMATENLHOTO JIBUKCHUSI C MOCTOSHHBIMU MarHu-
TaMH, YYUTHIBAIOIIUE 3aBUCUMOCTD KOI(DPHUIIMEHTOB PACCESHUS W BBITTYYHBAHHUS
MarHUTHOTO TIOTOKa OT KOOPJMHATHI MOJBWXHOW YacTH W IUIOMIAJM TONeped-
HOTO CEUCHHUS MarHUTOIIPOBOJIAa, KOTOPBIC IMO3BOJISAT MOJYYUTh OCHOBHBIC Ta-
paMeTphl TEHEepaTOPOB Ha HAYAIBHBIX JTamnax 3JICKTPOMAarHHUTHOTO pacyera
U B PEIICHUU 3a][a4 OTITUMH3AIIH.
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Pedepart. Crarbs nocsiieHa pa3padoTke aBTOMaTUYECKOT0 METOa M YCTPOUCTBA I KOHTPOJIS
MPECCOBKU CEpJEYHUKA CTaTOpa MOIIHOTO TypOoreHepaTropa HpH cOOpKEe Ha 3aBOJE-H3TOTOBH-
tene. CeplieYHHIK cOOMPACTCs U MPECcCyeTcsl B BEPTUKAIBHOM ITOJIOKEHUU OTACIBHBIMH YacTsIMH,
Ha Ka)XIOM 3Tale HeoOXOIMMO OTCIICKHBATH MeCTa C OCJIA0IEHHOW MOHOJMTHOCTEIO. HepaBHo-
MEPHOCTh IIOTHOCTU CIIPECCOBAHHOCTH BEJET K OTHOCHTEIBHOMY CMELICHHIO JUCTOB aKTHBHOI
CTaIU M MOTEPSIM B JKelie3e, a TaKKe MOSBICHUIO U PAa3BUTHIO Ne(eKTOB (Pa3phIXJICHHIO 3yOII0B
KpalfHHX MaKeTOB, BBIKPAIINBAHUIO (PParMEHTOB JMCTOB aKTUBHOM CTAIN, MECTHOMY 3aMBIKaHUIO
JIMCTOB M HAarpeBy IMaKeTOB), YTO B UTOTE MOXKET CTaTh NPUUMHON TSDKENBIX aBapui M BBIXOJA
TypOoreHeparopa u3 ctposi. CyliecTByolMe METO/bl, B TOM YHCJIe aBTOMaTHYECKUe, HE MO3BO-
JISTFOT BBITTOJTHUTH KaUeCTBEHHBIH KOHTPOIb. [IpeanoskeHHbIi aBTOpaMy MeTO]] 0OHAPYKEHHUSI MECT
¢ 0CabJICHHOH MOHOJMTHOCTBIO OCHOBAH HA aBTOMATHYECKOM H3MEPEHHH YACIBHOTO NABIICHUS
IPECCOBKH TpH AehOpMalliK CHIeNUaIbHBIX KOHTPOJIBHBIX MPpo0. Pazpaborano peanusyromiee ero
yCTpoiicTBO, MpeacTaBisioniee co00i KOJbIO, YCTaHABINBAEMOE Ha TOPLIEBYIO TIOBEPXHOCTh Cep-
JeYyHnKa. B Komblle paBHOMEpHO pa3MeIleHHl SUeHKHM ¢ KOHTPONBHBIMH mpobamu. Hamboms-
mee yMEHbUICHHUE TOJIIIHNHBI l'lp06bl, BBI3BAHHOC HaI/IGOJ'[]:]_UI/IM YACIBbHBIM aBJICHUEM, COOTBET-
CTBYeT HauMeHbIeMy HedeKTy, ¥ Hao0opoT. B kauecTBe mpeoOpa3oBaTesst AaBiICHUS Mpeaara-
€TCsl HCTIOI30BATh INIOCKYI0 METAJUTMYECKYI0 MeMOpaHy ¥ €MKOCTHBIN JAaTYUK C IU(PPOBEIM BBI-
X0/10M. PaccunTaHbl M SKCIIepUMEHTAIFHO HPOBEPEHBI XapaKTePHCTHKU Mpeobpaszosarerns. O6pa-
00TKa pe3ysIbTaTOB U3MEPEHHs yIEeIbHOIO AABICHUS OCYILECTBISIETCS C TOMOIIBIO CIIENUaIbHOTO
3JIEKTPOHHOTO OJ0Ka. Pa3zpaboTaHHOE YCTPOMCTBO MO3BOJIAET YIYYIIHTH MPOU3BOIUTEIBHOCTD
TpyZa TNpH KOHTPOJIC CEpJACYHHKA, C OONBIIEH JOCTOBEPHOCTHIO IHATHOCTHPOBATH AE(EKTHI
U YCTpaHATh UX M B KOHEYHOM CUETe IMOBBICHTh HAASKHOCTH TypOOreHepaTtopa M €ro JOJro-
BEYHOCTb.

KnroueBble cioBa: TypOoreHepaTop, CEpAeUHHK cTaTopa, cOOpKa, IPeccoBKa, IaBIEHHE, KOH-
TPOJIb, H3MEPHUTENbHAS sUelika, feopmupyemas npobda, MeMOpaHa C )KECTKHM LEHTPOM, EMKOCT-
HBIH cEHCOP
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Method for Monitoring the Stator Core
of a Powerful Turbo Generator

A. S. Levitskyi?, le. O. Zaitsev, M. V. Panchik”

Yinstitute of Electrodynamics of the National Academy of Sciences of Ukraine (Kyiv, Ukraine)

Abstract. The article is devoted to the development of an automatic method and device for moni-
toring the pressing of the stator core of a powerful turbo generator during its assembling at the
manufacturer. The core is assembled and pressed in an upright position in separate parts; at each
stage, it is necessary to monitor places with weakened solidity. The unevenness of the compaction
density causes a relative displacement of the active steel sheets and losses of iron, as well as the
appearance and development of certain defects (loosening of the teeth of the extreme packages,
coloring of fragments of the active steel sheets, local closure of the sheets and heating of the pac-
kages), which can eventually cause severe accidents and failure of the turbo generator. Existing
methods, including automatic ones, do not allow performing reliable monitoring. The method pro-
posed by the authors for detecting places with weakened solidity is based on automatic measure-
ment of the specific pressure of pressing during deformation of special control samples. A device
for its implementation has been developed, which is a ring installed on the end surface of the core.
Cells with control samples are evenly placed in the ring. The largest decrease in the sample thick-
ness caused by the highest specific pressure corresponds to the smallest defect, and vice versa.
As a pressure converter, it is proposed to use a flat metal membrane and a capacitive sensor with
a digital output. The characteristics of the converter were calculated and experimentally verified.
The specific pressure measurement results were processed using a special electronic unit.
The device that has been developed makes it possible to improve labor productivity when monito-
ring the core, diagnose defects with greater reliability and eliminate them, and, ultimately, increase
the reliability of the turbo generator as well as its durability.

Keywords: turbo generator, stator core, assembly, pressing, pressure, monitoring, measuring cell,
deformable sample, rigid center membrane, capacitive sensor

For citation: Levitskyi A. S., Zaitsev le. O., Panchik M. V. (2021) Method for Monitoring the
Stator Core of a Powerful Turbo Generator. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 64 (4), 303—-313. https://doi.org/10.21122/1029-7448-2021-64-4-303-313 (in Russian)

BBenenne

OCHOBHBIM y3JI0M cTaTtopa MomiHoro typooreHeparopa (TI) sBisiercs ero
CEpJICYHHK, Macca KOTOPOTO COCTABIIAECT OKOJIO 2/3 Macchl Bcero craropa. [py-
TUE COCTaBHBIC YaCTH CTATOpPA MOTYT OBITh OTPEMOHTUPOBAHBI MU 3aMEHEHBI,
TOTJ]a KaK HEHCIIPaBHOCTh CEPJICYHNKA O3HAYAeT HEOOXOJUMOCTh 3aMEHBI BCETO
craropa. [103TOMy KOHTpPOIIb 32 €ro COCTOSIHUEM W OOHapykeHue aedekros
JIOJKHBI OCYIIECTBIIATHCS KaK Ha dTamne cOOpKH, Tak U B mporecce paboThl Ma-
IIMHBI C YI€TOM peskumMoB [1-8].

PaborocriocoOHOCTh cepieyHrKa ONPEIENeTCs] B OCHOBHOM COCTOSIHHEM YIIPY-
TOro C)KaTHs, 331aBaeMOT0 BO BpeMsi COOPKH U IIPECCOBKH Ha 3aBOJIE-M3TOTOBUTEIE.
B panbHelinieM B COPECCOBAaHHOM COCTOSTHUM CEPICYHHUK YAEP)KUBACTCSA C MOMO-
b0 HAKUMHBIX TUTAT ((pJIAHTIEB) M CTSHKHBIX Immiek (rmpm3m). [Ipu cOopke cep-
JIGYHUKA IITAMIIOBAHHBIE U JIAKUPOBAHHBIE CETMEHTHI U3 3JEKTPOTEXHUYECKOM
CTaJIM JOJKHBI OBITh YIIOKEHBI CO CPABHUTEIFHO BHICOKOW TOYHOCTHIO U CIIpEC-
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COBaHBI C OJIMHAKOBOM IIOTHOCTHIO IO BCeMy 00beMy s obecrieueHusT BUOpa-
LMOHHON YCTOMYMBOCTH W 3aJlaHHBIX JJIEKTPOMArHUTHBIX XapaKTEpUCTHK [9].
VYKi1agKy cerMeHTOB MPOM3BOAAT Bpy4HYo [9] nmubo ¢ ucnoibp3oBaHHEM pPoOo-
ToB [10, 11].

CepaedHuk cobupaeTcsi Ha CIENHUAIbHOM CTEHJE U MIPECCYETCs OTACIbHBIMU
gactamu TomuHoNH 500-600 cM. @opMBI B pa3Mepsl CETMEHTOB aKTHBHOM CTa-
71 00eceunBalOT BHELIIHUN U BHYTPEHHUN TUAMETPhI CepAeUHUKA, ONpeeIeH-
HYIO T€OMETPHIO 11a30B IO/ YKJIAAKY CTEpKHEH OOMOTKH, a TakKe Oa3upoBaHUe
COOpaHHOTO cepAeUHUKa B KOPITyCe CTaTopa.

OpauM n3 (PpakTOpOB, BIMSIOMIKUX HA KAUeCTBO MOHOJIMTHOCTH CEpIEYHHKA,
SIBIIIETCSl yCUJIME TPEeCccCOBaHMA, KOTopoe A kKaxkaoro tuna TI ompenensercs
HCXOJs U3 €r0 TEXHUYECKHX XapaKTEPUCTHK 0 METOAMKE, OIMMCAHHOM B [9].

[Tpu HenocTaTOUHOH cuile peccoBaHusl KOAPQHUIIMEHT 3aMOTHEHHST cepliey-
HHUKA CTaJIbI0 HU3KHUH, YTO BBI3BIBACT MOSBJICHUE BUOPALMH U CHEHH(YUIESCKOTO
myma npu padore TI'. Bubpanus MammHbl U OTIENBHBIX JIMCTOB CEpJlICHHUKA,
B CBOIO OYe€pe.lb, BEIET K pa3pyIIECHHUIO JJAKOBOM MEXIMCTOBON H3OJISLMH, TO-
JIOMKE CJ1a00 CIPECCOBAHHBIX CTAILHBIX JICTOB, CMEXHBIX C BEHTHUJISAIIMOHHBI-
MU KaHaJlaMH, OcJIa0JeHUI0 BEHTWISILIMOHHBIX PACHOPOK B CEPIACYHUKE U JIPY-
I'MM MOBPEXICHUSAM aKTUBHOW cTany. 3Ha4UTeNbHas BUOpauus JUCTOB cepiey-
HUKa B 3yOIOBOM 30HE TPEACTaBISET OCOOYIO OMACHOCTh ISl HM3OJIALUH
OOMOTKH, TaK KaK BbI3bIBACT MCTHUPAHHE B MECTaX, NPWIETAIOUINX K y4acTKam
BUOpAIHH, a TAKKE U3JIOM 3yOII0B.

[Ipy upe3sMepHOM NPECCOBAHMHM TAKKE MOXKET HapyLIaThCs M30JISILIUOHHOE
MOKpBITHE JTHCTOB. Kpome TOro, pacTyT MexaHHMYeCKHE HAaNpsDKEHHUS B 3JIEMEH-
Tax KpeIuleHHs ceplieYHrKa K KOpIIyCcy CTaTopa, YTO BEAET K X AedopManuu
Y TIOJIOMKE, OTPBIBY IIIMKJIEK OT KOpITyca CTaTopa, HapyIIEHUIO CBApPHBIX LIBOB
ut. 1 [9].

Bo Bpemst cOOpkH M MPECCOBKH CEPACYHHMKA B CHIIY Pa3InUHBIX TEXHOJO-
TMYECKUX NPUYUH (HEPaBHOMEPHOCTH TOJIIMHBI JIMCTOB, JIAKOBOT'O HOKPBITHS
U T. [.) B T€X WIM UHBIX TOYKAX IONEPEUHBIX CEUCHUH MOSBISIIOTCS MECTHbIE
YMEHBIICHUS] MOHOJIMTHOCTH. JIJI1 X JIMKBUIALMU B OCJIa0JIEHHbIE MECTa Cep-
JICYHUKA YCTAHABJIMBAIOTCS CIELUaJbHbIE KIMHbA. OIHAKO U BBIIOJIHEHUS
peMOHTa HEOOXOJMMO TMPOBECTH AMATHOCTUKY MOHOJIMTHOCTH B KaK MOXHO
OoJbIIeM KOJMUYECTBE TOUEK.

ObnapyxeHne AeQEKTOB B CIPECCOBAHHOM CEPACYHUKE OCYIICCTBIISACTCS
pasnuyHbIMH MeTomamu. CaMblif TPOCTOH CHOCOO OMpeAeNeHUusT MECT C
0cN1a0JIEHHOH IPECCOBKOM 3aKi04aeTcs B IPUMEHEHUH CIICIHAIBHBIX LIYTIOB
WY HOXKEW, BBOJIUMBIX MEXIy nuctamu naketa [1, 2, 12]. [Ipu aTom Meporo
CIIPECCOBAHHOCTH SBJIETCS BEJIWYMHA 3ariayOjeHus] KIMHOBHUIHOTO IIyTa
MEXAY OTAEIbHBIMM JUCTaMHU. Takoil MeToJ 3aHHMaeT MHOTO BPEeMEHH, He-
TO4YeH U cyObekTHBeH. K TOMy e MpOHMKHOBEHHE IIyNa MEXIY JTHUCTaAMH
MOXKET MPUBECTH K AedeKTaM JIAKOBOH H30JIALHH, 00pa30BaHUIO 3aMKHYTHIX
KOHTYPOB U BO3HHUKHOBEHHIO JIOKAJIBHBIX MEPErPEBOB CEPJECUYHUKA BO BpeMs
pabOoThI MAIIIUHEL.
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CymecTByeT crmoco0d KOHTPOJS CIPECCOBAHHOCTH CIEIHUATBHBIMH YCTPOH-
CTBaMHM B BHJIC MMTAHTCHIMPKYJIS WU cTpyOIuusl [9, 13, 14]. OtnensHbie make-
THI Yepe3 BEHTHJISIIMOHHBIC KAaHAII OXBATHIBAIOTCS 32)KMMHBIMH T'yOKaMU WH-
CTpyMEHTOB. HeHOpMHpOBaHHOE yMEHBIIIEHHE TONIIUHBI MaKeTa MOJ IeHCT-
BUEM I'yOOK YKa3bIBaeT Ha MECTHBIE HEIIOTHOCTH. JJaHHBIH cIOCO0 TPYAOEMKHIA
M TIO3BOJISIET TPOBOJUTH HCCIIEIOBAHHE TOJIBKO CO CTOPOHBI PACTOYKH Cep-
JICYHUKA.

B ocHOBY BHOpOMEXaHHYECKOTO CI0C00a KOHTPOJIA IOJI0KEHA 3aBUCIMOCTh
BUOPOMEXaHMYECKUX XapaKTEPHCTHUK ITaKeTa ceplIevHuKa (Pe30HAHCHOW 4acTo-
THI KOJICOaHWH U JIOTapu(hMHUUIECKOTO ACKPEMEHTa BO30YKIEHHBIX KOJIeOaHU)
oT ero cmpeccoBaHHocTH [15, 16]. K Hemoctatkam MeToAa OTHOCATCS CIOXK-
HOCTh PEaTU3yIOIINX €r0 YCTPOWCTB U HEY/IOBIETBOPUTENbHAS TOBTOPSIEMOCTD
PE3yIABTATOB U3MEPEHHH.

YApTpa3ByKOBOW METOJ| HCIIONB3YeT 3aBUCHMOCTH CKOPOCTH paclpocTpa-
HEHUS 3BYKOBBIX KOJCOaHUI TOMEPEeK NIMXTOBAHHBIX MMAKETOB OT JaBICHHS
npeccoBku [17]. Ero mpumeHeHue Takxke 3aTPYTHUTEIBHO W3-32 CIOKHOCTH
YCTPOUCTB.

B [18] onucana MHOroTOUEYHAsI CUCTEMA KOHTPOJISL CEPIICUHUKA C MOMOIIIBIO
JATYNKOB, DJIEKTPUYECKAs €MKOCTh KOTOPBIX W3MEHSETCS B 3aBHCHMOCTH OT
JaBJICHHS IPECCOBKU. JIaTYMKK KECTKO COCOMHEHBI CO CIIEIHaIbHBIMUA CTEKJIIO-
TEKCTOJIMTOBEIMH CETMEHTaMH, (opMa ¥ TONIIHHA KOTOPBIX COOTBETCTBYIOT
CerMEHTaM DJIIEKTPOTEXHUYECKOH cTanmu. CerMeHTBl yCTaHABIMBAIOTCS MEXKIY
JUCTaM{ CTaJIU MPHU U3TOTOBJICHUN CEPACYHUKA U MOCIE OMPECCOBKU OCTAIOTCS
B MAKeTe, T. €. PeAHA3HAUYEHBI JIs1 OTHOPA30BOr0 UCTIOJIb30BaHHS.

Ha T'ocynapcTBeHHOM NpeanpuiaTU «3aBoj «IJIEKTPOTHKMAID» (YKpauHa,
r. XapbpKkoB) pa3paboTaH MeTOZ OOHAPYKECHHUSI YYaCTKOB CeplcUHHKa C ociad-
JICHHOW MOHOJIMTHOCTBIO BO BpeMs COOPKH U IpeccoBKu. [ist aToro B 45 Toukax
Ha TOPILIEBOM MOBEPXHOCTH CEPACYHMKA MOMELIAIOTCS CHeNUaIbHbIe TPOOBI M3
Martepuana (Hampumep, CBHUHIA), KOTOPBIH JeTKO JeOpMUPYETCS TIPHU TPUIIO-
*KeHuu K Hemy Aasnenus [19]. IIpu sTom nedopmanust mpod 3aBUCUT OT BeNH-
YHHBI JedeKTa CepAeYHrKa, B 30HE KOTOPOTO OHHM PACHOJI0KEHBI: HAaHOOIbIIas
neopManysi COOTBETCTBYET HauMeHbIeMY Ae(eKTy, 1 Ha000poT, HauMEeHbIas
negopmanusi — HaubomnbieMy aedexTy. PaBHOMepHOE pacmoiioKeHHe KOH-
TPOJIBHBIX MPOO MO TOPIY ceplevHuKa (TpHU MpoOBl HA OAWH CErMEHT) obecrie-
YUBAETCS MPUMEHEHHUEM IONOJIHUTENFHOIO HaKMMHOTO KOJbIIa Ha TIpecce C
BCTaBJICHHBIMM KOHTPOJBHBIMU siueiikaMu ¢ TpobamMu. MeToja NMpUMEHEH MpH
cOopke u mpeccoBke cepaeunnka cratopa TI' tuma TI'B-250-2I1T3. Ero Hemo-
CTaTKOM SIBJISIETCA HHU3Kas MPOM3BOIUTEIBHOCTh TPY/a, TaK KaK OIeHKa Aaedop-
Maruu mpo0 IPON3BOAUTCS BPYIHYIO, O€3 aBTOMATH3aINH.

B HacTosmelt craThe mpeacTaBieH METOJl aBTOMAaTHYeCKOTO KOHTPOJISI cep-
IevdHrKa cratopa momHoro TT', B koTopoMm cremneHb AedexTa cepAedHuKa onpe-
JeNsieTcs C HCIOJIb30BaHHEM CHCTEMBI KOHTPOJIBHBIX JIETKOAE(HOPMHUPYEMBIX
CBUHIIOBBIX P00 M M3MEPUTENS YACIBHOTO JAaBlCHHs, ISHCTBYIOIIETO HA KaXK-
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Iyto mipoOy. YIenbHOe JaBleHUE BBI3BIBAET OCEBOE NEepeMElICHUE MEeMOpaHEI
C KECTKUM IIEHTPOM, KOTOPOE B aJbHEHIIEM C TIOMOIIBI0 eMKOCTHOTO H3MEpH-
TeJIs MEePEMEILEHUH TPeoOpa3yeTcs B IEKTPUICCKHIA CUTHAI.

OcHoBHasl YacTh

VYcTpoiicTBO A1 aBTOMAaTHYECKOI0 KOHTPOJIS CEPACYHUKA CTATOpa MOIIHO-
ro TI" npencrasnser coboll HAKUMHOE KOJIBLO ¢ KOHTPOJIBHBIMH stdeiikamMu. OHO
yCTaHaBIMBAETCA KaK JOIMOJHUTENIBHBIA 3JEMEHT Ha TOPLEBYIO IIOBEPXHOCTH CEp-
JIEYHUKA 1107l HAKUMHOE KOJIBLIO, SIBILSFOLIEECS TEXHOJIOTMYECKON OCHACTKOM MpH
IpeccoBaHUM. J(OMOTHUTENBHOE KOJBIO TMOIYYHJIO HAaNMEHOBAaHHE «HIKHEE
Ha)KMMHOE KOJIBIIO», @ KOJIbLIO TEXHOJIOTHYECKOM OCHACTKU — «BEPXHEE HAXKUM-
HO€ KOJIBIIO», TIPH 3TOM AMAaMETpPHI Koyen paBHbl. KOHTpoIbHBIE SYEHKH ycTa-
HaBJIMBAIOTCS PAaBHOMEPHO IO KOJIBLLY M3 pacyeTa TPH sUEHKM Ha OJIUH CTallb-
HOM CerMeHT ceplieuHuka. Hampumep, eciau 1o KoJblly cepJeuyHUKa YCTaHABIIHU-
BalOTCA 15 CEerMeHTOB, TO KOJWYECTBO KOHTPOJBHBIX sueek 45 [20]. Hwmxe
MPEICTaBICHBI CXeMa YCTAaHOBKH AOMOIHUTENBHOTO KobLa (puc. 1), ero oommii
BuA (puc. 2), KOHCTPYKTUBHAsA CXeMa KOHTPOJILHOU SUEHKH u crocol ee ycra-
HOBKH (puc. 3), rme A—A — BHII Ha HAXUMHOE KOJIBIIO C KOHTPOJIHHBIMU SUCH-
KaMu; | — JIOTIOTHUTENbHOE BEIHOCHOE N300paKeHNE KOHTPOJIHHOM SYCHKH.

5

[y ]

Puc. 1. Cxema ycTaHOBKH JOIOJIHUTEIBHOIO HAXKUMHOT'O KOJIbIIA HA IIpecce:
1 — xopmyc cTaTopa; 2 — CepIeuHHK CTaTopa; 3 — BepXHee HAKMMHOE KOJIBIIO;
4 — HIDKHEe JNOTOIHUTENFHOE HAXKUMHOE KOJIBIIO; 5 — 30HTHUHBIH Ipecc

Fig. 1. Installation diagram of an additional pressure ring on the press:
1 — stator housing; 2 — stator core; 3 — upper pressure ring;
4 — lower additional pressure ring; 5 — umbrella press

Puc. 2. O0muii BUA JOMOJHATEIBHOTO KOJIBLA:
1 — metan4eckuil IUCK; 2 — KOHTPOJIbHAs SYeHKa;
3 — kabenu; 4 — 3IEKTPOHHBIN OJIOK PErucTpalyuu
H 00pabOTKH U3MEPUTEINEHON HH(DOpMALTUT

Fig. 2. General view of the additional ring:
1 — metal disk; 2 — control cell; 3 — cables;
4 — electronic unit for recording and processing
measurement information
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Puc. 3. KoHCTpyKTHBHAS cCXeMa KOHTPOJIBHON sTIEHKI
U croco0 ee yCTaHOBKH: 1 — cepAeuHHK CTaTopa;
2 — HIDKHEee Ha)KUMHOE KOJIBIIO; 3 — BepXHee HAKIMHOE
KOJIbLI0; 4 — 060¥iMa; 5 — BTYJIKa; 6 — KOHTPOJIbHAS

2 CBHHIIOBas Mpo0a; 7 — miockas MeMOpaHa
C KECTKMM LIEHTPOM; 8 — AMIEKTPHYEcKas IUIaCTHHA
5 C TOHKOIUICHOYHBIM IIOCKHM 3JIEKTPOAOM

Fig. 3. Structural layout of the control cell and method

e of its installation: 1 — stator core; 2 — lower pressure ring;

=————— 3 — upper pressure ring; 4 — holder; 5 — bushing; 6 — control
e plumbum sample; 7 — flat rigid center membrane;

77 N 8/\6 8 — dielectric pate with a thin film flat electrode

B KOHTpOJIbHO# SYEHKE KECTKHI LEHTP MEMOpPaHbI U 3JIEKTPOJ AUIJICKTPH-
YECKOW IUIACTHHBI O0pPa3yIOT W3MEPHUTEIbHBIH KOHACHCATOP C IUIOCKOIAapa-
JIENbHBIMH 3JIEKTPOJaMH, B KOTOPOM JKECTKMH IeHTp 3asemiieH. CocrosHHe
MeMOpaHbl 1 €eMKOCTHOTO CEHCOpa JI0 MPHIIOKEHUS YCHITUS MTPECCOBAHUS TOKa-
3aHO Ha pHucC. 4.

Puc. 4. CocrosiHue MeMOpaHbI U 3JIEKTPOIOB EMKOCTHOT'O CEHCOPA JI0 MPUIIOKEHUS YCUITHS
npeccoBaHus: | — cep/ieuHHK cTaTopa; 2 — HIKHEe HAKUMHOE KOJIbLIO; 3 — 000iimMa; 4 — BTyJIKa;
5 — npo6a; 6 — xKecTKuil LeHTp MeMOpaHsbl; 7 — IUANEKTPUUECKast IIACTHHA;

7.1 — 31eKTpO/ eMKOCTHOTO CeHCOpa; Ry — BHELIHUH panuyc MeMOpaHsl; Iy — paanyc )KECTKOTO
HeHTpa Mem6pansl; h — Tonmmua Membpansl; De — mramerp 31eKTpoa;
do — HaYAIBHBIH 3230p B eMKOCTHOM CEHCOPE

Fig. 4. The state of the membrane and electrodes of the capacitive sensor before applying
the pressing force: 1 — stator core; 2 — lower pressure ring; 3 — holder; 4 — bushing;
5 — sample; 6 — membrane rigid center; 7 — dielectric plate; 7.1 — capacitive sensor electrode;
Rq — the outer radius of the membrane; ry — radius of the rigid center of the membrane;
h — membrane thickness; D¢ — electrode diameter; d, — initial clearance in the capacitive sensor

Ycunmue npecca gepe3 BepxHee KOJBIO U BTYIIKY NepeaaeTcsi Ha po0y, BbI-
3pIBast nedopMaruio mpodsl u mporud memOpanbl (puc. 5). [Ipu 3tom 3a30p
B €MKOCTHOM JIaTYHKE, T. €. PACCTOSHUE MEXK]y KECTKUM IIEHTPOM MeMOpaHBI
U IUTOCKHM 3JIEKTPOJIOM, u3MeHuTcs oT dg 1o dy.

W3meHeHne 3a30pa MOKHO BBIYMCIHUTH U KaK IEepPEMEIICHUE KECTKOTO IeH-
tpa MemOpanbl Wy [21]
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4
_ 2 PxRy
W = Ap Eh® ’
3(1-1*) K*-1-4K2Ink
rae A, = f (k)= ( B ) o , k =Ro/ro; 1 — xoapdument Iyac-

coHa; E — Mogynp ynpyroctu Matepualia MEMOpaHbI.

Puc. 5. CoctosiHue MeMOpaHbl U 31E€KTPOI0B
€MKOCTHOTO CEHCOPa IMOCJIe MIPUIIOKEHHS YCHIINS
npeccoBanus: 1 — neopmMupoBanHas MmeMOpaHa;

2 — neopmupoBanHas poba; P, — yAeIbHOE
JaBJICHHE TIPECCOBAHHUS; Oy — 3a30p B EMKOCTHOM
CEHCOpeE IOCJIEC TIPHIIOKEHUS YCHIINS IPECCOBAHUS

Fig. 5. The state of the membrane and electrodes
of the capacitive sensor after applying
the pressing force: 1 — deformed membrane; 2 — deformed sample; p, — specific pressing pressure;
dy — clearance in the capacitive sensor after applying a pressing force

[Ipu 3TOoM 3n€eKTpHUYEecKas eMKOCTh ceHcopa Cy B 3aBUCHMOCTH OT TiepeMe-
IIEHHS KECTKOTrO IeHTpa MeMOpanbl Wy onpenensercs: BRIpakeHHeM

2
nD¢

C,=gg.— €
X (dy Wy

I € — OTHOCUTEIbHAS AUAJICKTPUUECKasi IPOHUIIAEMOCTh CPEAbL; € — IUIJICK-
TpUUYECKast MPOHUIIAEMOCTh BaKyyMa.

Tak Kak KOHTPOJbHOM BEIWYUHOU MPHU MPECCOBAHUM CEPIICUHUKA SBIISICTCS
YIeJIbHOE JaBJIEHHE Ipecca [y, BBIPAKEHHE ISl €MKOCTH CEHCOPa 3alHIIeM
B BUJIE

2
nD¢&

Cy =¢gq n
0

R
4| dy - A, pEXh3

Jns m3MepeHHs €MKOCTH NMPUMEHEH BTOPUYHBIM H3MEpPUTEIBHBIN TNpe-
o0pasoBarenb, 3MEKTpUUecKas MPUHOMIHAIBHAS CXeMa KOTOPOro IMOKa3aHa
Ha puc. 6.

W3mepeHHoe B KakAOH siueiike 3HaYeHHWE €MKOCTH B HU(POBOM Koze Tie-
penmaeTcs B 3JIEKTPOHHBIM OJIOK NpH moMormu kademedr (puc. 2). OO6paboTka
Pe3yAbTATOB MPOU3BOIUTCS C TIOMOLIBIO CIIEHUATLHOTO POTrPaMMHOTo odecrie-
genus, U Ha auciuiee [IK oroOpaxkaeTcss auarpamMma ¢ yKa3aHHEM B OTHOCH-
TEJBHBIX BEJIMYMHAX Je(PEKTOB B KaXK101 KOHTPOJIBHON TOUKE.

B UncTutyTe 2nexrpoarHaMuku HanmoHabHON akajieMMH HayK Y KpauHbI
pa3paboTaH OJMH M3 BO3MOXHBIX BAPHAHTOB KOHCTPYKIIMH KOHTPOJIBHOH sUeii-
ku, CAD-Monenb KOTOpoi mokazaHa Ha puc. 7. EMkocTHBIN npeoGpa3zoBarenb
BBHITIOJTHEH B BHJIE OT/CIBHOTO y371a, HA KOTOPOM B IEHTpaIbHON YacTu chop-
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MHUPOBAH HETIOJBIKHBIA KOJIBIIEBOM 3JEKTPOJ EMKOCTHOTO CEHCOpa, a BOKPYT
HEro — BCE OCTaJbHBIE 3JEMEHTHl BTOPHYHOTO IpeodpazoBarens. Pororpadus
y371a IOKa3zaHa Ha pHc. 8.

| I ST485B

2 SCI. SDA e o :
\ RDY NC S ° g ¢

=== RS VDD Bl ~ 1%

1 CINI(+) GND |U,l:m(l> +|]n_\uctD ;

I REF(+) o AIN( <

X | B GNDI a

— | REF=) 2 AIN(+) b

L < >

1 —=] stLD NC z

TST NC
A N

- \g \4

Puc. 6. TIpuHIUNHAIBHAS YJICKTPUYCCKAst CXeMa BTOPUYHOT0 H3MEPHTEILHOTO Ipeodpa3oBaTels:
1 — nmepeMeHHbIH MI0CKOIapalIeIbHbIH pabounii KOHACHCATOP; 2 — SKpaH JUIs 3alUThl pabodero
KOHJICHCATOpa OT Hapa3uTHBIX HABOJOK; 3 — 24-pa3psaHbIil mpeobpa3oBaTelb;

4 — MHUKpPOKOHTpOJIIEP; 5 — mpeoOpa3oBartenb HHTEpHEHcoB

Fig. 6. Circuit diagram of the secondary measuring transducer:
1 - alternating plane-parallel working capacitor; 2 — screen to protect the working capacitor
from spurious interference; 3 — 24-bit converter; 4 — microcontroller; 5 — interface converter

Puc. 7. CAD-moznens KOHTPOJILHOH
ssyeiiku: 1 — 1HO0; 2 — eMKOCTHBIH
npeobpa3oBarenb; 3 — MeMOpaHa;

4 — nieBas cTOlKa; 5 — MpaBasi CTOWKA;
6 — npo6a; 7 — BTynka
Fig. 7. CAD-model of the control cell:
1 - bottom; 2 — capacitive transducer;
3 —membrane; 4 — left rack;
5 5 —right rack; 6 — sample; 7 — bushing

Puc. 8. IIpeobGpa3zoBarens
«QJIEKTPUYECKas eMKOCTb — LIU(POBOI KOI»

Fig. 8. “Electrical capacitance — digital code”
converter
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PacueTHast xapaktepucTika npeodpasosaterns Cy = f (P, ) mokasana Ha puc. 9.

Cy, pF

4.6
. dp=0,5mm s
4,4 -

4,2 -

- s

4,0 4

3,8 + =
Puc. 9. PacueTHas XxapaKTepUCTUKA 364 7

npeoOpazoBarens

) Py kaf/em?
) Lo 34 T T T J T ¥ T T T T T T T
Fig. 9. Converter calculated characteristic 0 5 10 15 20 25 30

HcnpiTaHust 3KCIEPUMEHTANIBHOIO o0pasia pa3pabdoTaHHON KOHTPOJIBHOM
stueiKY TIpu mpeccoBke cepaeunrka cratopa TIN tuna TI'B-250-211T3 wHa 3aBoae
«INEKTPOTSHKMAID) TIOKa3adl €€ padoTOCTIOCOOHOCTh M TIOJITBEPAMIIA OCHOB-
HBIE pacUeTHBIE XapaKTEPUCTHUKH.

BBIBO/IbI

1. TlpennoxkeH MeETOJN aBTOMATHYECKOTO KOHTPOJS CepJieuHHMKa CTaTropa
MOIITHOTO TypOoTreHepaTopa Ha 3aBOe-U3TOTOBUTEIE I OOHAPYKEHUS aedeK-
TOB B BUJIC OCJIA0JICHHS MOHOJMTHOCTH. VICTONB3yeTcss U3MEpeHue yIelIbHOro
JIaBIICHHS TIPECCOBAHMS B PA3IMYHBIX TOYKAX MOIMEPEYHOTO CEUSHHS CEepICUHU-
Ka, T yCTaHABIUBAIOTCS JIETKO1e(hOpMHUPYEMbIE KOHTPOIBHBIE TPOOHI.

2. Jlas peanm3aliél TPEIOKEHHOTO MeToJa pa3paboTaHa KOHCTPYKIIUS
YCTPOHCTBA B BUJIC HAYKHUMHOTO KOJIbIA, YCTAHABINBAEMOTO Ha TOPIIEBYIO TO-
BEPXHOCTbH CEPJICYHUKA.

3. Pa3paboran eMKOCTHBII TpeoOpa3oBareib yJISIBHOTO JABJICHUS MPECCO-
BaHUs, pACUCTHBIC XapaKTEPUCTUKU KOTOPOTO TOJATBEPKICHBI SKCIICPUMEHTAMHU.

4. HWcnonb30BaHUE YCTPOMCTBA MO3BOJUT IMOBBICUTH MPOU3BOJAUTEIBHOCTH
TpyJa MpH KOHTPOJE CEPJCUYHUKA, C OOJBIICH JOCTOBEPHOCTHIO JUATHOCTHUPO-
BaTh JAC(PEKTHl U YCTPAHATh MX U, KaK PE3yJIbTaT, [IOBBICUTh HAJIS)KHOCTh JJICK-
TPUYCCKON MAITUHBI U €€ JOJITOBEUYHOCTb.
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Abstract. Electromagnetic transients are considered in the implementation of three-phase automa-
tic reclose on the transmission line of extra high voltage 750 kV. The influence of automatic shun-
ting of phases and pre-insertion active resistance for limiting the characteristics of the aperiodic
component of the current, which obstructs the transition of full current through zero, is evaluated.
The paper analyses measures taking into account the effect of changing the degree of compensa-
tion of charging power and the angles of switching on an SF6 circuit breaker. Sub-schemes
of disconnected undamaged phases of the extra high voltage transmission line for the investigation
of the aperiodic current component have been developed. The values of the pre-insertion active
resistances of different connection and automatic shunting of the phases are determined at which
there is an effective reduction of the characteristics of the aperiodic component of the current.
In the software environment, a model was developed and switching transient processes were simu-
lated in the 750 kV transmission line. Operating modes that are potentially dangerous for SF6
circuit breakers are determined and recommendations are given to avoid them. Currently the tech-
nical and economic requirements for power transmission lines designed for the transport of elec-
tricity from large power plants and for the communication of powerful energy systems are increa-
sing. Today there is the importance of reducing specific investment in the construction of new
and reconstruction of existing lines. The solution of these issues is associated with the maximum
use of power lines by increasing their power transfer capability and controlling modes, especially
in operating emergency conditions and post-emergency operation of power systems.

Keywords: electromagnetic transients, automatic phase shunting, three-phase automatic reclose,
aperiodic component of current, active pre-insertion resistors
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CBEPXBBICOKOTrO HanpspkeHus 750 kB. AHanu3upyroTcs IpeABKIIOYCHHBIC aKTUBHBIE COIIPOTHUBIIC-
HUS, yIIpaBJIsieMble NIYHTHPYIONIUE PEaKTOPhI, HEMOIHO(Ma3HbIE PEXUMBI PAaOOTHI ITYHTHPYIOIINX
PEaKToOpOB, aBTOMaTUYECKUE IIYHTUPOBAHMS (a3bl ¢ yIeTOM M3MEHEHHUS CTEIIeHH KOMIICHCAIUN
3apsIHONM MOIIHOCTH M YIJIOB BKJIFOUCHUS JJIETa30BBIX BBHIKIIOUaTenell. Pa3paboTaHbl cxeMbl 3a-
MEIIEeHHUs] OTKIIOUYEHHBIX HETOBPEXICHHBIX (a3 JIMHUU CBEPXBBICOKOTO HATPSDKEHUS IS HCCIe-
JIOBaHUS allepHOUIECKOI COCTABISIOMEH Toka. OIeHeHbI 3HAYSHNS aKTHBHBIX MTPEABKIIOYEHHBIX
CONPOTHUBJICHUII U aBTOMAaTHYECKOTO LIYHTUPOBaHHA (a3 Ha CHWKCHHE XapaKTePUCTHK alepho-
JIMUECKON cocTaBisouiel Toka. Pa3paboraHa MMHUTaLMOHHAs MOJENb M CMOAEIMPOBAHbBI Iepe-
XOIHBIE TIpOIlecChl Ha JMHUHU 3lekTponepenayn 750 xB. BeimonaHeHs! cepuu MoJenUpOBaHUM
3JIEKTPOMArHUTHBIX MEPEXOHBIX NMPOLECCOB HA PEANbHBIX JIMHUAX HJIEKTPONIEPEaad CBEPXBBICO-
Koro HampspkeHus. [Ipoananu3npoBaHbl IPUYMHBI aBapHid TMHEHHBIX 3J1€ra30BbIX BBIKIIOUATEICH
IpU KOMMYTAIMH KOMIICHCUPOBAHHBIX BO3AYIIHBIX JUHUNA 750 KB. M3yueHs! 251eKTpOMarHuTHbIE
IPOLIECCHl B KOMICHCUPOBAHHBIX JIMHUAX JIEKTPONEPEaay B 3aBUCUMOCTH OT HayallbHBIX YCIIO-
BUI B MOMEHT KOMMYTalUUH. BBIABICHBI MOMEHTBI PE3KOIO U3MCHEHHs IapaMeTpPOB IEPEXO-
HBIX THPOIECCOB IPH KOMMYTAaIlUH B JMHHUSAX CBEPXBBICOKOTO HampspkeHHs. OIEHEHO BIMSHHE
CyMMapHbIX UHIYKTUBHOCTEH U aKTUBHBIX CONPOTHBICHUI HA XapaKTEPUCTUKU allepPUOJUYECKOMI
cocTaBitolell. BbIBeleHbl aHAIUTHYECKUE 3aBUCHMOCTH IIOCTOSIHHOM BPEMEHM AalepHOAUYE-
CKOM KOMIIOHEHTHI OT MOMEHTA KOMMYTAallM{ U 3HAYEHUI CyMMapHOr0 aKTUBHOI'O COIIPOTHUBIICHUS
U UHOYKTUBHOCTU. PaccMOTpeHB! MEpONpUATHA AJs OTPAHUYEHHS NPOJOJDKUTEIBHOCTU CYLIECT-
BOBAHMS allepHOANYECKOM COCTABIAIONIEH TOKa. YKa3aHO, UYTO M30eXkKaTh aBapHHHOTO pexuMa pa-
OOTBI MOJKHO COOTBETCTBYIOIICH HACTPOIKOH YCTpOMCTBa KOHTPOJSI KOMMYTAIMH 3JIETa30BBIX
BhIKIIFOUaTeneil. JlaHbl pekoMeHIalMu Mo MpeaynpekIeHUI0 BOSHUKHOBEHUS U pPa3BUTHS aBapuil-
HOTO peXMMa Ha MOJCTAHIMUAX C 3JIETa30BbIMU BBIKIIOUATENISIMHU.

KiioueBble cJI0Ba: 3JICKTPOMArHUTHBIC NMEPEXO/IHBIC TPOLIECCHI, aBTOMATHYECKOE (ha30BOE MIyH-
THPOBaHME, Tpex(azHOe aBTOMATHYECKOE MOBTOPHOE BKIIIOYECHHE, allepUOANYECKast COCTaBIIAIO-
I11ast TOKa, aKTUBHBIC TIPEABKIIIOUCHHBIC PE3UCTOPBI

Jasa nurupoBanns: Kydanckuii, B. B. CpaBHuTEbHBIN aHAIU3 MEPOIPUITUN U TEXHHUYCCKHUX
CPEACTB IS NMOJABJICHHS AlePHOANYECKON COCTABILIIOLICH B TOKE JMHEMHOro BBIKIIOUYATens /
B. B. Kyuanckuit // Quepeemuxa. H3e. gvicui. yueb. sasedenuii u snepe. obveounenuu CHI'. 2021.
T. 64, Ne 4. C. 314-327. https://doi.org/10.21122/1029-7448-2021-64-4-314-327

Introduction

Due to the modernization of the switching equipment, viz. replacement of air
circuit breakers with SF6 circuit breakers in the bulk electrical networks, there
was a need to analyze the switching transients in 750 kV extra high volta-
ge (EHV) transmission lines. Due to the lacks of experience in operating SF6
circuit breakers at 750 kV EHV substations, accidents have occurred which have
significantly reduced the reliability of the bulk electrical networks operation [1-6].
One of the typical examples of switching that causes damage of SF6 switch is
the fast on/off cycle [1-3].

Such a typical switching example is the cycle of a three-phase automatic
recloses (TPAR) in the event of a non-liquidated metal short circuit in one of the
phases. In case of unsuccessful TPAR, the damaged phase is switched on to the
non-liquidated short circuit and the damaged phases are switched-off. After
switching on the non-damaged phases, there may be an aperiodic current com-
ponent i, (ACC) with characteristics values are significantly higher than
the maximum permissible operation data of the SF6. Exceeding the value i
and duration T, of the ACC leads to a delay in the transition due to zero full
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transient current (Fig. 1). A durable damping process i, with a value exceeding
the maximum allowed prevents the full current from passing through zero, resul-
ting in damage to the gas switch chamber. According to the requirements speci-
fied in [7], the ACC value may not exceed 58 %.

—600
-800

-1000 \ \
0.60 0.64 0.68 0.72 0.76

Time, s
Fig. 1. Total transient current

It is assumed that when the switch is off, arc extinguishing occurs in each
phase at the moment when the current passes through a zero value. Since the
dispersion in the action of the poles of a SF6 circuit breaker when switched on
does not exceed 0.001 s, the contacts are simultaneously closed. So, in the case
of an unsuccessful TPAR, when the arc on the overhead line during the TPAR
pause did not go out, it is possible to delay significantly the process of arc
extinction [1-3].

A significant aperiodic component in the switching currents occurs not only
with whole groups of shunt reactors. As a result of a series of transient calcula-
tions, the most unfavorable moments of contact closure after a TPAR pause
and the moments of disconnection of an uncorrected failure by the value of the
aperiodic component were found.

The objective of this work is to identify the conditions for the appearance
of an aperiodic component in the current, to analyze the process of damping
it using pre-insertion resistors, and also to analyze alternative solutions to the
problem as a whole

The reason for the appearance of the aperiodic component
of the current during switching

In the studies [7-10], the simultaneous influence of the above measures on
the significance of the ACC characteristics was not considered. The studies ana-
lyzed the effect of pre-insertion active resistances on the gas switch on magne-
tization currents and resonant over-voltages when switching on the EHV power
line to the unloaded autotransformer. There are also studies [11, 12] devoted
to the estimation of the influence of pre-insertion active resistances and the mo-
ment of switching on the value of the ACC characteristics without analyzing the
effect of changing the degree of the line charging power compensation.
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It should be noted that there are known works on the use of automatic phase
shunting (APS) during single phase automatic re-closure (SPAR) to compensate
for the recharge arc and elimination of abnormal resonance over-volta-
ges [12-16]. Studies on the evaluation of the effects of ASF when performing
the TPAR are also given. There are also no studies to compare the different
types of connection of pre-insertion active resistors to the values of the chara-
cteristics of the AC current. A As it was shown by the previous studies, the appli-
cation of only reducing the degree of charge power compensation and the use of
controlled switching do not always effectively reduce the ACC [1-3, 7, 8].

This paper deals with the switching off / switching on of the low-voltage
transmission line to short-circuit one of the phases, which leads to the activation
of TPAR. Studies have shown that the changes in the switching angle of the
gas switch and the change in the degree of compensation of the charging power
of the low voltage transmission line cannot effectively reduce the aperiodic
component to the given values [17].

The total current value in the switch ic(t) is determined by the expression

iC (t) = iinv (t) + iap (t) + iosc (t)v (1)

where i, (t) = I;,, cos(wt+a—¥) — involuntary component current in circuit

breaker, A; li,, — amplitude of involuntary value of current, A; ® — angular
velocity, rad/s; o — moment of commutation, electrical degree; W — phase

of involuntary value of current, electrical degree; i,,(t) = Iapsin(oc—cp)e’“T -

aperiodical component in circuit breaker, A; 1., — amplitude of aperiodical com-
ponent, A; ¢ — angle of lag, electrical degree; t — time of electromagnetic transi-
ent, s; © — damping constant of the ACC, s; i (t) = I, /™ cos(wt + o.— V) —
decaying current transient component in circuit breaker, A; I, — amplitude
of decaying transient component, A; 1, — damping constant of decaying current
transient component, electrical degree; Wy — phase of decaying transient compo-
nent, electrical degree.

The initial value of the current aperiodic component depends on the moment
the circuit breaker closes (for example, if the switch-on occurs when the instan-
taneous value of the mains voltage is close to zero, then the aperiodic component
has the largest value equal to the amplitude of the periodic component of the
current). The damping time constant of the aperiodic current is determined by
the ratio of the active and inductive resistances in its circuit.

The aperiodic time constant of the aperiodic component depends on the ratio
of the inductance and resistance of the circuit

T=—=, (2)

where Ly — equivalent inductance of an equivalent circuit; Ry — equivalent re-
sistance of the equivalent circuit.

So, the initial value of the ACC current component depends of values (1).
In Fig. 2 the aperiodical (AP) current in phase A in cycle of TPAR are shown.
The permissible value of ACC component for SF6 circuit breakers 750 kV is 58 %
of total current at the transition process. On the figure I, — current of the A phase.
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Fig. 2. Excess of ACC component the maximum permissible value

Measures and technical means of improving the reliability
and efficiency of EHV power transmission lines due to switching

The main task of existing measures and means used in EHV power transmis-
sion lines is to increase the reliability and operational efficiency of the operating
modes of the main electric networks that they form. There are innumerable
modes of operation of power lines, especially for operational normal operating
modes. Normal modes of electrical networks mean those that allow long-term
operation without any restrictions for both consumers and equipment of the net-
works themselves. But when critical deviations of parameters values of an elec-
tric network are reached, it is necessary to speak already about occurrence of an
abnormal mode for which the use of traditional controls methods will be inade-
quate and therefore ineffective. The consequences of uncontrolled abnormal
mode can be not only the deterioration of the technical and economic perfor-
mance electrical network, but also damage to the equipment of responsible con-
sumers, as well as failure of the main equipment of the network itself with the
further development of a system crash.

It should be noted that classification of abnormal modes, which occur in
the abnormal nonsinusoidal and nonsymmetrical modes of EHV power lines is
given in [12-16]. The use of the term of abnormal mode is not accidental,
because when working out literary sources [1-10] and studies of experimental
results [12-14, 16], it was concluded that this kind of modes is fundamentally
different from traditional ones. The difference and the special characteristics
of mode is that they are caused by an abnormal regime, primarily due to the
effect of the distortion source. In [15, 16], the division of this mode type into
two main categories, depending on the resonance at a certain frequency,
is shown on the basic harmonic and higher harmonic components.

Also, this developed classification of abnormal modes includes the considered
form of the TPAR operation mode. An abnormal mode of operation exists during
the implementation of the TPAR cycle and until the breaker is possibly damaged.
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In EHV power lines, the following measures and technical measures apply,
shown Fig. 3:

a) the use of pre-insertion resistances in SF6 circuit breakers, which can
be connected in series or in parallel (Fig. 3a, b);

b) applications of automatic phase shunting when a phase disconnected is
shunted by circuit breakers (Fig. 3c);

c) the controlled switching to ensure switching moments at the required time
(Fig. 3d);

d) disconnecting of groups of shunt reactors, as well as the use of open-phase
modes of groups shunt reactors (Fig. 3e).

At Fig. 3 Ly, Lg — inductance of the shunt reactor which compensate capa-
citance between phases and capacitance between phase and earth, H; L -
inductance of the transmission line, H; R_ — active resistance of the transmis-
sion line, Q; Lg;, Lsy — equivalent inductance, H; Rs;, Rs; — active resistance, Q;
Rpre — active pre-insertion resistance of SF6 circuit breaker.

Lg R

1 1
L, Ry Rsy Ly,
LS ] ¢
Lyt Le
Ly é__:lf?!”*’ @

Fig. 3. Equivalent circuits of phase extra high voltage transmission line
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The aperiodic time constant of the aperiodic component in case of applica-
tion pre-insertion connected in series
AB(REre (2M +1)+2R  A+2R, (FRs; +GRg, )+
T=
C(Rpre + RSl)(Rpre + Rsz)><
+Ryrel (Rs1 +Rg,) +CRy; + D(2M +1))

pre

x(AK + Lg;Lg, (L Ly + L L + Ly )

@)

where A = L LyLg, H% B = LgLs, H% C = Ri.RuwRe, Q; Ry — equal active
resistance of phase to phase component shunt reactor, QQ; Rg — equal active re-
sistance of ground component shunt reactor, 2; D = Rg1Rsp, Q; E = Rs; + Ry,
F=R.Rw, Q; G= RIRe, Q; 1 =RyRg, Q; K=Lgg + Ly, H; M=F + G.

The aperiodic time constant of the aperiodic component in case of applica-
tion pre-insertion resistors connected in parallel

AB(Ryy isCE +RD(2F +1)+2CD)
CD(A(Lg; +Ls)+ Loy Lsp (2L Ly +2L Ly + Ly, Ly))

T=

- (4)

pre—ins

where Ryre_ins — resistance of pre-insertion resistance, Q.

The above measures have proven themselves well in suppressing and limi-
ting the characteristics of abnormal resonant over-voltages in non-sinusoidal and
asymmetric operating modes [13-16, 18-20]. It should be noted that today there
is no work to assess the impact of measures and means on the aperiodic compo-
nent of the total transient current (1) and especially aperiodic time constant (2).

Switch with pre-insertion active resistor can be used to extinguish large mul-
tiple voltages on the second harmonic. As shown by research [18-21], overvol-
tages on the second harmonic can exist for a long time, so the decisive factor
in determining the scattering energy is the time of the emergence of an abnormal
regime with unloaded autotransformer.

The method described in the article solves the problem of putting the line
under voltage, avoiding the danger of damage to electrical equipment by reso-
nant overvoltages on the second harmonic. The use of pre-insertion resistors can
reduce the amplitude and duration of this type of overvoltage. It is important
to note that the decision to use pre-insertion resistors in each case must be sup-
ported by the results of mathematical analysis.

Thus, the use of pre-insertion resistances in SF6 circuit breakers has not been
verified by influencing the characteristics of the aperiodic component.

The objective of the ASP is to reduce the electrostatic as well as the electro-
magnetic components of the feed current in order to ensure a successful
SPAR [22-25].

Compared to air circuit breakers, SF6 circuit breakers have certain ad-
vantages, the main ones being performance and high switching capacity, as
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well as the possibility of installing an additional controlled switching devi-
ce. This device enables the switching of the gas switch at a predetermined
moment in order to reduce the negative effects of transients. The switching
moment of the air switch is random and it is not possible to open or close
it at the right time. Such a fault during operation led to emergency situations,
including the occurrence of resonant overvoltages in non-sinusoidal
modes [15, 16, 18-21, 26, 27].

Initial transition conditions for each phase corresponding to the maximum
and minimum of the sine wave voltage

5"e[0;90;180; 270; 360]; 5°¢ [122; 212; 300]; &€ [60;150; 240;330]. (5)

It should be noted that the paper considers the worst case when the voltage in
the intact phases goes beyond zero and the case when the voltage reaches its
maximum value. In the first case, such initial conditions of the electromagnetic
switching transient cause the maximum initial value of the aperiodic component
of the current. As it is shown by the damping the study of the aperiodic compo-
nent of the current is determined by the ratio of the circuit's active resistance to
the total inductance [1-3]. According to the data, the damping process for cer-
tain lines continues to 0.003-0.04 s. A controlled switching device for aperiodic
suppression can be used in combination with the above.

As we can see from (1) iu(t) depends on a — moment of commutation.
So, we can say that controlling switch device can reduce these two components.
All circuit breakers are equipped controlled switching device Switch Sync F236.
The sinusoid with possible moments of commutation is depicted in Fig. 4.
To assess the impact of the switching moment on the characteristics of the ape-
riodic component, a simulation model is developed and the description of which
is given in the next section.

Voltage, kV —=%— 4 ——--B -A&--C

600 e .
‘\\ / \\ ,’ \\ ”- ~
4004 ¢ B

200 S 7 e
L ’ Y v
o ’ A 5
0 s # ra
N
* s/ \ / b //
N \
-200 (Y 2 g
‘\ 4 " ‘\
A , hY
-400 £ ’ A
” . »” ~
h rd Yo g P ~
L4
—-600 ===+ = <

== —

_8000 50 100 150 200 250 300 350

d, electrical degree

Fig. 4. Sine wave voltage phases A, B, C with designated switching points
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When using controlled switching, the time constant will be equal to
o AB(GRy (Rs; +Rs,)D(2F +2G +1)) .
DFR; (AK + B(2L,\,I L +2L Lg + L, LE)(LSl + L52)+
AB(GRy (Rg; +Rg,)D(2F +2G +1))
+lalsy (2L (Ly +Le)+Lyle))

(6)

In case of switching-off the shunt reactor group, the decay time constant will be

~ AB(GRy (Rs; +Rs,)D(F +G +1))
o DFR, (AK +B(Ly, Ly + L Ly + Ly, Ly )(Lg + Lgy ) +

AB(GRy (Rs; +Rs,)D(F +G +1)) "

+ Lo Lo, (LLy + L Ly + Ly Ly))

In case of application APS decay time constant will be
LSlLSZ (R51R52) (8)

1= .
Rs1Rs (L31 + Lsz)

To perform the time constant calculations, the following EHV power line da-
ta were adopted for the next lines: Khmelnytsky nuclear power plant (Ukraine) —
Rzeszow (Poland), South-Ukrainian nuclear power plant (Ukraine) — Isaccea
(Romania), Western Ukrainian (Ukraine) — Albertshire (Hungary). The re-
sistance iS Rpre-ins = 400 Q for both cases shown in Fig. 3a, b. Parameters of
equivalent systems and shunt reactors are shown in Tab. 1.

Table 1
Parameters of systems and shunt reactors
Parameters of shunt reactor
Equal Equal active Equal Equal
Impedance inductance resistance resistance inductance
Name of system of system of ground of ground of ground of ground
Z,Q component component component | component
shunt reactor | shunt reactor | shunt reactor |shunt reactor

Ly, H Lg, H Ru, Q Rg, Q
Khmelnytsky
nuclear power 6.28 + 95.85i
plant (Ukraine)
Rzeszow (Poland) [4.78 + 60.85i
South-Ukrainian
nuclear power 6.88 + 77.65i 3717 042 30 13.44
plant (Ukraine) ' ' '
Isaccea (Romania) | 6.78 + 88.48i
Western Ukrainian .
(Ukraine) 9.28 + 82.88i
Albertshire 8.78 + 68.75i
(Hungary)

The calculations of the aperiodic time constant according to the expres-

sions (3), (4), (6)—(8) are given in Tab. 2.
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Table 2
Results of calculation of aperiodic time constant

Aperiodic time constant 1, s
Khmelnytsky nuclear | South-Ukrainian nuclear | Western Ukrainian
The name of case power plzzltt (6kraine) — power plant (Ukraine) — (Ukraine) —
Rzeszow (Poland) Isaccea (Romania) Albertshire (Hungary)
Without measure 0.097 0.098 0.1
Pre-insertion resistors
in series 0.055 0.052 0.051
Pre-insertion resistors
in parallel 0.093 0.095 0.098
Automatic shunting
of phase 0.044 0.047 0.048
Switching-off the SR
group 0.088 0.086 0.087
Controlled switching
device 2.1 2.02 25

The task of using technical means is to reduce the duration and value of the
aperiodic component. The duration of the aperiodic component is ensured by the
highest value of the constant damping time. As it can be seen from the results
in Tab. 2, the lowest constant time value is observed when using controlled
switching. In the case of ASP, the lowest value will be observed, which will lead
to the longest running of the aperiodic component.

For example, in [1-10] it is recommended to disable the shunt reactor group
to reduce the characteristics of the aperiodic component. As you can see from
the results, such an event reduces the time constant thereby increasing the dura-
tion of the transient. In fact, shutting down the bypass reactor group is ineffec-
tive. To test the efficiency, the results which are shown in Fig. 5 were evaluated.

As it can be seen from Fig. 5, the use of shutdown of the shunt reactor group
does not lead to a significant change in the time constant, while further dragging
on the value of the impedance resistance does not lead to the required increase
in the time constant.

In order to verify the correctness of the equations and theoretical statements,
a simulation model was developed for the analysis of electromagnetic transients
in the TPAR cycle.

0.15

7, S = = Parallel two group of SR — Series two group of SR

0.13

\ — -} Parallel one group of SR —=i= Series pne group of SR
LY .
R

0.09 SR

-~

G

0 20 40 60 80 100 120 140 160 R,Q 200

Fig. 5. Reducing the aperiodic time constant at different measures and means
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Modelling of cycle three phase auto-reclose
of extra high voltage transmission line

The model was developed to study the processes at single phase auto-reclose
in the environment MatLab-Simulink which are illustrated on Fig. 6. Calcula-
tions were made to find the effective measure to prevent this kind of overvol-
tages. The three-phases power system is simulated by voltage sources with fixed
voltage and inductance. The overhead line is simulated by two parts, which are
given complex matrices with distributed elements or values on the forward and
reverse sequence.

Overhead line

Electrical Circuit Circuit Electrical
power breaker 1 breaker 2 power
system 1 ] — — system 2

Group of shunt Group of shunt Group of shunt
reactor 1 reactor 2 reactor 3

Fig. 6. Model of extra high voltage transmission line

Using the data of Tab. 1, we simulate EHV line modes using a specific mea-
sure and technique. Each case is illustrated in Fig. 7-10.

100 I
| y % - la
® 30 _ _ _ Maximum permissible value
70 /\, of AP current component
o0/ —~_
50 7 N
40 1 ! !
30 | | |
20
10
0
0.60 0.65 0.70 0.75 time,s 0.80
Fig. 7. Pre-insertion resistors connected in series
100 | y . "

% Ia - . -
_ _ _ Maximum permissible value
of AP current component

0
0.60 0.65 0.70 0.75 time,s 0.80

Fig. 8. Pre-insertion resistors connected in parallel
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Fig. 9. Controlled switching device
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Fig. 10. Automatic phase shunting

As it can be seen from Fig. 7-10, the simulation results confirm the theoreti-
cal assumptions about the duration of existence of the aperiodic component and
the derived formulas (3), (4), (6)—(8). The shortest duration of the aperiodic
component is observed when using controlled switching (Fig. 9). The highest
duration is observed with the use of automatic phase shunting (Fig. 10). The use of
pre-insertions witched resistors also does not produce the required result (Fig. 7, 8).

CONCLUSION

1. When designing extra high voltage power lines, a careful analysis of
the electromagnetic transients accompanying the switching during operation
is necessary. Quick on-off cycles (symmetric or non-phase) should be avoided
in case of TPAR. In particular, in such cases it is necessary to pay attention to
the cycle of fast three-phases automatic reconnection, in which the switch may
be damaged due to the aperiodic component of the current.

2. The results of the work confirm the theoretical principles, which consist
in the inefficiency of using pre-insertion resistances and automatic phase shun-
ting to reduce the characteristics of the aperiodic component of the current for
the total transient process. This also applies to the disconnection of a group
of shunt reactors as measure. The derived formulas for the determination of
the aperiodic time constant of the aperiodic component confirm the above
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mentioned. Value resistance changing of the pre-insertion resistor when discon-
necting the group of shunt reactors also confirmed the inefficiency of using the
same means even when used together. This analysis without any significant
assumptions was performed based on the mathematical models developed
in MatLab which confirm the theoretical propositions.
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Pegepar. B crarbe npencrabineHa Bropasi 4acTh UCCIIEAOBaHUS, MTOCBSILIEHHOTO IKCEPreTUYecKo-
My aHAJIN3Y MPOLECCOB TEIUIOBO 00pab0TKKU OCTOHHBIX H3IICIUI B TEIUIOTEXHOJIOTMYECKUAX YCTa-
HOBKaX YCKOPEHHOU rujiparaiuu. B nepBoii 4acTu Ha OCHOBaHUH (DaKTHYCCKHUX JAHHBIX O COCTaBE
LIEMEHTOB U MPOAYKTOB THAPATAIIH PACCMOTPEHBI BOIIPOCHI pacdeTa dKCEpruu OETOHHOM cMecH 1
TBEPJCIONIET0 OETOHA C YYETOM BCEX COCTABILIOIIUX 3KCEPTHH: PEaKIIHOHHOM, KOHIIEHTPAIMOH-
HOW W TepMOMEXaHW4YecKoil. B maHHO# cTaThe MpemiosKeHbl KOJHYECTBEHHBIC SKCEPreTHIECKIe
KpUTEPHH, MMO3BOJISFONINE CYAUTh 00 3HEProdPEeKTUBHOCTH PEKUMOB PabOTHI TEINIOTEXHOIOTH-
YeCKOT0 000PYIOBaHUS JUTA TEIIOBOM 00paboTKK OETOHHBIX M3aenuid. K HIM OTHECEHBI: CTeTIeHb
TEPMOTMTHAMIYECKOTO COBEPIICHCTBA TEIUIOIHEPTETHUECKON CHCTEMBI, XapaKTepU3YIOIIast TOJTHO-
Ty HCIIOJNIB30BaHUS JKCEPreThdeckoro Bxoxaa; TepmoamHammueckuit KII[, cuctembl TerumoBoit
00paboOTKH, MPEACTABISIOMNI cO0O0M CTENCHh TEPMOIMHAMUYIECKOTO COBEPIICHCTBA, PACCUNTAH-
Hyr 0e3 ydera CyMMBI TPaH3UTHBIX dKcepruid; TepmonuHammdeckuid KI1/Ie cuctemsl TeroBoit
00paboTku ¢ yderom skcepreruueckoro KI1/I, cucreMsl mponu3BOACTBA M TPAHCIIOPTUPOBKH TETI-
JIOBOM 3HEPIUH; CTENEHb TEXHOJIOIMYECKOTO COBEPILEHCTBA, YKa3bIBAIOIIAs, KakKas 4acTb JKCep-
THH, TIOABEACHHOHN B TEIJIOTEXHOJIOTHYECKYIO0 YCTAaHOBKY, NIpEJHA3HAYAeTCs IS MOJIydEeHUs TeX-
HOJIOTMYECKOTro pe3ynbTara. J[j1sg pacyeTa NepeyrcIeHHBIX XapaKTePUCTUK IPEATIoKeH MaTeMaTu-
YecKuil ammapar, YYMTHIBAIOLIMM MacCy OETOHHOrO M3IeNus, YIEIbHYI0 MAacCOBYIO 3KCEPTHIO
LIEMEeHTa M TBEP/CIOIIEro OETOHa, 3alaHHYIO CTEIIeHb HpaTaluy [eMeHTa B OETOHE Ha MOMEHT
OKOHYaHHs TEIIOBOH 0OpabOTKH, SKCepreTHUecKHe MOTOKH, MOABOAMMBIC K M3JENUI0 B TEIUIO-
TEXHOJIOTMYECKOH yCTaHOBKE, U YHCIICHHBIE T0Ka3aTeN1, XapaKTepU3yIoIiye HEMOJIHOTY IIpoliecca
ruaparaiy nemeHTa. [lpuBeneHo oOCy)XIeHUE MOJyYEHHBIX Pe3yJbTAaTOB C TOUKM 3pEHUS HX
INPUMEHUMOCTH NPHU BBIOOpE PEKUMOB TEIIOBOi 0OpaboTku. [TodydeHHBIE pe3yiabTaTbl MOTYT
HCIOJIB30BaThCs MIPU BBHIOOPE IHEProcOEeperaroiix peXHMOB TEINIOTEXHOJIOTHIECKOro 000py/I0-
BAHUS JIJIsSI IPOMBINUICHHOM TEMJIOBOM 00pab0TKK OCTOHHBIX M3ICIHIA.
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Scientific and Methodological Bases of Exergetic Analysis
of the Processes of Heat Treatment of Concrete Products
in Heat Technology Installations

Part 2
V. N. Romaniuk®, A. M. Niyakovskii®

YBelarusian National Technical University (Minsk, Republic of Belarus),
Apolotsk State University (Novopolotsk, Republic of Belarus)

Abstract. This article is the second part of the research devoted to the exergetic analysis of heat
treatment processes of concrete products in heat technology installations. In the first part, the is-
sues of calculating the exergy of a concrete mixture and hardening concrete have been considered,
taking into account all the components of the exergy, viz. reaction, concentration and thermome-
chanical ones. In the present part of the study, exergetic criteria are proposed that make it possible
to evaluate the energy efficiency of the operating modes of heat-technological equipment for the
heat treatment of concrete products. These include the degree of thermodynamic perfection of
a heat-power system, which is used to evaluate the completeness of the use of the exergetic input;
thermodynamic efficiency of the system of heat treatment of concrete products in heat technology
installations, representing the degree of thermodynamic perfection of the heat power system that
is calculated without taking into account all the components of the sum of transit exergies;
thermodynamic efficiency of the heat treatment system, taking into account the exergetic efficien-
cy of the system of heat energy production and transportation; the degree of technological perfec-
tion that indicates at the portion of the exergy supplied to the heat technology installation for
the heat treatment of concrete products is intended to obtain a technological result. To calculate
the listed indicators and characteristics, a mathematical apparatus is proposed that takes into
account the mass of the concrete product, the specific mass exergy of cement and hardening
concrete, the specified degree of hydration of cement in concrete at the end of heat treatment,
the exergetic flows supplied to the product in a heat technology installation during its heat treat-
ment, and numerical indicators characterizing the incompleteness of the cement hydration process.
The results obtained in this paper are discussed from the viewpoint of their applicability in
the selection of heat treatment modes. They can be used in the selection of energy-saving modes
of heat-technological equipment for industrial heat treatment of concrete products.

Keywords: heat technology, thermal technological equipment, energy efficiency, heat treatment
of concrete products, exergy of concrete, exergetic balance, exergetic criteria of energy efficiency

For citation: Romaniuk V. N., Niyakovskii A. M. (2021) Scientific and Methodological Bases of
Exergetic Analysis of the Processes of Heat Treatment of Concrete Products in Heat Technology
Installations. Part 2. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (4),
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BBeaenne

O} PexTUBHOCTH OpraHU3alny TEIUIOTEXHOJIOTUIECKOTO MPoIiecca ¢ dHepre-
THYECKOUW TOYKH 3PEHHS OTPEIEISIETCS] COMOCTABICHHEM CIIaraeMbIX 3KCEpPreTH-
geckoro OajyaHca. BBITEISIIOT TpH THITA XapaKTEPUCTHK: aOCONOTHBIE (pas-
MEpPHBIC), OTHOCUTCILHBIC W yJelbHBIC. AOCONIOTHBIC TOKA3aTENH YUCIICH-
HO COBIMAJIAIOT C MOTOKAMH YKCEPTHH HA BXOJE U BBIXOJIE CHCTEMBI, BHYTPCHHH-
MU ¥ BHEIIHUMH MOTEPSIMU dKceprur. OTHOCUTEIbHBIC OCHOBBIBAIOTCS HA COMO-
CTaBJICHUM YacTeH OJKcepreTH4eckoro OanaHca. YeNnbHbIE XapaKTePUCTHKH
MO3BOJISIFOT CYJUTh O MOTPEOJCHUU SHEPTHH W DKCEPTUU HA CIMHUIY MacChl
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MPOU3BOANMON MPOAYKIINU WM TEXHOJIOTHYECKOTO Mepeieria IMyTeM CPaBHeHHS
C OJJOOHBIMHU TIPOU3BOICTBAMU HITU OTPACICBBIMA HOPMATUBAMU.

Pa3zpaboTke aOCOMIOTHBIX SKCEPreTUUECKUX TOKa3aTelNieil — BEHMIUH dKCep-
ruu OCTOHHOW CMECH M TBEPACIOLIET0 OSTOHHOTO W3AEHS IPU €ro TEIIOBOM
obpabotke (TO) B Termorexnonornueckot ycranoske (TTY) — mocesamiena nep-
Basl 4acTh HaIero ucciaeaoBanms [1]. B HacTosIme# cTatbe MpemIoKeHbl aHAH-
TUYECKHE 3aBHCHMOCTH JIJISl pacueTa OTHOCHUTEIBHBIX AKCEPreTHUeCKUX MoKa3a-
TeNeH W OIEHKH DHEPTreTHIeCKON 3(PGEKTHBHOCTH PEKUMOB pPabOTHI TEILIO-
TEXHOJIOTHYECKOro 000pyAoBaHHS NMpH NpoMbinuieHHOH TO OeToHHBIX H3xe-
muit B TTY.

COBOKYITHOCTh OTHOCHTENBHBIX XapaKTEPHUCTUK cHOpMyTUpOBaHA M OIMCa-
Ha B psie myOnukanuii [2-5]. B ganHO# paboTe paccMOTPUM CIEIYIOIINE I10-
Ka3aTeu:

— CTeNeHb TEPMOAMHAMHYECKOTO COBEPIIEHCTBA TEIJIOPHEPTEeTHYECKON CH-
CTEMBI, OTPAKAIOIIYI0 TOJHOTY HWCIOJIB30BAHHS CHCTEMOW 3KCEpreTHYecKOro
BXOJa:

v =YE"/YE' =1-YD/IE’; 1)

— repmoauHamudeckuii KI1/1,, mpencrapistomuii coO0H MPpEAbITyIIHNA TOKa-

3aTeslb, HO PACCUMTAHHBIN 6e3 y4eTa CyMMBbI TPAaH3UTHBIX dKcepruit Y. E:
ne: (ZE"—ZEU)/ZE,_ZE":ZEHCH/EPEICH' (2)

Tepmogunammuueckuii KI1J1, Oynet Taxke onpeaenen ¢ yuerom KI1/I, sHep-
TOCUCTEMBI IIPU OTITYCKE SHEPTUHU MOTPEOUTEIIM;

— CTEIEeHb TEXHOJIOTHYECKOTO COBEPILIEHCTBA, YKa3bIBAIOIIYI0, KaKkas 4acTb
BCEH MOABENICHHONW B CHCTEMY DKCEPTUH NMpeIHA3HAYAETCs AN MOIy4YEeHUs TeX-
HOJIOTHUYECKOI'0 pe3yJIbTara;

B:ZEpaCH/ZE':l_zEtr/ZE,’ (3)

roe 2 E', 2 E" — akcepreTrueckre BXOA U BBIXOJ CHCTEMbI COOTBETCTBCH-

Ho, MJIxk; XD - cymmapHble motepu skcepruu, MJIx; > E" — cymma tpan-
3UTHBIX DKCEPIHid, HEe TIpeTepIeBaronas Kakux-1u00 n3MEHEHNH B TEXHUUCSCKOH
cucreme, MJIx; 2 E, . — wucmome3yemas B TEXHHYECKOH CHCTEME 3Kcep-
rust, MJTx; > E — pacnonaraemas akceprus, M/Jx.

pacn

OTHOCHUTEJIbHBbIE IKCEPTreTHYECKHE KPUTEPUH
IHepro3peKTHBHOCTH NMPOIEcca TEMI0BOi 00padoTKH
0ETOHHBIX M3eJINii

OTHOCHTENIEHBIE IKCEPrETHIECCKHE KPUTEPUH OIICHKH 3HEPTod(PPEKTHBHOCTH
TEIUIOTEXHOJIOTUYECKHX MPOIECCOB, 3alMCAHHBIC B O0OIIEM BUJIE, JODKHBI OBITH
peoOpazoBaHbl AJIS PEIICHUS PacCMaTPUBAEMOM TEIIOTEXHOIOTHH.
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Omupasics Ha pa3pabOTaHHYIO CXeMY DKCEPreTHIeCKUX MOTOKOB [1, puc. 2],
MPEJICTABUM CTEICHb TEPMOJUHAMHYECKOTO COBEpIIeHCTBAa cucTeMbl it TO
oeronHoro uszaenusa B TTY yckopeHHOH rupaTaiuy B BUIC

" " " tr
_2E"_E +E;. +E

TI0JIE3H

V= —
YE" E{ now + Eg +E" @
_ (H /100) Wer,GeT M 6eTY(P + (1_ H/loo)e6c M Ger + Etr
'Q, NOJB + Eéc + Etr ’

roe E’

oness — TTOJIE3HAS DKCEPIHs TBEPIAEIONIETO OeTOHA (CyMMa PeaKIMOHHON 1

KOHIIEHTPAIMOHHO# cocTaBisromux skceprun), MJDk; Eg., Ef. — axceprust mo-

TOKa OETOHHOM cMecu Ha BXoje U Beixonme TTY coorBercTBeHHO, MJIX; E" —
CyMMa DKCEPruii KOMIIOHEHTOB OCTOHHOTO H3JCJVsI, HE YYaCTBYIOIIMX B (PU3U-
KO-XMMHYECKUX TMPEBPAIICHUSX (apMaTypbl, YTEIUTHTENS, 3alUTHBIX MaTepHa-
JIOB), AKCEPrHM OCTAIOTCS TMOCTOSHHBIMM WJIM HE3HAUUTEIHHO HU3MEHSIIOTCS

B mporiecce TO B TTY, M/Ix; Eé oz — TIOTOK DKCEPTHH, MOABEACHHBIA K 13-

nenuto w3BHe, M/Ix; H — crenens runparanuu OeToHa B U3JIEHH, JOCTUTHYTAS
Kk MomeHTy okoH4aHus TO, %; v — Ko3hGUIINEHT, YIUTHIBAIONINA HEMOTHOTY
MPOTEKAHUSI PEaKIMU TUIPATAINU; €rg.r — YICIbHAsS MaccoBas peaKIUOHHAs
aKceprus TBepaetomero oerona, MJx/kr; Mg., — Macca 6eToHa B WU3JENHH, KT
Y — MaccoBas J0JisI aKTUBHOW YacTH LIEMEHTHOIO KJIMHKEpa B IIEMEHTE; (@ —
TO K€ MPOJYKTOB I'MIpaTallii B 3aTBEPAEBIIIEM OCTOHE, ONpeaessieMas U3 MaTe-
pHUAIBHOTO 0aNlaHca peakuu THAPATAIUU KaK CyMMa MacCOBBIX JIOJIEH IleMeHTa
Y BOJBI B OCTOHHOU CMeECH; €g. — yJEIbHAsE MacCcOBas 3KCEpPrus MOTOKa OCTOH-
HO# cmecH, M JIk/Kr.

HpnE} ., =0 TBepeHue GETOHA HOCHT €CTECTBEHHBIH XapakTep, ocy-

mectaisgercs 6e3 TO u ypasaenue (4) npruodpeTaeT Buj

oer

* (H/lOO)\IIer GETM66TY(P+(1_ H/loo)e6cM
vV = -

+E"
’ tr )
e T E

®)

[Mokasarens v° XapakTepu3yeT CTENEHb TEPMOJAUHAMUYECKOTO COBEPIIEH-
CTBa TakoW opranu3anuu npouecca TO, xorma HeTH TEXHHYECKOW CHCTEMBI
JOCTUTAIOTCS 0€3 MOIBOJAa YHEPTeTHYECKUX MOTOKOB K OCTOHHOMY H3JIEIHIO
B TTVY nsBHe.

PaznenuB nmowienHo (4) u (5), mOIy4yUM JONOTHUTEIFHOE COOTHOIICHHUE

’ tr
Yo ErE g (6)

' tr
\% 0, noms T Es. +E

VYpasaeHnue (6) MOKa3bpIBACT OTHOCUTEIHLHOC M3MECHECHHE CTEICHH TEPMOJIHU-
HaMHYECKOTO coBepireHcTBa cucteMbl it TO 6eTonnoro msnmenus B TTY mpu
YCKOPEHHOW THAPATAIH [0 CPABHEHUIO C €CTECTBEHHBIMH yCIIOBHSIMH TBEp/Ie-
Husi OetoHa (T. €. 0€3 MOABOJA PHEPTHHM W3BHE) MPH OJUHAKOBOW 3a/JIaHHOW
MTPOYHOCTH, KOTOPYIO HEOOXOIUMO JOCTUTHYTH B 000HX CITydasx.
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Tepmomuunamuueckuii KIIJl; cuctemsr TO B TTY mnpencraBmser coOoit
mo ¢opme ypaBHeHue (4), YMCIUTEIb M 3HAMCHATEIh KOTOPOI'O YMCHBIICHBI
HA CyMMapHYIO BEJIMYMHY BCEX TPAH3UTHBIX TTOTOKOB 3KCEPTHH, BKIIFOUAS YaCTh
MOTOKA 3KCepruu OCTOHHON CMECH, peakiusl TUApaTalhy IIEMEHTa B KOTOPOWM
Oymer 3aBepieHa 3a npeaenamu TTY mocite okondanus mporecca TO. C yge-
TOM 3TOr0 00CTOsATeNHCTBA YpaBHeHue s K11, mpumMer Bua

= YE'-YE" _ (H/100) ye, 5, M., Y0
= =L ' +EL, (H/100) -

Q, noss

(")

Jlyist TOTHO OLIEHKH KCepreTudeckoi agdexruBHocTH mporecca TO ¢ yde-
toMm KII/le cucTtembl mpou3BOACTBA U OTIYCKa TEIIOBOH »Hepruu (7) JOKHO
OBITH TIpe0Opa30BaHO

MOJMH __ (H /100) Wel’,GeT M 6eTy(p

" Eb w/(n2°/100)+ EZ (H /100)’

(8)

2C
rae n, — KII[ sHEprocucTeMsl Ipu OTIYCKE SHEPTUU HOTpeOUTENM, Yo.
Cremenp TEXHOJIOTHUECKOTO coBeprieHcTBa cucteMsl TO B TTY (¢ yueTom
BBICKA3aHHBIX BBIILIE 3aMEYaHUN O CyMME TPAH3UTHBIX ITOTOKOB 3KCEPIUH) BbI-
YUCIIAETCS 10 (hopMyJie
tr ' tr
XE' _(1—H/1OO)E6C+E

=1- =1 . 9
g YE’ 6. nom + Eée + EY ®)

. ro_
B ypasuenusx (4)-(9): E;, =€, Mq,,, MIx.
TouHblii pacyeT BENMYMHBI AIKCEPrUM MOJBEICHHOTO TEIUIOBOIO MOTO-

Ka Eé nomsy @ TAKOKE CTENeHM rujaparanuu H npumenuTensHo K nponeccam TO

Ger !

o6etonHbIX m3fenuid B TTY MOXeT OBITh BBITIOJHEH C IMOMOIIBI0 MaTeMaTH4e-
cKoro oOecreveHus, pa3padOTaHHOTO aBTOpaMu JaHHOU ctaThu [6-10]. Bemu-
YUHA TMOJBEJCHHON SKCEpruM TEIJIOBOTO IOTOKA TAaKXKe OMNpEeNeseTCs Mo
YIIpOIeHHOH hopmyite [2-5]

oumom = (1= Toe/T) 0, (10)

rae T, T,. — OCpemHEHHBIE TI0 BPEMEHH aOCONIOTHBIC TEMIIEPAaTyphl COOTBET-
CTBEHHO OCYII[ECTBIICHUS TpoIiecca W OKpyxkaromiei cpensl, K; Q — BenmnumHa
MOJIBEJICHHOTO K OeToHHOMY m3zienuio B TTY TeroBoro moroka, ocpeHeHHAS
10 BCE COBOKYITHOCTH 3JIEMEHTAPHBIX MpoleccoB, MJIx.

OO0cy:kneHne MOJTy4YeHHBIX Pe3yJIbTATOB

!

Benmunna nozsenennoii B TTY k uznenuto skeeprun Eqg o0

TIPH 33JaHHOM

BpeMenn TO HaxoguTcs B MPSMOH 3aBUCUMOCTH OT HA3HAYECHHOW CTETICHH
rygpaTaimd H u ¢ ee MOBBIICHHEM JIOJDKHA yBeWYMBaThcs. VHBIMU clioBa-

!
Q, moas

mu. E =f(H,z), rue z — Bpemsa TO. CnenoBarenbHo, BO BCEX NPHBEIEH-

!

0, noxer  MI3MEHEHHE

HBIX YpaBHEHUSX, TIe OXHOBpeMeHHO ¢urypupyior H m E
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OJHOM BEJIMYMHBI BI€YET U3MEHEHHUE IPYTroil. YUuThIBaTh 3Ty B3aUMOCBS3b 103~
BOJISIET pa3pa0OTaHHOE ABTOPAMHU AAHHOM CTaThbU MaTeMaTHuYecKoe obecreue-
Hue [6—10], ¢ MOMOIIBI0 KOTOPOIO0 MOXHO paccuuTaTh CTENEHb THApATAINH
B OETOHHOM M3IENIUM B 3aBHCUMOCTH OT TEIUIOBBILACICHUIN IIEMEHTa U KOJH4e-
cTBa monBeneHHON K m3nenuio B TTY TertoBoit sueprun B mnpomecce TO B Te-
YeHHE 33JJaHHOT'O IIPOMEKYTKa BPEMEHH.

OtnenpHOTO OOCYXIEHHS TPeOyeT BOMPOC O TOM, KaKyl) BENWIHHY Y/ENb-
HOM MaccoBOM 3KCEpruu IIEMEHTa CIEAYyEeT HCIOJb30BaTh B MPEIaraeMbIX
YpaBHEHHUSIX: TOJIBKO XUMHUUECKYIO MM TaKKe IPUOOPETEHHYIO LIEMEHTOM B pe-
3yJIbTaTe NPUAAHUS eMy TpeOyeMoro IMCIIEPCHOro cocTaBa. B mepBoil wacTu
HACTOSILETO HUCCIEA0BAHMUS TOKA3aHO, YTO SKCEPTHsl OTHOTO KyOHMYECKOro MeT-
pa OETOHHOH CMeCH HEKOTOPOTO 3aJJaHHOI'O COCTaBa IPHU PEaTHU3aLUM IEPBOIO
noaxoja paBHa 528,8 M/Ix (ynenbHas 3kceprus nemenra 1716 kJlx/kr), a B
ciIydae peanmzarnuu BToporo moaxoma — 2413,3 MJDx (ymenmpHas dKCeprus Iie-
menTta 8000 k/x/kr [11, 12]). Cronb cymecTBeHHbIE pa3nudus, 00yCIOBIEHHbIE
HCIIOJIb30BaHUEM TOI'0 MJIM MHOI'O IOAXO0Ja, BEAYT K 3HAUMTEIBHOMY pa3zdpocy
IIPU OINPENCIIEHUH OTHOCUTEIbHBIX IKCEPreTUUECKUX XapaKTEPUCTHK, B KOTO-

’

peix urypupyror Ef , EJ.. Hampumep, KI1/l cuctemsr TO B TTY, paccuutsi-

BaeMbli 1o (7), mpu nepBoM moaxonae paseH 81,7 % (MIpUMEHUTENBHO K HEKOTO-
pPOMY YCIOBHOMY M3JEJIMIO), @ B CIIydae ydueTa 3aTpaT JKCEpIMU Ha CO3JaHUE
TpeOyeMoro AUCIEPCHOTO COcTaBa LIEMEHTa CHIXKaeTes A0 18,9 %.

Pacuer ynenbpHOI 3Kcepruy 1eMEHTa Ha OCHOBE aHaJIM3a €ro MUHEepaIoruie-
CKOTO ¥ XMMHYECKOTO COCTAaBOB fABJSITCS OoJiee 0OBEKTUBHBIM, MOCKOJIBKY HC-
XOAMT U3 JaHHBIX, JIETKO IOABEPracMbIX J1abOpaTOpHOIl NMpoBepKe, B TO Bpe-
MS KaK 3aTpaThl SKCEPruy NpU MOMOJIE IIeMEHTa MOTYT OBITh W3MEpPEHbI JIHIIb
B Mpoliecce ero mpou3BoacTBa. [Ipu TpaHCHIOPTHPOBKE M XpaHEHWH LIEMEHTA
B pEaNbHBIX YCIOBUSAX €ro AMCIIEPCHBIN COCTaB IOABEP)KEH IeCTaOWIH3aIiH
U yxynameHuto. Takum o0pa3oM, HCTUHHYIO SKCEPrHI0 [IEeMEHTa Ha MOMEHT €ro
WCTIONIF30BaHMSI MOYKHO JIOCTOBEPHO OMNPEAETUTH TOJIHKO MO XUMHUYECKOMY CO-
CTaBy, KOTOPBIi B 00IIEM cydae 3apaHee N3BECTEH.

BwMmecte ¢ Tem mpu BbIOOpE M3 TUCKPETHOTO MHOXKECTBA BO3MOYKHBIX BapH-
aHTOB onTUManbpHOro pexknMa TO B koHkpeTHOW TTY HMHTEpec MpencTaBiIsAIOT
He aOCOJIOTHBIE 3HAYEHHs OTIENBbHBIX KPUTEPUEB, a UX COOTHOLIEHHS. Takum
00pa3oM, ecyiu NPUIEPKUBATHCSA OJJUHAKOBBIX MOJXO/I0B K OIPEICIICHUIO dKCep-
T'MH LIEMEHTa, IpodiieMa BEIOOpa €€ BEIMYMHBI YTPAuuBaeT aKTyaJlbHOCTh U MO-
KeT OBITh PelIcHa HA OCHOBaHUH JaHHBIX O MUHEPAJIOTMYECKOM U XUMHUYECKOM
cocTaBax LIEMEHTA.

BbIBO/IbI

1. Pazpaboranbl 1 000OCHOBaHBI OTHOCUTEIBHBIC KPUTEPHH JUIS OIICHKU K-
cepreTrueckoi 3QPEKTUBHOCTH MpoIiecca TEIUIOBOH 00pabOTKU OETOHHBIX H3-
JIeNTU B TETUIOTEXHOJIOTHYECKOW YCTaHOBKE, CBS3BIBAIONINE BOEIUHO BOIPOCHI
MPOEKTHPOBAaHUS COCTaBOB OETOHHBIX CMecCeH, JKCepreTHYecKyro 3(QeKTHB-
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HOCTh TEIUIOTEXHOJIOTUH MPOU3BOJICTBA OSTOHHBIX U3ICIHA U CHCTEMBI €T0 Tell-
JIOCHA0XKEHUSI.

2. TlomydeHbl aHAIMTUYECKUE 3aBUCUMOCTH JIISI pacyera pa3padOTaHHBIX
KPUTEPHUEB DKCEPTeTHIECKOM 3P HEKTUBHOCTH.

3. BommonHena omneHka BenuuuHbl TepMmoguHammueckoro KIIJ[, cuctemsr
TEIUIOBOM 00pabOTKM OCTOHHBIX U3JICNIUN B TETUIOTEXHOJIOTHYECKON yCTaHOBKE,
OTIpeIeNICHBI TPEACTBI U YCIOBHUS HCIOIB30BAHUS MPEIOKCHHBIX aHATUTHYC-
CKHX 3aBHCHMOCTEH JUIS TUCKPETHOW ONTHMH3AIMU PEKHUMOB TEIUIOBOW 0Opa-
OOTKH 10 KPUTEPHIO IKCEPTeTHIECKOH 3P HEKTUBHOCTH.
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KoHBeKTHBHAs TEIJIOOTA24a OAHOPSAAHBIX IIYYKOB
U3 TPYO ¢ HAKATHHIMU AJIIOMHUHUEBBIMH pedpamMu
PA3JIHYHON BBICOTHI IPH MAJIBIX YHcaax Peiinonbaca’

A. B. nyoulmifll), E. C. I[aﬂnnl,quxl)

l)BGJ]opyccmﬁ roCyJIapCTBEHHbIM TEXHOIOTHYECKU yHuBepcuTeT (MHHCK,
Pecmry6mmka Benapycs)

© Benopycckuii HalMOHAIBHBIA TEXHUYECKUI yHUBepcureT, 2021
Belarusian National Technical University, 2021

Pedepar. IIpoBeneHo 3KCIEPUMEHTAIBHOE HCCIIENOBAHUE MHTEHCHBHOCTH TEILUIOBOTO MOTOKA OJIHO-
PSTHOTO TOPU30HTAIBHOTO BO3yXOOXJIAXKIAEMOTO TPYOUaTOro ITydKa TEIUIOOOMEHHHKA CO CIH-
paNbHBIME aTIOMHHHEBBIMH HAaKaTHBIMH pebpaMu MpH Manbix duciax Peiinonsaca (Re < 2000).
T'eomeTpruueckne pasMepsl OMMETANIMUECKHX OpPEOpPEHHBIX TPYO IydKa CIeIyIONIHe: Hapy>KHBIH
nuamerp opebpenust d =56,0 mMm; aumamerp TpyObl 1o ocHOBaHuio Oy = 26,8 MM; BbIcoTa pebd-
pa h = 14,6 mm; wiar peGpa S = 2,5 MM; cpetHsis ToiiHa peopa A = 0,5 Mm; KoaduimeHT opeOpeHus
TpyOBI @ = 19,3; Terootaarouas mmHa | = 300 Mm. HapyxHbIid [uamerp Hecylueil cTabHOM Tpy-
661 d,, = 25 MM; TommmmMHa cTeHKH & = 2 MM. McclieIoBaHus TIPOBOAMINCH METOIOM IIOJIHOTO TEILIO-
BOTO MOJICIMPOBAHMS Ha CIELMATIBbHO Pa3pabOTAHHOM SKCIEPHUMEHTAIBHOM CTEHIE C 3JIEKTPO-
000rpeBoM TpyO M YCTaHOBJIEHHOW HaJl MyYKOM BBITSDKHOM miaxtoi. Pacxon Bo3mymmHoro moroka
yepe3 My4OK PeryJaupoBalICs MYTeM M3MEHEHHs BBICOTHI M IUIOIIA/H CEUCHHS BBITSDKHOMN IIAXTHI.
ITpoBeneHb! TAPUPOBOYHBIE SKCIIEPUMEHTSI, TIOATBEPIKIAIOIINE JOCTOBEPHOCTD MOJIyUYSHHbIX JaH-
HBIX. 3aTeM pebpa cTauMBAINCH IUIM(OBAHHEM ¢ 00pa30BaHMEM HOBBIX THIIOB TPyO, KOTOpHIE
KOMITIOHOBAJIUCH B OJHOPSAHBIH IIECTUTPYOHBIH My4OK C MOCTOSHHBIM OTHOCHUTEIbHBIM MOTIEpey-
HBIM Iarom o; = Sy/d = 1,14 = const, a TeruoBble MCCICAOBaHUS MIPOBOAMIKCH OBTOPHO. B pe-
3yJIbTaTe MOJy4eHO OOOOIIEHHOE KPUTEpPUAIBHOE YPaBHEHHE TEIUIOOTIa4d OpeOpeHHOro Topu-
30HTAJIBHOTO OZTHOPSITHOTO Iy4Ka IPH MaJIbIX Ynciax PeffHosblica 11 pasiMyHbIX BBICOT OpeOpeHus
Tpy6 h=0-14,6 Mm. TTo rabapuTHBIM M METAJUIOEMKOCTHBIM KpHTEPHsM ompezesicHa dbdexrnpHast
BbIcOTa Opebperst TpyOsI (h = 8 MM) [/ OHOPSITHOTO TOPHU3OHTATLHOTO ITyYKa.

KnroueBble ciioBa: Oumerainueckas pedpucras Tpyoa, OJHOPAIHbIA TPpyO4aThIil TEIIO0OMEH-
HUK, Ta0apUTHBIC ¥ METAJUIOEMKOCTHBIC XapaKTEPUCTHKH, BHITSDKHAS IIaxTa, Manble uncia Peit-
HOJbICA, yncio Hyccenbra, kpurepnaabHOe ypaBHEHNE TEIUIOOTAYH

Jas nurupoanusi: Cyxoukuil, A. b. KoHBeKTHBHas TemI00TAa4a OAHOPSAAHBIX IIYUYKOB U3 TPYO
C HaKaTHbIMM AIIOMHHUEBBIMU PeOpaMH pPa3iIM4HOH BBICOTHI NPU MaybIX uuciax PeiHosbica /
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nuit CHI. 2021. T. 64, Ne 4. C. 336-348. https://doi.org/10.21122/1029-7448-2021-64-4-336-348
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Convective Heat Exchange of Single-Row Bundles
from Tubes with Rolled Aluminum Fins of Various Height
at a Low Values of the Reynolds Number

A. B. Sukhotski®, E. S. Danil’chik"
YBelarussian State Technological University (Minsk, Republic of Belarus)

Abstract. The experimental study of the heat flow intensity of a single-row horizontal air-cooled tubu-
lar bundle of heat exchanger with spiral aluminum rolling fins at low Reynolds numbers (Re < 2000)
is performed. The geometrical dimensions of the bimetallic finned tubes of the bundle, the following:
the outer diameter of the fins d = 56.0 mm; the diameter of the tube at the base dy =26.8 mm;
fin height h = 14.6 mm; pitch of fins s = 2.5 mm; the average fin thickness A = 0.5 mm; the coeffi-
cient of finned tubes ¢ = 19.3; heat transfer length | = 300 mm. The outer diameter of the load-
bearing steel tube d, = 25 mm; wall thickness 8 = 2 mm. The research was carried out by
the method of full thermal modeling at a specially designed experimental stand with electric heating
of tubes and an exhaust shaft installed above the bundle. The air flow rate through the bundle was
regulated by changing the height and cross-sectional area of the exhaust shaft. Calibration experi-
ments were carried out and confirmed the reliability of the data obtained. Then the fins were sanded so
to form new types of tubes, which were arranged in a single-row six-tube bundle with a constant
relative cross-step o, = Si/d = 1.14 = const, and the thermal studies were repeated. As a result,
a generalized criterion equation for heat transfer of a finned horizontal single-row bundle at small
Reynolds numbers for various heights of the tube finning h = 0-14.6 mm was obtained. The effec-
tive height of the tube finning (h = 8 mm) for a single-row horizontal bundle was determined by
dimensional and metal-intensive criteria.

Keywords: bimetallic finned tube, single-row tube heat exchanger, dimensional and metal-
intensive characteristics, exhaust shaft, low Reynolds numbers, Nusselts number, the criteria equa-
tion of a heat transfer

For citation: Sukhotski A. B., Danil’chik E. S. (2021) Convective Heat Exchange of Single-Row
Bundles from Tubes with Rolled Aluminum Fins of Various Height at a Low Values of the Rey-
nolds Number. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (4), 336-348.
https://doi.org/10.21122/1029-7448-2021-64-4-336-348 (in Russian)

BBenenne

TpyOsl ¢ omepedHBIMHA KPYTIIBIMH peOpaMu MIHPOKO MPUMEHSIOTCS B TEX-
HUKE: U3 HUX M3TOTaBIMBAIOT TEMJIOOOMEHHBIE CEKIMU alllapaToB BO3AYIIHOTO
OXJTKACHHSA, KaTOpH(epsl, ICTIAPUTETN XOJIOIMIBHBIX KaMep ! T. II.

[ponecchl TemIooOMeHa CMENIaHHOW KOHBEKLIMEH OMHOPSAHBIX MYYKOB W3
OpeOpEeHHBIX TPYyO C HEMHTEHCHUBHBIMH Ta3000pa3HBIMUA MOTOKaMH (MalbIMH YHC-
nmamu Pefinonpaca Re <2000) mpuCYTCTBYIOT B PEITUPKYIISITHOHHBIX BO3IyXOHA-
rpeBaTessix CUCTEM BO3IYIIHOTO OTOIieHus [1, 2], B JIECOCYIIMIBHBIX Kamepax
C MSTKMMH PEeKUMaMH CYILIKH AJIsI TBEPAOIMCTBEHHBIX LEHHBIX MOpPOJ JAPEBECH-
HHBI [3, 4], Ha coBpeMeHHBIX aTOMHBIX ycraHoBkax bH-600, BH-800 Ha ObICTpBIX
HEWTPOHaX B SHEPrOHE3aBHCHMBIX CHCTEMax aBapUMHOTO pacXoJaKWBaHUs peak-
TOpa C HATPUH-BO3MYIIHBIM TETUIOOOMEHHUKOM U €CTECTBEHHON LUPKYISHEH BO3-
JTyXa 3a CHeT BHITSHKHOU TpyO®I [5]. IIpy 3TOM Ha TpemnpusITHsIX TOCTYITHOE TPO-
CTPaHCTBO YaCTO OIPaHMYEHO, 4TO TpeOyeT MPUMEHEHUS] KOMIIAKTHBIX PEOPUCTBIX
TETII000MEHHHKOB.
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YBenuueHue BBICOTHI pedep TpyO TEITOOOMEHHUKA MPUBOAWT K IOBBIIIE-
HUIO KOdQdHLMeHTa opeOpeHns, HO PU 3TOM CHUKAETCS CPeOHUN KodpHULu-
€HT TEIUIOOT/Aa4H 3a CUET YMEHBIICHHUS CKOPOCTH IIOTOKA BO3yXa B MeKpebep-
HOM TIPOCTPAHCTBE M CHIDKCHUS dHEPTreTHIecKoi dddhekTHBHOCTH pedep. Takum
o0pa3oM, onTHMalibHas BHICOTA OpeOpeHHs TPYO TEIIOOOMEHHHMKA 3aBUCUT OT
MHTEHCUBHOCTH KOHBEKTUBHOI'O TEIUIOOOMEHA, MEKPEeOEpHOro 1ara, TOJIIHHEI
U Marepuaiia peopa.

Pe3ynbTaTel SKCIEPUMEHTANBEHOTO MCCIEIOBAHMS BIMSHUS MAPaMETPOB allto-
MWHHEBOTO OpeOpeHHsT OMMEeTAUINYeCKUX TpyO Ha 3((EKTHBHOCTh IMYYKOB IO
kputeputo Kupnmdesa win kospduimenty AntydreBa npu umcie Re > 2000
npezcTaBieHbl B paboTtax [6—8]. Ha ocHOBe n3yueHHS TET0a3pOIMHAMUIECKUX
XapaKTepUCTHK IIaxMaTHeIX mydkoB nipu Re = 3000-25000 B [9] ompeneneHa
a¢dexTrBHas BbicoTa (~16 MM) HaKaTHBIX aJIOMHHHUEBBIX pedep OMMeTanye-
CKOH TpyOBI C AMAMETPOM OCHOBaHHS 26 MM, TormuHOK pedpa 0,65—0,85 mmM, ma-
rom opeOpeHus 2,58 MM.

HccnenoBanus TEIIOOTAAYM KOHBEKLMEH NMpW Maiblx yuciax PeiiHonbiaca
B OpeOpEHHBIX IMyYKax MPAaKTUYECKHA OTCYTCTBYIOT. AHAIUTHUECKUE PaCcUCTHEIC
3aBHCUMOCTH HCIIOJF30BAHUS BBITSDKHOTO YCTPOMCTBA JUISL CHCTEM BO3IYIIHO-
BoxsiHoro oxnaxutens arperara 111/1-100 ¢ ABO tuna ABI', o6opynoBanHOr0
BBITSDKHBIM yCTPONCTBOM, mpeactaBieHsl B [10]. MccnenoBaHusi mpoOBOAUINCE
Ha TpyOax ¢ ko3 duunenToM opedperus ¢ = 9, auuHa TpyO 4 u 8§ M. Pesyinbra-
TBl HUCHBITAaHUS JBYXKOHTYPHOM CHCTEMBI BO3IYLIHO-BOASIHOTO OXJIaXICHHS
C HMHTEHCH(UIUPYIOUIMM YCTPOICTBOM B PEKHME E€CTECTBCHHONH KOHBEKIIUH
ommcansl B [11]. ABTopamu monyueHa KpurepuaibHas 3apucumocts NU = f(Re).
B [12] mpencTaBnensl pe3yabTaThl UCCICAOBAHUS TEIUIOOTAAYU IIIAXMATHOTO
rmakeTa opedpeHHbIX TpyO ¢ ¢ = 9,12 mpu Re = 5—121.

OKCIIepUMEHTaJIbHBIE 3aBUCUMOCTH TEIUIOOTIA4YM OJHOPSIAHBIX IIYYKOB M3
opeOpeHHbIX TpyO ¢ @ = 9 B nuanazone Re = 480—2500 nonyyens! B [13]. B pa-
6ote [14] npencraBieHbl pe3yiabTaThl SKCIEPUMEHTAILHOTO UCCIICAOBAHUS TEll-
JOOTAAYd OJHOPSIHOTO IIy4YKa, COCTOALIEr0 M3 OMMETauIN4ecKux Tpyo co
CIUpaJbHBIMH HAKaTHBIMH peOpamMu ¢ ¢ = 21 uid pa3nuyHBIX TOMEPEeUHBIX
maroB Tpy0 58—70 MM B mHTepBane maMenenus Re = 100—720. UccremoBanue
OJHOPSITHBIX ITYYKOB W3 aHAJIOTHYHBIX TPYO B IIMPOKOM JHAra3oHe TeMIepary-
pot (16—83 °C) Haberaromiero nmotoka Bo3ayxa B uaTepBane Re = 130—580 npu-
BeaeHo B [15].

Ienp HacTOsILIEH CTaThU — NPEICTABUTH 3KCIIEPUMEHTAIBHOE HCCIIEI0BAaHNE
BIIMSIHUSI BBICOTBI OpeOpeHust OMMETaNIn4ecKoi TpyObl ¢ HAKATHBIMHU aJTFOMHHU-
eBBIMH peOpamMu Tpu Maiblx yuciax PeifHonbaca (Re <2000) Ha TeruioByro
MOIIHOCTb OJHOPAJHOTO Iy4Ka, rabapuTHBIE U METAJUIOEMKOCTHBIE XapaKTepu-
CTHKH.

OcHoBHAasl YacTh

B xagecTBe 00BEKTa HUCCIIEMOBAHUS BHIOPAH OTHOPSIHBIN TOPU30HTAIBHBIN
My4YOK M3 IIECTH TPYO C MOonepedHbiM mmaroM S; = 64 mM. ['eomerpuueckue pas-
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Mepbl OMMETAIUTMIECKUX OPEOPEHHBIX TPYO CO CITUPaTbHBIMUA HAKaTHBIMHU pedpa-
MH: HapyXHbIil nuameTp opeodpenus d = 56,0 MM; auaMerp TPyObI MO0 OCHOBAHHUIO
do = 26,8 mM; BeicoTa pebpa h = 14,6 mm; 1iar pedpa S = 2,5 MM; CpeIHsIst TOJIIHHA
pebpa A = 0,5 mm; koabduitenT opedpenus Tpyost @ = 19,3 (tum I, h/s = 5,84).
Marepuan peOpucToit 000104KH — amoMUHNAEBBIN ciutaB AJ[1M; mMatepuan He-
cymiel TpyOBl — yriaepoucTas ctaib; JuHa Tpyos! |, = 330 mm (TertooTaaro-
mas qmuaa | = 300 mm). [Ilnametp Hecymie TpyOst O, = 25 MM; TOJIIIUHA CTCH-
KH O = 2 MM.

Jlis m3MeHeHusl BBICOTHI OpeOpeHusl TpyObl ee pedpa CTAaYMBAIKChH ITyTEM
nudoBaHusS ¢ 00pa30BaHUEM HOBBIX THIIOB TPYyO (puc. 1), a KOMIIOHOBKA OJTHO-
PSAHBIX ITyYKOB IPOW3BOJMIACH C IOCTOSHHBIM OTHOCHTENBHBIM ITONEPEYHBIM
marom o; = S;/d = 1,14 = const:

ton 1 —h=12,0mm; d=50,8 mm; @ =15,1; S; =57,9 mm (h/s = 4,80);

ton 11 —h=8,0mm; d=428mm; ¢ =9,4; S;=48,8 mm (h/s = 3,20);

i IV —h=4,1mm; d=35,0wmm; ¢ =4,8; S;=39,9 mm (h/s =1,64);

tunn V —h =2,0 mm; d=30,8mm; ¢ =2,8; S;=235,1wmm (h/s =0,80);

tun VI-h=0-0,2mm; d=26,8 mm; ¢=1 (ycnoBHo rinaakas TpyoOa);
S; =30,6 mm (h/s=0).

[Mocne numdoBku Becex pedep Momyduian TpyOy ¢ 3JeMEHTaMH JAUCKPETHON
LIEPOXOBATOCTH BCJEICTBHE MOBPEKICHUS MOBEPXHOCTH OCHOBaHHA pebep u
MEKpeOepHBIX KaHaloB aOpa3uBoM nutudoBanbHoi Oymaru (puc. 1, tum VI),
YTO MPOOJIEMATHYHO MCHPABUTH M3-3a HEOOJBIION TOJIIMHBI ATFOMUHHEBOTO OC-
HoBauus (0,9 mm). [IpenBapuTenbHO MOCTaBICHHBIE OIBITH OATBEPANIIHN, YTO €€
TEMJI000MEHHBIE CBOWCTBA COOTBETCTBYIOT CBOMCTBAM OOBIYHOM TIAIKOW TPYOBI
MIPY TPABIIFHOM Y4eTe JTyIrCTON cocTapysirormeit [16, 17].

Tum 11 Tur 11 Tum IV Tun V Tum VI

Puc. 1. O6pa3ipl IKCIIEPUMEHTAIBHBIX TPYO

Fig. 1. Samples of experimental tubes
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UccrnenoBanus MpoBOMWIM METOJOM TIOJHOTO TEIUIOBOTO MOJICIIMPOBAHHUS
Ha CIEIUalIbHO pa3paboTaHHOM 3KCIepUMEHTanbHOM cTeHne [18, 19]. JImke-
HUE BO3JYIIHOTO TOTOKAa OBUIO OPraHW30BaHO YCTAHOBJICHHOW HAJ| ITydYKa-
MU BBITSDKHOM MIaXTOH. Pacxoll BO3IYIIHOIO MHOTOKA PErYyIHPOBAJICS IMyTEM
W3MEHEHUs TJIOMIa N BBIXOAHOTO OTBEPCTHUS BBITSYKHOM IIAXTHI U €€ BBICOTHI.
J1J1s 3TOT0 UCTIONBL30BAIH JIBA THTIA TEIUTON30IMPOBAHHBIX BBITSHKHBIX MIAXT.

Tun | — maxTa ¢ peryiampyemMpIM MPOXOIHBIM CEUYCHHUEM, TIPEACTABIISIONIA CO-
0oii mapayuenenunen Bbicotod 0,52 M u3 ¢aneps! Tommumuoi 0,004 M ¢ mpsmo-
YJTOJIBHBIM OCHOBaHWEM, PaBHBIM Ta0apHTHBIM TapaMeTrpaM Iydka (puc. 2a).
Jns uccnenoBaHus BIWSHHS TUIOMIAAM BBIXOJHOTO OTBEPCTHS Ha TEIIOOTHAUY
Ha BBIXOJIE BBITSDKHOM IIAXTHl YCTAHABIMBAIHMCH KPBIIIKU C KPYIJIBIMHA OTBEPCTHU-
sIMH pasnuyaHoit mwiomamu f,., =0,0087; 0,0201; 0,0330 M (ocuoBusble); U fp =
= 0,0064; 0,0147; 0,0249 m* (moTmOTHUTENBHEIE).

Tunn Il — maxra ¢ munuHIpUYeckoi Tpyoou (muamerp 0,105 M, BbICO-
ta H=0,52; 1,16; 1,48; 2,10 m), coeTMHEHHOW C TIOMONIBIO KOH(Y30pa ¢ Tps-
MOYTOJIbHBIM OCHOBaHHEM, PaBHBIM rabapHTHBIM MapaMeTpam myuka (puc. 2b).

Puc. 2. DxcriepuMeHTalIbHAS YCTAHOBKA C PA3JINYHbIMU THIIAMH LIAXT:
a — C Pery;IMpyeMbIM IPOXOIHBIM CEYCHHEM; b — ¢ peryaupyemMoil BRICOTOM

Fig. 2. Experimental setup with different types of shafts:
a — with an adjustable cross-section; b — with an adjustable height

TapI/IPOBO‘lHLle ONBbITHI

B [17] npuBeaeHs! pe3ybTaThl TAPUPOBOYHBIX OIBITOB MO ONPEAETIEHUIO TETI-
JIOBBIX TTOTEPH C TOPIIOB TiaaKoi TpyOs! (Trml V1) i Ha TOKOIIPOBOAAX (M30IMpOBa-
JIMCH TOPLBI TPYO € TIOMOIIBIO (PTOPOIIIACTOBBIX BTYIJIOK), TOKA3aHa XOPOIIask CXO-
JKECTh TMONYyYEHHBIX Pe3yJbTaToB MO TEIUIOOTAAYE B PEKUME CBOOOTHOW KOHBEK-
mun (6e3 BBITSDKHOM maxTel) ¢ maHHEIMH M. A. Muxeesa, V. Morgan u apyrux
yueHbIX. OmnpezneneHbl 3HadeHHs SPQPEKTHBHON CTENEHW YEpPHOTHI ISl TPYOBI
C KPYTJIBIMH peOpaMu ¢ pa3IHIHON BEICOTOM opebpenus (Turs 1-V1).

IIpu uccnenoBaHUM TEIUIOOTIAYM OAHOPSAHBIX IMYYKOB C Pa3iIMYHON BBI-
cotoil opeOpeHus TpyO TpOBEJECH CpPAaBHUTEIBHBIM aHaIW3 COOTBETCTBHSA
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CKOpOCTEW depe3 COOTBETCTBHE MACCOBBIX DPACXOJOB, OIMpENeIsieMbIX C II0-
MOILIbIO YpaBHEHHUs TeruioBoro Oajianca (7) u TepMoaHemomeTpom Testo 425
¢ TouHocThio (0,06 + 0,05w) m/c.
MaccoBblii pacxoj] BO3yXa Ha BBIXOJIE U3 BBITSHKHOW MIAaXThl Gy, KI/C, Ompe-
Tersuics o popmyiie
GBLIX = fOTBWBLIXp]_LI’ (1)

rae Wy, — CKOPOCTh BO3[yXa Ha BBIXOJC M3 BBITSDKHOM IMIAXTBHI, M/C; Py —
IJIOTHOCTh BO3/IyXa B BHITSDKHOM IIaXTe, kr/m’,

MaccoBbiii pacxoJ] MPOXOJISIIEro Yepe3 Mmydok Bo3myxa Ge,,, KI/C, pacCUHTHI-
BaJICS U3 TEIJIOBOro OajaHca

GGaﬂ :va (2)

rie V — 00BEMHBIH PaCXO/l BO3LYXa Uepes MydoK, M/C; p — CPEIHssl MIOTHOCTh
BO3ZLyXa, KI/M’.

3aBHCHUMOCTH IS COTIOCTABJIEHHUS] MacCOBBIX pacxoioB Bo3ayxa (G, kr/c) Ha
BBIXO/JIE M3 BBITSHKHOM MAXThl ¥ MPOXOJAIIETO Yepe3 MyYOK OT DIIEKTPUIECKOM
MOIIHOCTH, TOoAaBaeMoil Ha TpyOy-kamopumerp (W, BT), mpu ucciemoBaHum
TEIUIOOTAAYM Ha TPUMEPax OJHOPATHOTO OpPEOPEeHHOTO MydKa C BBICOTOM
opebpenust h = 14,6 MM U TJIQKOTO MyYKa MPH YCTAHOBKE BBITSDKHOM MIAXTHI
cH=0,52m, f.=0,0087;0,0201; 0,0330 M IpeICTaBIICHbI Ha puUC. 3.

G, xrle h=14,6 mm ‘
0053 w_1 0-3 a-5 Aﬁ
o004l -2 0 -4 £-6
2
A ]
0,015 &
, A AR
A °

A o
0,010 4 .

o g "

. oy "
o B
L PCIS
Pa ug
0,005 ¢ =
® e
Qg I'naaxas tpy0a
% o *-7 »-9 eo-11
O -8 D>-10 0 -12
0,003 T T
4 10 30 100 200 W, Br

Puc. 3. Maccossrii pacxon Bozayxa: 1, 3,5 u 7,9, 11 — Ha BeIX0/Ie U3 IaXThI, ONpeIeTICHHHBINA
¢ IoMoIIBI0 TepMoaHeMoMetpa Testo 425; 2, 4, 6 u 8, 10, 12 — npoxopsimero yepes myqox,
paccuuTaHHBIA U3 YpaBHEHUS TEIUIOBOTO OanaHca

Fig. 3. The mass flow rate of air: 1, 3,5and 7, 9, 11 — at the exit from the shaft, determined with the
use of a Testo 425 thermal anemometer; 2, 4, 6 and 8, 10, 12 — passing through the bundle, calculated
from the heat balance equation

[MoyueHHbIE AaHHBIC 0 MAacCOBOMY pacxoiy Bo3ayxa (puc. 3) XOpOIIo
COTJIACYIOTCS MY 000t U ¢ paboToii [18], 4To MOATBEPKIACT MPABUIBHOCTD
Y HaJCKHOCTh METOJUKU SKCIEPHUMEHTAIILHOTO MCCICIOBAaHUS U 00pabOTKH
pe3yIbTaTOB.
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B Hammx ucclieoBaHUsX, B OTIMYHE OT YKCIIEPUMEHTOB co cTeHnoMm [18],
HE HCIIONB30BaJICS OUPPY30p, KOTOPHIA paHee YCTaHABIUBAJICS MO ITyYKOM.
DTO CBA3aHO C TEM, YTO, COTIIACHO HKCIIEPUMEHTAIBHON paboTe, MOCBSIIEHHOMH
BIIMSIHUIO TTapaMeTpoB M KOMITOHOBKH AuQdy3opa-koH(py30pa ammapara BO3-
JOYLIHOTO OXJIAXKJICHHSI Ha CBOOOIHO-KOHBEKTUBHBIN TEMJIO00OMEH IAaXMaTHOTO
myudka [20], KOHCTPYKTUBHBIE 3JIEMEHTHI CUCTEMEBI TTo/Iaun Bo3ayxa (muddy3op)
NPaKTUYECKU HE BIUSIOT HA XapaKTep ero JBIKEHHS.

O0padoTka IKCIIEPUMEHTAJIbHBIX JAHHBIX
U MOJIyYeHHBbIE Pe3yJIbTaThI

Ilo naHHBIM W3MEPEHUN BBIYUCISAIN CPEAHUN MPUBEICHHBIA KOHBEKTUBHBIN
KO PUITMEHT TEIUIO0TIaul, OTHECEHHBIH K IIOJTHOH HAapyKHOH ITOBEPXHO-
ctu, Br/(M*K):

__Q
Sl -bF o

rae Qq — KOHBEKTUBHBIN TEIUIOBOM MOTOK, BT; t,, — cpemHss TemmepaTypa 1mo-
BEPXHOCTH CTEHKHM y OCHOBaHMsI pebep TpyO myuka, °C; {; — Temmeparypa okpy-
xarorero Bosayxa, °C; F = lndye — mioniaas Termootaaromieii opedpeHHoit mo-
BEPXHOCTH TPYOBI, M’.

TermoBo# IOTOK, OTBEIEHHBIN OT TPYOBI K BO3MyXy KOHBEKIIHCH, PacCUNTHIBA-
JI¥ U3 ypaBHEHHS

Q=W-Q,-Q, 4)

rae Q, — TeloBOW MOTOK, OTBEACHHBIN M3Ty4eHHEM OT TPyOBl K BO3AYXY
u waxte, Bt [15-17]; Q, — TemioBble OTEpH Yepe3 TOPIBI TPYO M TOKOIOJ-
BOARI, BT.

[Ipu uccnemoBaHUK OJHOPSIHOTO My4YKa C PAa3IUYHON BBICOTOM OpeOpeHus
TOpLEBBIE YYaCTKH TPYyO 3alUIIAIN TEIUIOM30JHUPYIOMIMM KOPOOOM € MHHe-
panbHO# Batoii [19]. B xome npenBapuTENbHBIX OMBITOB YCTAHOBJIEHO, YTO TEI-
JIOBBIE MTOTEPU Yepe3 TOPLBI TPYO U TOKOMPOBOABI COCTABIISIIOT 4 % OT 3IEKTpH-
4eCKOil MOIITHOCTH, ToAaBaeMoil Ha TpyOy-kanopumetp (Q, = 0,04W, BT).

[IpencraBum pe3ynbTaThl 3KCIEPUMEHTA B BUJE 3aBUcUMocTy unciia Hyccenbra
ot yncina PeliHonbca:

Nu = “deo ; (5)
Re =WTd°, ©6)

rae A — KOo3(QQUIUEHT TEIUIONPOBOAHOCTH Bo3ayxa, Br/(m-K); W — ckopocTb

BO3/lyXa B CXAaTOM CEYEHHM Iyd4Ka, M/C; V — KO(P(GUIMEHT KMHEMAaTUYeCKOU
2

BSI3KOCTHU BO3/yXa, M°/C.
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Jlnst ompeseneHus TEIUIOPU3MYECKUX CBONCTB NPUHUMAIH TEMIIEPATypy
okpyxaroiero Bo3ayxa tp = 16—27 °C. B xome 3KCHepUMEHTAIBHBIX HCCIICI0Ba-
HUIA CpeIHsIsl TEMIIEpaTypa MOBEPXHOCTU CTCHKH Y OCHOBaHUS pedep TpyO mydka
cocraBismia t,, = 30250 °C, a snekTpudecKas MOITHOCTD, ITOIBOIUMAsT K KaXKIOH
TpyOe my4Ka, u3MeHsach B npenenax W = 6—230 Br.

CkopocTh BO3[yXa B IyYKe OMPEENSIH KOCBEHHBIM 00pa3oM W3 YpaBHEHHSA
TEIUIOBOTO OayiaHca

nQ, +Qy =c,pV (£, —1,), @)

rae N =6 — uucio TpyO B myuke, WT.; Q' — TEIUIOBOHN MOTOK, OTBEACHHBIN U3-
JdydeHHeM OT Iy4ka K maxte [15], BT; C, — cpennsas nzobapHas TEIUIOEMKOCTh
Bo3ayxa, JIx/(kr-K); t, — cpemuss TemmepaTypa Bo3ayxa B maxre, °C.

CpenHroro n300apHyI0 TEIUIOEMKOCTh M INIOTHOCTH OMPEIEIISUIN 10 CpeAHEH
Temriepatype Bo3nyxa B myuke 0,5(t,, + to), °C.

Tornma ckopocTb Bo3yxa B My4Ke, M/C:

— nQK + (QJIIJl (8)
fcmcpp(tm - to)
rac fc)K — Iiomaab CKaToro CCUYCHUA Imy4Ka, M2, paccunuTbiBacMas 1mo (1)OpMyJIC

fo =INS, [1-(d, +2h-Als)/S, . (9)

Pe3ynbTathl 3KCIIEPUMEHTANBHOTO UCCIICAOBAHUS KOHBEKTUBHOM TEIIOOTAAYN
OITHOPSTHOTO ITy4Ka IIPY MaJbIX YHciax PeifHomnbca npeacraBieHsl Ha puc. 4.

Nu a Nu b
20,0
10
10,0 \
5.0 8l
2,0 6 \
ufl\,ﬁ\‘\"\\\

1,0 \‘1l—7,,,

K .
0,6 4

100 200 500 1000 2000 Re 0 2 4 6 8 10 12 14 h,mm

Puc. 4. 3aBHCUMOCTb TEINIOOTIA4Y1 OJHOPSIHOTO TOPU30HTAIBHOTO ITy4Ka TPYO pasin4HbIX
THIIOB OT: a — uncia Perinonsaca (M — tun |; @ —tun I1; A — tun 11I;
V —tun IV; @ —tun V; —tun VI; --- — nannbie A. A. Xyxkayckaca u ap. [21]);
b — BeIcOTEI Opebpenus nmpu Re = 800

Fig. 4. Dependence of the heat transfer of a single-row horizontal tube bundle of various
types on: a — the Reynolds number (Ml —type I; @ —type Il; A —type IlI;
V —type IV; © - type V; — type VI; - -- —data by A. Zukauskas et al. [21]);
b — the height of tube finning at Re = 800
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IIpencraBieHHbIe 3aBUCUMOCTH (pHC. 4) TIO TEIIOOTAAYE JUISI OTHOPSTHOTO
nydka u3 rmagkux Tpyo (tun V1) Xxopomio cornacyroTcs ¢ JaHHBIMH 7S IEPBBIX
PSJIOB [IAXMATHBIX IMy4YKOB, TOJXYYEHHBIMH B [21], 4TO MOATBEpIkKAaET JOCTO-
BEPHOCTh PE3yJIbTATOB UCCIIETOBAHHSI.

OKclepuMeHTaNbHBIE JAaHHBIE TI0 TEIUIOOTIa4e OXHOPSAHOTO OpeOpEeHHOTro
IIy4yKa C pa3IM4IHOM BBICOTON opeOpeHus (puc. 4) ¢ OTKIOHEHUueM +5 % ammpox-
CUMHPOBaHBI YpaBHEHHEM BHJIA

Nu=BRe", (10)

rac B, M — OCTOsIHHBIC, 3HAYCHMSI KOTOPBIX MPEC/ICTABJICHBI B Tabm. 1.

Tabruya 1
3HaveHust NOCTOSIHHBIX B 1 M B ypaBHenuu (10) u quana3oHbl IPUMEHUMOCTH
1o yncity PeiiHosibAca 1151 TENI00TAAYN OJHOPSITHOTO OPeOPEHHOr0 MyYKa

The values of constants B and m in equation (10) and the ranges of applicability
according to the Reynolds number for the heat transfer of a single-row finned bunch

Tun TpyOs!I
[Tapamerp Vi
| ] 11 \V4 Vv (rnankas
Tpy0a)
Re 118-800 160-750 195-765 300-1315 | 490-1650 760-2115
B 0,0114 0,0120 0,0176 0,0315 0,0826 0,378
m 0,9 0,9 0,86 0,78 0,64 0,5

B pesynbTate 0000MICHUS SKCIIEPUMEHTANBHBIX JAHHBIX M0 TEIUIOOTAAYC
OJTHOPSIHOTO OPEOPEHHOTO IyYKa C Pa3IMYHON OTHOCHUTEIHHOM BBICOTOH 0ped-
penns (h/S) mpu MOCTOSHHOM OTHOCHUTEIBHOM IIOIEPEYHOM Imare o1 = S;/d =
= 1,14 = const (tunst I-VI) ¢ yuetom (10) u Tabu. 1 momydeHo (C OTKIOHCHH-
em +5-10 %) kpurepuanbHOE ypaBHEHHE BHIA

Nu=[0,0076 +0,03L-exp(~0,374h/s) +

his (11)
+0,339- exp(— 2,347h/s) | Re?#8-04240539

VYpasuenue (10) ans ogHOPSAHOTO MyYKa AEHCTBUTENBHO B HHTEpBaJe
n3Mmenenus Re (ta6n. 1) m h/s = 0-5,84.

Jis oneHkH rabapUTHBIX M METAJIOEMKOCTHBIX XapaKTEPUCTHK ITYyYKOB
B KauecTBE KPHTEPUEB BhIOpaHbl obbemmas Oy [22], Br/(M*-°C), m macco-
Bast (y, BT/(xr-°C), IIIOTHOCTH TEIUIOBOTO IMOTOKA:

Q a (t, -t)F aF.
— K _ _K\Cr _ K : 12
qV Vr (tCT - tO) Vr (tCT - t0) Vr ( )
ot —-t)F oF
qM — Qx — K( cT 0) e , (13)

M(tCT_tO) M(tcT_tO) - M

rae V. =1 x S; x d — o6beM, 3aHUMaeMBbIi OJIHOI TPyOOid, M%; M — macca ano-
MUHHEBOTO OpeOpEeHUs OJJHON TPYyOBI, KT, ONpe/IesisieMast TI0 BEIPAKCHUIO
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M =pp Ve +V,) = pay | (47 ~d5 ) Am+ (d ~d7)1 ], (14)

e pa = 2700 xr/m® — mnoTHOCTH amomunus; V, — 00beM Korer pebep Tpy-
651, M°; V; — TO e aTIOMHMHHEBOI MOUIOKKH TPY6hI, M°; M = |/s — konuuecTBo
ATIOMUHUEBBIX pedep TPyOBI, IIIT.

3aBHCUMOCTH OOBEMHOW (y U MacCOBOH (s IMIOTHOCTH TEIUIOBOTO IOTOKA
OJJHOPSTHOTO TOPH3OHTANIBHOTO ITy4Ka TPYO pa3iniHbIX TUIIOB OT uMcia PeliHonbaca
1 BBICOTHI opeOpenust TpyO nipu Re = 800 mpescrasiens! Ha puc. 5, 6.

a b
G q
s s
- |
Pl 2000 —+—
2000 ¥
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- 1800 /
/
1000—— / 1600 4
/ 1400 /
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300 1000
100 300 1000 2000 Re 0 2 4 6 8 10 12 14 hwmm

Puc. 5. 3aBucUMOCTh 00BEMHOI INTIOTHOCTH TEINIOBOTO IIOTOKA OJHOPSITHOTO TOPH30HTAIEHOTO
Iy4ka TPYO pasiu4HbIX THIIOB OT: a — uncia Peiinonbaca (M —tun |; @ —un I1; A — tun 111;
V —tun IV; @ —tunV; © —1un VI); b — BeicoTsl opebpenust Tpy6 nmpu Re = 800

Fig. 5. Dependence of the volumetric heat flux density of a single-row horizontal tube bundle
of various types on: a — the Reynolds number (Bl — type |; @ — type Il; A — type IlI;

V - type IV; @ — type V; © — type VI); b —the height of tube finning at Re = 800
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Fig. 6. Dependence of the mass heat flux density of a single-row horizontal tube bundle of various
types on: a — the Reynolds number (B — type |; @ — type II; A — type IlI;

V - type IV; @ — type V; — type VI); b - the height of tube finning at Re = 800

OO0BbeMHast M MaccoBasl IIOTHOCTH TEILIOBOI'O MOTOKA MyYKa CTPEMHUTEIHHO
YBEIMYMBAIOTCSI C POCTOM BBICOTHI OpEOpPEHUS W MOCTUTAIOT MPEAeNbHBIX 3Ha-
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aenmit (qy = 2100 Br/(M*-°C), qu = 6,5 Br/(kr-°C) mist Re = 800) mpu BbIcoTe peb-
pa okoio 8 MM — ogHOpsaHEHA mydok Tuma Il (puc. 5, 6). 3arem HacTymaer mo-
CTCTICHHOE CHUKCHHE TIOKa3aTeNei.

Taxkum oOpa3zom, mpu Manbix uuciax Peiinonpraca (Re <2000) mMoxHO pe-
KOMEH/IOBaTh MpUMEHEHUE 3(P(EKTUBHBIX OpPECOPEHHBIX IYyYKOB C BBICOTOM
pebpa h = 8 mm.

BbIBO/IbI

1. BrIMOTHEH KOMIUIEKC SKCIEPUMEHTAIBHBIX HCCIICAOBAaHUN KOHBEKTHBHOM
TETJIO0T/Ia4N TOPU3OHTAIBHBIX OJHOPSIHBIX MYYKOB U3 TPYO C pasiNMyHOM BBI-
COTOW OpeOpeHus ¢ MaJOMHTEHCHBHBIM NMOTOKOM Bo3ayxa (Re < 2000). IIpose-
JEHbI TAPUPOBOUYHBIE AKCIIEPUMEHTHI, MOATBEPIKIAIOIINE TOCTOBEPHOCTD MOy~
YEHHBIX 1aHHBIX.

2. [TonmyueHo 0000IIEHHOE KPUTEPHAILHOE ypaBHEHHE TEIUIOOTAAYH OpeO-
PEHHOTO OAHOPSAHOrO MydYKa MPH MajbIX 4YHciax PeiHombpaca Amst pa3smuuHON
BBICOTHI OpeOpeHUs TPYOBI.

3. [lo raGapuTHBIM ¥ METaNIOEMKOCTHBIM KpUTEepHsM orperenena 3ddek-
THBHas BbIcOTa opeOpenust TpyOsl (N~ 8 MM) OZHOPSITHOTO TOPU3OHTAIBHOTO

IIy4Ka.
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OnbITHO-TEOPETHYECKOE HCCIeJ0BAHUE AKCHATBHOIO
pacnpeae/JeHUs YaCTHI TBepAoH (pa3bl B KUIISILIEM CJI0€
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Pedepart. B crarse mpeacTaBieHs! pe3ysbTaThl paCYETHBIX U 3KCIEPUMEHTAIBHBIX HCCIICIOBAHU
pacoperneneHus MOJCIBHOT0 MaTepuaia (I1acTMacCoOBbIX CHEpUUSCKUX YaCTHI[ pa3MepoM 6 MM)
[0 BBICOTE J1AOOPAaTOPHOIo ABYMEPHOTO ammapara KHILIIEro CIOs HePHOJUYECKOro MPUHIUIA
nercTBust. sl SKCIepHMEHTAIBFHOTO ONpeNeleHHs paclpeeneHus TBepaol ¢as3bl 10 BBICOTE
ammapara BBIITOJIHEHbI HH(poBbie GoTorpaduu KUMAIIEro ciIos, KOTOPHIE 3aTeM aHAIN3HPOBAIIICH
MPY OMOIIY CIIENUATIBHO pa3paboTaHHOTO IS 3TOTO aaropuT™a. AJTOPUTM MOJpa3yMeBall pas-
OueHne N300paKeHUsl MO BBICOTE HAa OTICIbHBIC MPSMOYTOJIbHBIE 00NACTH, HACHTH(HUKAIMIO Ya-
CTHI] ¥ TIOJICUET X YHCIIa B KAKIOH U3 yKazaHHBIX oOsacteil. UnCIIeHHBIE SKCIIEPUMEHTHI BBIIOJ-
HSUTHCH C UCIIOJIb30BAHMEM IPEJIOKEHHON paHee 0OJHOMEPHOM sIMeeIHON MOJIeIH POoIecca MCeB-
JTOOKIDKEHHs, TIOCTPOEHHOW HA OCHOBE MAaTeMAaTHYeCKOrO armapara TEOPHH CUYETHBIX Ierei
MapkoBa ¢ TUCKPETHBIM MPOCTPAHCTBOM M BpeMeHeM. PacueTHas cxema MOJENH Mpernosaraet
HpOCTpaHCTBeHHle JACKOMITIO3HUIIMIO CJI0A IO BBICOTE HA OTACJIBHBIC 3JICMCHTHI MaJIbIX KOHCYHBIX
pa3mepoB. Takum 00pa3oM, MOJy4aeMble YHCICHHO PE3yJIbTaThl B KAYECTBEHHOM OTHOLIEHHH
OTBEYAIOT MOCTABICHHOMY HATypHOMY 3KcrepuMmeHTy. [imst obecriedeHus] KOJNMYECTBEHHOMN
JOCTOBEPHOCTU PACYECTHBIX ITPOTHO30B BLINIOJHCHA IapaMETpUYCCKas I/IjleHTH(I)I/IKaLIHﬂ MOJCIIN
C MPUBJICYCHHUEM HM3BECTHBIX SMITMPHUYCCKUAX 3aBHCUMOCTEH I pacyera K03 HUIMEHTa COMpo-
TUBIICHUSI YaCTHI[ U OleHKH Kod(dduumenta nux makpoanddysuu. CpaBHeHHE PE3yIBTATOB YHC-
JICHHBIX U HATYPHBIX YKCIIEPUMEHTOB TIO3BOJIAIO BBIICIUTH HAHOOJIEee MPOYKTUBHbIE dMITUPUYE-
CKHE COOTHOIICHHUS, COUCTAIOIINECS C STIECUHON CXeMOi MOIenpoBanus mporecca. IlomyqaeHnas
(hu3nKo-MaTeMaTHYECKasi MOJICNb 00JIaaeT BHICOKOW MPOTHOCTHYCCKOW 3(PEKTUBHOCTHIO U MO-
KET MCIIOJB30BATHCA JJIA MHXKCHCPHBIX PACUCTOB allapaToB C KUIAIIUM CJI0EM, a TAKXKE JJIA I10-
CTaHOBKH U PEIICHHs 3324 ONTHMAIBHOTO YIIPABICHUS TEXHOIOIMISCKHUMH POLECCAMHU B 3THX
anmaparax 1o pa3JnYHbIM [EJIEBbIM ()YHKIIHIM.

KiroueBble cj1oBa: NCEBIOOXKIDKEHHE, e MapKoBa, YHCICHHOE MOJACIMpPOBaHUe, Ko3hduuu-
€HT CONPOTUBICHHUS, AUCIEPCHOHHBII KO3 duLeHT

Jas nurnpoBanusi: OIBITHO-TEOPETUYECKOE HCCIICAOBAHUE aKCUAIBHOTO PACIPEACICHHUS 4a-
crun TBepaoi dassl B kumsimeM cioe / A. B. Murpobano [u ap.] // Duepeemuxa. Hzs. svicuu.
yueb. 3asedenuil u suepe. ooweounenuti CHI. 2021. T. 64, Ne 4. C. 349-362. https://doi.org/10.
21122/1029-7448-2021-64-4-349-362
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Experimental and Theoretical Study of the Axial Distribution
of Solid Phase Particles in a Fluidized Bed
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Abstract. The article presents the results of computational and experimental studies of the distri-
bution of a model material (plastic spherical particles with a size of 6 mm) along the height
of a laboratory two-dimensional apparatus of the fluidized bed of the periodic principle of action.
To experimentally determine the distribution of the solid phase over the height of the apparatus,
digital photographs of the fluidized bed were taken, which were then analyzed using an algorithm
that had been specially developed for this purpose. The algorithm involved splitting the image by
height into separate rectangular areas, identifying the particles and counting their number in each
of these areas. Numerical experiments were performed using the previously proposed one-
dimensional cell model of the fluidization process, constructed on the basis of the mathematical
apparatus of the theory of Markov chains with discrete space and time. The design scheme of the
model assumes the spatial decomposition of the layer in height into individual elements of small
finite sizes. Thus, the numerically obtained results qualitatively corresponded to the full-scale field
experiment that had been set up. To ensure the quantitative reliability of the calculated forecasts,
a parametric identification of the model was performed using known empirical dependencies
to calculate the particle resistance coefficient and estimate the coefficient of their macrodiffusion.
A comparison of the results of numerical and field experiments made us possible to identify the most
productive empirical dependencies that correspond to the cellular scheme of modeling the process.
The resulting physical and mathematical model has a high predictive efficiency and can be used for
engineering calculations of devices with a fluidized bed, as well as for setting and solving problems of
optimal control of technological processes in these devices for various target functions.
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BBenenne

PasBuTne sHepreTMYECKMX KOMIUIEKCOB psna cTpaH (B ToM uucie Poccuu
1 bemapycn) oprueHTHPOBAaHO Ha TUBEPCH(DHUKAITIIO BRIPAOOTKH 3JICKTPOIHEPTHH,
paciupeHre TBEpJOTOIUIMBHONW HUIIM B TOIUIMBHO-PHEPIETHYCCKOM OajaHce
U BOBJICUCHHE B 000OpPOT Pa3IUYHBIX BHJIOB JHUCIIEPCHOTO TOIUIMBA B IIMPOKOM
JMara3oHe ero xapakTepucTuk [1-2]. B cBs3HM ¢ 3TUM COXPaHSIOT aKTYaIbHOCTb
BOTIPOCHI COBEPIIICHCTBOBAHUS CIKUTAHHMSI MHOTOKOMITOHGHTHOTO U HECTaHIapT-
HOro ToruuBa [3]. @poHT HccaenoBaTEILCKUX Ppa0OT B 3TOM HAIIPABJICHUU JIO-
CTaTOYHO HIMPOK, OJIHAKO, KAaK MPABUJIO, aHATM3Y MOJBEPralOTCsS TEXHUYECKUE
ACIIEKThl TOTO WJIM MHOTO CIOCO0a CKMTaHWs, a Pe3ysbTaThl 0000IIAIOTCS Ha
ypoBHe MoHorpadwuii [4, 5]. HecMoTpst Ha 00BEKTUBHYIO LIEHHOCTH MOJO0HOTO
poJa WCCIEOBAHNN, OHH HE MPOJBHIAIOT B WHKCHEPHYIO MPAKTHKY YHUBEP-
CaJIbHBIC MOAXOABI K pacd€Ty U MOACIUPOBAHUIO OAXKE OTACIBHBIX TEXHOJIOTUI
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cxuranus. Takum o0pa3oM, CyLIecTBYeT HEOOXOIUMOCTh HE TOJBKO HAKOILIe-
HUS SMIIMPUYECKUX 3HAHUN O TEXHHYECKUX acleKTaX MPOLECCOB SHEPrOTeXHO-
JIOTHH, COBEPIIEHCTBOBAHUS PACUETHBIX METOJAMK M MOJEJIEH STHX MPOILECCOB,
HO TaKXe IOMCKa W MCCIENOBAaHMs aJeKBaTHBIX MHCTPYMEHTOB IPOTHO3MPOBA-
HUS ABJICHUH, JISKAIIUX B OCHOBE HCIIOIB3yeMOT0 TEXHOIOTHYECKOTo MpreMa.

Hapsiny co ciioeBbIM CXXHraHHEM MHOTOKOMIIOHEHTHBIX TOIUIMBHBIX CHC-
TeM [3, 6] mUPOKO pacIpOCTpaHEHBl YCTAHOBKHA C aKTUBHBIMH THAPOAWHA-
MHUYECKUMH PEKUMaMH, MPEINoNIaraloliMy TICEBAO0KIDKEHHE YacTUl] TOTUIU-
Ba [7, 8]. [Ipu 3TOM TICEBAOOKIKEHNE KAK TEXHOJIOTHUECKUIN IpUeM UMEET 3Ha-
YUTEJIbHBIE PE3EPBHI IS MOBBIMLICHUS TEXHUKO-3KOHOMHUYECKOH 3¢ pekTuBHOCTH
32 CYET COBEPIICHCTBOBAaHUS (PU3MKO-MATEMATHUECKUX MOJCICH ¥ JaibHeu-
IIETO WX HCIOJNB30BaHUS AJISl pelicHHsS ONTHMH3AIMOHHBIX 3anad. Tak, mpu
(YHKIMOHUPOBAHMN B PEXHMME HEMPEPHIBHOTO ACHCTBHS ammaparypbl ¢ LHp-
KYJISIMUOHHBIM KHUISIIIAM CIIOEM HWMEET MECTO OINTHMAaJIbHOE C TOYKH 3PEHUS
MPOM3BOJUTEIBHOCTH TOJIOKEHHE TO/IBO/Ia BO3BpaTa MaTepHaia U3 KOHTYpa
LUPKYJISLUH, ONpEAeIsieMOe C YUYEeTOM paclpelesieHHus] MOPO3HOCTH CHIMyYei
CpPeJIbl M0 BBICOTE MOIHEMHOM KOJTOHHBI ycTaHOBKH [9]. Takum o6pazom, yxe Ha
JTare YUCICHHBIX KCIEPUMEHTOB MOTYT HAMEUaThCsl MPUHIUIHAIBHBIC MyTH
COBEPILIECHCTBOBAHUS TEXHOJOTHUYECKOI0O IpoLecca.

AHanmmM3 MOJX0/I0B K OMUCAHHUIO TICEB/IOOKMIKEHHUS MOKA3bIBACT, YTO CYIIe-
CTBYIOIIME (PU3MKO-MaTEeMaTHUECKUE MOZAEIH ONEPUPYIOT ABYMsI THIIAMH Mac-
mrada mponecca: audpepeHInanbHo MatbiM 00beMoM (roaxon Dinepa, B oc-
HOBE KOTOPOTO JISKAT TMOCTYJIAThl MEXaHUKH CIUIOMHBIX cpex [10, 11]) u mac-
Ta0HBIM YPOBHEM OAMHOYHOM yacThllel (MeTox Jlarpamka, 6asupyrommiicss Ha
MPUHIMINAX KIACCHYECKON MEXaHUKH, IPUMEHIEMBIX JUIsI OMMCAHUS JBIKCHHS
oTAenbHON wacTuiel [12]). YKazaHHbIE MOAXOABI TPEACIHHO ACTATU3UPYIOT
CTPYKTYpY TICEBIOOXKIKEHHS, OJJHAKO BOMPOC 00 aJeKBATHOCTHU MOIY4aeMBIX
MoOJIeJIel IPUPOJE SIBIICHUSI OCTAETCS HACTOJIBKO OCTPHIM, YTO B MPAKTHYECKHX
pacueTax 4acTo OKa3bIBAaeTCS IPEANOUYTHTENbHEE NPUHATH BECH CIIOH 3a 00beM
WAeaIbHOTO CMELICHHS, 2 IPOCTPAHCTBEHHYIO HEOJAHOPOAHOCTD XapaKTEePUCTUK
JEHCTBUTEIBHOrO MpoLiecca KOMIICHCUPOBATh BBEACHUEM IMONPABOYHBIX SMITU-
pudecknx ko3ddummentos [4, 5]. B cBs3u ¢ atum psg aBropos [13, 14] obpa-
[Ial0T BHUMaHKE Ha HEOOXOJMUMOCTh MOWCKa KOMIIpOMHCCA, T. €. Iepexoja K
PAcCMOTPEHHIO0 HEKOTOPOTO Majloro, HO KOHEYHOro Me3000bema. [1omoOHbIit
MacmTad AEKOMIIO3ULMH MOKET SIBISATHCSA CIEICTBHEM OTHOCUTEIBHO IPyOOTro
nrara MpoCTPaHCTBEHHOM AMCKPETHU3AlUH MPU MCIIOIB30BaHUH PAa3IMYHBIX pas-
HOCTHBIX PaCUETHBIX CXEM, OJJHAKO CYLIECTBYET HEMAJO TEOPETUIECKUX MOAXO0-
JIOB, allpHOpH MNPEATOJATraloliuX Me30MacIITaOHbI YpOBEHb MOICIHUPOBAHUS
(HampuMep, TUcKpeTHbie Moaenu [15-17]).

B naHHO¥ cTaThe MPOBOASTCS 3KCIEPUMEHTAILHO-TEOPETHYECKOE 00001IIe-
HUE W KPUTHYECKHH aHANIM3 NPUMEHEHHUs MaTeMaTHYEeCKOTO ammnapara TEOpUH
neneid MapkoBa Uil MOCTPOCHUST (PUIUKO-MATEMATUIECKUX MOJIENEH IceBo-
oxmxkenust. Llenb uccnenoBanus — BeIpaboTKa peKOMEHIAIMHN IO ITapaMeTpuye-
CKOM MAeHTH(UKAMHA TOZOOHBIX MOJIesiel, HEOAHO3HAYHOCTD BBIOJTHEHUS KO-
TOPOU YaCTO JIMMUTUPYET IPUMECHEHHE UX Ha MPaKTHKE.
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MeTtoanl u PE3YJIbTATHI HCCJACA0OBAHUA

Pacuemnan cxema moodenu. MeToONOIUsI UCCIIEIOBAaHUSI OCHOBaHA Ha Jie-
KOMITO3UIIMY CJIOS Ha TIPEICTaBUTENbHBIE 00BEMBI (STUeHKH) MaJIOro, HO KOHEY-
HoOro pasMepa. PacueTHasd cxema MoaenMpoBaHUs MOKa3aHa Ha puc. 1. Murpa-
MM DKCTCHCHBHBIX CBOWCTB MEXKIY SYCHKaMU (TEpexOoAbl YacTHI] U Ta30BOM
(a3bl) ONMKMCHIBAIOTCS B PaMKax TEOPETUKO-BEPOSTHOCTHOI'O MOAXOJa, Oazupy-
IOIIETOCsl HAa MaTeMaTH4YeCKOM aInapare TEOpHH CUETHBIX Iierneid MapkoBa c
JUCKPETHBIM BpeMeHeM. Tekyllee COCTOSHHE CIIOsl MpeACTaBiseTcs HabOpOM
€ro XapaKTEePHUCTHK, OPTaHU30BAHHBIX B BEKTOP-CTOJOEI. DBOIOLUS COCTOSHHS
(ukcupyercss depe3 Maible KOHEYHBIE MPOMEXKYTKH BPEMEHH M ONMCHIBACTCS
MaTpHULEN NEepeXOIHbIX BeposTHOCTeH. Kaxnoe mocienyroniee coCTOSHUE MO-
JIYy4acTCd M3 NPCAbIAYIICTO MYTEM YMHOXCHUA MAaTpPUIbI IIEPEXOJIHBIX BEPOAT-
HOCTEH Ha TEKYIIUH BEKTOP COCTOSHHUS BIUIOTH A0 AOCTHI)KEHUS yCTaHOBHBIIE-
rocs COCTOSTHUS, €CTIM TaKoBoe ecThb. [lepexoqHas MaTpHia npeacTaBisieT co0oit
OCHOBHOM OTEpaToOp MOJENH, JIEMEHTHI KOTOPOTO TOJUIekKAT UICHTH(DUKAIIIH.
AHanmu3 MOAXOJO0B K BBISIBICHUIO M KOJWYCCTBEHHOW OIICHKE CBS3EH MEXIY
orepaTopoM 1 (PU3NIECKUMU JIOKATHHBIMU XapaKTEPUCTHKAMH IIPOIIECCOB B CIIOE
SIBJISICTCSI OJTHOM M3 OCHOBHBIX 33]1a4 HACTOSIIECH paOOoTHI.

[IpocTpaHCTBO TICEBIOOXKIIKEHHOTO CIIOSI TPEACTABIEHO COBOKYITHOCTHIO
W3 CUETHOTO YHUClIa N SYeeK WACaTbHOTO CMEUICHHS, OPTaHM30BAHHBIX B IIETIh.
Tak kak cucrema nByxdasHast (B OIHOM 00beMe HaXOJATCs JUCIIEpCHAs W He-
Cymiasi Cpefbl), COCTOSHHUE IIeTH SYEeK XapaKTePU3yeTCs IABYMS BEKTOPAMH:
Sy — a1 TBepaoil dasbl, Kr; Sy — Ui ra3oBoil dassl, Kr. JIBikeHue ¢as cios
paccMaTpuBaeTCs B paMKax OJHOMEPHOU 3aadM, U Kaxxaas siueika XapakTepu-
3yeTcsl KOHEYHBIM BEPTHKAIBHBIM pazMepoM Ax. [lapameTpsl BEKTOPOB COCTOS-
HHUI (UKCUPYIOTCS TOJBKO B JHCKPETHbIE MOMEHTHI BpemeHH t = (K — 1)At, c,
rae K — Homep BpeMeHHOro mara; At — mpoMeXyTOK BPEMEHH MEXIY COCEIHH-
MU COCTOSIHASIMH CUCTEMBI (ILIar 10 BPEMEHH), C.

Takum 0Opa3oM, MPOJOIbHBIE MUTPALIMU TBEPIOW U Hecyllel ¢a3 Boab co-
OTBETCTBYIOIINX IETEH IS MEPHOAMYECKOTO MPOIIEcca OMHUCHIBAIOTCS CIeAYIO-
IIMMH PEKYPPEHTHBIMU MaTpUYHBIMH paBeHCTBaMH [18]:

k+l — pk K.
it =Pk Sk; 1)
Syt =PY Sy +S,, )

roe S¥, S; — BEKTOPBI-CTOJIOIBI COJEPKAHMSI MAacChl YaCTHIl M OKM)KAFOIIIEr0
areHra B SYEHKax COOTBETCTBEHHO Ui K-rO PEKyppeHTHOIrO pacyeTHOro Iara

(LIeTTOYHCIIEHHOTO aHAJIOTa BPEMEHH ), KT P;, Pg

POSITHOCTEH I YaCTHUIl U OXKIDKAIOIIETO areHTa, 3aBUCSININE OT BEKTOPOB COCTOSI-
HUSL ¥ MEHSIOLINECS Ha KaXOM PEKYPPEHTHOM IIepeXofe; Sy — BEKTOp MOCTYII-
JICHUsSI OXKMKAFOIIETO areHTa (MpH Mojade CHU3Y Yepe3 ra3opacipe/e/InTeIEHOS

— MaTpulbl IICPEXOAHBIX BC-
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YCTPOICTBO UMEET €MHCTBEHHBIN HEHYJIEBOM 3JIEMEHT B MEPBOM siueiike, paB-
HBII Macce rasa, oJaBacMoro B Hee 3a OJJUH BPEMEHHOU Mepexoy), Kr.

BepositHocTH BCeX BO3MOXKHBIX MUTPAIMii OMUCHIBAEMBIX aTUTHBHBIX
CBOWMCTB U3 JAHHOW SUEHKU BJIOJb LIETIH 3alIUCHIBAIOTCS B CTOXAaCTUUYECKUI BEK-
TOp (CTONOEI] COOTBETCTBYIOIIEH MEPEXOAHON MAaTpPHIIbI), TIPU 3TOM B paccMar-
puBaeMON MOJIENH JUI TBEpAoH (ha3bl BBOAATCS CIIEAYIOIINE BEPOSITHOCTH: Tie-
pexoaa B COCEIHIOI0 sIUEHKy BHU3 py (PacHOJIOXKEHBI HAJl TIIABHOW JUArOHANbBIO
MaTpuIbl Py); BBEpX py (PacIoI0oKeHbI O IIaBHON JTUAroHaNbio MaTpHIbl Pp);
COXpaHEHHs B HAOIIOaeMOU sSUeiKe ps (COCTABISIIOT TJIABHYIO IHAroHaIb MaT-
punst Py) (puc. 1). Jlns i-it ;ueliku BEpOATHOCTH NEPEMEIICHUS YaCTUIl Psi, Pui
U Pgi, COCTABJISIOLIME MATPUILY MIEPEXOTHBIX BEPOSITHOCTEH, CBA3aHBI C MapaMeT-
pamMu peanu3aiuy Mmporecca U KPyImHOCTHIO (Ppakiny CIeIyIoIUMHA COOTHOIIIE-
uusmu [16, 18]:

Py =1- Py — Py )

pg =d; mpu W, -V, >0; (4)
Pgi =V; +d; mpu W, -V <0; )
P =V; +d; mpn W, —V; >0; (6)
P, =d; mpu W, -V, <0, )

rae d; — 0e3pa3MepHbIil IUCTIEPCUOHHBIH KOd(DGUIMESHT Ui I-i sueiiku (Bepo-
SITHOCTh U dy3uoHHOr0 TepeHoca); W; — mokampHas CKOPOCTh OOTEKaHUS
YaCTHUIl IOTOKOM OKIDKAIOIET0 BO3yXa B I-il stuelike, M/c; Vs — CKOpPOCTh BUTa-
HUS OJJMHOYHON YaCTHILBI 33JaHHON KPYIMHOCTH (CKOPOCTH BO3IYIIHOTO MOTOKA,
Py KOTOPOH BEC YacTHIBl HAYMHAET KOMIEHCHPOBATHCS CHIOW THIPOIUHA-
MHYECKOTO COTPOTHBIEHUS), M/C; Vi — BEPOSTHOCTh KOHBEKTHBHOIO IEpeHOca
gacruisl [ 16, 18].

Teepnas daza 'I';:'s
n n
f—l |
hje o 3 |h
il t
(SHoae —
Wi <08
Puf oy | T WiAt/Ax
L] [ ] mrm i
H e® °® 1—WiAt/A§(
I — l Dai I Puc. 1. PacueTHas cxema MOJeIUpPOBaHUS
e © aKCHAIILHOTO TepeHoca (a3 ICEBI00KIKEHHOTO
2 o ® m |2 €101 B LIWJIMHAPUUYECKOM arnapare
' - l ' MEPUOANYECCKOT0 MPUHILIMIIA JEUCTBUS
® Fig. 1. The calculation layout for modelin
1% @ — |1 g. L1 y r | g
® ® the axial phase transfers of fluidized bed

Sp as t Sy in a cylindrical apparatus of periodic action
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BeposTHOCTH KOHBEKTHBHOTO TMEPEHOCA YACTHIBI Vi M () PY3MOHHOTO Tie-
perHoca d; OTBeUarOT 32 HECUMMETPUYHBIAH M CHMMETPHUYHBIN MEPEHOCHI BIOJb
N ¥ CBSA3aHBI C Pa3MEPHBIMHU TapaMeTpaMH Tporecca. Tak, o1 KOHBEKTHB-
HBIM [EPEHOCOM MOHUMAETCS MEXaHU3M JBIKCHHS 3€pEH ChITydel Cpelibl, Ipu
KOTOPOM TPYIIIbI YaCTHUI[ MEPEMEINAIOTCS OTHOCUTEIILHO JPYT APYyra TaKUM 00-
pa3oM, YTO YBEIMYMBACTCS IUIOIMAAbh MeEX(a3HOro KOHTAKTa «ra3 — YacTH-
ua» [18, 19]. UHTeHCHBHOCTH MepeHoca 3aBUCUT OT CKOPOCTHU JIBUKEHUS YaCTHU-
bl TIPY KOHTAaKTHOM B3aUMOJICUCTBUU C TIOTOKOM HECYIIEH CpeJbl, pacCUUTHI-
BaeMOW KaK pa3HOCTb MEXNIY JIOKaJhbHOH CKOPOCTHIO OOTEKaHWS YaCTHI[ MOTO-
KOM OKHIKAIOIIEro BOo3ayXxa B i-if stueiike W) 1 CKOPOCTBIO BUTAHUS OTUHOYHOM
4acTUIBI 3aJaHHOI KpynHocTH Vi [18]:

Vi =W, -V, (8)

rae Vi — CKOpOCTh IBHKEHUS YaCTHIIbI, M/C.

[epexoa OT CKOPOCTH KOHBEKTHBHOTO TIEPEHOCA K BEPOSTHOCTU IEPEeHOCa
3aKJTI0YAeTCs B pacueTe JA0JIM YACTHIl, KOTOPBIE 3@ OJMH PEKYPPEHTHBIH miar Mo-
T'YT OBITH TIEPEHECEHBI B COCEIHIOI0 SUEHKY, U BBITIOIHSACTCS TI0 COOTHOIICHUIO

At
v, =V, —. 9
Vi 9)

Ha xapaxTep pacrpeieieHusi YacTHI] B TICEBI00KMKEHHOM CJIO€ TaK)Ke OKa-
3BIBAIOT BIIMSIHHUE CITydaiiHbIC BO3JACHCTBUS, TPAIUIIMOHHO OOBACHIEMbIC HAJH-
YreM KOHTAKTHOTO B3aMMOJICHCTBHS OTAECJIBHBIX YaCTHUIl WM uX rpymm [9-12].
VYder caydalHBIX MO CBOCH MPUPOJE MHIPAIMA YACTHI[ B MOJICIH BBITOJHEH
MyTEM BBECHHUS TOMOJHUTEIBHBIX BEPOSTHOCTEH CHMMETPUIHOTO TiepeHoca d,
KOTOpBIC B MIEPEXOAHON MATPHUIIEC MPHOABISFOTCS KO BCEM 3JIEMEHTaM, PacIiolio-
JKCHHBIM Ha COCEIHMX C TJIAaBHON JUAroHaisx. 3HAYCHHWE THX BEPOSTHOCTEH
paccunTtbiBaetcs Kak [18, 19]

d= D%, (10)

rae D — gucnepcuonHblil kodpdunmeHT (ko3ddunueHT Makpoauddysuu ya-
cum), m’/c [9, 10, 18, 19].

Hapamempuueckan uoenmugpuxayus moodenu. Ilponeccbl B JIOKATBHBIX
o0beMax 00NacTH CyIIECTBOBaHUSI TCEBIOOKIKEHHOTO CIIOS PacCMaTpHUBAIOT-
Csl B COOTBETCTBHH CO cxeMoH (puc. 1), mpu 3ToM (QopManbHbIE CBS3H MEXKIY
COCEIHUMH sueiikaMK BBOAATCS Ha 0a3ze MAaTeMaTHYECKOro ammapaTa TEOpHH
neneit Mapkosa. OfHaKO TOYHOCTh KOJTMYECTBEHHOTO TPOrHO3a BEPOATHOCTHOM
MOJIENIN 3aBHCUT OT (PU3NUECKUX MPEACTABICHUI THIPOMEXaHUYEeCKUX MpoIec-
COB, 00YCITOBIIMBAIONINX ABMKEHUE YACTHIl B KaXKI0W sueiike. Takum obpazom,
nporHocTHuYecKkas dPQPEeKTUBHOCTb MOJIENIN ONpeAeNsIeTCs] HaJIeKaliM BbI0O-
POM 3aBHCHMOCTEH HJsl pacdera CKOPOCTH BUTAHHUSI OJUHOYHOW HYaCTHLBI Vi
U IUCIIEPCHOHHOrO Kod3ddunuenta D.
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B KOHTEeKCTE KOHBEKTHBHOTO TEPEHOCA MapaMeTpOM MOJENH SIBISETCS CKO-
POCTh BHTaHUS, CBS3aHHAs C BECOM OJMHOYHOM YacTUIBI P 4epe3 COOTHOIIE-
uue [18]

Vi
P=C, fppg7, (11)
rae Cq — K03 UIMEHT CONPOTUBIECHNS OJMHOYHOW wacTuusl; f, — Iuiomans
HauOOJIBIIEr0 TOMEPEYHOr0 CEYCHHU OJMHOYHOW YaCTHUIII, EPICHINKYISIPHO-
IO BEKTOPY CKOPOCTH, M2; Py — IFIOTHOCTh OKHMYKAIOILEN CPEIbI, Kr/m°.
Koad¢umuent conporusnenns yactuisl Cy SBISETCS OCHOBOH IS pacdera
MHOTHX THIPOMEXaHWYECKHX TIPOIECCOB, IOITOMY Ha €ro YCTaHOBJIICHHE
HaIpaBJieH IMUPOKUN (HPOHT MCCIEAOBATENILCKUX paboT. [[isi mpakTudecku WH-
TEPECHBIX CIy4aeB XUMHUKO-IHEPTCTUUCCKON TEXHOJIOTHH, XapaKTePU3YIOIIHXCS
BBICOKMIMH 3HA4eHHUSAMHU umciia PeliHonbica, aHaTUTHYECKUE PEIeHUs] ypaBHe-
HUAW THAPOMEXaHWKH He HakmeHbl [20], a Ha MPaKTHUKE HCIOJIB3YIOTCS MHOTO-
YUCJICHHBIC SMIIUPUYECKUE 3aBUCUMOCTH [20-22]. B HacTodIIeM HCClIeqOBaHUU
JUIst pacdeta Ko3(@uIMeHTa COMPOTURIICHUS YaCTUIBI UCIIOJIb30BaHbl AMIIUPH-
YECKHE 3aBUCUMOCTH, TTPUBEACHHBIC B TA0I. 1.
Tabruya 1

Ilepeyensb ucnonb3yeMbIX 3aBUCHMOCTEH 171 pacyeTa KodppunuenTa
CONPOTHBJICHHS] YACTHI]

The list of dependencies used for calculating of the particle resistance coefficient

Jlnanazon
3HAYCHUI HUcrou-
Dopmyna
qucia HHUK
Peiinonsaca
Cy = ﬁ(1+ 0,1806 Re°’6459)+ %14 (12)| Re<2,6-10° [23]
Re 1+6880,95Re
-0,31 0,064 5
Cy =(2,25Re**+0,36Re*™) (13)] Re<3-10 [24]
24 0657 0,413 5
Cy=—1|1+0,173Re™™" |+ ———— 14)| Re<2,6-10 [25]
‘ Re( ) 1+16300Re *® a4
0,369 _ 0431 0124
c - ﬁ'loo,zise 0,105Re 41+(Iog10 Re)z (15) Re < 8,6 . 104 [26]
‘" Re
D= o,omﬂ(w T (16)
in - [27]
rae Wi, — CKOpOCTh Havalia ICeBI00KIKCHUS, M/C
d
Dzo,sé’(v), 7
- [28]
rae O, — pasmMep YacTULEL, M; (V) — CpenHsis M0 aHcaMOIIo CKO-
POCTH YaCTHUIIbI, M/C
D ~0,011d U, 18
P (18 - [29]

rae U — ckopocTh Hecylel cpeabl, M/c
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C ¢opmansHO#l mo3unuu cyth aud¢y3nonHoi mogenu (10) cBoguTcs K
YTBEPKICHHUIO HEKOTOPBIX JOMYIIEHUH OTHOCUTEIbHO IEpeHoca YacTHl] ue-
pe3 BBEICHHYIO B PacCMOTPEHHUE MPAMOYTOJIbHYIO TPaHUIy MEXIY sUCHKaMH.
Ousnyecknii cMbicn kodddummenta D TpamuimnoHHO pacKphIBaeTCs MPH pe-
meHnn Turnepoonudeckoro ypaBHenus: nuddysum [30]. OgHako, HECMOTpS Ha
JOCTaTOYHBINA YpPOBEHb (POPMAIM30BAHHOIO ONHUCAHUS 33a[auu, IPUIAIONICH KO-
a¢ppunmenty D moHATHBIA (QU3MUECKUH CMBICI, MATEMAaTWYECKHM ammapaT
IuQPy3un HaXOAUTCS Ha CTaAWU CTAHOBJIICHUS, W Ul MPAKTUYECKH BaXKHBIX
CIIy4yaeB MPHUEMJIEMbIX PELICHUH, MO3BOJSIIOIIUX OJHO3HAYHO HICHTU(PHUIIUPO-
BaTh mapamerp D, He cymectByer. Takum o0pazoMm, Ui INCEBIOOKHUKEHHBIX
cucreM D BpICTymaer mapaMeTpoM MOJENH, 32 CUET KOTOPOTO YUHUTBHIBAETCS
IIUPOKUHN CHEKTp SIBICHUH, a He (PU3NIECKON OTHO3HAYHOW XapaKTEPHUCTHUKOM.
KonmuuectBennas onenka D cBsi3ana ¢ MCIONBb30BaHHEM HEKOTOPBIX SMIHPHYE-
CKUX COOTHOIICHUIA, B OCHOBE KOTOPBIX JISKAT Pa3IH4YHbIe TUIIOTE3bI [27-29].

Onucanue namypnozo Ikcnepumenma. J1is ACCIIeOBaHUS paclpeleICHHsI
TBEpIAOH (ha3bl MO BHICOTE ICEBAOOKIKCHHOTO CJOSl MCIIONB30BAJICS ammapaT
IUIOCKON (pOPMBI, OJHA U3 CTEHOK KOTOPOTO Oblia BBIIOJIHEHA U3 MPO3PAYHOrO
CTEKJIa, a pyras CIyXuja Hermpo3pauHbiM (poHoM. PaccrosiHue MexIy cTeHka-
Mmu 6,2 mm. [luprna B umuHApHYecKoi yactu 166 MM, BbicoTa anmapata 800 Mm.
JBi>keHre BO3Iyxa uepe3 ammapar 00ecleunBaIOCh HAMOPHOW BO3IYXOIYB-
KO#. @UKTHBHYIO CKOPOCTh JBHXKEHHS BO3/IyXa B IIyCTOM arapaTe Onpeaeisiin
N0 BEIWYMHE CKOPOCTHOTO Hamopa, u3MepeHHoro U-oOpa3HbIM MaHOMET-
POM, MOAKIIOUEeHHBIM K TpyOKke [Tuto — Ilpanatis, a Takke npoBepsuId 1O MOKa-
3anusM anemomerpa PCE-424. Ha rasopacnpenenuTenbHyo pemeTky (Mera-
JMYECKYI0 CETKY C KBQJPATHBIMHU stueiikamu 1X1 MM, )KHBOE CEUeHUE pelieT-
ki 40 %) ykiamplBanyd OAWHAKOBBIE IUIACTMACCOBBIE C(hepUYecKre YacTHIIbI
TraMeTpoM 6 MM (TIyJH JIIsl THEBMATHIECKOTO opyxkws). CpemHsas Macca OJHOM
yactuuel 0,191 r. Tlocne nepexona KUITAIIETO CIIOS B YCTaHOBHUBLIEECS COCTOSIHUE
BeIonHswIochk 50 ero mudpoBeix ¢ortorpadwuii. IlomydyeHnsie n300pakenus: odpa-
OaTpIBaNM IPY MOMOILIM CIEHHATBHO Pa3pabOTaHHOTO aIrOpUTMa C HCIOIb30Ba-
areMm Image Processing Toolbox MatLab. AnroputM tiperycMaTprBaeT pazonueHume
M300pa’KeHNS TI0 BBICOTE Ha (PPArMEHTHI M IOJICYET KOJIMIECTBA HJIEMEHTOB B KaX-
noM u3 Hux. IlonpoOHoe omnurcaHue SKCIepUMEHTa IPUBEAEHO B HALIMX NPEAbILY-
mmx padotax [31-32]. Ha puc. 2. npeacrapieHa cxema 3KCIIepUMEHTaIbHON yCcTa-
HOBKM M 0Ol Bua uHTEpdeiica mporpaMMbl 00pabOTKH HU(POBBIX U300paxe-
HUI (Ha mpuMepe pa3oreHust n300paKeHHs! Ha MSTh (PparMeHToB).

Pe3ynbTaThl u 00cyxkIeHne

Pe3ynbTaThl 4McI€HHOTO MOAEIMPOBAHUS PACIIMPEHUS CIOSI C YYE€TOM JO-
nylleHus, 4to AupQy3noHHOe nepeMelnuBanue B cioe orcyrcrByer (D = 0),
npezcTaBieHbl Ha puc. 3. B npeapaymux paborax mokazaHo, 4YTO MOZEIb B Ta-
KOM BapHaHTE ¢ AOCTATOYHOM Ul MHXKEHEPHBIX PAaCu€TOB TOYHOCTBHIO IPOTHO-
3UpPYeT CpelHee 10 BPEMEHM 3HA4YEHHE IIOJIOKEHHsS] CBOOONHOW IMOBEPXHOCTH
KMILIIErO C€J0s, KOTOpasi B PEaJbHOM IPOLECCE, KaK IPaBHIIO, HCIBITHIBAET
3HaynuTeNbHbIe KoneOanus [18, 31]. Takum oOpa3om, AJs TPOTHO3UPOBAHUS HE-
KOTOpPOTO OCPEIHEHHOIO 3HAYEHHUS PACHIMPEHUS KHUIAIIETO €0 C MOMOIIBIO
SYEEYHON MOJeNT HeoOX0AuMa WACHTU(PHKALNS TOJIBKO KO PHUIHUEHTa COMpo-
TuBieHns Cy, TIPU 3TOM TOJydaeMble paclpefeieHusI TBEpIOi (asbl MO BHICOTE
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ciost Beerna OyIyT IPakTUYECKH paBHOMEpHbBIMM. He3HaunTenbHOE HOBBILICHUE
KOHILIEHTPALIMU YaCTHUI] 110 BBICOTE OOBSICHAETCS] TEM, UYTO CKOPOCTb I'a3a B alapare
nom4uHsieTcs 3akoHy bepHyiuu, T. e. yObIBaeT 1o BricoTe anmapara (puc. 3).

a

O3KIKAIOLINI BO3AYX

A
Bun cooky

OKIKaOIHHT BO3IYX
A=A o000 ool |

Bun cepxy Hanpasnenue ﬂ
" (oTocheMKH

B bpareen 2

0200 400 600 SO0 0 200 400 600 $00 0 200 400 600 800 B darsecar | o

Puc. 2. Cxema 1abOpaTOpHOro armapara ¢ nceBI00KHKEHHBIM ClIoeM ()
1 o0uwit Bua uHTEpQeiica mporpamMmbl 00paboTKu H3obpaskeHui (b)

Fig. 2. A diagram of the laboratory apparatus with a fluidized bed (a)
and a general view of interface of the image processing program (b)

[Ipu ucronp30BaHUM IS MAPAMETPUICCKON HIACHTH(OUKAIIMNA MOJICITH 3aBUCH-
Mmocteii (12), (14), (15) ko3 PULHMEHTBI CONMPOTUBICHUS IIPU CTECHEHHOM 00Te-
KaHMHU YaCTHUIl UMEIOT o4YeHb Onmskue 3Hadenus: 0,3971, 0,3938 u 0,3943 coort-
BeTcTBeHHO (puc. 3). PacdeTHble 3HaYEHUS BHICOTHI CIIOS HE PA3IHYAIOTCs, TaK
KaK CJIOW 3aHMMAaeT OJMHAKOBOE KOJHMYECTBO siUEEK (Pa3juyusi MEHEE BBICOTHI
s4eku AX, paBHOI auaMeTpy 4acTHil d, = 6 MM, He MOTYT OBITH 3a(uKCHU-
pPOBaHBEI).

TakuMm 00pa3oMm, JJIsi UCCIIEOBAHHBIX THAPOJUHAMHYSCKUX YCIOBUU 3aBU-
cumoctH (12), (14), (15) maroT mpakTHUECKH OAMHAKOBBIC PE3YNIBTATHI, a IMOIY-
YeHHBIE C WX MOMOINBIO 3HAYCHUS PACIIMPEHHS CIIOS ABIISIOTCS 3aHUKCHHBIMU
(mocnennee nmoaTBepXkaaeTcs puc. 4).


https://exponenta.ru/image-processing-toolbox
https://exponenta.ru/image-processing-toolbox
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Puc. 3. PacuetHoe (JIMHUM)

M 9KCIIEpUMEHTaNbHOE (MapKephl)
pacrpezieNieHHe YacTHIL 110 BBICOTE ammapara:
1 — IOTHBIN c0#; 2—4 — KANIAIIUN CIIoK
(Cq4 paccuuran mo (12), (14), (15));

5 — kumsimii cnoit (Cy4 paccuntan mo (13))

Fig. 3. Calculated (lines) and experimental
(markers) distributions of the number
of particles over the height of the apparatus:
1 — fixed bed; 2-4 — fluidized bed
(Cq is calculated from the dependencies (12),
(14), (15) respectively); 5 - fluidized bed
(Cq is calculated according
to the dependence (13))

Puc. 4. PacuetHoe (TMHMN)

U SKCIIEpUMEHTAILHOE (MapKephl)
pacnpesesieHIe YacTHII TI0 BEICOTE armapara:
1 — JIOTHEIHA CITI0#; 2 — KUIISAILIUI CIIOH
(Cq4 paccuuran mo (12), D paccuuran no (16))

Fig. 4. Calculated (lines) and experimental
(markers) distributions of the number
of particles along the height of the apparatus:
1 - fixed bed; 2 — fluidized bed
(C4 is calculated by the formula (12),
D is calculated by the dependence (16))

Ha puc. 5 npencraBieHsl pe3yabTaThl YUCISHHBIX KCIEPUMEHTOB, KOT/IA Ta-
pameTpuyecKas WASHTU(QHKAIMS MOJEIN B OTHOIICHUH KO3(D(HULIMEHTOB IU]-
(y3uH BBITIOIHEHA C MCIIOJIB30BAaHUEM SMIIMPUYECKHX 3aBucumoctei (17), (18).

0 30 40 50 60 70

H, cMm

Puc. 5. Pacuernoe (Jiuanm)

M 9KCIIEpUMEHTaNbHOe (MapKeph)
pacrpe/eeHre YacTHII 110 BBICOTE aIlapaTa:
1 — IIOTHBIH CII0¥; 2 — KUK CII0i
(Cq4 paccuuran mo (12), D paccuuran nio (17));
3 — kunsmmii cnoit (Cy paccuntad o (12),
D paccuuran no (18))

Fig. 5. Calculated (lines) and experimental
(markers) distributions of the number
of particles along of the apparatus height:
1 — fixed bed; 2 — fluidized bed
(Cq is calculated according
to the formula (12), D is calculated
according to the dependence (17));

3 — fluidized bed (Cy is calculated according to the formula (12),
D is calculated according to the dependence (18))

Kaxk BuIHO U3 pe3ysIbTaTOB CPABHEHHS C SKCIIEPUMEHTAITLHBIMH JaHHBIME (Map-
Kephl Ha PHC. 5), 3aBUCUMOCTH I pacdera KodddurrenToB Makpoauddyzum (17),
(18) B HEIOCTaTOYHOM CTEIICHH, IT0 CPABHEHUIO ¢ 3aBUCUMOCTHIO (16) (puc. 4), Biu-
SIOT HA PacYCTHBINA MPOQUIH pactpe/ieieHUs] KOHIIEHTPAIUK YacTHIl ¥ He obec-
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MEYNBAIOT JIOCTATOYHOW JIJISI HHKEHEPHBIX PACUETOB MPOTHOCTUYECKOH P dek-
TuBHOCTH Mojenu. [locrmennee, omHaKoO, HENb3sl OJHO3HAYHO TPAKTOBATh Kak
HemocTaTok ypaBHeHm perpeccuit (17), (18). C yBepeHHOCTHIO MOKHO KOHCTa-
TUPOBATH TOJIBKO HX IJIOXYIO COUETAEMOCTh C MPEJJI0KEHHOU STYEeUHOM CXeMOM
moxaenupoBanus [18, 31-32]. Jlemo B TOM, 4YTO SMIIUPUYECKUE COOTHOIIIC-
Hus (17), (18) coxepkaT MHOKWTENIM, TaK WIM MHA4Ye OPUEHTHPOBAHHBIE Ha
CpeAHre MPOCTPaHCTBEHHO-BPEMEHHBIE MTOKA3aTeNN CKOPOCTEH NBMOKEeHUs a3,
B TO BpeMs KaK NPEUIOKEHHAs s4YecuHash CXeMa MOJCIUPOBAHUS ONEPUPYET
JIOKAJIbHBIMH TIOKA3aTeJISIMA JIBUXKECHHSI (a3 B MPEICTAaBUTEIBHBIX O00BhEMax
ciost. Takum 0Opa3oM, Ui YCIEUTHOH MapaMeTpruuecKold HASHTU(DUKAINN sue-
€UHBIX MoJiesiell TpeOyeTcs, yToObl (opMa ypaBHEHHH PErpeccud W XapakTep
HAaTYpPHOTO S3KCIIEPUMEHTA YUYUTHIBAIM MPOCTPAHCTBEHHYIO HEOAHOPOIHOCTD
XapaKTEePUCTUK KHUITAIIETO CIOA.

Ha puc. 6 mpexacraBieHbl pe3ynbTaThl PacueTHO-3KCIIEPUMEHTAIBLHOTO HC-
CIIETOBAaHHUS aKCHAIBHOW CTPYKTYPBHI CIIOS, TIOJYYEHHBIE MPH HWCIOIH30BAHHUH
MPEJIOKEHHOHN SYeeYHON MOJENN COBMECTHO C OMITMPHYECKUMHU COOTHOIICHH-
ssmu (13), (16) muisa oneHKH KO3 PHUIMEHTOB COMTPOTUBICHUS U Makpoaud Gy3un
COOTBETCTBEHHO. lIpeficTaBneHHbIe pacueTHbIE W SKCIIEPHIMEHTATbHBIE JaHHbIE
HaXOSTCS B XOPOIIIEM COOTBETCTBHH.

N, .
257 T

Puc. 6. Pacuernoe (7mHMM)

1 SKCTIEpUMEHTAILHOE (MapKepHhl)
pacnpesesieHIe YacTHII 110 BEICOTE armapara:
1 — TUIOTHBIHN CIT0¥; 2 — KUTISIIHI CIOH
(Cq4 paccuuran mo (13), D paccuuran no (16))

Fig. 6. Calculated (lines) and experimental
(markers) distributions of the number of particles
along of the apparatus height:

1 — fixed bed; 2 — fluidized bed
(Cq is calculated by the formula (13),

D is calculated by the dependence (16))

BbIBOI

B crathe mpencTaBieHO MOCTPOCHHWE MaTeMaTHYeCKOH MoJenu (yHKIHO-
HUPOBAHUS ammapara ¢ KumsmuMm cinoeM. [lapamerpuueckas MneHTHOUKAIHS
MOJIEJIA TPOBE/IeHa C TIPUBJICYCHUEM H3BECTHBIX 3aBHCHMOCTEH JJIsl pacde-
Ta KO3()PHUITMECHTOB THAPOAMHAMHYCCKOTO COMPOTHUBICHUS W Makpomuddy3uu
yactuil. CpaBHEHUE pe3yIbTATOB YHCICHHBIX M HATYPHBIX JKCIIEPHMEHTOB TO-
3BOJIMJIO BBIZICIIUTh HaWOOJEe IPOIYKTHBHBIE SMITUPHYCCKUE COOTHOIICHUS,
COYCTAIONINECS C SYSCUHOU CXEMOU MoJienupoBanus npouecca. [IpennoxeHHas
MaTeMaTH4YEeCKask MOJICNIb M HCIIONb3YeMbIe JIJIsl €€ MapaMeTPHUYSCKON UIACHTH-
(UKaMU SMIUPUYECKUE COOTHOIICHHMS, SBJISISICH HE3aBUCHUMBIMU, IMO3BOJISIOT
MOJIyYUTh (PU3NKO-MATEMATHUECKYIO MOJIENb C BBICOKON MPOTHOCTUYECKOU -
(hEeKTUBHOCTBIO, KOTOpasi MOXKET pacCMaTpPUBATHCH KakK JIOCTOBEpPHAs Hay4Has
OCHOBa KOMIIBIOTEPHOT'0 METO/Ia pacueTa MpoIecca MCeBI00KIKCHUS.
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Pedepat. K ynicny 0CHOBHBIX UCTOUHHUKOB 3arps3HEHUs] OKPYKAIOLIEH Cpebl OTHOCATCS TEIIO-
JNIEKTPOCTAaHLIUH. YXYALIEHHEe KadeCcTBa TPAAUIMOHHBIX YIIIEPOJICOIEPIKAIIUX 3HEPropecypcoB
BeZET K HEOOXOIUMOCTU PA3BUTHUS TEXHOJIOTHH COBMECTHOTO CXKHTaHMs OMOTOIUIMBA M YTJISl Ha
MAaJIBIX U KPYNHBIX 3JIEKTPOCTAHLIUAX. B HacTosmel craThe mpengaraeTcst KOHLIENINs HCIOoIb30-
BaHWS TBEPIBIX OTXOJOB MEpepabOTKH IIMH IMyTeM JO0aBICHUS B COCTAaB CMECEBOTO TOILTHBA
«yTOIIb — IPEBECHBIC OTXOJIBI» B KAYeCTBE 3aMECHUTENSI YTIIs [IaKa, 0Opa3yroMIerocs Py YTHIH-
3allMy U3HOIICHHBIX IIMH METOJIOM IHpoim3a. Llenb uccnenoBaHus — onpeieneHne BO3MOXKHOCTH
MOBBIIICHUS TEIIOTBOPHOM CIIOCOOHOCTH JIPEBECHBIX MEJUICT MYTEM COBMECTHOTO MX COKUTAHUS
€ IMPOJIM3HBIM [IUIAKOM BMECTO YTJIs 03 yBeIM4YeHHs Harpy3Kd Ha OKpYXaromryto cpeny. [Ipu stom
CTaBWIKCH 3a]]a4. ONpE/IeICHHE HU3IICH TEeIUIOTHI CrOPAaHHUs CMECEBBIX TOIUIMB U OLCHKA ee U3-
MEHEHUs [IPH 3aMEHE YIJIs Ha MIJIaK; ONpeesICHHE BIAXKHOCTH, COAep KaHMs 00IIel cepbl, BEIXOAa
JIETYYUX BEUIECTB, 30JIbHOCTH CMECEBBIX TOIUIMB IO CTAHAAPTHBIM METOIMKAM U OIICHKA M3MEHe-
HUS 3TUX [apaMeTpOB MPH 3aMEHE YISl Ha MIJaK MPH OAWHAKOBBIX COOTHOLICHUSIX KOMIIOHEHTOB;
onpesesieHHe ONTHUMAIbHBIX COOTHOLIEHUH KOMIIOHEHTOB B CMECEBBIX TOIUIMBAX, HE yBEJIUYMBa-
IOLUX HArpy3Ky Ha OKPYXAIOIIYIO Cpely NpU 3aMeHe YIJIsl Ha MUPOJU3HBIN [UTaK. Y CTAaHOBJIEHO,
YTO MPH 3aMEHE YTJIs IUIAKOM MPOUCXOIUT MOBBIIICHUE TEIUIOTBOPHOM CIOCOOHOCTH Ha 37-45 %,
YMEHbILIEHUE coAepikaHusl 3016l Ha 37-42 %, yBenuuyeHue BBIXOJA JIETY4YHMX BellecTB. Bmecrte
C TeM COZEpXKaHHE cephl yBenuuuBaercst Ha 5,6—18 %. s cHIKEeHHs BEIOpOca THOKCHIOB CEePhI
pEeKOMEHIyeTCsl IPUMEHEHHE TPAIUIIMOHHOTO OYHCTHOrO o0opynoBaHusA. PesympTaThl mccieno-
BaHH MO3BOJIIIOT 0OOCHOBATH BO3MOXXHOCTU 3aMEHBI YIJIS IIUTAKOM B CMECEBBIX TOIUIMBAX MPH
OTPENIENICHHBIX COOTHOIIECHUAX KOMIIOHEHTOB. [IpeioskeHo HOBOE HAlpaBJICHHE HCIIOIB30BAHMS
TBEPABIX MPOAYKTOB YTUIM3ALMHU PE3MHOTEXHUUECKUX U3JEJINUN, B YACTHOCTU M3HOUICHHBIX IIUH,
METOJIOM IHPOJIN3a B CMECEBBIX TOILIMBAX ILIAK — IPEBECHBIC MEJUIETh JUIsl MAIBIX U CPEIHUX
JHEPreTUYECKUX YCTAaHOBOK.

KiioueBble ciioBa: nulaK, CMECEBbIE TOIUIMBA, TEIUIOTA CroOpaHusd, 30J1a, CEPa, BBIXOX JIETYUUX
BEIICCTB, OTXOJBI, MaJlasg SHEPTrE€THUKA, ITUPOJIN3
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Abstract. Thermal power plants remain one of the main sources of environmental pollution.
The deterioration of the quality of traditional carbon-containing energy resources leads to the need
to develop technologies for co-combustion of biofuel and coal at small and large power plants.
The paper proposes the concept of using solid waste from tire recycling by adding to the compo-
sition of the mixed fuel “coal — wood waste” as a substitute for coal slag, which is formed during
the utilization of worn-out tires by pyrolysis. The aim of the work was to determine the possibility
of increasing the calorific value of wood pellets by co-firing with pyrolysis slag instead of coal
without increasing the burden on the environment. At the same time, the following tasks have been
set: to determine the lowest combustion heat of mixed fuels and assess its change when replacing
coal with slag; to determine moisture content, total sulfur content, volatile matter yield, ash content
of mixed fuels according to standard methods; to assess the change in these parameters when re-
placing coal with slag at the same component ratios; to determine the optimal ratios of components
in mixed fuels, which will not increase the burden on the environment when replacing coal with
pyrolysis slag. It has been determined that replacing coal with slag results in an increase in calorif-
ic value by 37-45 %, a decrease in ash content by 37-42 %, and an increase in the yield of volatile
substances. At the same time, the sulfur content increases by 5.6-18 %. The use of traditional
cleaning equipment is recommended in order to reduce the emission of sulfur dioxide. The re-
search results make it possible to substantiate the possibility of replacing coal with slag in mixed
fuels at certain ratios of components. A new direction of using solid products from recycling of
rubber products, i.e. worn-out tires, has been proposed by the pyrolysis method in mixed fuels
“slag-wood pellets” for small and medium-sized power plants.

Keywords: slag, mixed fuels, calorific value, ash, sulfur, volatile content, waste, small energy,
pyrolysis
For citation: Grytsenko A. V., Vnykova N. V., Pozdnyakova O. I. (2021) Co-Combustion of Tire

Pyrolysis Products and Wood Pellets. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 64 (4), 363-376. https://doi.org/10.21122/1029-7448-2021-64-4-363-376 (in Russian)

BBenenne

HecMmotps Ha WHTEHCHBHOE pa3BUTHE ANbTEPHATHBHBIX HUCTOYHHKOB JHEP-
THUH, OCHOBHBIM 3JHEPropecypcoM IMO-TIPeKHEMY OCTAETCS YTIIEpPOJICOIepKa-
mee Chipbe. BeposTHO, 3Ta cuTyanusi COXpaHUTCS U B OJVKANUIINE ECATHIICTHS.
B Hacrosmee BpeMs okoio 36 % 3JEKTPO3HEPTUM B MHpPE BhIpadaThIBaeTCS Ha
YTOJIBHBIX TEIUIOBHIX 3ekTpudeckux craniusax (TOC), koTopsle, TakuM oOpa-
30M, OTHOCSITCS K YHCIY OCHOBHBIX CTAIlHOHAPHBIX MCTOYHHUKOB 3arps3HCHUS
oKpykaromel cpenbl. Kak m3BectHO [1], Ha HOTIO TIPOIIECCOB CTOPAHMSI IIPUXO-
nqutcst 6onee 95 % smuccun CO,, 85 % SO,. Kpome Toro, miak v meuieTs mo-
JTy4aroT U3 OTXO/OB, a B OOJBIIWHCTBE MPOMBINIJICHHO Pa3BUTHIX CTPaH 3HAYH-
TeTbHAS YacTh OTXOJOB YTHJIM3UPYETCS CKUTaHUEM [2]. YXyIIIeHne KadecTBa
TPaIUIUOHHBIX YTIEPOACOACPIKALIUX SJHEPTOPECYPCOB BEIET K HEOOXOUMOCTH
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Pa3BUTHUS TEXHOJOTUN CKUTAHUS OMOTOILTHBA HE TOJHFKO B KOMMYHAJIEHOM CEK-
TOpe TS TieNiell TEeTUIOCHA0KEeHHS, HO U JUIs IPOU3BOJICTBA IJIEKTPOIHEPTHH J1a-
e Ha KPYIHBIX 3JIEKTPOCTAHIIHUAX.

YMEHBIINUTh BpPeIHOE BO3ACHCTBUE cCxKuraroumx yroib TOC MOXHO He-
CKOJIBKMIMH CIIOCO0aMU: COBEPIICHCTBOBAHUEM TEXHOJIOTUN CXKUTAHUS TOILIVBA,
KOHCTPYKITUM KOTJIOB U TOPEJIOK; YCTAHOBKOM IMBUIEra3004UCTHOTO 000pyI0Ba-
HUS; YIYYIICHUEM KaueCTBa TOIUIMBA.

[lepBrie nBa HampaBieHUs TPEOYIOT OONMBIINX KAMMUTAIOBIOKEHHN H UMEIOT
JUTATENBHBIN CPOK OKYMaeMOCTH. BBICOKas CTOMMOCTb COBPEMEHHOTO IIbLiIe-
ra3004YMCTHOTO 000PYAOBaHUS OTPaHUYHNBAET BO3MOXKHOCTH €T0 MPUMEHEHHUS Ha
00BEKTaxX MajJloOl W CpeIHEeH SPHEepPreTHKH. 3amachl BEICOKOKAYECTBEHHBIX YTJIeH
C HU3KHM COZAEpKaHHEM Cephl W 30JIbl OTPAHWYEHBI, & MCIOIh30BAHUE dHEpTe-
THYECKUX YTl ¢ comepxanueM 30kl O6omnee 30 % CyIIEeCTBEHHO OCIOXHSET
paboTy MbLIEra3004UCTHOTO 000pyaoBanus [3].

CxuraHve CMECEBBIX TOIUIUB Ha OCHOBE KaMEHHBIX YIJIeW M OMOMAacChl —
caMblii HHM3KO3aTpPaTHBIH CIOCOO COKpAIICHUS 3MHUCCHM TOKCHYHBIX BEIICCTB.
[TosoBMHA U3 IPOU3BOUMBIX B MUPE TIEJJIET UCIIONB3YETCS B KAUECTBE TOIUIMBA
Ha TOC [4]. CoBMmecTHOE CKHMTaHHE YTl ¥ OMOMAcChl (JIpeBecHHa, PUCOBas
IIenryxa, OBCSHas COJIOMa, CaxapHBIM TPOCTHUK, OTXOMBI IepepabOTKH OJMBOK
W Jp.) pacmupocTpaHeHO B psjae pa3BUThIX crpaH EBpomsl (I'epmanus, Oun-
nauaaus, lsenms), Kanane, Kurae, Ungnu u CIIA. JlanHas TexHONOTHS pea-
nTu30BaHa He MeHee deM Ha 230 MpeAnpusaTHsSX Mallo- M KPYITHOTOHHAKHO-
IO CKUTAHUS CMECEBBIX TOIUIMB HAa OCHOBE YIVIeH W OMOMACCHI, MPHYEM Kak
B paMKaXx 3KCIEPUMEHTOB, TaK U B YCJIOBUSX MHOTOJICTHEH pabOThl KOTEIbHBIX
arperatoB TOC [3, 5].

O030p METOJIOB COBMECTHOT'O CXKUTAHUS YIJIeH U OTXOAOB JPEBECHUHBI B CO-
CTaBe CMECEBBIX TOIUIMB [3] MO3BOIMII BRIACIUTH CICIYIONIME OCHOBHEIE TEXHO-
JIOTHUH:

— CKWTaHWE B IHKIOHHBIX KOTIAX MpH JoOaBieHuu He Oonee 5 % nmpe-
BECHHBI;

— UCIIOJIb30BAHNE TBUICYTONBHBIX TOMOK C BO3MOXHOCTBHIO JTOOABIICHUS JIO
20 % npeBecuHBL;

— COBMECTHOE CXKMTaHHE B KHILIIIEM CJIO€ IPH COACPKAHUU JIPEBECHBIX
orxonoB 10-20 %;

— IPUMEHEHHE KOTJIOB CO CJIOEBBIMH TOIKAMHU, B KOTOPBIX COAEPIKaHUE Ipe-
BeCHHBI MOXKeT BapbupoBathes oT 0 1o 100 %.

Bce mepeunciieHHBIE TEXHOJIOTHHM HWMEIOT NPEUMYIIECTBA M HEAOCTATKU
Y HalUIM TPAaKTHYECKOE NMPUMEHEHHE. M3BeCTHBI HECKOIBKO CIIOCOOOB COB-
MECTHOTO W Pa3felIbHOTO BBEJCHHUS OTXOJOB JIPEBECHHBI U YIS B TONKH [6].
Haubonee nepcrneKTHBHON CUYUTACTCS TEXHOJIOTHSI COBMECTHOTO COKUTAHHS TICI-
JIET C YIJIEM B TBUICYTOJBHBIX KOTJAX, P KOTOPOM OroMacca rOTOBUTCS B aB-
TOHOMHOM CHUCTEME IMOIauu U 1momodia. Jlanee meieTsl CKUTATCS B TOPEIIKaXx,
ONTUMM3MPOBAHHEIX IS CKUTAHMsT Oromaccsl [7].

CorjacHo pa3sIHYHBIM HCCIENOBaHMAM [5, 7], comepskaHue MEIUIET B TOII-
JIMBHBIX CMECSX C YIJIIMH MOXXET COCTaBISTH OT 5 10 50 %. OpHako cuuraercs,
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YTO YCTOMYHMBOE TOPEHHE CMECEBBIX TOMJIUB BO3MOYKHO IPHU COJAEPIKAHUM Ape-
BECHbIX 0TX0210B 110 10 %.

Hcmonp30BaHne cMeceBbIX TOIUIMB Ha OCHOBE JPEBECHBIX OTXOJOB M yIJiei
MIOJIO’KUTENIBHO TIOBJIHSET HE TOJNHKO Ha SKOJIOTHYECKHE, HO W Ha TEXHUYECKHE
XapaKTePUCTUKH SHEPTreTHUYECKUX YCTAHOBOK. Tak, MPUMEHEHNUE CMECEBBIX TOII-
JIMB Ha OCHOBE yTJieill 1 OMoMacchl B KOTJIaX CO CIIOEBBIMHU TOTIKAMH MPUBOIUT
K MoBbIIIeHUIO 3] dexTuBHOCTH padoThl 3nekrpocTanuuii [8—10]. Ilpuuem npu
MIPOM3BOJCTBE TEIJIOBOW »Heprum nodasnenue 10 10 % Oumomacchl MPUBOAUT
K CHW)KCHHUIO PHEPreTHYECKUX XapaKTEepUCTUK SHEPrOYCTaHOBOK He Ooliee uem
Ha 5 % [11, 12]. Mcnonp30BaHKE CMECEBBIX TOILIMB Ha MalbiX U cpeaHux TOC
(momrHOCTRIO 15 KBT — 150 MBT) 0GecnieunBaeT HafAeKHYI0 paboTy arperaTos
1 CHIDKEHHE DMICCHHM TOKCHYHBIX BEIECTB B OKpYXKaromryto cpeay [13-15].

B pabortax oTedyecTBEHHBIX U 3apyOEKHBIX aBTOPOB MPOAHAIM3HPOBAHBI
MPEUMYIIECTBA HCIIONB30BAaHUS CMECEBBIX TOIUIMB Ha OCHOBE YIJISi M OTXOJOB
JIPEBECHHBI Ha MMPOMBIIIUIEHHBIX yCTaHOBKaX [5, 16—19], B o0miem Buae Ux MOX-
HO MPEICTAaBUTh ClieayronmM obpasom [20]:

a) CHIDKAIOTCA LieHbl Ha mpuobpereHue torumsa (B cpenHem B CIHIA crou-
MOCTh TesieT nouty Ha 20 % HUXKe CTOMMOCTH YIJISl) M IPOMCXOIUT AUBEPCH-
¢uKaysi peIHKa SHEPrOHOCHUTENEH, NMPUBICUCHHUE BO30OHOBISIEMBIX PECYPCOB
B DHEPreTUYecKui OaylaHc; B pe3yJIbTaTe MOBBIIACTCS SHEPreTHIeCKas He3aBH-
CHUMOCTB TOCYJapCTBa;

0) YMEHBIITIAETCSI IMUCCHS OKCHJIOB CEPBI, a30Ta, a TAKXKE 30JIbI;

B) COKpaIllaeTcsi COpoc 0TX0Z0B OMOMACCHI B OTBAJIBI;

T') CHIDKAIOTCS BBIOPOCOB MApHHUKOBBIX r'a30B (COKpallleHHe JocTHraeT 0o-
nee 60 %) [4];

1) YBEIIMYUBAETCS] BO3MOYKHOCTh UCIIONH30BAHMSI MECTHOTO OHMOTOTLIMBA U TIPO-
JYKTOB yTHJIM3AIINH IIHH;

e) nosbInaercs 3QpPpeKTUBHOCTH KOTIIOB CO CIIOCBBIMH TOITKAMH.

Kpome Toro, OCHOBHBIM MPEUMYIIIECTBOM COBMECTHOTO CIKUTAHUS SBIISETCS
MCIIOJIb30BaHKUE Y)KE CYIIECTBYIOLIETO KOTEIbHOrO obopynoBanus [4]. JloocHa-
HIEHUE CYIIECTBYIOMINX IEKTPOCTAHIUIA 1TOJT CTIOB30BaHNEe OMOMAacChl TpeOy-
€T 3HAYMTENBHO MEHBIINX KalTUTAIBHBIX 3aTPaT, YeM CTPOUTEIIECTBO HOBBIX.

K HemocraTkaM TEXHOJIIOTMHM MOKHO OTHECTH HU3KYIO IIOTHOCTh W Kajo-
PUHHOCTB TBEPOW OMOMACCHI, @ UHOT/IA U BBICOKYIO BJIAXHOCTH [21].

Takxum 00pa3oM, COBMECTHOE CKHTAHHUE YTIIEH U IPEBECHBIX OTXOIOB UMEET
PAI 3KOJIOTHYECKUX, SKOHOMUYECKUX U, 10 MHEHHIO HEKOTOPBIX aBTOPOB, TeX-
HUYECKHUX IMPEeNMYINecTB. B Hacrosimee BpeMs OHO WHTEHCHBHO DPa3BHUBACTCS
B psane ctpaH EBpombl, Amepuku, A3un, a Takke B Poccun. [lomoxxuTenbHbIif
3¢pdeKT MOXKET ObITh TOCTUTHYT MPU Pa3IMYHBIX TEXHOJOTHSIX COBMECTHOTO
CKUTaHUS W TOATOTOBKM CMECEBOTO TOIUIMBA Ha MPOMBIIIIEHHBIX M OIBITHBIX
ycTaHOBKax. B OCHOBHOM 100aBkM OMOTOIUIMBA MPUMEHSIOTCS B cllydae HC-
MOJTE30BAHUS YTIIEH C BRICOKHM COJIEPIKaHUEM 30JIbI U CEPBI.

Kak mokaspiBaeT aHanu3 Hay4yHbIX pabOT, BO3MOXKHOCTH HCIIOJIb30BaHHMS
B CMECSX C JIPEBECHHOM BMECTO YyIUIeH YIJIepoJCO/epKallluX OTXOJO0B M3ydYeHa
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HemocTtatrouHo. Hampumep, B [22] 000CHOBaHO TOJNYYECHHE DKOJIOTHIECKOTO
W DKOHOMHYECKOTo 3(dekra oT COBMECTHOTO HCIIONB30BAHUS OTXOJOB HedTe-
nepepadOTKU M OPEBECHBIX TOPIOYMX OTXOIOB B KauyecTBE TBEPAOIO TOILIUBA
IUIsl IOKAJIbHBIX cUCTeM TerutocHaOxkenus. [Ipuuem otxonsl HedrenepepaboTku
B TAKMX CMECEBBIX TOIUIMBAX 3aMEHSIOT yroib. B [23] npennaraercs ucnonas3o-
BaTh TBEPAOE I'PaHYJIMPOBAHHOE TOIJIMBO HAa OCHOBE TBEPAOIO MPOJIyKTa MUPO-
nn3a pesunHoTexHuaeckux maaenuii (PTH), oTx0m0B mpeBecHHBI M a30TOCOACP-
JKaIl[uX BEIIECTB B COOTHOIIEHHH cooTBeTCTBeHHO (50—70)/(20-30)/(5-10) mac-
COBBIX MPOIEHTOB. OHAKO HCIIOIb30BaHNE TAKOTO TOIUIMBA BO3MOXKHO TOJIBKO
[0 TEXHOJIOTUH KHILSIIIETO CIOS M TPUBOANT K YBEIMYCHHUIO AIMHCCHU OKCH-
JIOB a30Ta.

B [24] Ha oCcHOBE CPaBHHUTENBHOTO aHAJIHM3a CBOWCTB MHPOJIU3HOTO INJIAKa,
yriel U MeuieT ¥ OLCHOYHBIX PACUETOB IPEUIOKEHA MoJIe3Hast MOJIEIb CMece-
BOT'O TOIUIMBA HA OCHOBE MHUPOJIM3HOrO LIJIaKa U3HOIICHHBIX LIUH U APEBECHBIX
neteT. COOTHOIIEHHS KOMIIOHEHTOB OOOCHOBAHBI PAaCYETHBIM ITyTeM, JKCIIe-
pUMEHTaIbHas MPOBEpPKa BIMSHHUA [UIaKa HA DKOJOTHYECKHE XapaKTePUCTHKHU
MIPOLIECCOB TOPEHMS MTPOBEeHA He Obla.

Takum 00pa3oM, BO3MOKHOCTh UCTIOJIb30BAaHUSI B TOTUTUBHBIX CMECSX OT-
x0710B niepepaboTku PTHU, B 4acTHOCTH M3HOMICHHBIX IIMH, H3yYeHa HEJI0CTa-
TOYHO.

KoHnenmusi COBMEeCTHOr0 HCII0JIb30BAHUA 0TX010B
B Ka4YeCTBE TOIINBA

IIpenyaraemasi KOHIENLUS UCIIOIB30BAHUS TBEPABIX OTXOJOB IE€PEepabOTKU
LIMH 3aKJI04aeTcs B 100aBJIEHUHM B COCTaB CMECEBOIO TOIUIMBA «yrojb — Jpe-
BECHBIC OTXOJbD» B KaueCTBE 3aMEHHUTEN YIVIA LIaKa, oOpasyrouerocs Mnpu
YTUIM3aLUU W3HOLIEHHBIX IIMH MeTooM nupoauza. ConepxaHue yriepojaa B
TBEPAOM IHUPOJIM3HOM IIJIAKE COOTBETCTBYET AHAJOTMYHOMY IMOKA3aTEN0 IS
anTpanuTa. CiemnoBaTeNbHO, TBEPABIE MPOAYKTH MHPOIN3a MOYXKHO HCIOJIB30-
BaTh KaK XOpOIIee BEICOKOKAJIOPUIHOE TOIJIMBO, IO BEIMYMHE TEIUIOTHI Cropa-
HHS CXOJHOE C aHTpauuToM [25], eciiu mpu 3TOM HE BO3PACTAET dIMHCCHS TOK-
CHUYHBIX BEHIECTB B OKPYKAIOILYIO CPENY.

B mocnenaue roapl MOSIBUIIMCH THPOJIM3HBIE YCTAHOBKH HOBOTO MOKOJIEHUS
s yrunusanua PTH, B yacTHOCTH W3HOMICHHBIX MMH. OHHU YCIENTHO MpUMe-
usirorest B [lonbine, Kutae u CIIA [26, 27]. OcHOBHOE Ha3HAYCHUE TAKHX YCTa-
HOBOK — IIPOM3BO/ICTBO aHAJIOTOB KUAKOTO TOIINBA. OJTHAKO OJHUM M3 MPOIyK-
TOB NMHPOJN3a, KAK M3BECTHO, BCEr/a SIBISIETCS TBEPABIA YIIIEPOAMCTBIM OCTa-
TOK (ILTaK), KOTOPBIA HE MOXET OBITh HUCIIOJIb30BaH B KauecTBe ajcopOeHTa 6e3
criermanbHoil 06padotku [28]. TTo HaleMy MHEHHIO, TPUMEHEHHE TUPOTU3HOTO
[IJIaka B CMECEBOM TOIUIMBE BMECTO YIJI MO3BOJHUT MCIOIB30BaTh TaKWe€ OTXO-
IIbI B Ka4eCTBE SHEPropecypcoB 0e3 MOMOIHUTENBHOM 00paboTKH.

CBoiicTBa 11IJ1aKa U yrjieil BO MHOIOM MoA00HsI [25, 26, 29]. Hanpumep, co-
Jlep>)kaHue cepbl M 30JIbHOCTh IITaKa HE BBINIE, YeM B BBICOKOKAYECTBEHHBIX
MapKax dHEPreTHUECKUX YIJIEH, U CYIECTBEHHO HMXKE, YEM B HEKOTOPBIX COp-
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TaxX aHTPALMTOBOTO IUTHIOA U ra30BbIX yIisiX. Tak, B Ykpaune 49 % TOC cmpo-
eKTHPOBAHBI Ul PabOTHl HA HU3KOPEAKIMOHHOM AaHTPALUTOBOM INTHIOE U TO-
IIEM YIJIe, 30JbHOCTh KOTOPhIX JgocTuraer 37 %, a Temiora cropaHus He Ipe-
Boimaet 17,5 MJx/kr [3, 29]. KpoMe Toro, TBep/ipie MPOAYKThI MUPOJIM3a UME-
IOT HM3KYIO CTOMMOCTb, W YacTH4HAas 3aM€Ha UMM YIJIS I103BOJHUT CHU3HUTH
3aTpaThl Ha 3aKyIKY TOILUIMBA.

B nmanHoii craTtbe mpeanaraeTcsi UCIONb30BaTh HA 0OBEKTaX MajoOd M cped-
HEW SHEPreTUKU CMECEBbIE TOIUIMBA Ha OCHOBE mNuposin3Horo nuiaka PTU u
JPEBECHBIX MEJUIET. DTO MO3BOJUT 00ECTIEUUTh HEOOXOIUMYIO TEIUIOTBOPHYIO
CIOCOOHOCTh TOILIMBA Ha JIEHCTBYIOIEM O0OpYNOBaHUM (KaK W TPU HCIIOJb-
30BaHUU CMECEH «yroyib — MEJUIEThI»), COKPATUTh MOTPEOJIEHHE HCKOIIAeMOTO
CBIPBSl U AMHICCHIO TOKCUYHBIX BEIIECTB B OKPYXKAIOIIYIO CPEIy 32 CUET MEHb-
nIel 30JIbHOCTH LIJIaKa, a TAaKXKe HATH HOBYIO 00J1acTh MPUMEHEHUS IPOIYKTOB
yrummzauun PTH, B yacTHOCTH M3HOMEHHBIX mMH. [Ipeanaraemoe AByXKoMmIo-
HCHTHOC TOIINIMBO ITIO3BOJIUT OGGCHC‘II/ITB BBITIOJTHCHHUC 3KOJIOTMYCCKHUX WU BHEP-
reTUYecKuX TpeOOBaHMH K HPOMBILUICHHBIM KOTEJIbHBIM Majlol M CpenHel
MOIIIHOCTH.

B cuny mMeHee 3HAUYMMOTO BIIMSTHHS MAJIOM SHEPreTUKH Ha OKPY>KAIOLIYIO
cpelly Ha ee 0OBEKTaX B KaueCTBE MECTHOT'O TOIUTUBA MOTYT HCIOJIb30BaThCS
TOPIOYME OTXOJBI, B TOM YHCJIE MUPOJIM3HBIN HIJIAK, YTO COKPAILAET PacxXosl Ha
TPAaHCIOPTUPOBKY TOIIJIMBA, CHOCO6CTByeT yTHin3aiguu OTXOAO0B WM 3KOHOMHHU
MIPUPOTHOTO CHIPbS.

B nocnemHue roxpl yBEIMYMBAETCS CIPOC HA OTOMMTENIBHBIC IPOMBILI-
JICHHBIE KOTJBI, HCIONB3YIOIIME B KadecTBE TBEPJIOro TOIUIMBA TMENJIETHI.
[Ipy HECOMHEHHOM NPEUMYILECTBE IEJUIET C TOYKW 3PEHMS BO3ACHCTBUS Ha
OKPY’KaIOIIYI0 Cpey MX TEIUIOTBOPHAS CIIOCOOHOCTH HMKE, YeM Yy CaMbIX HU3-
KOKQ4Y€CTBEHHBIX YIJICH.

Ilens MaHHOTO HCCIIEOBAaHUS — ONpeieSieHHEe BO3MOXXHOCTH ITOBBILICHHS
TEIIOTBOPHON CIIOCOOHOCTH JPEBECHBIX IMENJIET yTeM COBMECTHOTO MX CXKUTa-
HUS ¢ MUPOJIM3HBIM IIUTAKOM BMECTO yIJId 0€3 YBEJIWYEHUS HAarpy3Kd Ha OKpY-
JKarolryro cpeny. Ilpu 3Tom craBuiIMCh 3aauu: ONpesieleHne HU3IIEeH TemIOThI
CrOpaHMs CMECEBbIX TOIUIUB U OLICHKA €€ M3MEHEHUS IIPU 3aMEHE yIJIs Ha IIUIAK;
ompeJieNieHNe BIaKHOCTH, COACp)KaHusl 0OLIel cephl, BBIXOa JIETyYUX BEIICCTB,
30JIBHOCTH CMECEBBIX TOIUIUB IO CTAaHIAPTHBIM METOIMKAM U OLIEHKa M3MEHe-
HUS 3TUX MapaMeTpoB IPH 3aMEHE YIUIS Ha IIJIaK MpU OJUHAKOBBIX COOTHOIIE-
HHUSIX KOMIIOHEHTOB; ONPEEJIEHNE ONTUMAIBHBIX COOTHOILIEHHH KOMIIOHEHTOB B
CMECEBbIX TOIUIMBAX, HE YBEJIMYMBAIOUIMX HArPy3Ky HA OKPYXKAIOIIYI0 CperLy
NIpY 3aMEHE YTJIsl Ha TUPOJIM3HBIHA NITaK.

XapaKTepncTnKa 00bEKTOB HCCJIETIOBAHUSA
H IKCIICPUMCHTAJIbHBIC JAHHbIC

CBoiicTBa MUPOIM3HOTO LIUIAKA, KAK U3BECTHO, 3aBUCST OT COCTaBa UCXOIHO-
TO CHIPbS, TEMIIEPATYPHOTO PEXUMa M TEXHOJIOTUYECKUX OCOOCHHOCTEH ycTa-
HOBOK [28] W MOTYT U3MEHATHCS B MIMPOKUX mpenenax (tadm. 1) [20]. Uccrne-
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IyeM IIJiaK, TMOJYYeHHBIH METOIOM CpPeIHETEeMIIepPaTypHOTO MUPOJIH3a W3HO-
IIEHHBIX IIIMH Ha YCTAaHOBKE YKPAaWHCKOTO MPOn3BoAcTBa. CpaBHUM XapaKTepH-
CTHKHU CMECEBBIX TOIUIMB HA €r0 OCHOBE C XapaKTEPHUCTUKAMHU CMECEBBIX TOIUIUB
Ha ocHoBe yrieil mapku Alll, yacto ncnonb3yembIx Ha 00BEKTax Majoi sHep-
retuku (Tabn. 1). Beicokoe conmepxaHue 307161 M HU3Kas KaTOPUHHOCTD TAaKUX
yrineid otmeuensl B [29, 30]. Ilockonbky B Hacrosiimiee BpeMs B YKpawHE HET
€AMHOTO CTaHIapTa Ha JIPEBECHbIE MEIJIETHI, PACCMOTPHUM CpPEIHHE IO CBOW-
CTBaM MEJUIETH YKPAHHCKUX mpou3BoauTeneii (tadi. 1) [20].

Tabauya 1
XapaKTepuCTHKH KOMIIOHEHTOB CMeCeBBIX TOILIHB

Characteristics of composite fuels components

Kommonent Cg/:[epuxcaﬂne Bnaxxnocts | 30mpHOCTD Berxoa nery- |Huswas tero-
rommma | PP |y gp | g | gentects | 1o cropans
[Tuponu3HbIi HUTaK 2,40 2,5 12,5 52 28,2
AHTpAIUTOBBIH IITHIO 2,00 9,0 21,4 6,0 18,9
JlpeBecHbIe MeUIeThI 0,02 7,5 1,3 78,0 17,5

[Ipu wccnemoBaHNE COBMECTHOTO CXKHTAHUS aHTPAIIUTOBOTO INTHIOA U Ape-
BECHBIX OHMOTpaHyJ YCTaHOBJECHO, YTO MPH coaepkaHuu omorpanyn mo 40 %
TEIUTOTEXHUYECKHE XapaKTEPUCTHKK KOTI0B He yxymmatorcs [30]. B [3] oboc-
HOBaHa BO3MOXKHOCTh YBEJIMUCHHS [OJHM JPEBECHHBI B CMECEBBIX TOIUIMBAX
10 50 %. C y4yeToMm 3THX AAaHHBIX MPOAHATM3MPOBAHBI CMECH MHPOIH3HOTO
[Iaka v APEBECHBIX MEJUIET MPU COOTHOUICHUSX KoMIoHeHToB 50/50 (tadu. 2,
cMmech 1.1). CootHomienue nutak/mennaersl B cMmecsx 1.2, 1.3 cooTBeTcTBeH-
Ho 80/20, 90/10. JIns cpaBHEHUS JaHbI XapaKTEPUCTUKUA CMECH «yTOJb — Ielie-
TBD» IIPH TAKHUX JK€ COOTHOIIEHUSIX KOMIIOHEHTOB (Tab:1. 2, cmecu 2.1-2.3).

Takue XapakTepUCTHKH TOIUIMB, KaK HU3IIAs Teruiota cropanus (Q), 301b-
HOCTh (Ad), BiaxkHoctb (W), comepikanne oOIIeit cepol (Std) Y BBIXOJ JICTYYHX
semtects (V*), HCIONB3yIOTCS TPATUIMOHHO ISt 0GOCHOBAHHS BO3MOXKHOCTH
ux 3¢ (HEeKTUBHOTO NIPUMEHEHHS NP CKUTAHUU B TOTKAX YHEPrETHYECKOT0 000-
pynoBanus. K 4uciay OCHOBHBIX 3KOJIOTHMYECKHX IMOKa3aTelnel, XapakTepHu3ylo-
IIMX BO3JEHCTBHE MPOLIECCOB TOPEHUS Ha OKPYXKAIOUIYIO Cpendy, OTHOCSTCS
30JIbHOCTH TOIUIMBA M MacCOBOE COJIEpXKaHHE B HEM Cepbl. DKOJIOTUYECKHE Xa-
PaKTEepPHUCTUKHN TMPOIIECCOB TOPEHUS MUPOIHU3HOTO MUIAKa OMPEAENSIN M0 CTaH-
IapTHBIM MeTonukaMm B cMecsx 1.1-1.3. Ompenenenne HU3IIEH TEIIIOTH CTOpa-
HUS TIPOBOJIMIIOCH MPU MOMOIIY KaJOPUMETPUUECKOH OOMOBI Ha KalopuMeTpe
cxuranust ABK-1 no crannaptHoit metoauke [31]. YkazaHHBIE XapaKTEPUCTHKH
st emeceid «yronb ALl — nemutetsi» (cmecu 2.1-2.3) npu TakKX JKe COOTHOLIE-
HUSIX KOMIIOHEHTOB NPUBEICHBI B Ta0. 2.

Kak BumHO M3 Tabi. 2, MPakTHYECKU BCE HCCIIEAOBAHHBIE XapaKTEPUCTUKU
cMecell «IuTak — MeJUIeThD JIy4Ile, YeM «yToJib — MeJUIeTh (KpoMe coaeprKa-
HUSI CEpPhI), IIPH COOTBETCTBYIONIMX COOTHOIIEHUSIX KOMIIOHEHTOB.
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Tabauya 2
XapaKkTepUCTHKH cMeceBbIX TOIINB
Composite fuels characteristics
No CooOTHOIIEHHE 3 Conep}KaHHe 3OIBHOCTS Husmas Tennora | Beixon nery-
ey | YTIEPOLCOAEPIKALIIH 06111%1/1 cepsl A% 06 cropanus Q, £170:¢ gﬁmecm
KOMITOHEHT/TIEJUIETHI» S¢, % M/Ix/kr V™, %
CMeceBbIe TOIUTMBA «IAPOJIM3HBIN IUIAK — APEBECHBIC MEIICTHD»
11 50/50 1,70 7,70 24,83 43,80
1.2 80/20 1,95 10,10 26,20 19,20
13 90/10 2,30 11,20 26,80 15,16
14 10/90 0,34 4,81 20,04 74,40
15 20/80 0,58 5,65 21,19 67,40
Cwmecesble ToruBa «yroib Alll — npeBecHble nesueTh»
21 50/50 1,61 12,30 18,00 41,20
2.2 80/20 1,80 17,30 18,20 18,10
2.3 90/10 2,12 19,40 18,40 14,30
24 10/90 0,31 5,65 17,72 70,70
25 20/80 0,49 7,70 17,85 63,20

B tabmn. 3 MPUBCACHBI PE3YJIbTATHI paCuUC€Ta OTHOCUTCIIBHOI'O U3MCHCHUSA T1a-
pPaMETPOB CMECEBBIX TOIIIMB, ITOJTYYEHHBIC HA OCHOBaAHNU JaHHBIX Tabm. 2.

Tabauya 3
Pe3y.]'leaTbI pacueTa OTHOCUTEJIHLHOI0 U3MCHCHHUSA MMApaMETPOB cMmeceii
Results of calculating relative change in parameters of mixtures
N3menenune N3menenue N3menenune
CooTHo1IeHHe . Wzmenenne
. | HU3IICH TCIIJIOThI CoACpKaHUA BBIXOJA JIETYYUX
«YTIEPOACOIEPKALTHN 30JIbHOCTH .
OMIOHCHT/ HeIIETE CropaHus AA oOmeit cepbl BEIIECTB
AQ AS¢ AVE

50/50 6,83/37,90 4,60/37,30 0,09/5,60 2,30/5,60

80/20 8,00/43,95 7,20/41,42 0,15/8,30 1,10/6,07

90/10 8,40/45,65 8,20/42,26 0,18/8,49 0,86/6,00

10/90 2,32/13,09 0,84/14,60 0,03/9,67 3,70/5,20

20/80 3,34/18,70 2,05/26,60 0,09/18,40 4,20/6,60

B uncnurene npobu nmpuBesieHB a0COMIOTHBIE N3MEHEHHUS TApaMETPOB CMe-
Cell «IIUTaK — TEeJUIeThI», a B 3HAMEHATEJIEC — MTPOLEHT U3MEHEHHS 3TUX HapaMeT-
POB TI0 OTHOIICHHUIO K CMECSIM «YTOJIb — IMEJJIEThI» IMPU COOTBETCTBYIOIINX CO-
OTHOIIEHUAX KoMIoHeHToB. [Ipm pacuerax 3a 100 % npuHUManM 3HAYCHUS
KQXKJI0T0 MapaMeTpa B CMECSAX «yroJib — MEJUICTh) MPHU COOTBETCTBYIOIIUX CO-

OTHOIICHHUAX KOMIIOHCHTOB B CMCCCBBIX TOIINIMBaXx.

CoryacHO TOJy9YeHHBIM JTaHHBIM, 3aMEHA YTJIs Ha [JIAK B CMECEBBIX TOILIH-
Bax 1.1-1.3 mpuBOIUT K MOBBIIICHUIO TEIIOTBOPHOM criocoOHocTH Ha 37-45 %
B 3aBHCHMOCTH OT COOTHOIIIEHHS KOMIOHEHTOB. IIpH 3TOM coaepKaHue 30JIbI
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ymenbmaercss Ha 37-42 % TO OTHOIIEHHIO K CMECSM «yTOJIb — TEJUIETHI».
CopeprkaHre cepbl B TAKHX CMECSX yBelnHuuBaeTcs Ha 5,6—18 % mo cpaBHEHHIO
co cMmecsamu 2.1-2.3, mpuyeM B aOCOJIFOTHBIX YUCIIAX OHO M3MEHSETCS TOJIKO
Ha 0,09-0,18. Takum oOpa3zom, 3aMeHa YIJisl HA MUPOJIM3HBINA IIJIAK B CMECEBBIX
TOTUIMBAX BEAET K YBEIHMUEHHIO AMICCHU JUOKCHIOB Cephl. JlJI CHIKEHHS WX
BEIOPOCOB PEKOMEH/IYETCSI IPUMEHATh OYUCTHOE 000PYAOBaHNE.

CornacHo AaHHBIM TaOJ. 3, 3aMeHa yIJis Ha UIAK YBEJIMYUBACT BBIXO/] JIETY-
YHX BEIIECTB B CPEAHEM Ha 6 % BHE 3aBUCUMOCTH OT COOTHOLICHHUSI KOMIIOHEH-
TOB B cMecax. BBeJieHre TeuieT B CMeceBhIe TOIINBA MPUBOINT K POCTY BBIXO-
Jla JIETy4uX BEIIECTB 10 CPAaBHEHUIO KaK CO IIJIAKOM, Tak M ¢ yriem (tadum. 1).
W3BecTHO, YTO yBENUUEHHE BBIXOJA JIETYYHX BELIECTB B CMECSX «YTrOJib — M-
neT» [5] CBUAETENBCTBYET O CHIDKCHHH MaKCUMAIILHOW TeMIIEpaTyphl TepMHYe-
CKOTO Pa3JIOXKEeHHS], a TPOIIECC TTOTHOTO PA3IoyKEHHs TOILTHBA MIPOXOAUT MpH Ooriee
HU3KHUX TEMIIEpaTypax M yBeIHMIEHHUH CKOPOCTH 3TOro mporiecca. OueBHIHO, BBIXO/
JIETYYMX BEILECTB PacTeT U IPH HCIOIb30BAHMN CMECE «IILIaK — nesieTe. Kpome
TOTO, YBEIMYCHUE BBIXOZA JIETYUHX BELIECTB B pe3yJIbTaTe UCIIOIb30BAHMS MEIIIET
TO3BOJISIET COKPATUTh PAcXO] MPUPOIHOTO Ta3a ISl MOACBETKH TOMOK ITPOMBIII-
JICHHBIX HEPrOYCTaHOBOK, PA0OTAIOIINX Ha TBEPIOM ToTLIHBE [32].

Cornacuo [1-3], coctaBel 1.1-1.3 (Tabmn. 2) pexomeHmyroTcsi misl (akenb-
HOTO C)KWTaHUsI, CKUTAHUS B KHUIALIEM M HUPKYIUPYIOIEM KHILIIEM CJo€.
[Ipu ucronb30BaHNMU 3TUX TEXHOJOTHH BO3MOXKHA 3((hEeKTHBHAs 3aMeHa BBICO-
KO30JIbHOT'O YIJISl C CoZiep kaHueM cepbl Oonee 2,4 % Ha NUPOIM3HBIHN LUIAK PU
COBMECTHOM CXKHUI'aHUU C IPCBCCHBIMMU IICJIJICTAMU.

Cwmecu 1.4, 1.5 (Tabi1. 2) MOXKHO UCHOJIB30BATh B KOTJIAX CO CIOEBBIMH TOII-
Kamu [3], mpu4eM Mo CBOWM XapaKTEpUCTUKAM OHM HE yCTyHaioT cMmecsMm 2.4,
2.5 (yromp — mesuteTsl). 3aMeHa YISl Ha MUTAK MPUBOIUT K YBEIHMYEHHUIO TEILIO-
TBOPHO# CITOCOOHOCTH TaKUX CMECEBBIX TOIUINB, YMEHBIICHHIO 30JIbBHOCTH U
SMHCCUM TBEPABIX YACTHUI], a TaKKe HE3HAUUTEIHLHOMY YBEIUUEHHIO COJIEpIKa-
HUS cepbl. BBeneHne B ApeBecHbIE MeENUIeThl J00aBOK MUPOIM3HOTO IUIAKA TO-
BBHIIIACT KaJIOPUMHOCTh TOIUIMBA, NPU TOM OHO MOXET HCIIOJBb30BaThCs 0e3
CYIIECTBEHHBIX TEXHOJIOTUIECKUX U3MEHEHHH B KOHCTPYKIIMU TOIUIMBHBIX KOT-
noB. [lomyyeHHbBIE aBTOpaMy pe3yNbTaThl KOPPENUPYIOT C TAaHHBIMH, IIPEICTaB-
JIEHHBIMHU B paboTte [33], B KOTOpOil Ha OCHOBE MaTeMaTHYECKOH MOJeTH 000CHO-
BaHbI IPEUMYIIECTBA IPUMCEHCHNA MHOT'OKOMIIOHCHTHBIX TBEPAbIX CMCCCﬁ, COCTO-
SIIMX W3 JIPEBECHOTO ChIpbsi (He MeHee 70 %) W yIIIEBOJOPOJCOACPM KALIMX
OTXOJIOB, TPH CKUTAHNH B KOTETBHBIX IS JIOKATBHBIX CHCTEM TETIOCHAOKEHUSL.

BbIBO/IbI

1. DKcrepuMEHTAIBHO OMNPEEICHBl OCHOBHBIC AKOJIOTMUECKHUE XapaKTepH-
CTHKH TIPOIECCOB CKUTAHUS CMECEBBIX TOTUTMB Ha OCHOBE HM3KOKAYE€CTBEHHOTO
yris ALl m ApeBEeCHBIX TIEIUIET, a TAKKE CMECEH «ITHPOTM3HBIN IUIaK — JIpeBec-
HBIC TEJUICThI». Y CTAaHOBJICHO, YTO BBEJCHUE B JAPEBECHBIC MEIUICTHI J00ABOK
IMUPOJIM3HOTO HIJIaKa IMOBBINIACT KaHOpHﬁHOCTB TOIUIMBA, IIPU 3TOM OHO MOXKCT
HCIIOJIL30BaThCS 03 CYIIECTBEHHBIX TEXHOJIOTMYCCKUX W3MEHEHHUH B KOHCTpPYK-
LMY TOTJIMBHBIX KOTJIOB.
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2. Ioka3aHo, 4TO 3aMeHa yIiis Ha ILIaK (B COOTBETCTBYIOIIMX COOTHOIIIE-
HUSIX) B CMECEBBIX TOIUIMBAX MOBBIMIACT TEIUIOTY CTOPAHHS M BBIXOJ JIETYYHX
BEIICCTB, IPHU ATOM 30JIbHOCTh CMECEH CHUXKACTCSI.

3. 3amMeHa yrisl Ha TUPOJU3HBIHN IJIaK, NOTYYCHHBIN NPH YTUIH3AIWH TIHH,
YBEJIIMYUBACT COJIEPIKAHUS CEPhl B CMECEBBIX TOIUIMBAX, YTO BBHI3BIBACT HEOOXO-
JUMOCTb YCTAHOBKH OYHCTHOTO 000PY/IOBaHUSI.

4. CMeceBbIe TOTUTHBA C COOTHOIICHHUEM MUPOJTU3HBIN NITak/IpeBeCHBIC Me-
aetbl oT 50/50 1o 90/10 MOXHO pEKOMEHIOBATh B KAUeCTBE PABHO3HAYHOIO 3a-
MEHUTEIIS CMECEBBIX TOIUIMB «yTOJb — MEJUICTHD) JIUIS MAJIBIX M CPEIHUX dHEpre-
TUYECKUX YCTAaHOBOK, €CIIH COJIep)KaHue 307161 B yriie He MeHee 12,5 %, a ceprl —
He MeHee 2,4 %.

5. CMecH MUPOJM3HBIN IIITaK/IpeBeCHbIE MEUIEThl ¢ cooTHormenuem 10/90,
20/80 peKOMEHIYIOTCS JIJISl CIIOCBOTO COKUTAHUS Ha MaJIBbIX U CPEIHHUX dHEPTeTH-
YECKUX YCTAHOBKAX.
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