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I/Icc.ﬂeszaHne COCTABHOM I[BHFaTeﬂLHOﬁ Harpy3skKu
NP HAJIUYIUH BBICIIUX T'APDMOHHUK B SHGKTpI/I‘leCKOﬁ CceTHn

1. 9. Wkaspexuii’, K. K. Jo6ko", ¥O. H. Ky3nenosa”, M. C. Bopo6se”

I)CaHKT-HCTep6prCKI/Iﬁ TOpHBINA yHUBEpCUTET uMnepaTpulbl Exatepunsl 11
(Canxr-IlerepOypr, Poccutickas ®eneparms)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcuter, 2024
Belarusian National Technical University, 2024

Pedepar. B crarbe paccMaTpuBarOTCS METOAUKU 3aMEILEHHs COCTaBHOH JBUTaTEIbHON HAarpy3Ku
Kak IMOTpeOuTeNs BBICIIMX TapMOHHMK. VICIIONBb30BaHbI IBE CXEMBI 3aMEIIEHHs, IO KOTOPBIM HpO-
BOJHMJINCH PacyeThl KOMIUIEKCHOTO COMPOTHUBIIEHHS HArPy3KH, a 3aT€M CPaBHUBAIUCH C PE3yNbTa-
TaMH MMHTAIUOHHOTO MOJEIUPOBaHUSA. MoOIeIMpoBaHUEe OCymecTBISUIOCH B cpene MATLAB
Simulink, ncrions3oBanack 6ubnmoreka Specialized Power Systems, B koTopotii 6u1a pa3paboTaHa
HMHTAIMOHHAS MOJENb C JBUraTeIsIMU U MCTOYHUKOM IapMOHMYECKHUX MCKaxxeHui. Jlns uccie-
JIOBaHUs BBIOpaHbI MSATh ACHHXPOHHBIX JIBUTAaTeNel ¢ KOPOTKO3aMKHYThIM poTopoM Mapku ANP
¢ MOLIHOCTSIMH, Bapbupytomumucs ot 0,75 no 5,50 kBr. MozgenupoBanue mpoBOAUIOCH IPH pas3-
HBIX Harpys3kax Agsurarteiacii. MoMeHT Ha Baily usMeHsuica co 3HadeHusaMu 50; 70; 90 u 100 %
OT HOMUHAJBHBIX 3HAYEHHH Ka)KAOTO ABUTATENs. B kadecTBe MCTOYHMKA TapMOHMYECKHX TOKOB
B CETH WCIOJIb30BAJICS IIECTHITYIbCHBIA JHOMHBIA BBIIPIMHUTENb, TCHEPUPYIOMUA TapMOHUKI
¢ HoMepamu 5, 7, ..., 25, COOTBETCTBYIOIIME ITyJIbCHOCTH, paBHOH miecTd. GUKCUPOBATIUCH OCIUII-
JIOTpaMMbl TOKOB W HANPSDKCHUH B TOYKE OOLIEr0 IOMKITIOYEHMsS ACHHXPOHHBIX JBHTaTelel
U BBINPSIMUTEIS, KOTOPBIE BIIOCIEACTBUH UCTIONB30BAINCH VIS pacyeTa KOMIIIEKCHOTO COMPOTHB-
nenus. Ilo pesympraTam paboOTHI MOTYyYSHBI aMILTUTYTHO-JaCTOTHBIE U ()a309aCTOTHBIC XapaKTe-
PHUCTUKY MMIIEJIaHCA COCTaBHOM JIBUTaTEIbHOM HArpy3KHU, aHAIU3 KOTOPBIX BBIABUI HECXOAUMOCTh
pacyeTHBIX METOJIOB C MMHUTALMOHHBIM MojeiarpoBaHreM. CrelaHsl BBIBOIBI O HEOOXOIUMOCTH
MPOJ0JIXKATh MCCIE0BAHUS B JaHHOM HANpaBJICHUH, TaK KaK UMEIOTCSI KAUeCTBEHHBIE PACX0XKIe-
HUA B (DYHKIHMOHAJIBHON 3aBHCHMOCTH KOMIUIEKCHOTO COIIPOTHUBIICHHSI OT HOMEpa TapMOHHKHU
C 3KCIIEPUMEHTAJIbHBIMU JAHHBIMH, MOJTY4YE€HHBIMU JJISI OAMHOYHOTO ACHHXPOHHOIO JIBUTaTels.
PesynbraTsl paboThl MOTYT OBITH MCIOJNB30BAaHBI IPU pacueTax Kod(QHIHMeHTa UCKaKEHHS I10
HAIMpPSHKEHUIO ¥ MOJEIMPOBAHUN PEKHMMOB, CBSI3aHHBIX C BBICIIUMHU FAPMOHUKAMHU, KaK Ha CyIIe-
CTBYIOIIMX HPEIIPHUATHAX, TaK U NIPHU UX MPOEKTHPOBAHHUH, UTO IOBBICHT HAJEKHOCTh U d(dek-
THUBHOCTb Pa0OTBHI 2JIEKTPUUECKUX CETEH.

KiiouyeBble cj10Ba: BBICIIME TapMOHMKH, KaueCTBO 3JICKTPOIHEPTHH, CXEMa 3aMCILCHHS, HMIIC-
JTaHC, KO PUIMEHT HCKAKSHUS
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Investigation of the Composite Motor Load in the Presence
of Higher Harmonics in the Electrical Network

Ya. E. Shklyarskiy”, K. K. Lobko", Yu. N. Kuznetsova", M. S. Vorobyov"

Y Empress Catherine II Saint Petersburg Mining University
(Saint Petersburg, Russian Federation)

Abstract. The article discusses the methods of substitution of a compound motor load as a con-
sumer of higher harmonics. Two substitution schemes were used. The calculation of the complex
resistance against them was compared with the results of simulation modeling. The simulation was
carried out in the MATLAB Simulink environment, with the use of the Specialized Power Systems
library, in which a simulation model with motors and a source of harmonic distortion was deve-
loped. Five asynchronous motors with a squirrel-cage rotor of the AIR brand with powers varying
from 0.75 to 5.50 kW were selected for the study. The simulation was carried out at different mo-
tor loads. The shaft torque varied with values of 50; 70; 90 and 100 % of the nominal values
of each motor. A six-pulse diode rectifier was used as a source of harmonic currents in the net-
work, generating harmonics with numbers 5, 7, ..., 25, corresponding to a pulse rate equal to six.
Oscillograms of currents and voltages were recorded at the point of common connection of asyn-
chronous motors and the rectifier, which were subsequently used to calculate the complex
resistance. Based on the results of the work, amplitude-frequency and phase-frequency characteri-
stics of the impedance of a composite motor load were obtained, the analysis of which revealed
the incongruence of calculation methods with simulation modeling. Conclusions have been drawn on
the need to continue research in this direction, since there are qualitative discrepancies in the functional
dependence of the complex resistance on the harmonic number with the experimental data obtained for a
single asynchronous motor. The results of the work can be used in calculating the voltage distortion
factor and modeling modes associated with higher harmonics both at existing enterprises and during
their design, which will increase the reliability and efficiency of electrical networks.

Keywords: higher harmonics, power quality, equivalent circuit, impedance, distortion facto
For citation: Shklyarskiy Ya. E., Lobko K. K., Kuznetsova Yu. N., Vorobyov M. S. (2024) Inves-
tigation of the Composite Motor Load in the Presence of Higher Harmonics in the Electrical Net-
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BBenenue

[IpoGiieMbl 37EKTPOMarHUTHONH COBMECTUMOCTH M Ka4eCTBa IIIEKTPHUECKOM
SHEPTUH MPOJOIHKAIOT OCTABATHCS OJHUMH W3 BAKHEHIINX IS CHCTEM DJIEK-
TpocHaOxeHus [1-3] B KOHTEKCTE CTPATETHIECKOT0 Pa3BUTHS OTACTLHBIX CTpaH
U PEruoHOB [4—6] u, KaK CIEACTBUE, YBEIWUCHHUS CIIPOCa HA IECKTPOIHEPTHIO.
Jlausbrii (hakTop OOYCIOBICH HAIMYMEM HEIUHEHHBIX 3JICMCHTOB B CETSX, Ta-
KHX KakK TUOJBI [7], TpaH3UCTOPBI U TUPUCTOPHL. B cBOIO ouepens, BhIIENEpe-
YHUCIIEHHBIE 3JIEMEHTH HAXOJSATCS B COCTaBE JJIEKTPOTEXHUYECKHX YCTPOMCTB,
0e3 KOTOpPBIX TPYAHO TPEACTABUTH COBPEMEHHBIE MPOMBINIICHHBIE MPEIITPHs-
tusa [8—10]: mpeobpazoBarenu gacTotThl [11-13], ynpaBnsembie U Heympasise-
MbI€ BBIIpSAMHUTENH [14—16], perynasTopsl MOIIHOCTH, HICTOYHUKH BO30OHOBIIsIE-
Mol sHepretuku [17-19] u Hakonutenu snexktposnepruu [20]. Jdns cHuKeHUs
TapMOHHK B CETH HCHOJB3YIOT Pa3iIHyHble (QIIBTPHI, KOTOPBIE MOTYT KJIaCcCH-
(unmupoBaThCS Kak aKTHBHBIC, MMAacCUBHBIE W ruOpumabie [21-23]. Ha cero-
JHSIIHUN JIeHb aKTUBHBIC (QUIIBTPHI SBJISIOTCS JOCTATOYHO JOPOTHUM PEIICHUEM
JUTSL OIIPEJICIICHHBIX TPEANPUATHI [24], a TakKe HE BCEr/ia MOTYT MOJAXOAUTH TI0
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HaTPSKEHUIO CeTH M MOIIHOCTH TapMOHHK. 3a/ady 1O CHIDKEHHIO BO3IEHCTBHIA
BBICILIMX TAPMOHHUK B CETSX MOYKHO PEIINTH Oojiee ACIEeBbIMU TAaCCUBHBIMU (DHIIb-
TpaMH, OHAKO JUISl 3TOr0 HEOOXOIUM pacueT TapMOHHYECKHX TOKOB U KO QHUIIH-
€HTOB UCKXXECHUS TIPH PA3INIHON KOH(MUTYpaIHH IIeKTprdIecKoit cetn [25-27].

IIpsamas 3agaya mo pacdeTy mapaMeTpoB CETH Ha BBICIIMX FapMOHHUKaX: 3KC-
MEPUMEHTAIFHO MOXKHO M3MEpPUTHh TOK M HaIPsDKEHHE M HAWTH CONPOTHBIICHHE
Ha rapMoHuKax. [IpuToM HampspKeHHe M TOK pacKiaJblBaloTcsa B psaabl Dyphe,
HaXOIUTCSl CONMPOTHUBIICHUE HA Ka)XIOW TapMOHHMKE U 3aTeM — (DYHKIHS COIpO-
TUBJICHUsS] OT HOMepa rapmoHuku. OOpaTHas 3ajava 1Mo pacyeTy BBICIIUX rap-
MOHHUK — IPH M3BECTHOM HANpPSDKEHUM M CONPOTHUBIIEHHMM HArpy30K IOCUUTATh
rapmoHudeckue Toku [28, 29]. CompoTuBIeHHS Harpy30K Ha CETOAHSALIHHMA
JIEHb OOBIYHO IPECTABISIOTCS UMIIEIAHCAMH, TO €CTh MOJHBIMH COTPOTHUBIICHHU-
saMu. Mimrenanc, kKak KOMIUIEKCHasI BeJIMYMHA, UMEET JBa IapaMeTpa: aMIUTUTyIy
U apryMEHT, KOTOpbIe U3MEHSIOTCS B 3aBUCHMOCTH OT 4acTOThI MJIM HOMEpa rap-
MOHHKH. CXeMa CeTH NMPEACTABIAETCS CBOMM KBUBAJIEHTOM Ha KaXKI0H rapMOHU-
K€ OT/AEIBHO I ee pacuera u ananm3a [30]. [lomHple TOKHM WU HATIPSKCHUS BET-
Bell 3aTeM CyMMHpPYIOTCA IO MPUHIHUITY CYNeprno3uiyy. [IpruMepsl SKBUBaJICHTH-
pOBaHMA HArpy30K U MPUHIUI pacyeTa CeTH Ha BBICIIMX FapMOHHMKaX HarjsIHO
MPOIEMOHCTPUPOBAHBI Ha pHC. 1 ¥ 2 COOTBETCTBEHHO.
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Fig. 1. Transition from the general enterprise scheme (a) to the equivalent one (b)

Takum 0Opa3oM, BBIIICONMUCAHHBIII METOJ — METOJ aHaln3a HECHHYCO-
UIABHOCTY HAIPSKEHUH ¢ IMMOMOLIBIO CXEM 3aMEIIECHUS — MOTEHIUAIBHO MO-
JKET IO3BOJIUTh OIPEAEIUTh [TOKA3aTeNIN Ka4eCTBa AIEKTPOIHEPIUU CETH U IIPO-
BECTHU UX OICHKY Ha COOTBETCTBHUEC CTaHAAPTHBIM BCIWMYHMHAM, €CJIHN HU3BCCTHLI
CXEMBI 3aMEILEHUs 2JIEMEHTOB CETH M Harpy30K.

CxeMBblI 3aMelIeHUs] IOTpeOHuTENIel U TeHEPaTOPOB TOKOB BHICIIMX TaPMOHHK
SIBIISIOTCS Hau0OoJIee BaXKHBIMH HNCXOOHBIMH JAHHBIMU IPU PACUCTEC MoKa3aTesei
KayecTBa JJIEKTPO’HEPruu. Eciam >KBUBaJICHTHPOBAaHHE OOBEKTOB 3IIEKTPO-
TEXHUYECKOTO KOMILJIEKCa BBIIIOJHEHO C OOJIBIIMNM KOJMYECTBOM JOIMYIICHUH,
pe3yibpTaThl OyAyT WUMETh OOJNBIIMNE PACXOXKICHUS C JKCIECPUMEHTATHLHBIMHU
JTaHHBIMHU.
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Fig. 2. Calculation of distorted voltage using the equivalent circuit

CoBpeMeHHBIE METObI TPEJIaraloT COCTABIATh CXEMBI 3aMEIICHUS 00beK-
TOB 3JIEKTPOTEXHUUYECKUX KOMIUIEKCOB Ha OCHOBE: ITOKOMIIOHEHTHOTO COCTaBa
Harpy3ku [31], a Takke 3KCHIEpUMEHTAIBHBIX U3MepeHHit [32], KOTopsle MOTYT
WCTIONB30BaTh aJTOPUTMBI HEHPOHHBIX CEeTe Kak MeToIbl 00pabOTKH IaH-
HbIX [33]. OMHUM M3 TIOJIXOZI0B TAKXKE SIBIICTCS arperHpoBaHUe OOIIeH HArpys3-
KH B €IMHYIO SKBUBAICHTHYIO Mojelnb [30, 34—35]. 3aech moj o01ieit Harpy3Koit
MMOHMMAETCS MHOXKECTBO TOTPEOUTENel, KOTOphle MPEICTABISIOT HEISINMBIM
LesbiM: O(UCHOE 37aHue, JKWIOH J0M, CepBepHOE IMOMEIICHHUE, paclpenelu-
TEIHHYIO TOJICTAHITHIO U T. 1. [36—38].

Jannas paboTa OyJeT MOCBSAIICHA HCCISTOBAaHUIO HA OCHOBE UMHUTAIIMOHHO-
ro MOJCIHUPOBAHUS XapaKTepa arperupoBaHHON WM COCTaBHOW aCHHXPOHHOM
JBUTATEHHON HATpy3KH, TaK KakK 3a4acTylo MpH pacuyeTe Kod(HuIrenTa ucKka-
JKEHHsI 10 KOHIIA He M3BECTHO, CKOJIBKO JIBUTATEIEH MOXKET OBITh MOIKIIOYEHO
K IIMHAM CETH U KaK B TAKOM CIIy4ae OHa MOXKET IKBUBaJICHTUPOBATHCS.
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Cxembl 3aMellleHHs B TaHHOI padoTe

Jnis MccnemoBaHUS COCTaBHOM [IBUTATEIbHONW HArpy3KH HCIOJIh30BAIOCH
uMuTanmonHoe Moaenuposanue B cpeae MATLAB Simulink. Beero 6v110 BEHI-
OpaHo MATh aCUHXPOHHBIX JABUTaTenei mapku AUP.

B nanHOll paboTe MMHUTAIMOHHOE MOJICIIMPOBAHUE CPAaBHUBAIOCH C CY-
MIECTBYIOIIMMH METOJaMU 3aMeIeHUs 00O0OIIEHHON NBHUTaTeNbHONW HArpy3KH
B Ka4yeCTBE MOTPEeOUTENs BRICIIMX rapMoHHUK. [IepBas MeToIMKa B3ATa U3 PEKO-
Mengamuit CIGRE, BTopas MeTo/iuKa OCHOBBIBAE€TCS HA METOJIE, MPEIIaracMoM
U. B. XKexeneHko Ay aCUHXpPOHHBIX ABUrareneid. CxeMmbl 3aMeIIeHHs pUBe-
JICHBI Ha pUC. 3.

- TN -
|/'/|( “,:'u ) C”ﬁ\l ) |/( My
) &) )

[
R‘ ‘mx iX = nz,
L] T

Puc. 3. CxeMbl 3aMeIICHUs arperupoOBaHHOMN JBUraTeNIbHOW HATrpy3KH

Fig. 3. Equivalent circuits for aggregated motor load

Metonuka, pacCMOTpeHHass B [25], pEeKOMEHAYEeT 3KBUBAJICHTUPOBAHUE
MHOXECTBA JIBUTATENICH Kak mapajielbHOS COCTUHEHHE aKTUBHOTO (CTaTHue-
CKHI KOMITOHEHT) W MHAYKTHBHOTO (BPAIIAIOIIMICS KOMITOHEHT) COIPOTHUBIIC-
HUH. I[J'IS[ pacue€Ta UCIOJB3YCTCA HANIPSIKCHHA U aKTHUBHAA MOIIHOCTL, U3MEPSIC-
MBIC B TOYKE OOINETro MOJAKIIOUCHHS JBUTATENCH, U SMIUPHUECKHE Ko3(duIu-
EHTBI, KOTOPhIE HE UMEIOT CTPOTHX KPUTEPUEB BBIOOpA:

U2

R= .
(1-K)R’

U2
CL2(K+K,)KB

3neck Py — obmmias moTpebiasiemMast MOITHOCTE; K — ko3¢ dUIIUEHT, MOKa3bIBa-
IOLUI JTOJII0 JABUTaTeNbHOW HAarpy3Kd B oOIIeil Harpyske npeanpustus; Ky —
JIOJISL HATPY3KH, KOHTPOJIUpyeMast JICKTPOHUKOM, OT 00Iel Harpy3ku; K| mpe-
CTaBIIAET TSHKECTh YCIOBHUS 3aITyCKa IBUTATEIIS.

OO01mue pekoMeHaIuu J1s BbIOOpa qaHHbIX K03 uiuerTon: K = 0,8 — ais
MPOMBIIIUICHHBIX HArpy3ok; K; oObIYHO MPUHUMAETCS B AMarazoHe oT 4 1o 7;
Kr MOXeT pUHUMATHCS PAaBHBIM HYJIO. TakuM 00pa3oM, B TaHHOM HCCIIEI0Ba-
HUM OHU NpUHUMAKCH cieayromumu: K = 0,8; K1 =5,5; Kg=0.

Taxke ObIT PaccMOTPEH METOJ C JelICHHEM Ha IyCKOBOH K03()dUIMEeHT
y U. B. Kexenenko [27]:
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Tak xak aBuratenedl OBLIO HECKOJIBKO, ITyCKOBOW KO3(Q(HUIMEHT OBLT B3ST
KaK cpeiHee apu(METHIEeCKOe BCEX MYCKOBBIX KO3(DPHIIMEHTOB JBUTATENICH.

HNMuTanuonHoe MojaeaupoBanue. TakuMm o00pa3oM, C IEIBI0 ITPOBEPKH
MIPUMEHUMOCTH BBIIICTICPEUUCIICHHBIX CXEM 3aMEIICHUSI MPOBOIMIOCH WUMUTA-
unonHoe mojenupoBanne B MATLAB Simulink u Ha oCHOBE BXOJIHBIX JaHHBIX
B BHJIC U3MEPEHHBIX 3HAYCHUI: aKTUBHOW MOILHOCTH — JUISl METOOUKHU 1; TOKOB
Y HaMpsHKEHWH — JUIsl METOJUKA 2, OHU CPaBHUBAIUCH C Pe3yJbTaTaMHd WUMHUTAa-
LIMOHHOTO MozenupoBaHus. OOBIYHO B KaTajloraX ACUHXPOHHBIX JIBUTATEICH
NPUBOASATCS CIAEAYIOIINE BEIUYMHBI, KOTOPbIE HA3bIBAIOT MACHOPTHBIMH, WU
HOMUHAIBHBIMH, TTapaMeTpamMu: Py, — MOIITHOCTH Ha Bally; ® — 9acTOTa BpaIle-
HUS POTOPA; Iy — TOK cTaTOpa; Uy — HANPSOIKCHHE CETH; 1) — KOA(DDUITUCHT
IOJIE3HOTO ACHCTBUS; COSP — TO K€ MOIIHOCTH; I/ [0 — TO e TYCKOBOTO TOKA;
M/ Mo — TO K€ TIYCKOBOTO MOMEHTA Ha BANY; Mya/ Moy — TO K€ KPUTHUECKOTO
MOMEHTa Ha Baity; Mo, — MOMEHT Ha Baily; J — TO e nunepuuu. [lapamerpsl mo-
JENMPYEMBIX BUTATENel npuBeaeHsbl B Tabn. 1. OHHM UCTIONB30BAUCH IS pac-
YyeTa MmapaMeTpoB CXEMBI 3aMeIIeHus ABUraTeneil (R; — akTHBHOE COTPOTHBIIE-
HHE CTaTopa; R, — TO ke poropa; L; — MHAYKTUBHOCTh CTaTopa; L, — TO e po-
Topa; L, — TO )€ MarHWTHOTO 3a30pa) NpPU TOMOIIU BCTPOCHHOW (HYHKIHH
Parameter Estimator, KoTopble UCIIONB3YIOTCA TTPH MOAeIpoBaHud. [lapameTpsr
CXeM 3aMeIIeHUs TPUBEIeHBI B Ta0M. 2.

Tabnuya 1
ITapameTpsl MoaeIMpPYyeMBbIX ABHTraTE e
Parameters of motors in simulation
JlBurarenn ANP90L6 ANWPI90LAS AHNPI90LB8 ANP100S2 | AHWP100L2

Pion, KBT 1,50 0,75 1,10 4,00 5,50

®, 00/MUH 920 680 680 2880 2900
Lo A 4,00 2,43 3,36 8,20 11,10
Uiow, B 220

1, % 76,0 70,0 72,0 84,2 85,7
cosd 0,75 0,67 0,69 0,88 0,88

T/ Lion 5,5 4,0 5,0 7,5 7,5
M/ Myon 2,0 1,8 1,8 2,2 2,2
Myax!Miyon 2,1 2,0 2,0 2,3 2,3
Myon, H'M 15,57 10,53 15,45 13,26 18,11

J, kr-M 0,0067 0,0063 0,009 0,007 0,008

Tabauya 2
IIapameTpsl cxem 3aMelleHUsI JIBUTaTeJIel U1l MOJeTHPOBAHUS
Parameters of equivalent circuits of motors for modeling
JlBurarennb ANPI0L6 ANPI0LAS ANPI0LB8 ANP100S2 ANWP100L2

Ry, OMm 7,98 15,29 10,39 3,18 2,04

R,, OMm 9,44 19,46 13,35 2,234 1,315
L, Tn 0,0132 0,0330 0,0226 0,0009 0,0021
L), Tn 0,0134 0,0335 0,0226 0,0014 0,015
L,,Tu 0,2126 0,3035 0,2286 0,1351 0,1181
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CoOpanHas cxemMa UMUTAIIMOHHON MOJIeNT TIPUBEIeHa Ha puC. 4.
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Fig. 4. MATLAB Simulink simulation model for studying composite motor load
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MopennpoBalIiCh MATh ACHHXPOHHBIX JBUTATEINEH, TIOIKITFOUEHHBIX K OOIIeH
[IMHE MUTAHUS, COCIUHECHHOM C HCTOYHHKOM CHUHYCOUJATHHOTO HAIMPSDKCHUS
Uepe3 AKTHUBHO-UHAYKTHBHOC COIPOTUBIICHUC. CHCZ[YIOH_II/IC JaHHBIC BBIBOIU-
JIUCh U3 JBUTATENEH B BUJE OCLHMIUIOIPAMM: YacTOTa BPAILEHUsI, MOMEHT Ha Ba-
JIy ¥ TOKH, JJIsl TOTO YTOOBI OTCICAUTh MPaBUIBHOCTh OTPAOOTKH Mojaenu. Tak-
e (PUKCUPOBAINCH HANpPsDKEHUE, TOK U aKTUBHAs MOIIHOCTH, MOTpeOIsieMble
JIBUTATESIMA Ha OOIIeH IIMHE, KOTOphIe Jaliee HMCIIONB30BAIHNCH MPH pacyeTe
MMIIEJaHCa arperupOBaHHON IBUTATEIHHON HATPY3KH.

MMIEAHC WHI

Discrete
2006 5.
powargu

Puc. 4. Umuranmmonnas moneinb MATLAB Simulink mis vccnenoBadus cocTaBHO

N3MEPUTEIN
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s Toro 9T00BI BHECTH UCKaXEHHUS B CETh, HCIIOJIB30BAJICS UCTOYHHUK BBIC-
IMX TapMOHMK B BUJE LIECTHITYJILCHOTO AMOAHOTO BhIpsiMurens. [Ipu mone-
JIUPOBAHUM JBUTATENH paboTanu B YeThIpex pekumax 3arpysku: 50; 70; 90
u 100 % oT HOMHHATFHOTO MOMEHTa Ha Balxy. MOMEHT U3MEHSUICS OJHOBpE-
MEHHO JUTsSl BCEX ABHUTATeleH, YTOOBI MOXKHO OBLIO 3aUKCHpPOBATH paboTy 00-
el ABUTaTeNbHOW HArpy3KH MPHU Pa3HBIX MOMEHTaX W OMpPEESNUThH ATy 3aBH-
cumocth. [lonydenHble nmaHHBIE OOpaOaThiBanmmch mpu momomn Fast Fourier
Transformation ananuza. Takum 0Opa3oM, BBIUMCISUIMCH CHAdana TapMOHHYE-
CKH€ COCTAaBIISIOIINE TOKA M HAIPSDKEHUS, a 3aTeM — TapMOHUYECKHE COCTaBIISI-
FOIAE UMIIEJaHCA COCTABHOM JABUTATEIbHON HATPY3KU.

ITapameTpsl MoeNTH OBIIH CIICAYIONMMMU: TTapaMeTpsl Jiuaur — 0,33 OM — s
akTuBHOro conpotusieHus, 0,0011 I'n — 111 MHIYKTUBHOCTH, MOILHOCTh HArpy3KH
HIECTHITYTIbCHOTO BRIIpsAIMUTETS — 5 KBT, pazHoe HanpsbkeHne ucrounnka — 220 B,
gactora cet — 50 ', MOZeTHpPOBaHIE OCYIIECTBIUIOCH ¢ maroM 2-107° ¢, uto mo
Teopeme KoTenpHHWKOBa SBIAETCS JTOCTATOYHO TOYHBIM ISl MTOMYYEHHS IaHHBIX.
HeoOxoauMo Takke OTMETHTh, YTO JaHHBIE 00 KCIIEPUMEHTE IPOBOIAMIHNCH TOJb-
KO 110 07THO# (ha3e — paze 4, 4To He sBIAETCS OrpaHUUCHUEM, TaK KaK Harpy3ka Obl-
Jla CHMMETPHUYHOH B X0/I€ UMHUTALIIOHHOTO MOJICITUPOBAHMS.

Pe3yabTaThl 1 00Cy:KI€eHUE

ITo pe3ymbpraTaM UMHUTAITMOHHOTO MOICIHPOBAHHSA M PACUETOB IO CXEMaM
3aMENICHHS IJIs1 CPAaBHUTEIHHOM OIEHKH TOCTPOCHBI 3aBUCUMOCTH JIJIST MOAYJICH
U apryMeHTOB HMIIEJIAHCA, MPEICTABICHHBIX B BHJE aMIUIATYIHO-YaCTOTHBIX
1 (pa304acTOTHBIX XapaKTEPUCTHUK HA pUC. 5 U 6 COOTBETCTBEHHO. Ha kaxkmom
rpaduke npuBeJeHBI 12 3aBUCUMOCTEl COOTBETCTBYIOMICH (DYHKIIMM OT HOMEpa
TFapMOHMKH JUIS Pa3HBIX PEKUMOB PabOThI qBUTaTenei. Takke YUCIIeHHbIC 3HA-
YEHUS TMPUBOIATCA B TaOJ. 3 B COOTBETCTBYIONUX rpadax: « M. M.» — 1S ©MU-
TaIMOHHOTO MOJIEIUPOBAHUS, «1» U «2» — JIsl pacyeToB MO cXemMaM 3aMenieHus 1
u 2 coorBercTBeHHO. OOCYXKICHHE PE3yIbTATOB MPUBOAUTCS ISl S- U BBIIIE
FapMOHUK, TaK KaK KOMILIEKCHOE COMPOTHUBIICHHUE ABUTATENS Ha BBICHINX Tap-
MOHUKAaX HE 3aBUCUT OT COMPOTUBIICHHUS HA OCHOBHOH [39].

Tabnuya 3
Pe3yabTaThl HFMUTAIHOHHOTO MOJETHPOBAHMS H PACUETOB
Results of simulation modeling and calculations
Harpy3kal 0,5M, 0,7M,
Z, Om Qarp» TPAIL. Z, Om Qarp» TPAIL.
! Um.m.| 1 2 |Um.m.| 1 2 |Um. m. 1 2 |Um.m.| 1 2

1 9,73 | 3,05 | 1,65 | 54,6 |87.9]90,0| 838 | 2.41 | 1,42 | 50,9 |87,9|90,0
2,12 [ 15,02 | 8,25 | 50,8 |79,7(90,0 | 2,42 | 11,89 | 7,10 | 50,4 |79,7 | 90,0
7 2,67 20,72 | 11,54 | 55,8 | 75,7]90,0 | 3,06 | 1639 | 9,94 | 54,8 | 75,7 90,0
11 | 344 | 31,19 | 18,14 | 64,0 | 68,2 90,0 | 4,00 | 24,68 | 15,63 | 65,1 | 68,2 (90,0
13 | 4,04 | 3589 | 21,44 | 66,2 | 64,7|90,0| 4,65 | 28,40 | 18,47 | 67.3 | 64,7 90,0
17 | 479 | 44,16 | 28,04 | 72,7 58,3 |90,0| 5,71 | 34,94 | 24,15 | 72,5 | 58,3 90,0
19 | 533 |47,74 [ 3133 | 72,9 554|900 632 | 37,77 | 26,99 | 73,4 |55.4]90,0
23 | 6,46 | 53,88 (3793 ] 79.4 50,1900 7,50 | 42,63 | 32,67 | 77,8 |50,1 90,0
25 | 6,99 | 56,49 | 41,23 | 81,2 [47,7]90,0 | 8,01 | 44,70 | 35,52 | 78,6 |47,7 90,0
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Okonuanue mabn. 3

End of table 3
IHarpy3k 0,9Myon Miyou
Z, Om Qarp» TPAIL. Z, Om Qarps TPATL.
! m.m.| 1 2 (Um.m| 1 2 |[Um. M. 1 2 |Um.wm.| 1 2

1 7,33 | 1,85 | 1,24 | 43,8 |187,9190,0| 6,40 | 1,51 | 1,08 | 39,7 |87,9]90,0
2,77 1 9,09 | 6,21 | 50,1 |79,7(90,0| 3,13 | 7,44 | 542 | 50,4 | 79,7|90,0
7 3,51 | 12,53 | 8,70 | 54,2 | 75,7190,0 | 3,98 | 10,26 | 7,59 | 54,4 | 75,7 90,0
11 4,56 | 18,86 | 13,67 | 65,4 | 68,2 (90,0 | 526 | 15,45 | 11,93 | 65,6 | 68,2 | 90,0
13 5,21 | 21,71 | 16,16 | 67,4 | 64,7|90,0 | 6,06 | 17,78 | 14,10 | 68,0 | 64,7 | 90,0
17 6,57 | 26,71 | 21,13 | 73,4 | 58,3|90,0 | 7,49 | 21,87 | 18,44 | 72,3 | 58,3 90,0
19 7,32 | 28,87 | 23,61 | 75,0 | 55,4190,0 | 839 |23,64 | 20,61 | 73,6 | 55,4]90,0
23 8,76 | 32,59 | 28,58 | 76,6 |50,1|90,0| 9,62 | 26,68 | 24,95 | 77,0 | 50,1 | 90,0
25 9,40 | 34,17 | 31,07 | 77,3 | 47,7]|90,0 | 10,37 | 27,98 | 27,12 | 77,4 | 47,7 90,0
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Fig. 5. Impedance of a composite motor load depending on the harmonic number

JJis *MUTaIMOHHOTO MOJISTHUPOBAHUS M0 aMIUTHTYAHO-YaCTOTHON XapakTe-
PUCTUKE BUAHO, YTO C POCTOM HArPy3KH yBEIMUYUBAETCA MOJYJIb KOMIUIEKCHOTO
COTIPOTHBJICHHUS] JBUTATEIHHON HArpy3KHM Ha BBICIIMX TapMOHHKaX, MPUTOM
MOJKHO 3aMETHUTh, YTO MEHSETCS IMPOMOPIMOHAIBPHO MOMEHTY Ha Bamy. Kaue-
CTBEHHAs XapaKTePUCTHKA TpauKa B 30HE BBICIIUX TAPMOHUK IIPH 3TOM HE Me-
Hsetcs. [lamee ¢ pocToM HOMepa TapMOHHMK M 9aCTOTHI CONPOTHBIIEHUE YBEIH-
YUBAETCA MPSMO TPOIOPIUOHATHFHO HOMEPY TapMOHHKH. Ecim HeoOxommmo
MPOaHATN3UPOBATh CETh 10 50-H rapMOHUKH, TOTyYEHHBIE 3aBUCUMOCTH MOYKHO
AKCTPAIOIUPOBATh U MOIYYNUTh TOYKHU BBIIMIE 25-i TapMOHUKH. CXEMBI 3aMeTre-
HUs 1 ¥ 2 IMEIOT COBCEM MHOUM XapakTep, TaKk KaKk OHH U3MEHSIOTCS B COOTBET-
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CTBUU C CONPOTUBJIICHUECM Ha 1-i TapMOHHUKE, KOTOPOC YMCHBIIACTCA NIPHU YBC-
JIMYCHUHU MOMCHTA Ha Baly.
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Puc. 6. ®azoBas xapaKTepUCTHKa COCTABHOM JBUTaTEIbHOIN Harpy3Ku
B 3aBUCUMOCTH OT HOMEpa rapMOHHUKH

Fig. 6. Phase characteristic of a composite motor load depending
on the harmonic number

[To ¢azoBoii xapakTepuCTHKE TSI HMUTALUOHHOTO MOAEIHPOBAHUS BHIHO,
YTO C POCTOM HOME€pa TapMOHHUKH pacTeT apryMEeHT KOMIIJIEKCHOTO COMpPOTHB-
aenusi. Cam rpaduk UMeeT aCHMITOTUYECKUN XapakTep U cTpeMuTcs K 90° mpu
CTPEMJICHUU YacTOTHI K OeCKOHE4YHOCTH. BHUIHO, YTO YMCIICHHbBIE 3HAYEHUS ap-
TYMEHTAa KOMIUIEKCHOI'O COINPOTHBJICHUS HE MEHSETCS B 3aBHCUMOCTH OT
Harpy3ku. OTO TOBOPUT O TOM, YTO COOTHOIIIEHHE aKTUBHOM MOILHOCTH K peak-
THUBHOH MOIIHOCTH Ha TapMOHMKAaxX HE 3aBUCHUT OT Harpy3KH Ha BaJlaX JBHIaTe-
JIeH, 9YTO MOKET MO3BOJIUTH HE YUUTHIBATh PEXXUM PaOOTHl ACHHXPOHHBIX JIBUTa-
Tesel Ipy aHaIu3e JIEKTPUUECKOM CeTH Ha BBICIIUX FApMOHHUKAX.

BbIBO/IbI

1. Ilpoananu3upoBaHbl CYIIECTBYIOIIUE METOIBI 3aMELICHHs arperupoBaH-
HOHM JBHUTaTENIEHOW HArpy3KH, MO KOTOPHIM OBIIM PAacCYMTAHBI KOMIUICKCHBIC
COTIPOTUBJIEHNS U CPABHEHBI C pe3yJbTaTaMHi HMUTAIIMOHHOTO MOJIEIHPOBAHNS.

2. BrIsiBIEHa HECXOAWMOCTb PE3yJIbTaTOB MMHUTALMOHHOTO MOJIETMPOBAHUS C
pe3yJbTaTaMH HWCCIEIOBAHWI IO CYIIECTBYIOIIMM METOIHMKaM KakK IO KOoJIHde-
CTBEHHBIM, TaK U MO KaueCTBEHHBIM XapaKTEPHCTHKAaM, O YEM MOXHO CYAUTb IO
aMIDIATYJHO-9aCTOTHBIM XapaktepucTukaMm. OmmlKka CBsi3aHa C TEOPETHIECKUM
MIPEATIONOKEHHEM O TOM, YTO KOMITIEKCHOE CONPOTHBIICHHE Ha (DyHIaMEHTAIIbHOM
TapMOHHKE JIOJDKHO W3MEHSTBCS MPOMOPUUOHATIEHO HOMEPY, ISl TOrO YTOOBI MO-
JIY9IUTh KOMIUIEKCHOE COMPOTHBIICHNE JBUTATENS HA BBICIINX TAPMOHHKAX.
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3. HecxoauMoCTh pe3ysbTaTOB 3KCIEPUMEHTA C Pe3yJbTaTaMU MOJCIHPO-
BaHMs YKa3bIBaCT HA TO, YTO HEOOXOAMMO MPOAOIIKATH MCCICIOBAHUS B 00Ja-
CTH COCTaBHBIX Harpy3ok. Xapakrep rpaduka, MOJyYeHHBIH MO pe3yibTaTam
MMUTAIMOHHOTO MOJICIIMPOBAHUS, COOTBETCTBYET TpaduKy, MOTYyUYEHHOMY IO
pe3ylibTaTaM 3KCIIEPUMEHTA JUIS OJHOTO ACHHXPOHHOTO JIBUTATENs, TPOBOIUB-
merocs B pabote [39]. OnmHako arperupoBaHHAs IBUTATEIIbHAS HATPY3KH BEACT
ce0s1 uHaye u IMPOABIIACT SMEPAKECHTHOC CBOMCTBO HU3MEHATHCS B 3aBUCUMOCTH
OT MOMEHTA Ha BaJly JIBUTATEJICi, 4ero He OBUIO BBISBICHO B 3KCICPUMCHTE
C OZIMHOYHBIM ACUHXPOHHBIM JBUTATEIICM.
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Pedepar. Ha nnurensHO [OITyCTHMBIE TOKH HAarpy3KH CHJIOBBIX KaOeneil BiuseT GOJbIIoe KOJH-
4ecTBO (JaKTOPOB, BKIIIOYAsl YCIOBHS OKpPYJKalolleil cpelbl, Criocod MPOKIIa KK, a TAaKKe [eOMeT-
pHUECKHE, TETIOBBIE U AEKTPUIECKHE XapaKTEPUCTUKU KOHCTPYKIUH Kabens. B karamorax mpo-
M3BOJMTENICH CHIIOBBIX Kabelel ¢ M30MIAIHell U3 CIINTOTO MOJMITUICHA He YTOYHSIIOTCS 3HAYCHUS
JUTUTENIBHO JOIYCTHMBIX TOKOB HAarpy3Ku, KOTOpbIe OBl yUHTHIBAIH IIOMAb HOIEPEIHOTO cede-
HUS DKpaHa, HAUTMYHE aIFOMOIIOJIMMEPHON JIEHTHI M OPOHU M3 AIIOMUHHEBBIX IPOBOJOK. DTH KOM-
TIOHEHTHI MOTYT OKa3bIBaTh 3HAYMTEIIHHOE BO3JCHCTBUE Ha JOIYCTUMYIO HAarpy3Ky W3-3a HHIYLH-
POBaHHBIX B HUX TOKOB IIPH JBYCTOPOHHEM 3a3€MJICHHUH, YTO BEJET K JOIOJHUTEIBHOMY HarpeBy
ka0enst. Llenbro naHHON pabOThI SABNIACTCS aHAIM3 BIMSHUS BBILICYIIOMSIHYTHIX ()AKTOPOB HA JUIU-
TEIBHO JOIMYCTUMbIE TOKH Harpy3ku. B pabote mpencraBieHs! GpopMyIIsl At pacdeTa JUINTEIEHO
JOIyCTUMOTO TOKA HArpy3KH, KOTOpPBIE yUHTHIBAIOT OCOOCHHOCTH KOHCTPYKIMH PaccCMaTpHBae-
MBIX Kabeneil. PacdeTs! mokasany, 4To JOmMycTHMMasi Harpy3ka IpH yBEIWYCHUH IUIOMIAIH MOIe-
PEYHOrO CeueHus SKpaHa U3 HOMHHAIBHOTO psiia Ha OJJHY CTYNEHb MOXKET yMEHBIIAThCS Ha 6 %.
BBeznenne amoMONMONUMEpHOH JIEHTH B KOHCTPYKIHIO KaOens U3MEHseT JOIMyCTUMYIO Harpy3Ky
He Oornee yeM Ha 2 %, Hanuuue OPOHU MOXKET MPUBECTH K YMEHBILIEHHIO JOIyCTUMOW Harpys-
ku 10 18 % m ee yBemmuenuo 10 13 % B 3aBHCHMOCTH OT CEUCHHS >KHIIBI M 3KpaHa, crocoda
1 ycioBuii npokiaaky. ITomydeHnble pe3yIbTaTsl pacieTOB OTJIMYAIOTCS OT JaHHBIX U3 KaTaloroB
10 25 %. IlorpemHocTH yKa3bIBaIOT HA HEOOXOANMOCTh pacdeTa JUINTENEHO JOMYCTUMOH TOKOBOH
Harpy3kH kabelnei, OTIINYAIONIUXCsl CBOCH KOHCTPYKIHEH.

KnwueBble cjioBa: KaOelbHBIE JIMHWY, IUIOINAaAb ITONEPEYHOTO0 CEYCHHUA, AJTOMONOJIUMEpPHASA
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Long-Term Permissible Load Currents
of Single-Core Cables with a Voltage of 10 kV
with Cross-Linked Polyethylene Insulation of Various Designs

M. E. Vysotski"
YBelarussian National Technical University (Minsk, Republic of Belarus)

Abstract. There is a large number of factors that affect the long-term permissible load currents of
power cables, including environmental conditions, the method of laying, as well as the geometric,
thermal and electrical characteristics of the cable structure. The catalogs of manufacturers of po-
wer cables with cross-linked polyethylene insulation do not specify the long-term permissible load
currents, which would take into account the cross-sectional area of the screen, the presence
of aluminum polymer tape and armor made of aluminum wires. These components can have
a significant impact on the permissible load due to the currents induced in them during two-way
grounding, which leads to additional heating of the cable. The purpose of this study is to analyze
the influence of the above-mentioned factors on the long-term permissible load currents. The paper
presents formulas for calculating the long-term permissible load current, which take into account
the design features of the cables under consideration. The calculations have shown that the permis-
sible load can decrease by 6 % with an increase in the cross-sectional area of the screen from
the nominal row by one step. The introduction of an aluminum polymer tape into the cable struc-
ture changes the permissible load by no more than 2 %. The presence of armor can lead to a de-
crease in the permissible load by up to 18 % and its increase by up to 13 %, depending on the
section of the core and screen, the method and conditions of laying. The calculation results
obtained differ from the catalog data by up to 25%. While the obtained errors indicate the need
to form coefficients for a more accurate determination of the long-term permissible cable currents.

Keywords: cable lines, cross-sectional area, aluminum polymer tape, aluminum wire armor,
copper wire screen

For citation: Vysotski M. E. (2024) Long-Term Permissible Load Currents of Single-Core Cables
with a Voltage of 10 kV with Cross-Linked Polyethylene Insulation of Various Designs. Energe-
tika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 67 (4), 300-314. https://doi.org/10.
21122/1029-7448-2024-67-4-300-314 (in Russian)

BBeaenune

B uccrenoBanmax [1, 2] noka3zaHa 3(h(peKTHUBHOCTh MPUMEHEHHS CHIIOBBIX
kabeneit HanpsprkeaueM 6—110 kB ¢ n3oms1Melt U3 CIMUTOTO MOMMATHIICHA. 3Ha-
YCHUSA MIIUTECIBHO JOMYCTUMBIX TOKOB HArpy3KH CHJIOBBIX J3JICKTPHYCCKHUX Ka6e-
JIeH ONpEeeNiaoT HAJCKHOCTh U 0€30MaCHOCTh IKCIUTyaTallud 3JIEKTPHYSCKUX
cereit. MccnenoBanus, mpoBeleHHBIE B [3—5], MOTYEpKHUBAIOT 3HAYUTEIHLHOE
BIUSHHUE TAaKHX MApaMeTPOB, KaK TEIJIOBOE COMPOTUBJIICHHE TPYyHTA, TIIyOHHA
VKKK Ka0elsi B 3eMJIF0, UHTCHCUBHOCTD COJTHEUHOTO M3JIyUYCHUS, PACCTOSHUE
MeXIy KaOelsiMH, a Takke MaTephall U TUIOMIAb TOIIEPEYHOTO CEUSHHS TOKO-
BEYIINX K Ha 3HAYSHHS [UTUTEIHHO TOMMYCTUMBIX TOKOB HAIPy3KH.

B mpown3BOACTBEHHBIX KaTanorax Ha CUJIOBble KabOemwm [6—8] mpuBOmsTCA
3HAYCHMS TOKOBBIX HArpy30K Ha OJHOXWJIbHBIC KaOelH, YYUTHIBAIOIIME KJIace
HANPSDKEHYsSI, MaTepHUall U ILIONIAb MOMEPEYHOTO CEUSHMSI KU, CIIOCO0 U yCIIO-
BUS TPOKJIANKH (TPEYTOJPHUKOM WJIA B TUIOCKOCTH; B 3€MIJIE HIIH B BO3IYXE).
OpmHako Ha TEIJIOBOW PeXUM PabOTHI KaOels BIMSIOT TAak)Ke IIOMAIh MoTeped-
HOI'0 CECYCHUS 3KpaHa U HATNYUC 3allIUTHBIX MCTAJNIMYCCKUX CJIOEB B KOHCTPYK-
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UK Kabens, HampuMep aTiOMOIIOJIMMEPHON JICHTHI IS MONEePEeYHON TepMeTH-
3alUH U IPOBOJIOYHON OpoHHU U3 amomuHus. Kabenn, ocHaleHHbIE 3 THBIMH
METAJNIMYECKAMHU CIOSAMH, MUMEIOT M3-3a2 OTOTO0 H3MEHEHHBIE T'€OMETPUYECKHE
xapakTepucTukd. [Ipu IBYCTOpOHHEM 3a3eMJIEHHH OTMEUYEHHBIX CJIOEB B HHUX
WHAYLHUPYIOTCS TOKH, YTO B KOHEYHOM HUTOTE CIIOCOOCTBYET MOBBILICHUIO TEM-
[epaTypbl HarpeBa *WIbl. JDTO MPEANONaracT BO3MOKHOCTh CHIKEHHS [OIY-
CTHUMOM Harpy3ku. Henorpyska kabenbHON JTMHUN MOKET yKa3bIBaTh Ha IEJIECO-
00pa3HOCTh MCHOJIB30BaHMsI KaOemsl ¢ MEHBIIEH IUIOMAAbi0 OMEPEYHOro ceve-
HUS JKWIBIL, B TO BpeMs Kak Meperpy3ka MOKET MPUBECTH K COKPAILEHUIO CPOKa
CIry>kObI Ka0eJisl ¥ MOBBIILIEHUIO PUCKA BOSHUKHOBEHUS aBAPUUHBIX CUTYaLUH.
Lenp maHHOW pabOTHI 3aKIIOYACTCS B OLICHKE CTEIEHU BIIMSHUS IUIOINAIM
MIOTIEPEYHOr0 CEYEHUsI JKpaHa, HAJIWYMs AJTIOMONOJIUMEPHOM JIEHTBI M IIPO-
BOJIOYHOH OpOHM M3 aJTIOMHMHUS Ha 3HAYCHUS [UINTEIBHO IOMyCTUMBIX TOKOB.
Jlia mocTrKeHHs TTOCTaBIEHHON LENH MPEAINoiaraeTcsl BHIIOIHUTD pacueT JJTHU-
TEJIPHO AOIYCTHMBIX TOKOB AJIs KaOenel ¢ n30uel U3 CIINTOro MOJIU3THIICHA
Y Hapy>XHOU MOJMMEpHON 000s0ukoii Ha HamnpsbkeHue 10 kB ¢ ceueHneM Toko-
Benymumx xuil S ot 50 mo 1000 MM’ M CEeUeHHEM MEJIHOro 3kpaHa S, oT 16

110 240 Mm%, To ecTh HEOOXOAMMO BBISBHTH 3aBHCUMOCTD MeXJTy KOHCTPYKTHB-
HBEIMU OCOOCHHOCTSIMH KaOelel W WX CIIOCOOHOCTHIO BEIICPKHUBATH OMpEIe-
JIEHHBIC YPOBHH HArpy3Kd 0e3 pucKa sl JOJITOBEYHOCTH W O€30MaCHOCTH DKC-
Ty aTaluy.

Onpenesnenne 1IUTEJbHO J0NMYCTHMOI0 TOKA HATPY3KH

B cootBercTBUU ¢ [9] gomycTHMOe 3HAUCHHE TOKOBON HArpy3KH IJISl OJTHO-
JKIIIBHBIX KaOesed, MpOJIOKEHHBIX B IT0YBE, BBICBIXaHHWE KOTOPOIl HE MpPOHC-
XOJUT, WK KaOemnei, MPOJIOXKCHHBIX B BO3IyXe, 0€3 ydyera JUIICKTPUYCCKUX
noteps (I HM30JSAIMH W3 CIIMTOrO MMOJIMATHIICHA Y4YeT JUAJICKTPHUYCCKUX
TIOTEPh BeOyT pHu (ha3HOM HaIpsLKEHUH oT 63,5 kB) onpenensiercs mo dhopmye

0,5
/- A9 , (1)
RT, +R(A+A)T, +RA+A + 2T + 1)

rae [ — TOK, MPOXOISAIMH 10 OJHOM *kune kabens, A; AO=6, -0, — NpeBb-

IIEHUE TEMIIEPATyPHI KUl Kabels Hal CpeIHel TeMIlepaTypoi OKpy»Karomeit
cpensl, °C; 0,0, = 90 °C — ms kabenelt ¢ H30AIMEH W3 CITUTOTO TOJTUATHIICHA;
TEMIIEpaTypy OKpyKaromeil cpensl 6, mpuMeM Ui mpokiaiaku B 3emie 15 °C,
B Bo3ayxe 25 °C [10]; R — compoTHBIEHHE KUJIBI KaOemns MepeMeHHOMY TOKY
Ha eJUHHMIY JJIMHBI Kalens mpu MakcHUMallbHOW paboueit Temneparype, Om/wm;

T, — TEIIOBOE CONPOTHUBICHUE M3OJALUHN MEXKAY KHUI0H U skpaHoMm, K-m/BT;
T, — TO ke MOAYIIKU (BHYTPCHHEH 000JI0UYKH) MEXTY SKpaHOM U OpoHeH (st
OpoHupoBaHHBIX KaOeneii), K-M/Bt; 7; — To ke Hapy»HOrO 3alUTHOTO HO-

KpbITUs (HapykHOU oOonoukn), K-m/Bt; T, — TO ke MeXAy MOBEPXHOCTBIO



M. E. Vysotski
Long-Term Permissible Load Currents of Single-Core Cables with a Voltage of 10 kV... 303

Kalens U okpyskaromen cpenoif, K-m/Bt; A, — oTHOIIEHHE OTEPh MOLIHOCTH
B DKpaHe K OOLIMM MOTepsAM B JKUIaxX Kabens; A, — TO ke B OpoHe K 0OIIUM IOo-
TEpsIM B JKUJIaX KaOeJs.

T'eomempuueckue u snexkmpuueckue napamempul kadeneu 10 xB. {namerp
Kabenst d B 00IIEeM cirydae MOXKHO 3armucath B Buje Gopmynst [11]

d=d, +2(A, +A,+A,+A +A3Kp+Aan+ABH+A6p+A06OH), (1)

pasn

rac d)x — AUaMCTP KUJIbI; A A — TONIIWHA 9KpaHa I10 XKWJIC U 110 U30JId-

9K 2 e

muu (0,6 MM); A, — TO ke u3ossauu (3,4 Mm); A . — TO K€ pa3JIeUTENbHOTO

pasn
cnost (0,2 Mm); 2A,,, — TO XKe 9KpaHa U3 MEAHBIX IPOBOJIOK JUIsl CEYCHNN SKpaHa
16; 25; 35; 50; 70; 95; 120; 150; 185; 240 coorBercTBenno 1,1; 1,2; 1,4; 1,7; 2,0;
2,4; 2,7; 3,0; 4,0; 5,0 mm [12]; A, — TO e aIFOMOIOIUMEPHON JIEHTHI (TOJLIH-
Ha amomuHMeBod dYactu 0,15 mm, Tommmuaa monmmepHod dwactu 0,05 Mm);
A, — TO e BHyTpeHHeii obonouku (moaymku) (2,0 Mm); A — namerp nposo-

JIOK OpoHM JuIa Kabenel ¢ quamMeTpoM mof OpoHer 25-35 mm; 35-60 MM cooT-
BeTcTBeHHO 2,0; 2,5 mMm [12]; A — TO K€ Hapy>XHOr0 3allUTHOrO IOKPbI-

o060
tas 3,0; 3,2; 3,4; 3,6 MM mipu quamerpe moxa obonoukoit o 40; 40-50; 50-60;
cBhIie 60 MM COOTBETCTBEHHO.

[Ipu 3ToM ecnu B kKabesie OTCYTCTBYET alFOMOITOJIMMEpHAs JIGHTa, TO B (op-

myie (1) omyckaeres A, , eciu OTCYTCTBYET OpOHSL, TO omyckaeres A, + Ag .

an’

[nomaapr monepevyHoro ceueHus aTtoMOIOIUMEPHOM JIEHTHI
_ 2 2
S, =n(ry, —1r,)/2,
TAE 7y, — HAPYKHBIA paguyC aFOMHHUEBON YacTH aJFOMOIOJIUMEPHOW JICHTHI,

7, —BHYTPEHHHUH paJuyC aJIOMUHUEBOU YaCTU aIIOMOIOIMMEPHOU JIEHTHI;

HJ'IO]J_IB.)IL MOMCPEYHOI'0 CCUCHU 6p0HI/I 13 AJIIOMUHUCBLIX ITPOBOJIOK

Sep = NSgp>
WDy, +4s,)
roe N= T — KOJIMMECTBO POBOJIOK OponH [13]; Dy =d —2(A ., HAg,) —
P
muametp kabenst mon Oponeit; F — xodddunment yxmanku, npumem 1,048;
n-A;

Sep — IUTOIIAb OJHOM MPOBOJIOKU OPOHH.

ConpoTHBIEHHUE KIIbI TIEPEMEHHOMY TOKY [9]
R= R'(l + Vs + yp)’

rae y, — Kod(pQUIMeHT OBEPXHOCTHOTO dekra; y, — 10 ke apdekra Omn-

30cTH; R’ — CONpPOTHBJIEHHE TIOCTOSHHOMY TOKY IPH MakKCHMaJbHOM paboueit
TeMIiepaType
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R'=Ry| 1+0(6,, —20) ],

rae R,, — CONPOTHBIEHUE IEPEMEHHOMY TOKy npu Temneparype 20 °C, Om/m
(ymenbHOE DIEKTPUYECKOE COMNPOTUBICHUE JKWJIBI M 3KpaHa I MeIu
1,7241-10° Om-™, st amomuans 2,8264-107° OM-M, aTOMHHHEBON dYacTh
ATIOMOTIOIUMEPHONH JIEHTBI M OpOHM W3 allOMHHHEBBIX IPOBOJIOK
2,84-10° Om-M); ol,, — TeMneparypHblii koadpurment st meau 0,00393 1/°C,
s amomunus 0,00403 1/°C; 6, — MakcumanbHas pabodas Temreparypa

(xmmet 90 °C, skpana u 3amuTHBIX citoeB 80 °C), °C.
[ToTepu B KpaHe TpeX OJMHOKUIBHBIX KaOelieH, pacoOKEHHBIX TPEYTOIb-
HHUKOM, SKpPaHBI KOTOPHIX 3a3€MJICHBI C BYX CTOPOH [9]:

R 1
A =t ©)

(b
1+ —=
X

rae R, — compoTruBieHHe 3kpaHa Om/M; X — peakKTUBHOE CONpPOTUBIEHHE 000-
JIOUKU WJIM 3KpaHa Ha €IUHUILY JUIMHBI KaOens, OM/M, BeIYHCIsAEMOE 1O (Gop-
mye [9]

_ 2s
X=20-10"-In| == |, 3)
dS
rae ®=27f, 1/c; s — paccTOSHUE MEXKILY OCAMM KUII B JAHHOM DJIEKTPHUUYECKOM
CEeKIMHU, MM; d — CPEIHUIA AMAaMETP DKPAHA, MM.
[lorepu B 3kpaHax Tpex OAHOXKWIBHBIX KaOelel, pacroioKeHHBIX B OJHON

ITIOCKOCTH, SKPaHBI KOTOPHIX 3a3€MJICHBI ¢ ABYX CTOPOH [9]:
— ISl BHEIITHETO Kabelsi ¢ HauOOJIbITUMH OTEPAMH

2 2
A, = R 0,275132 . 0,225Q2 . 22R3132QX,,21 _| @
R|RZ+P* R'+Q* B(R+P)R*+0?)
— JJIsI BHCHIHET' O Ka6eJ'I}I C HAUMCHBIIINUMH HOTepﬂMI/I
R | 0,75P* 0,250’ 2R POX,,
My =—>—3 7 T2 2 2 2y p2 R ®)
R\ R +P R +0° 3R +P)R +0%)
— JUISL CPEAHETO Kabens
R, 2
L S ©)

rne P=X+X,;
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X
Q =X-—— 5
3

X — B3aMMHOE PCAKTUBHOC COIMMPOTUBIICHUC HA CAUHUIY TJINHbBI KaoOens MCKOY

m
000JI0YKOI HAPYKHOTO KaOeNs U KIIaMH JIBYX JPYTUX MPH PACTIONOKECHHH Ka-
Oenelt B ofHOM tockocTd, OM/M, BBIYHCIIAEMOE 10 (hopMyJie

X, =20-107-In(2).

Jns npoknanku B 3emiue B Gopmyie (1) BMecTo A, ucmomsb3yercs A, , A
HPOKJIAJKH B BO3AYXE A,,. DTO 00YCIOBIEHO TEM, YTO B 3eMJI€ CpPeAHUil kabemb
Oyzer HanOoee HarpeThIM M3-3a BIUSHUS KaOenei mo 6okam. B Bozmyxe ke 310
BIIUSIHHE TOpa3fo ciiabee u HauboJiee HArpeThiM OyIeT Kabeb ¢ OOJIBIINMU T10-
TEpSMH B SKpaHe.

Hns xabenell ¢ HeMarHUTHOW OpOHEW WM 3aIIMTHBIM yCHJIMBAIOLIMM IIO-
KPBITHEM ITOTEPHU PACCUMTHIBAIOT COBMECTHO C MOTEpsSMH B dKpaHe. [Ipu aTom
COIIPOTHBIICHHWE IKPaHa 3aMEHSIOT MapaJlIeNIbHON KOMOHMHAIMEH CONpPOTHBIIE-
HUH SKpaHa U 3alIUTHOTO YCHIIMBAIOILIETO MOKPBITHS Kabens [9, 14]

__RR,
° R+R,’

rae R, — CONPOTHUBICHUE 3ALIUTHOTO YCHIMBAIOLIETO MOKPHITUS (aIHOMOIO-
JMMEPHOI! JTEHTHI WU NIPOBOJIOYHOH OpoHH u3 amoMmunus), OM/M; R, — SKBHBa-
JICHTHBIC COTPOTHUBJICHUS 3KpaHa W 3aIIUTHBIX METALTHUECKUX HMOKPBITHHA (3MIT),
COCIMHEHHbIE MapaiieabHo, OM/M.

Cpennee 3HaueHHE TUaMeETpa SKpaHa M 3alIUTHOTO MOKPHITUS 3aMEHSIOT Ha

cpenuuii quametp d’, BIUHCIsIeMBbIi 0 Gopmyie [9, 14]:
g d>+d; ’
2
rae d'— cpenunii quamerp skpana u 3MC, Mm; d, — 1o xe 3MC, Mm.

Jns xabeneit ¢ 3alIUTHEIMA METAIUTMYECKUMH TTOKPHITHSIMH BEIYHCICHHBIC
3HAYEHUs JIOJH MOTEPh MO BhIpaxeHUs M (3)—(6) MpeacTaBisiioT CyMMY MOTEPb
B 3KpaHe (U aJIOMOIIOJIMMEpHOI JeHTe) A, u OpoHe A,. B kabensx ¢ Oponeit
Npy pacyere JUIMTEIbHO AomycTuMoro Toka (1) TpeOyercst ompenenuTb, Kakas
4acTh U3 BCEX MOTEPh OyAET MPUXOAWTHCA HA IKPaH. 3amHIleM OO0 MOTEPh
MOIIHOCTH B ?KpaHe A (WM ke A, B Gpopmyie (1)), BIpaxKeHHYIO 4epes3 3Ha-

YUCHU A0 CYMMAPHBIX NOTCPh U COIIPOTUBIICHUA:

R
M=)

S

Pacuem mennogvix conpomuenenutl snemenmos xabeis u OKpyodicarowel
cpeoul. 3anuieM (HOpMyJIBI Il pacueTa TeIUIOBBIX COMPOTHBIICHUH B COOTBET-
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cTBUM C [15] ¢ yueTom yke mpUHATHIX 0003HaUeHUH. TermnoBoe ConpoTUBICHNE
MEXIY KUIOU U 000JI0IKOM

T =Prif1420],
2n d

XK
Ine p,— yJJIbHOE TEIUIOBOE colpoTuBieHue Marepuana (3,5 K-m/Bt mis no-
JAMATUIECHOBOM M30MALMK); t, =A_ +A,, +A,, — TONIMHA H30JSLHUA MEKIY

YKUJION U OKPAHOM, MM.
TenaoBoe COMPOTUBICHUE MEXKY METHBIM SKPAaHOM U OpOHEH (TOJBKO JJIs
OpOHHMPOBAHHBIX KaOeIeH)

24
T, =P | 1425 |,
2n D

s
rae pr— anma IIBX mmactukara 6 K-m/Br; D, =d. +2(A, +A,, +A, +
+ Ay T Ay, ) — HAPYIKHBINA TUAMETP MEIHOTO 9KPaHa, MM.

TemnoBoe COINMPOTHUBJICHHUEC HAPYIKHOI'O 3alIIUTHOT'O IIOKPBITUA

24
Ty =PLin| 14 =20t |
2n D

a
rae p, = 3,5 K-M/Bt — s nonmdtunena; D, =d, +2(A +A,, +A,, +
Ay T Doy + Ay + Ay +Ag,) — AuaMeTp Kabestst 11oJ] 000II0YKOi, MM.

TennoBoe CONPOTUBIIEHNE OKPY>KAIOLIEH cpenbl:
— TPYHTa JUIs Tpex Kabejel ¢ pa3HbIMU MOTEPSIMH B DKpaHE, PaCIIOJIOKEeH-
HBIX B TOPU3OHTAIFHON TUIOCKOCTH, PaBHOYJAIEHHBIX JIPYT OT ApyTa:

2
1
T4=p—T In(u+~u® +1) + 0,5k, +h) | 14| 2L ,
2n 1+4,, s

rae p, = 1,2 K-M/BT— npuHumaem 1uis rpyHTa; u =%; L =700 MM — pac-

CTOSIHHUE OT MOBEPXHOCTU 3€MJIM O OCH Ka66J'I$I; §; — MEXKOCEBOC PACCTOSHHUC

MEXIy COCeIHUMHU KaOeIsIMU, MM;

— IpyHTa Ui Tpex oAHO(a3HbIX Kalesel, pacioNnoKeHHBIX TPEYTOIbHUKOM
BIUIOTHYIO C HEMETAJUTMYECKUMH O00OJOYKAMH, UMEIOIIUX 3KpaH W3 MEIHBIX
IIPOBOJIOK:

T, =g—;[ln(u+\/u2 +1)+21n(u)};

— IpyHTa Ui TpeX OJHO(A3HBIX KaOesel, pacroJ0KEHHBIX TPEYTOJIbHUKOM
BILUIOTHYIO C aJIIOMOIIOIMMEPHOH JIeHTOH M (nin) OpoHel (IpH 3ToM 7, HY’KHO

YMHOXWTH Ha Kodpumuent 1,6):
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T, =—1’5'pT [ln(u+\/u2 +1)—0,630};
T

— BO3MyXa I Kabesel, 3auIIeHHbIX OT IPSMOT0 COTHEUHOTO H3TYUCHUS:

1
T, =
YD, (00,

rae h :D—)g +E; h — x03p(HULHEHT TEIUIOBOIO PacCesHUs, I UCIIONb3YIOT-
e
Csl KOHCTaHThl Z, E, g, 3Hau€HWs KOTOPBIX IUIA IPOKJIAJKU TPEYTOJIbHUKOM
coctaBisitoT 0,96; 1,25; 0,20 u 11 MPOKIAAKUA B BEPTUKAITBHON TUIOCKOCTH C
paccTosHIEM MeXIy KaOelsiMH B CBETY, paBHBIM auamerpy kabems 1,31; 2,00;
0,20 coOTBETCTBEHHO; AO, — MPEBBILIEHUE TEMIIEPATYPbl IOBEPXHOCTU Kabems
HaJ TEMITepaTypoOil OKpPYy’KafOIIeH CPEIIbI; (AGS)V * ompenennM MeToIoM Mocie-
JIOBAaTEIbHBIX MPUOIKEHHH.
Omnpenennm kodddunuent K,

D,

y Zm[ﬂ +T2(1+7\,1)+T3(1+}\,1 +}\,2)].

3arem mpoBeaeM pacueT 1o GopmyIe

(A0, = A—GH
‘ 1+K,-(00,)

/4
n

VcranaBnuBas HaualbHOE 3HaueHHe (AO,)

/4
n+l

=2mu MMOBTOPAA BBIYHUCIICHUS

Jo jpoctrxkeHus (AO,) —(AGS)L/4 <0,001 (mocTaTOYHBIMH OKa3bIBAIOTCS dUe-

Thipe utepanun). 3aech AO=90-25=65°C — nomycTHMOe TNpEBBINICHHE

TEMIIEPATyPHI KBl HAJ TEMIIEPATYPOH OKPYKArOIIeH Cpebl.

BiausiHue cevyeHUs1 MeIHOT0 IKPaHAa, HAJMYMSA OpPOHHI
U AJIIOMOIIOJTMMEPHOH JIeHThI HA JJIUTEJbHO 10NYCTUMBIN TOK
Harpy3KkH Kabenas

Hcxons M3 CIOXKHOCTH PAacyeTOB JJIUTENBHO JOMYCTUMBIX TOKOB, KOTOPBIE
BKIIIOYAIOT B Ce0S MHOXECTBO IMEPEMEHHBIX, MPOMEKYTOUHBIX BBIYMCICHUIM
1 JIOTHYECKHMX OIEpPallni, 1e1eco00pa3Ho HCII0Ib30BaHUE MTPOrPaMMHOI0 obec-
TIeYeHus A1 TaOJMYHBIX pacdeToB, Takoro kak Microsoft Excel. Oto obecrieunt
BBICOKYIO TOYHOCTh pacuera, OOJICrYUT MPOIECC YIPABJICHUS JaHHBIMH U 1103-
BOJIUT OJJHOBPEMEHHO IPOBOINThH BBIYMCICHHUS /IS BCEX CCUCHHUH KU M dKpa-
HOB Kabeneil.

B 1a6x1. 1-4 mpencraBieHbl pe3yiabTaThl PACUETOB NITUTEIBHO JOITYCTUMBIX
TOKOB KaOeJieH ¢ alFOMUHUEBBIMU KUJIAMU M MEIHBIMHU SKPaHAMHU.
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Tabruya 1

I[.]'IPITeJ'leO JAOIIYCTUMBbIC TOKH HATPY3KH B 3ABUCUMOCTH OT IJIOIAAH MONMEPEYHOr0 CCYCHUS
MEIHOI'0 JKpaHa IPU NPOoKJIaaAKe KadeJel TPE€YroJIbHUKOM B 3€MJI€

Long-term permissible load currents depending on the cross-sectional area
of the copper shield when underground cable laying in a trefoil

5 S, MM
S, MM
16 25 35 50 70 95 120 150 185 240

50 182 182 182

70 218 218 218 218

95 258 258 258 257 257

120 293 293 292 292 292 291

150 331 330 330 329 328 327

185 371 370 369 368 366 365 363

240 427 426 424 422 420 418 415 414

300 482 480 478 475 471 468 465 463 460
400 560 556 551 546 541 535 532 527
500 630 625 618 610 603 596 590 583
630 710 703 693 681 672 662 654 644
800 800 790 776 761 748 735 723 710
1000 892 878 860 840 823 805 791 772

Tabnuya 2

I[.]'IPITe.J'leO JOIIYCTUMBbIC TOKH HATPY3KH B 3ABUCHUMOCTH OT IVIOIAAH MOMEPEYHOr0 CCYCHUS
MEIHOI'0 JKpaHa IPA NPOoKJIaaAKe Ka0eJiel B IIOCKOCTH B 3eMJle

Long-term permissible load currents depending on the cross-sectional area

of the copper shield when underground cable laying in a flat

2

S, mm? S, 10
16 25 35 50 70 95 120 150 185 240
50 189 189 188
70 227 226 226 225
95 268 267 266 264 263
120 305 303 301 299 296 294
150 341 339 335 331 328 326
185 381 378 373 368 363 361 359
240 437 432 425 417 411 407 404 404
300 491 483 474 463 454 449 445 445 448
400 557 542 527 514 506 501 500 503
500 619 599 580 563 552 546 544 548
630 687 662 636 614 600 592 590 593
800 761 727 694 667 651 640 637 640
1000 832 791 750 717 697 684 679 683
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Tabnuya 3

JUIMTEIbHO JONMYCTHMbIE TOKH HATPY3KH B 3aBHCHMOCTH OT IIOLIA/IH MONEPEYHOTr0 CeYeHHs!
MeIHOIr0 YKpaHa MPH NPOKIAAKe Kadelleil TpeyroJ-HHKOM B BO3yXe

ong-term permissible load currents depending on the cross-sectional area
of the copper shield when overhead cable laying in a trefoil

2
Sx’ MM

16 25 35 50 70 95 120 150 185 240

2
S, MM

50 198 | 198 199

70 243 | 243 244 244

95 293 | 293 293 294 295

120 338 | 338 339 339 340 340

150 388 389 389 389 389 389

185 443 443 443 442 442 442 441

240 521 521 520 519 518 517 515 518

300 599 599 597 595 593 590 588 590 590
400 717 714 710 705 700 696 696 694
500 824 819 812 805 798 791 789 785
630 950 943 933 920 910 899 894 887
800 1097 | 1086 | 1071 1054 | 1039 | 1024 | 1015 | 1003
1000 1252 | 1236 | 1215 | 1192 | 1172 | 1150 | 1137 | 1116

Tabnuya 4

JIuTesIbHO JONMYCTHMbIe TOKH HATPY3KH B 3aBHCHMOCTH OT IUIOIIAU MONEPEeYHOro ceveHus
MEJHOI0 KpPaHa NPH NPOKJIajKe Kabeell B INIOCKOCTH B BO3yXe

Long-term permissible load currents depending on the cross-sectional area
of the copper shield when overhead cable laying in a flat

) S,, M
S, MM
16 25 35 50 70 95 120 150 185 | 240

50 223 | 222 222

70 273 | 272 272 271

95 329 | 327 326 324 322

120 380 | 377 375 372 368 366

150 431 428 423 418 414 412

185 490 484 478 470 464 461 460

240 572 564 554 543 533 528 | 526 | 530

300 654 642 627 611 598 591 587 | 592 | 602
400 756 733 709 690 678 | 672 | 677 | 689
500 855 824 792 766 751 743 | 747 | 761
630 967 925 883 846 827 | 816 | 820 | 836
800 1089 1033 978 935 910 | 896 | 900 | 918
1000 1213 1141 1073 1020 989 | 972 | 975 | 992
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[pu mpoknagke kabesei B BO3AyXe [UIUTENBHO JOMYCTHUMbIE TOKH HArpy3KU
BO3PACTAIOT [0 CPABHEHHIO C MPOKJIAIKOM B 3eMJI€ B CBSI3U C TE€M, YTO TEIJIOBOE
conpoTuBieHue 7, MexXIy MOBEPXHOCTBbIO KaOels M OKpysKarollel cpenoil Bbl-

e B 3emJie, YeM B BO3yXe, HECMOTPsSI Ha TO YTO TeMIepaTypa BO3[yxa MPHUHH-
maetcsa Ha 10 °C Belte.

YBenuueHne IIIOMIAIN TOMEPEYHOT0 CEUYSHUs] dKpaHa MPUBOJIUT K CHIKE-
HUIO0 MaKCHMAaJIbHO JOIYCTUMOTO TOKa Harpy3KH H3-3a BO3pPACTaHUS WHAYLIHUPO-
BAaHHOI'O B 3KpaHEC TOKA, MOBBIIICHUA B CBA3U C OTUM MOTEPb MOIIHOCTHU H, KaK
CJIEICTBHE, TEMIEPATYPhI KW, HECMOTPS Ha CHI)KEHHE aKTUBHOT'O COMPOTHB-
neHus. BmecTe ¢ TeM IpH pacronoXeHuH Kabenel B TUIOCKOCTH TOIYCTUMEBII
TOK B 3aBHCHMOCTH OT CEUCHHS dKpaHa UMEET MUHUMAIHHO BO3MOXKHOE 3HAUe-
HUE, YTO OTMEUYCHO CEPhIM IBeTOM B TabOi. 2 u 4. C nanbHEHIIUM yBEIHYCHHEM
CEYeHHUs] dKpaHa MaKCUMAIBHO OMYCTHMBIH TOK Ha4MHAET pPacTH. JTO 00y-
CJIOBJICHO TOBBIIIEHNEM TETUIOBOTO COMPOTHBIIEHUS OKPYKAIOIIEH CPeIsl BMe-
CTE€ C pa3MepOM CEUCHHUS JKpaHa H3-3a HCIOJIB30BAHUS MEIHBIX IPOBOJIOK
0O0JIBIIIETO JMaMeTpa, YTO MPUBOINUT K YBEITMYCHUIO HAPYKHOTO TUaMeTpa Kade-
1. MakcumyM npoussefenus (1+A,)-7, onpeaenseT MUHUMAIbHO BO3MOKHOE

3HAYEHHE TOKA.

Jlas kabeneit ¢ cedennmsamu kit 50 u 70 MM’ BIMSHHE CEUCHHS SKpaHa
Ha JUIMTENBHO JOMYCTUMBIH TOK OTHOCHTEIBHO He3HauuTenbHoe. C pocTrom
CCUCHUS XKWIbl BIMSHHUC CCUCHHS 3KpaHA CTAHOBUTCS OOJiee CYIICCTBEHHBIM.
Jlas kaGenst ¢ cedenmeM kmmbl 1000 MM® TIpH pasHBIX CEUCHHSIX DKpaHA
HauOOJBITUH JOIMYCTUMBIM TOK Kabelns OoJbllie HauMeHkIero Ha: 16 % — mpu
MIPOKJIaIKE TPEYTOJIBHUKOM B 3emiie; 23 % — B TutockocTu B 3emuie; 12 % — Tpe-
YTOJIBHUKOM B BO31yXe; 25 % — B TUIOCKOCTH B Bo3Ayxe. JlomycTrmas Harpyska
MIPH WU3MEHEHUH TUIOMIAIN ITONEPEYHOT0 CEUSHHs SKpaHa U3 HOMUHAIBHOTO psi-
J1a Ha OfHy CTyIeHb s xuibl 1000 Mm” oTmiuaercs 10 6 Y.

[TocTpouM rpaduku 3aBHCHMOCTH AJIUTENHHO JOIMYCTUMOIO TOKAa IPHU pas-
JINYHBIX CEUCHUSX SKPAHA ISt XKW Kabeneii ceuernem 240 u 1000 ymm” (prc. 1, 2).

Pesynbratel pacueroB (puc. 1, 2) yKa3bIBalOT Ha CIOKHYIO 3aBHCHMOCTD
JUTTENBHO JTOMYCTUMOIO TOKa OT IJIOUIaAX MOMEPEYHOro CeYeHHs dKpaHa IMpH
BHECEHHUM 3allUTHBIX METAUTMYECKUX ClIoeB. Kabenu ¢ 3TUMH CIOSMU MOTYT
MMETh Kak 0oJiee BBICOKHE, TaK M 00JIee HU3KUE 3HAYCHHS JITUTEIHLHO JOIMYCTH-
MOTO TOKA TI0 CpaBHEHHIO ¢ Kabemssmu 0e3 HuX. J{Jisl MpoKiIaaky B 3eMIle B TIOCKO-
cTi Kabenb ¢ cedernneM kwisl 1000 Mm® 1 okpana 185 MM’ Ge3 3aIIUTHBIX IO-
KPBITHI MIMEET JUTUTENLHO JOMYCTUMEIN TOK 679 A, a ¢ 6poneit 718 A (puc. 2a).
IIpu BHecenum OpoHu B Kabenp B ¢opmyne (1) mosBusercs 7,, pas-
Hoe 0,027 K-m/Bt. 3a cuer yBenuueHus auameTpa kabens mox o6onouxoit 7,

ymenbmaetcs ¢ 0,068 no 0,058 K-wm/Bt. 3a cuer yBenmdeHUs] Hapy K HOTO JTHa-
Mmetpa kabens 7, ymenbmaetcs ¢ 2,01 o 1,82 K-m/Bt. CymmapHas noms no-
Tepb B cpelHeM kabene 6e3 Oporu A, = 0,92, a ¢ O6poneit A, +Ai, = 0,99.
HecmoTps Ha yMeHbIlIeHHE aKTUBHOT'O CONPOTHUBIIEHUS R, B /Ba pa3a (IJIoIaib
TIONIEPEYHOTO CEUCHHS OpOHM I MaHHOTO kKabens paBHa 315 MM ), DO TI0-

TEPb U3BMCHUJIOCHh HE CTOJIb 3HAYUTCIIbHO, ITOCKOJIBKY OHA 3aBUCHUT €1IC U OT UH-
AYKTUBHOCTH.
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Puc. 1. JInuTenbHO NOIYCTUMBIC TOKH HArPy3KH B 3aBUCUMOCTH OT IUIOILAH TIONEPEYHOr0o
CEUeHHS SKPAHA JUTS JKHIIBI UTOIABIO TTOMEPEYHOr0 CeueHIs 240 MMIIS IPOKTIAIKH:
a— B 3emJe, b — B Bo3yxe; | — 6e3 3alUTHBIX METAIMYECKUX HOKPBITHIA,

2 — ¢ aOMOIIOJIMMEPHOH JICHTOM, 3 — ¢ OpoHeil, 4 — ¢ OpoHel 1 aIOMOIIOIMMEPHON JICHTOI;
KPacHBIH — IIPOKJIAJIKa B INIOCKOCTH, CHHHH — IIPOKJIAJIKa TPEYTOJIBHUKOM

Fig. 1. Long-term permissible load currents depending on the cross-sectional area
of the screen for a core with a cross-sectional area of 240 mm?” for laying: a —underground,
b — overhead; 1 — without protective metal coatings; 2 — with aluminum polymer tape;
3 — with armor; 4 — with armor and aluminum polymer tape;
red — the gasket is in the plane, blue — the gasket is in a trefoil

a b
000 1260 \_1 ............. " —— 4
- \_1 ,,,,,,,,,,,,, D meen3 mimnd LA
LA =T 1200
850 1170 \
825 e ~_ 140 L S
800 | o wishi __\\n
775 :“‘ N 1080 \ M i
750 |1 iN=ee kLT TTT 1050
725 = 1020 | —foogmafs |
700 ' : 990 (— A
675 =TT — 960 —
35 50 70 95 120 150 185 240 35 50 70 95 120 150 185 240
S, Mm’ S,, MM®

Puc. 2. JIutensHO NOIyCTUMBIE TOKH HATPy3KH B 3aBUCHMOCTH OT IIIOIIAH HOIEPEYHOTrO
CEeUeHHs SKPaHA [ JKHIIbI ILIOMAIBIO IIOHePedHOro ceuerus 1000 My s IPOKITAKH:
a— B 3eMJIe, b — B Bo3yxe; 1 — 6e3 3alUTHBIX METaNIMYECKUX MTOKPBITHH,

2 — ¢ aJIIOMOIIOJMMEPHOH JIEHTOM, 3 — ¢ OpoHeil, 4 — ¢ OpoHel U aIIOMOIIOIMMEPHON JICHTOI;
KPAaCHBIH — IPOKJIa/IKa B INIOCKOCTH, CHHUN — NPOKJIAKa TPEYTrOJIbHUKOM

Fig. 1. Long-term permissible load currents depending on the cross-sectional area of the screen
for a core with a cross-sectional area of 1000 mm? for laying: a — underground; b — overhead;
1 — without protective metal coatings; 2 — with aluminum polymer tape; 3 — with armor,

4 — with armor and aluminum polymer tape; red — the gasket is in the plane;
blue — the gasket is in a trefoil
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3HaYNTENHHOE BIMSHUAC HAa 3HAYCHHE JUTUTENLHO JOMyCTUMOTO TOKAa OKa3bl-
BaIOT TEIUIOBOE CONPOTHBIICHUE OKPYKAIOUICH CPeIbl U JIONS MOTEPh B SKpaHEe
u OpoHe kabeins. JlomycTumasi Harpy3ka y kabeys ¢ OpoHEH MOJIy4YHiIach BBIIIE
3a CUET YMEHbIICHHs T4 ¥ MAJIOTO YBEIMYCHUS JI0JIU MOTeph. [t kabens ¢ Tem
e CEUEHHMEM JKIIbI M CEYCHHEM 9KpaHa 35 MM NpH BHECEHHH OpoHH T}
ymenbaetcs ¢ 2,08 go 1,92 K-m/Bt. [lonsg motepp B cpeqHem kalene IMpH
BHeceHHH OpoHu yBenmmuauBaercs ¢ 0,25 mo 1,04, 9To u yMmeHbIIaeT 3HAYCHUE
JIOITyCTUMOM Harpy3KH.

JImMTenbHO AOMYCTUMBIA TOK KaOels MPU BHECEHHH aTIOMOIIOIIMMEPHOM
JICHTHI U3MeHseTcst He Oosiee yeMm Ha 2 %. BHeceHue e OpoHM B KaOenb mpu
ceuennn xuisl 240 u 1000 MM’ TIpH IPOKIAAKE B IVIOCKOCTH B 3eMIle MOKa-
3BIBAET YMEHBIICHUE JIUTEIHHO IOMYyCTHUMOTO TOKAa COOTBETCTBEHHO 10 6 %
u 18 %. Ilpu nmpoknaake B BO3IyXe MOKa3bIBaeT yBenmaeHue 1o 13 %.

[Ipu oMHAKOBBIX YCIOBUSAX OKPY’KaIOIIEH Cpeabl U TITyOrnHe MPOKIaIKH Ka-
Oenst cpaBHUM TONYUYEHHBIE MO pacyeTaM 3HAYEHUS UIMTENHHO JOIYCTHMBIX
TOKOB / CO 3HAYCHUSMU, IPUBEACHHBIMH B Katanore [4], I, (Tabmu. 5).

ConocraBieHUE JTaHHBIX, MTPUBEICHHBIX B TA0J. 5, MOKA3bIBAIOT, YTO JIJIH-
TEJNBHO JIONMYCTHMbIC TOKH HArpy3KH, MPEACTaBICHHBIC B KaTaJIOTe, 3aHMMAIOT
MIPOMEKYTOYHOE TIOJIOKEHHE MEXKAY ITOKa3aTesIMH, TIOTYIeHHBIMHA B PE3yIIbTa-
T€ pacueToB (3a HCKIIOYEHHEM CITydaeB MPOKIAKN Kabeei B BO3IyXe B IIIOC-
KOCTH). PacueTHbie 3HaUSHUS OTIIMYAFOTCS OT KATAIOKHBIX A0 25 %, 9T0 yKa3bl-
BacT Ha HEJOCTATOYHYH) TOYHOCTH IPEJICTABJICHHBIX JTUTECIHLHO JOIYCTHMBIX

TOKOB B KaTaJiore.
Tabnuya 5
CpaBHeHHE TIUTEIbHO J0NYCTHMbBIX TOKOB HATPY3KH,
MOJIy4eHHBIX 110 PAcYeTaM, ¢ IaHHbIMH KaTaJIora

Comparison of long-term permissible load currents obtained
by calculations with catalog data

VYcnosus
B 3emuie B Bo3nyxe
S MIPOKJIATKH
’ Cniocob
TpeyronsuukoM | B mnockoctu | Tpeyrompnukom | B mnockoctu
MIPOKJIATKHI
Liar 253 263 300 349
95 1 262-257 270-263 316-293 340-322
Y 0,96-0,98 0,97-1 0,95-1,02 1,03-1,08
Liar 422 426 531 607
240 1 427411 437-404 538-518 573-530
Lo/ 1 0,99-1,03 0,97-1,05 0,98-1,03 1,06-1,14
Liar 845 800 1180 1220
1000 1 892-753 832-680 1253-1093 1213-972
Liar/1 0,95-1,12 0,96-1,18 1,08-0,94 1,01-1,25

JInist TOBBITIIEHUS] TOYHOCTH PACYETOB TPU ONPENCICHUH JITUTEIBHO JOMY-
CTHMBIX TOKOB Ka0eliell CTOMT YYUTHIBATh BIUSHUE TAKUX (HAKTOPOB, KaK HAJIM-
yhe ¥ TUN OpOHM Kabens, a Takke IUIONaJb MONEPEYHOr0 CEYCHHUS SKpaHa.
[MpuHMMas BO BHUMaHKE 3TH MapaMETPhl, MOXKHO MOIYYHTh 00Jiee KOPPEKTHEIC
1 HAJACKHBIC 3HAYCHUA NOIYCTUMBIX TOKOBBIX HAarpys3okK, 4TO IMO3BOJIUT obOecrre-
9UTh WX 0€30TacHyi0 U 3(PPEKTUBHYIO IKCIUTYaTaAITUI0 B PA3TUYHBIX YCIOBUIX
MPUMEHEHUs. YBENWYeHUEe TPYAOSEMKOCTH B BBIOOpE IJIOMIATH MOMEPEIHOTO
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CeUEHMS KUJIbl M3-3a OOJNBLIOr0 KOJMYECTBA MAapoK Kabeneil MOKeT OBbITh CHU-
JKEHO 3a CYET aBTOMAaTH3allM C UCIOJIb30BAHUEM CIELHUAIN3UPOBAHHOTO MPO-
rpaMMHOT0 o0ecrieueHusl.

BBIBO/JIbIL

1. IlpuBeneHs! BBIPAKEHHUS W BBINOJHEHBI PAacdeThl 3HAYCHHH JIUTEIBHO
JIOITYCTHMBIX TOKOB HAarpy3ku kaOeneid HampspbkeHueMm 10 kB ¢ mzonmsmueit w3
CIIIUTOTO MOJINITUIIEHA C AJFOMUHUEBOM XKHUIJIOM M MEIHBIM SKpaHOM NpHU HaJH-
YUH TONEPEYHON repMeTU3allui U3 alFOMONOJIMMEPHON JICHTHI, a TAaKXKe MPOBO-
JIOYHOU OPOHHM U3 ATFOMHHUSL.

2. Pa3nuuus B n0ITycTUMOM Harpy3ke IIpH Pa3iudHbIX CEUYEHHSIX dKpaHa AJIs
OIMHAKOBOTO CEUYEHHs XKHUIIBI TOoCcTUTAOT 25 %. BHeceHue amoMonoanMepHOH
JICHTBI B KOHCTPYKLMIO KaOelsi U3MEHSET JAOIMyCTUMYIO Harpy3Ky He Oosee yem
Ha 2 %. BBenenne OpoHU MOXKET IPUBOAMTE KaK K yMeHbIeHHIo (10 18 %), Tak
u yBenndeHuto (10 13 %) gomycTUMOro Toka Harpy3KH, 4YTO 3aBUCHT OT IUIOIIA-
JIU TIOTIEPEYHOTO CEYCHHUS JKUJIBI M IKpaHa, criocoba M yCIIOBHUH €ro MpoKIJIaIKH.
PacdeTHbIe 3HaYCHHS JUINTENBHO TOIYCTUMBIX TOKOB PAa3IMYarOTCs C JAHHBIMH
Karaiyora 70 25 %.

3. VMeeT cMBICH BBINOJIHATH ONPECIICHUE UIUTEIBHO TOMYCTHMBIX TOKOB
Harpy3kl MHIUBHIAYaIbHO IJIS1 KaKAOTO TUMa Kabessl, OTIMYAIOUIerocsi CBOEH
KOHCTPYKLUEN.
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AHaJIM3 ¥ ONTUMH3ALUSA PEKUMOB padoThl MUHU-TIL]
HA MECTHBIX BUAX TOIIMBA B YCJA0BUAX NpoduumuTa
3JIEKTPOIHEPreTHYeCKUX MOLIHOCTEl

B O0be1uHEeHHOM YHepreTuYeckoi cucreme benapycu

Yacrs 2

P. C. UrnaroBuu”, B. A. Cexnun, E. C. 3yeBaz)

DBenopycekuii HaMOHATBHBI TexHIUecKHil yHuBepcuTeT (MuHCK, Pecry6uka Benapycs),
DPumman «Bure6ekne Terossie ceti» PYII «Burebckanepro»
(Burebek, Pecybmnuka benapycs)

© benopycckuil HallMOHANBHBINA TEXHUYECKUH yHUBEpCUTET, 2024
Belarusian National Technical University, 2024

Pedepat. CoBpeMeHHOE pa3BUTHE SHEPIETHKH COIPOBOXIAETCS PSJIOM TEHJICHLUUH, Cpean KOTo-
PBIX MOXXHO OTMETHTH IEKapOOHM3aLUIO MPOIECCOB NPOHM3BOJICTBA YHEPIUH, YBEIHUYCHHE JOTH
3JIEKTPOIHEPrHU B OaslaHCe NOTPEOICHUs SHEPTUH 32 CUET TTyOOKOH 3eKTpU(UKAIMU TIPOMBILI-
JICHHOCTH, TPAHCIIOPTA, TEIIOCHA0KEHMs, JECHTPAIN3aIHI0 UCTOYHUKOB SHEPTUH, YBEIHICHHE
JIONU BO300OHOBIISIEMBIX MCTOYHHKOB SHEPIMH, B TOM YHCIIE BOBJEYEHHE B 0OOPOT BTOPUYHBIX
SHEPrOpeCcypCcoB U SHEPTUH OT YTHIHM3AIMU OPTaHWYECKHX OTXOJOB, Pa3BHTHE IPAKTUKH aKTHB-
HOro noTpebnenus u npocsiomepctsa. s Pecybiauku benapych, B KoTopoit jiec SBISAIOTCS 01
HUM U3 OCHOBHBIX BO300HOBIISIEMBIX HMPUPOIHBIX PECYPCOB M Ba)KHEWIINX HAI[MOHAIBHBIX 00-
TaTCTB, 0OECTIEUNBAIOMINX YCTOHINBOE CONMAIBHO-3KOHOMHUYECKOE PAa3BUTHE CTPAHBI, €€ YKOHO-
MHYECKYI0, SHEPreTHUECKY0, IKOJIOIHYECKYI0 U NPOJOBOIbCTBEHHYIO 0€3011aCHOCTD, B YCIOBHAX
JekapOOHHU3AIMN SHEPTEeTUKN AKTYAIbHBIM SIBIISICTCS OTPEeIeHHe 3HAYCHUS U MECTa dHEeprore-
HEpPUPYIOLIETo 000pyJOBaHUs, UCIOJb3YyIomero MecTHele Bubl TormBa (MBT), ocobenHo sTo
KacaeTcsl TeIUIO(PUKAINOHHBIX MOIIHOCTEH W IOJHI€HEPAlMOHHBIX YCTAaHOBOK. B pabote mpex-
CTaBJICHBI PE3yJIbTAThI IPOBEACHHOTO MCCIICIOBAHNS OLIEHKH () PEKTHBHOCTH IPUMEHEHNST MUHH-
TOL va MBT. Ananu3 apxuBHbix gaHHbIX ACY TII neiictytomeit Muau-TOL] ¢ Temnopukanu-
onHoit ORC-ycraHoBko# (Turboden 14 CHP) mo3Bonui oueHHTh e MaHEBPEHHbIC XapaKTepH-
CTHKU C IMPUBSI3KOH K pexuMaM padoThl K CUCTEME LEHTPATH30BAaHHOTO TEINIOCHAOKEHHS C TIpe-
oOmamaHueM B HEH KOMMYHaJIbHO-OBITOBOH TeruioBoil Harpysku. Ilokasano, 4rto  cpenmHss
CKOPOCTh M3MEHEHHUs] MOIMHOCTH cocTaBisieT 1,5-3,0 %/MHH, COOTBETCTBEHHO BpeMs BBHIXOJa
Ha HOMHHAJIbHYIO MOILITHOCTb B OOBIYHBIX YCIOBHAX NpeBbiacT 40 MUH, BpeMs IyCKa yCTaHOBKU
U3 «XOJIOJHOTO COCTOSIHUS» BapbHpyercst oT 20 MUH 710 2 4, TeM CaMbIM OBIJIO HOATBEPXKACHO
npeanonoxenue, yro uccnenyemas ORC-ycraHoBka B yacTHOCTH M MuHH-TOLl aHamormynoro
THUIIA B IIEJIOM HE MOTYT PacCMaTPHUBATHCS M UCIIOIB30BATHCS B KAUECTBE MAHEBPEHHOTO DHEPro-
UCTOYHUKA 0€3 OCYIIECTBICHUS JOMONHUTEIHON MOAepHH3auy. [IpoBeeHHOe YHCIeHHOE HC-
CJIeIOBAaHKE MTO3BOJIMIIO TTOKa3aTh BO3MOXKHOCTH IUIAHUPOBAHMS d()(PEKTUBHBIX PEKUMOB pabOTHI
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P. C. Henamosuu, B. A. Ceonun, E. C. 3yesa
316 AHanu3 v ONTUMHU3ALKS PSKUMOB paboThl MUHU-TDI] Ha MECTHBIX BUAAX TOILIMBA. ..

terodukamonHoi ORC-ycTaHOBKM B KOH(QWTYpaUUH NPUHIWIHAIBHOW TEIUIOBOH CXEMBI
muau-TOI] Ha MBT ¢ uHTerpanueii B Hee MOy MPOU3BOJACTBA BOAOpPOJa Ha 0a3e MpOrHo3a
CYTOYHOTo rpajuka norpedneHus TEeIIOBON SHEPIHU C yYETOM JUHAMUKH W3MEHEHHUs TeMIepa-
TYphI Hapy>KHOTO BO3IyXa. TakxkKe NMPeACTaBICHbl KOHIENTyalbHbIE CTPYKTypPHBIE CXEMbI HHTE-
TPUPOBAHHBIX NOJIUT€HEPALHOHHBIX CUCTEM, OTIMYAIOIINECcs IPUMEHEHHEM 000pyJOBaHUS TeHe-
pauuu Booposa U3 U30BITOYHO MPOU3BOIMMOIL 3JIEKTpoIHeprun npu pabore Muuu-TIL] mo Ten-
JIOBOMY TpadMKy M y4acTHeM B HOKPBITUM rpaduka snexTpuueckoil Harpy3ku OObeanHEHHOI
sHepreTHdeckoi cuctemsl bemapycu. ITokazaHa HepCHEKTHBHOCTH U BHOBB IPOEKTHUPYEMBIX
munu-TOI Ha MBT npumeHeHus: TEIUIOBBIX CXEM € TEPMOXUMUYECKON TEXHOJIOTUEH IPOU3BOI-
CTBa BOJIOPOJIA U PEKUMOM paboTsl 610ka OPI] Ha HOMHHAIBEHON MOIITHOCTH.

Kurouesslie ciioBa: Bonopo, 6mok OPLI, renepanus, Muau-TII], MecTHBIC BUIIBI TOILUTMBA, TEII-
TonoTpeOICHHE, TEIIOBask SHEPTHsl, XpaHCHUE SHEPTUH, IIEKTPOIHEPTUs

Jas uutupoBanus: WUrnatosuu, P. C. AHanmu3 W OoNTHMHU3AIHS PEXUMOB padoThl MHHHU-TOL]
Ha MECTHBIX BHJaxX TOIUIMBA B YCIOBHAX HPO(MHIUTA 3IEKTPOIHEPreTHIECKUX MomHocTed B O0b-
eIMHCHHOU dHepreTuyeckoit cucteme bemapycu. Yacte 2 / P. C. UrnaroBuy, B. A. Cennus,
E. C. 3yeBa // Dnepeemuxa. H3s. svicut. yueb. 3agedenuti u snepe. o6veounenuit CHI™. 2024. T. 67,
Ne 4. C. 315-331. https://doi.org/10.21122/1029-7448-2023-67-4-315-331

Analysis and Optimization of Operating Modes of Mini-CHP
on Local Fuels in Conditions of Surplus Electric Power
Capacities in the Unified Energy System of Belarus

Part 2

R. S. Ignatovich”, V. A. Sednin", Ye. S. Zuyeva"

YBelarusian National Technical University (Minsk, Republic of Belarus),
P«Vitebsk Heat Networks™ Branch of RUE “Vitebskenergo™ (Vitebsk, Republic of Belarus)

Abstract. The modern development of power engineering is accompanied by a number of trends,
among which one can note the decarbonization of energy production processes; an increase in the
share of electricity in the balance of energy consumption due to the deep electrification of indu-
stry, transport and heat supply; decentralization of energy sources; an increase in the share of re-
newable energy sources, including the involvement in the turnover of secondary energy resources
and energy from the disposal of organic waste; the development of practice active consumption
and prosumerism. For the Republic of Belarus, in which forests are one of the main renewable
natural resources and the most important national wealth that ensure the sustainable socio-
economic development of the country, its economic, energy, environmental and food security,
in the context of decarbonization of the power engineering sector, it is relevant to determine
the importance and location of energy generating equipment using local fuels (LF), especially for
heating capacities and polygeneration plants. The paper presents the results of a study conducted
to evaluate the effectiveness of using mini-CHP plants on LF. The analysis of the archived data of
the automated process control system of an operating mini-CHP with a heating ORC unit (Turbo-
den 14 CHP) made it possible to evaluate its maneuverable characteristics with reference to the opera-
ting modes of the centralized heat supply system with a predominance of municipal and household heat
load in it. It has been shown that the average rate of change in power is 1.5..3.0 % min;
respectively, the time to reach rated power under normal conditions exceeds 40 minutes; the time
to start the unit from a “cold state” varies from 20 minutes to 2 hours. Therefore the assumption
has been confirmed that the studied ORC unit in particular and mini-CHP plants of a similar type
as a whole cannot be considered and used as a maneuverable energy source without additional
modernization. The conducted numerical study made it possible to show the opportunity of plan-
ning effective operating modes of a heating ORC unit in the configuration of the basic thermal
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circuit of a mini-CHP on LF with the integration of a hydrogen production module into it based
on the forecast of the daily schedule of thermal energy consumption and taking into account
the dynamics of changes in outdoor air temperature. Conceptual block diagrams of integrated po-
lygeneration systems are also presented; they stand out for the use of hydrogen generation equip-
ment from over-produced electricity during the operation of mini-CHP plants according to a ther-
mal schedule and participation in the coverage of the electric load schedule of the Unified Energy
System of Belarus. The use of thermal circuits with thermochemical hydrogen production techno-
logy and the operating mode of the ORC unit at rated power is shown to be promising for newly
designed mini-CHPs on LF.

Keywords: hydrogen, ORC block, generation, mini-CHP, local fuels, heat consumption, thermal
energy, energy storage, electricity
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BBenenue

[epexon k Oe3yriIepoOAHON PHEPTETUKE CONMPOBOKIAACTCS PSAAOM TEHACHIUH,
XapaKTePU3YIOIIUX MPOIECC PA3BUTHUS KAaK SHEPTeTHKH, TaK OOIIECTBA B IIETIOM.
B gucie 5TUX TEHACHIHI MOKHO BBIICIUTD: YBEITUUYCHHE JIOJTH AJICKTPOIHEPTHH
B OayaHce MOTPeOICHHS YPHEPTUH 32 CUET ITyOOKOH AIeKTPpH(PUKAIIAN TPOMBIIII-
JICHHOCTH, TpPAHCIIOPTa, TEIUIOCHAOKEHHUS, JEIECHTPAIN3AINI0 HUCTOYHHKOB
SHEPIHH, YBEIUYCHUE JIOJIA BO30OHOBISIEMBIX MCTOYHUKOB DHEPIHU, BKIHOYAS
BOBJICUCHHE B 00OPOT BTOPUYHBIX SHEPrOPECYPCOB U DHEPTHH OT yTHIIH3AIUH
OpPraHHUYECKUX OTXOJOB, pa3BUTHE MPAKTUKH AaKTHBHOTO MOTPEOJICHUS
Y TCHEpaIliy YHEPTUU caMuM IoTpeduTeneM (mpockiomepceta) [1, 2]. C menbro
JOCTHXKCHHUA OIITUMAJIBHOI'O Oaranca MCXKAY 5KOHOMUYHOCTBIO, HAJACKHOCTBIO
Y 3KOJIOTUYHOCTBIO SHEPIeTHKY pPealln3allisl BBIIICYKAa3aHHBIX TEHICHIUN B CO-
BOKYITHOCTH TpPeOyeT TOBBIIICHUSI THOKOCTH SHEPTeTHYCCKUX CHCTEM, B TOM
YHCIIe MYTEM aJanTaliy CYHIECTBYIONMX TEHEPUPYIONUX MOIIHOCTEH K yClo-
BUSM (DYHKIIMOHMPOBaHWS B paMKaX HHTETPUPOBAHHBIX DHEPreTHYCCKUX CH-
cteM. ['HOKOCTh SHEPrOCUCTEMBI, B IIEPBYIO OYEPE/ib, ONPEACISACTCS 110 CTEIICHU
B3aMMOJICUCTBUSL TCHEPUPYIONIMX MOIIHOCTEH B paMKaxX MOKPBITUS Tpaduka
notpednenus 3uepruu. [logaepxanus ruOKOCTH YHEPTOCUCTEMEI Ha TPeOyeMoM
YpOBHE JOOMBAIOTCS TMPUMEHEHUEM BBICOKOMAHEBPEHHOTO TE€HEPUPYIOIIETO
000pyI0BaHMs, MHTETpanueil B YHEPTOCUCTEMY CUCTEM HAKOIUICHHS SHEPTHUH,
Pa3BUTUEM JIOTUCTHUKU II€p€aavyu OSHEPIruu, CUCTEM OIICPATHUBHOIO M KpaTKO-
CPOYHOTO TPOTHO3UPOBAHUS MOTPEOHOCTH B HEPTrUU. DHEpreTudeckas Tuo-
KOCTh CTAaHOBHTCSI B 3TOM KOHTEKCTE CUCTEMOOOPA3YIOIIUM CBOHCTBOM 3HEPTO-
cucTeMbl, a 3pPEeKTHBHOE YIpaBICHUE €0 — TIIABHBIM YCIOBUEM JJIS ITEpeXxoa
K HOBOMY dHepreTuaeckomy ykmany [2]. s Pecryonuku benapychb, B KoTOpoit
Jiec SIBJISIETCS. OJTHUM U3 OCHOBHBIX BO30OHOBIISIEMBIX MPUPOAHBIX PECYypCOB, aK-
TyaJIbHBIM SIBJISICTCSI OTPEJICIICHUE 3HAUCHUS M MECTa B COCTaBE dHEPrOreHEpPH-
pyroiero 000pya0BaHus CTPaHbl TEIUIO(MUKAIMOHHBIX MOIHOCTEH U MOJUTCHE-
PAIMOHHBIX YCTAHOBOK, UCTIONB3YIOIIUX MeCTHBIC BUbI ToruBa (MBT) B Buje
OTXOOB IepepabOTKU APEeBECHHEI [3, 4].
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AHAaJIu3 MaHEeBPEHHOCTH reHepupyolero o6opyarosanust Muau-TIL]

Kak wu3BecTHO, MOHATHE MaHEBPEHHOCTH T'E€HEPHPYIOLIEro 00O0pyIOBaHHUS
TOC [6, 7] ckmanmelBaeTcs U3 psAla XapaKTEPUCTHK: CKOPOCTH H3MEHEHHSA
Harpy3KkH, KOTOpas U3MepseTcs B NPOLEHTaX HOMHUHAJIBHON MOIIHOCTH B MUHY-
Ty; [JWana3oHa HW3MEHEHUS MOINHOCTH OT HOMUHQJIBHOW OO0 MHHUMAlb-
HOH, BO3MOXHOCTH KPaTKOBPEMEHHOM MEPErpy3ky MaKCUMaJIIBHONH MOIIHOCTH,
a TaKk)Ke IyCKOBBIX XapaKTEPUCTHK SHEProOJoKa, BKIIOYAs IIUTEIBHOCTh ITyC-
KOB II0CJIE IIPOCTOEB B PE3E€PBE, BEPOATHOCTD YCIIEIIHOIO ITyCKa B COOTBETCTBUU
C HOPMAaTHBHBIMHU TpadUKaMHU IycKa, JOMYCTUMOIO C TOYKH 3pPEHHS MaJIOLUK-
JIOBOM yCTaJIOCTH JIEMEHTOB OJIOKA, YMCIIa TIYCKOB B T'OJl M 332 BPEMs CIIy>KOBI,
IIyCKOBBIX MOTEph TommMBa. OUEeBUIHO, YTO MAapOCHUIOBBIE ycTaHOBKM Ha MBT
HE COOTBETCTBYIOT 3TUM TPEOOBaHMSAM B IIOJHOH MEpe, OAHAKO, YUUTHIBAS ILU-
pokuii perynupoBouHblii tuanazod ORC-610K0B U1 OLIEHKH AWHAMUKH Habopa
MotnHocTH uccaenxyemoit ORC-ycTaHOBKOH, paccMOTpeHbI TpadUKi U3MEHEHHS
JJICKTPUYECCKOW MOIIMHOCTH B JHHM €€ 3amycka (puc. 1). Ha ocHOBe apXWBHBIX
JAaHHBIX U3y4deHbl MaHeBpeHHbIe XapakTepucTuku ACY TII munu-TOL Ha MBT
¢ rerutodurannonHoir ORC-ycranoBkoit Turboden 14 CHP mo ynune I1aBnos-
ckoro, 66, Bxogsmieit B coctaB PTC-6 ['TI « MHHCKKOMMYHTEIIIOCETEY [5]. 3T0 10-
3BOJIMJIO MTOKA3aTh BO3MOXHOCTh IJITAHUPOBAHUS 3PPEKTUBHBIX PEKUMOB pado-
Tl Temiopukanmonnoii ORC-ycranoBku, paboratomeii B coctaBe MUHH-TIL]
Ha MBT, ¢ unrerpauueii B ee NpUHUNIHAIBHYIO TEIIOBYIO CXEMY MOy MPO-
M3BOJICTBA BOJOPOAA U HCIIOJIB30BAaHWEM IIPOTHO3a CYTOYHOI0 rpaduka norpeod-
JIeHUS TEIUIOBOM JHEPruM C Y4YeTOM JAMHAMUKH HW3MEHEHHS TeMIIepaTyphbl
Hapy>KHOT'O BO3/yXa, a TaK)ke 000CHOBATH COCTAaB KOHLENTYaIbHBIX CTPYKTYp-
HBIX CXEM MHTEIPHUPOBAHHBIX OJIUTCHEPALUOHHBIX CHCTEM.

AHanu3 BhIIICYKa3aHHBIX TPapHUKOB MOKa3al, YTO CPEAHSs CKOPOCTh POCTa
MOIIHOCTU 3Heprooyioka cocrasiser 1,5-3,0 %/MuH, pH 3TOM BpeMs BBIXO-
Jla Ha HOMUHAJILHYIO0 MOIITHOCTE COCTAaBJISAET UyTh Oosbire 40 muH. Taxke Oblia
clleNaHa OICHKa NMPOJOKUTEIBHOCTH IyCKa YCTAHOBKH U3 «XOJIOIHOTO COCTO-
SIHUS», TOJ KOTOPBIM IO/pa3syMeBaeTcsi BpeMs OT Hayaja MOTpeOJIeHUs ero
JMIEKTPUYECKON MOIIHOCTH Ha COOCTBEHHBIE HYXIbI J0 Hayajla OTIycKa
MOIITHOCTH OT YCTaHOBKH B 3JIEKTPHUYECKYIO ceTb. /|y mpuBeneHHbIX Ha puc. |
rpaMKOB MEPEXOAHBIX IPOLECCOB NPOIODKUTEIBLHOCTD ITyCKOB U3 «XOJIOAHOTO
COCTOSIHMS» Bapbupyercs oT 20 MMH 70 2 4. DTO MO3BOJISIET CAENaTh BBIBOJ O
ToM, uTO Hccnexyemas ORC-ycraHoBKa B 4acTHOCTH U MUHH-TOL] B 1ejgom He
MOTYT PaccMaTpUBATHCS KaK MaHEBPEHHBIA YHEPTOMCTOYHHMK O€3 OCyIIecTBIIe-
HUS TONOJHUTEIHHON MOJEpHU3AINH.

Jl1g OlleHKHM palMOHaIbHOCTH MHTETPAllUN TEHEPUPYIOLIEro 000pyI0BaHUS
MuHHA-TII] K ycmoBusM paborel OOBETWHEHHOW JHEPreTHUECKOW CHCTEMBI
(O2C) benapycu HEOOXOAMMO OCYIIECTBISATH MPOTHO3UPOBAHUE BUIA CYTOY-
HBIX Tpa(uKOB MOTPeOICHHs TeIUIOBOW sHepruu. Ha ocHOBaHMM mpOrHO3a Mpo-
¢uis rpadMKoB MOTPEOICHUS TEIUIOBOM 3HEPTHH B CHCTEME TEIUIOCHAOKEHHS
(CT) u orrrycka B ceth OOC benmapycu 37eKTpHIeCKOi SHEPTHH BO3MOXKHO TIjIa-
HUPOBAHUE ONTHUMAIBHBIX PEXHMOB paObOThl KOMOMHMPOBAHHOH YCTAaHOBKH Ha
6aze ORC-010Ka H, KaKk cIEACTBHE, OmpeneneHne d3PPeKTUBHOCTH PabOTHl MH-
Hu-TOL Ha MBT. B kauecTBe mpumepa Ha puc. 2 TPUBEJCH CYTOYHBIH rpaduk
anekTpudeckoi Harpy3ku ODC bemapycu B 3uMHui paboumii neHs [8].
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Puc. 1. lunamuka n3mMeHeHus snekrpuieckoid Mmomnoct ORC-ycTaHOBKY IpH ee 3armycke

Fig. 1. Dynamics of changes in the electrical power of an ORC unit when it is started
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Puc. 2. TIporao3 npumMepHOTo npouiis rpaduka MOKPHITUS AIEKTPUISCKOW HATPy3KH
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Fig. 2. Forecast of the approximate profile of the schedule for covering the electric load
of the Belarusian UES on a winter working day

BBuay OTCYTCTBHS MOJHBIX JAHHBIX O CYTOYHOM INOTPEOJICHHMM TEIUIOBOI
SHEpPrUH HEMOCPEICTBEHHO MOTPeOUTENsIMU MUHU-TIL] 1 KOTenpHON 1O yJuIle
[TaBnoBckoro, 66, AN OLEHKH BHUAA MPOTHO3UPYEMOTo Hpoduis rpaduka cy-
TOYHOTO HOTPEOJICHUSI TEIJIOBOM SHEPIHU B OTONMUTENBHBIN MEPHOA HCHOIb30-
BaHa unpopmarst ACY TII munau-TII] korenbHO# 10 yaune Ppannucka Cko-
puHbl, 48, ¢ yCTaHOBJIEHHOW TemaoBoi MourHocTei0 120 MBT 1 anamoruuHoi
MuHU-TOL mo ynune IlaBraoBckoro, 66, CTPYKTYpOHM TEIJIOBBIX HAarpys3oK.
Ha puc. 3 mpuBeaeHs! XapakTepHbBIE CyTOYHBIC TPpauKH MOTPEOICHHSI TETUTOBOM
9HEpPrUH COOTBETCTBEHHO B JIETHUH W 3UMHUMN MEPHUOABI (B OTHOCUTENBHBIX €IH-
HHULaX K YCTaHOBJICHHOH MomHocTH). K neTHeMy mepHomy OTHECEH MPOMEXy-
TOK BPEMEHH C Mas IO CEHTS0pb BKIOYUTENbHO. ClieyeT OTMETUTh, YTO HpU-
BeICHHBIE TpaUKK TOCTPOCHBI U CYTOK C Hauboliee XapaKTEpHOW Il pac-
CMaTpUBAEMOM KOTEIIbHOM MOILIHOCTBIO.
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Puc. 3. Cyrounslii rpadyx HOTpeOIICHNS TEIUIOBOM YHEPTUH OT KOTENBHOMH 10 yiine CKOPHHBI

(B OTHOCHUTCJIBHBIX CIMHULIAX K MaKCUMaIbHOU HOT‘peGJ’IﬂeMOﬁ MOIJ.IHOCTI/I)

Fig. 3. Daily schedule of thermal energy consumption from the boiler house on Skaryna Str.

(in relative units to the maximum power consumption)

Kak u3BectHo [9], Ha mpoduie cyTouHOro rpaduka NoTpedIeHus TEIIOBON
SHEPTUHU OKa3bIBAeT BIUSHME Psill (pakTopoB, HaMOOJbIIEE U3 KOTOPHIX UMEIOT
KaJICHJIapHbIN 1eHb HelenH (padounii, BBIXOAHOM, MPa3JHUYHBIHN JIeHb), a TAKKe
TeMmIeparypa Hapy>XHOro Bo3xyxa. OOumii Bua CyTO4HOTo rpaduka mnorpebdie-
HUSl TEIUIOBOM SHEPrMHM MOXHO AalllPOKCUMUPOBaTh CHUCTEMOH M3 YeThIpeX
ypaBHEHUIl 10 BpeMEHHBIM IepuojiaM cyTok. Ha puc. 4 mpuBeaeHbl 3aBHCHMO-
CTH CPEIHEYacoOBOI'O IMOTPEOJICHHs] TEIUIOBOH MOIIHOCTH (B OTHOCHUTEIBHBIX
eIMHMIAX K MaKCUMaJbHOH MOTPEOJIIeMON MOIIHOCTH) OT TEeMIepaTypsl
Hapy>KHOI'O BO31yXa.
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Puc. 4. 3aBHCUMOCTD CpeAHEYACOBOH NOTPEOIAEMON TEIUIOBONH MOITHOCTH
(B OTHOCHUTENBHBIX SIMHUNAX K MAKCUMaJIbHON MOIIHOCTH)
OT TeMIIepaTypbl Hapy)KHOTO BO3yXa

Fig. 4. Dependence of the average hourly consumed thermal power
(in relative units to the maximum power) on the outdoor temperature
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OKCIEpUMEHTANbHBIC TAHHBIC, MIPEACTABICHHBIE HA STOM PUCYHKE, OTpaxka-
10T OJTM3KYIO K TUHEHHOW 3aBHCHUMOCTD TEIJIOBOW HATrPY3KH TEIJIONCTOYHHKA OT
TEeMIepaTyphl Hapy»KHOTO BO3ayxa. Ha puc. 5 mpuBeneHa 3aBHCHUMOCTH TEILIO-
BOI MOITHOCTH (B OTHOCHUTENBHBIX €IUHHIIAX K MaKCHMAaTbHOW MOIIHOCTH) OT
TEeMIepaTyphl HAPYKHOTO BO3yXa U TEKYIIEro BpeMeHH CyTOK. J[ist ocymecTs-
JICHWsI KPaTKO- M CPETHECPOYHOTO MPOTHO3UPOBAHMS TEIIOBOM MOITHOCTH II0-
CTpoeHa (YHKIIMOHAIIbHAS MOJEIbh C Pa30MBKOW CYTOK Ha YEThIPE BPEMECHHBIX
neproa, KoTopas mpeacTaBiieHa B Ta0u. 1.

OTHocuTenbHas
Tennosasi MOLHOCTb

Ha BEMUYMHY MakcumarbHOW
mouHocTn, MBT/MBT
(=]
[++]

% B
-Q0° o aﬂ@

Puc. 5. 3aBUCHMOCTb OTHOCUTEIHHON TEIIJIOBOH MOIIHOCTH
(B OTHOCHTENHBIX CIUHAIAX K MAKCUMAIbHON MOIIIHOCTH )
OT TeMIIepaTypbl HAPY>KHOTO BO3JyXa U TEKYILEro BPEMEHHU CYTOK

Fig. 5. Dependence of the relative thermal power
(in relative units to the maximum power)
on the outdoor temperature and the current time of day

B kadectBe HUCXOAHBIX OAaHHBIX JIA IMOCTPOCHHA MOACIM HCIIOJIb30BAHBI
3HAYEHUs CPEeJHEYacOBOM TEMIIepaTyphl HAPYKHOTO BO3AyXa H OTHOCUTEIHHOM
MOIIHOCTH KOTEIBbHOW B oTOmMUTEeNbHBIN mepuona 2023 r. ['paHuisl HHTEpBAIOB
OTpPE3KOB BPEMEHH IPH STOM ONPEIENICHbl B COOTBETCTBHH C MPEIOIaraeMbIMH
HEepPHOJIaMU ITUKOB CYTOYHOTO MOTPEOJICHUS TEIUIOBOM SHEPTUH, a TAK)Ke MUHU-
MH3alUH CYMMAapHOTO JJIsI KaXIOro ypaBHEeHHs kodddummeHra nerepMuHa-
mun R*. ClieyeT OTMETHTb, YTO MONyYeHHAs CHCTEMa YPaBHEHHMIT XapaKTepu3y-
erca kodddummentom merepmunanuu mopsaka 0,9, B To BpeMmsi Kak oOmiee
ypaBHeHHe 0e3 pa30ueHusi Ha MHTEePBaJIbl TI0 BpeMEHH CyTOK o0ianaet ko3ddu-
LUEHTOM JIeTepMHUHAINH, paBHbIM 0,14,
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Tabruya 1
DyHKIMOHAIbHAS MOAe]Ib OTHOCHTEJILHOH Tem1oBoii Harpy3ku Q (MBT/MBT)
B 3aBHCHMOCTH OT CPeIHEYACOBOI TeMIepaTypbl Hapy:kHoro Bo3ayxa t (°C)
M TeKYyLIero BpeMeHH CYTOK T (1)

Functional model of relative thermal load Q (MW/MW) depending
on the hourly average outdoor temperature t (°C) and the current time of day 7 (h)

. Koadpumuent
YpaBHeHue noTpedIIsieMoi MOLITHOCTH Murepsan CTCPMHUHA-
OTHOCHTEITBHO MaKCHMAIIbHOW CPEeHEYacOBOI MOITHOCTH BPEMEHHU A men R’

0, = 0,597 + 0,0034947* — 0,025897 — 0,00001300£ —

—-0,02577t Mpu0<7T<9 0,89
0, = 0,466 — 0,0010117>+ 0,026131 + 0,0003540£— 0,02626¢ |IIpu9 < T< 16 0,93
0; = 0,829 + 0,000777 T — 0,02478t + 0,0002640¢* — 0,02592¢ [ITpn 16 < T <21 0,93
0, = 1,343 - 0,031067 — 0,00005200£ — 0,027 14¢ Mpun 21 <T<24 0,91

Apantanuss ORC-ycTaHOBKHM K YCJIOBHAM Pad0Thl IJHEProcUCTeMbI

Kax oTmedanoch [5], mpu onTHMH3AITIN PEKAMOB dKCIDTyaTanui MUHHA-TI1]
Ha MBT, pabotaromeit mapamiensHo ¢ O9C, umeronielt 3HaUNTENbHBIN Tpodu-
LUT 3JEKTPOreHEPUPYIOMKUX MOIIHOCTEH, ClexyeT pa3fensiTh BapHaHThl IS
CYLIECTBYIOLIUX CTaHLUUH M AJIS1 BHOBb CTposIKXca. B mepBoM ciydae BBHIY
TOT'0, YTO MOIIHOCTh OOOPYZOBaHMS M3BECTHA, LEIECOO0OPa3HO pacCcMaTpUBATh
JIBa KpalHNX BapHaHTa, a UMEHHO PaboTy TEIUIO(MHUKAITMOHHOTO OJIOKA IO AJIeK-
TPUYECKOMY HJIM TEIUIOBOMY TpaduKy Harpyskd. B KaxqoMm U3 3TuUX cilydaes
IUIL BBIIGP)KUBAHUS CYTOYHOrO Tpaduka moTpeOieHus HEeoOXOOUMO Mpemdy-
CMaTpHUBaTh aKKyMYJMPOBAHUE COOTBETCTBEHHO TEIUIOBOW WJIM 3JICKTPUUECKON
9Hepruu. [y BHOBb CTPOSIIUXCS JIEKTPOCTAHIIMN ONTUMHU3UPYEMBIM IIapaMeT-
POM MOJKET BBICTYIATh 3JIEKTpHUYECKass MOIIHOCTh TeHEpUpYIOIIero o0bopyaoBa-
HUS, TIOTOMY IIeJieco00pa3HO MPEANOYTEHUE OTAATh BapUaHTy ¢ MaKCHMallb-
HBIM YHCJIOM 4aCOB MCIIOJIb30BaHNsI HOMHHAJIbHOM MOLITHOCTH.

Hwxe npexncraBneH aHanu3 Ajsl BapuaHTa MOJCPHHU3ALMU CYIIECTBYIOIICH
CTaHIMHM TI0 LIEJIEBOMY KPUTEPHIO AOCTHKECHUS MaKCUMyMa Kod(dduimenra Bbl-
paboTKH 3IEKTPUYIECKON PHEPTHUH Ha TEIIOBOM MOTpeOIeHUU (MakcHMaabHas
1011 KOMOMHUPOBaHHOHM BbIpaboTku »Heprun or ORC-yctanoBku MuHH-TIL]
Ha MBT) B pexxume paboThl 10 rpaduKy TEIUIOBOTO MOTpediieHus. B uucnen-
HOM 3KCIIEPUMEHTE YCTaHOBJICHHAS HJICKTPUYECKAasi MOIIHOCTh YCTAaHOBKH IPU-
Humanacek 1,280 MBT, a Temoast — 5,3 MBt. B ycnopusix Pecnyonuku bena-
pych, He o0najaromell CyniecTBEHHBIMU 3aracaMy MPUPOAHOTO Tasa, BOIOPOJ
1es1ecoo0pa3Ho MPOU3BOAUTE METOJAMM Pa3IOKEHHUS! BOABL. XOTS Cpelu AaH-
HBIX TEXHOJIOTUH TIpou3BojicTBa H, Hanbomnee nepcneKTHBHBIMU 111 MUHU-TI1]
Ha MBT sBIstoTCS 37€KTPOIN3 U YETHIPEX- U MATUCTYIIEHYAThle TEPMOXUMHUYE-
ckue kbl Cu—Cl [10], B 1aHHOM ciiyyae paccMaTpuBalcsa BapHaHT CTPYKTYPHI
MuHH-TOLl ¢ MomyneM Mpou3BOACTBAa BOAOPOAA BIIEKTPOIU30M, Kak Hambolee
anpoOupoBaHHEINH B 3HEpreTuke [5]. Ha puc. 6 npuBeneH oOmmii BUA CTPYKTY-
PBI MHTETPUPOBAHHOM CHCTEMBI C IOITyCTUMOI BapUAaHTHOCTBIO MCIOIb30BAHMS
TeHEpUPYEMOT0 BOJIOPOA.
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B cnyuae npuMeHeHHs BOJOPO/ia B KAYECTBE MPOMEXKYTOUYHOTO SHEPTOHOCH-
TSI ATl aKKyMYJIMPOBAHHUS M30BITOYHON JIEKTPUIECKOW SHEPTUH MPH aJarTa-
1 ORC-yCcTaHOBKH K YCIOBUSM PabOTHI 3HEPTOCUCTEMBI MIEPCIIEKTHBHBIM BEI-
DJISTAT MCTIONIb30BaHUE HAUOOJIee JISIICBON YCTAHOBKH IIEIOYHOTO JICKTPOJIH3a
(AEC). Ilpu sTom muTerparus B cxemy MuHU-TIL] Momyns nmpowusBoactsa H,
MOCPEICTBOM DJIIEKTPOJIH3a MOTPeOyeT NOCTHMIKEHUS COOTBETCTBYIOIIETO Kade-
CTBa UCXOIHOHN BOBI, YTO OOBIYHO TPEOYEeT JIOTOJHUTEIBHON YCTAHOBKU MOJTY-
7 o4MCTKH mcxomHoit Boawl. CormacHo [11, 12], coBpeMeHHBIE YCTaHOBKH
06paTHOro ocMoca notpe6siioT ot 2,8—3,3 KBT-u sHepruu Ha 1 M° BO/IBI B 3aBHU-
CHMOCTH OT ee KadecTBa. C y4eToM TOTro, 4TO s mpousBocTBa 1 kr H, Tpedy-
ercs okoso 9 xr H,O, momomHUTENbHOE MOTPEOICHHE dIEKTPUICCKON YHEPTHH
Ha | xr Bomopoma cocraBuT okoio 0,03 xkBru/kr H,, dro HecomoctaBUMO
MEHbIIIE, YeM MOTPeOICHUE ICKTPUUECKON SHEPrUU KOMMEPUECKH HCIOJIb3Ye-
MBIMH siekTponm3epamMu [5]. [10OOYHBIM MPOAYKTOM 3JICKTPOIN3a SBISICTCS
KHCJIOPOJl, KOTOPBIA B CIydYae pacCMaTpPHBA€MOTO SHEPTOWCTOYHHKA MOXKET
OBITh HKCIIOJB30BAaH B KOTJAaX MHMKOBON KOTEJIHOW IyTEM CMEIIMBAHUS €ro
C BO3/AYXOM, II0/IaBa€MbIM B TOPEJIOYHBIE YCTPOWCTBA, MO0 MOXKET HaKaIlIH-
BaThCS ¥ HAIIPABIIATHCS HA HYK/bI BHEIITHUX ITOTPEOUTETEH.

Cuctema
xpaHeHun O,
Tonaueo

KomnpeccopHan
H;

T

NOArOTOBKU

H,0
w H,

| | ‘i |}
nr W‘ ‘Q

Puc. 6. BoamoxHast KoHQUTYpalus CTPYKTYpbl MUHH-TIL]
C MOJIyJIeM IIPOU3BOACTBA U HaKomIeHus H,

Nnr+H,

Fig. 6. Possible configuration of the mini-CHP structure
with the H, production and accumulation module

Jns  akKyMynupoBaHHS ¥ HCIHOJB30BAHMS HW30BITOYHOM DIIEKTPHICCKOM
SHEpPrHH IyTeM IPeo0pa3oBaHUS €€ B BOJOPOJ JOMOIHUTEIHHO HEOOXOIHM
6s10x kommpumupoBanus. [locneayromiee UCONB30BaHNE BOAOPOIa BO3MOXKHO
0 PSITy BapHaHTOB, K HanOoJIee MPUEMIIEMBIM, COTIIACHO CXeMe puc. 6, MOKHO
OTHECTH: HEMOCPEICTBEHHOE NOOAaBJICHUE BOAOPOAA B TPYOOIPOBOILI HMPUPOJI-
HOTO Ta3a JJIsl CHH)KCHUS €ro MOTPEOJICHUS MO MECTy T'€HEpallud, XpaHCHHE
B ra3000pa3HOM BH/JE C MOCIEAYIONINM HCIIOIb30BAHUEM B TOTUTMBHOM JJIEMEH-



P. C. Henamosuu, B. A. Ceonun, E. C. 3yesa
324 AHanu3 v ONTUMHU3ALKS PSKUMOB paboThl MUHU-TDI] Ha MECTHBIX BUAAX TOILIMBA. ..

T€ IS TPOU3BOJCTBA JJIEKTPUUYECKON SHEPTrUU B MEPHUOJBI MUKOB CYTOYHOTO
rpaduka ODC; nucronp30BaHUE BOIOPOAA U TPOU3BOACTBA aMMuaka NH; mu-
00 cuHTeTHYeckoro mpupoanoro rasa (CIII). Haumbomee moporocrosmmM,
C TOYKH 3PCHHS KalUTaIbHBIX BIOKCHUU U TEKYIIUX PACXOJI0B, BAPHAHTOM W3
MIPEIOKEHHBIX SBISIETCA HAKOIUIEHHE BOAOPOAA C TOCIEAYIOIUM €T0 UCTIOIb-
30BaHHEM B TOIUIMBHBIX 31eMeHTax [13]. Ilpu 3ToM 3HAUWUTEIBHBIE KAaNHUTAaJb-
HBIE 3aTpaThl BHI3BAHBI HETIOCPEACTBEHHOM CTOMMOCTBIO DJIEKTPOIU3Epa, COIMO-
CTaBUMOH C HEI0 CTOMMOCTHIO TOIUIMBHBIX JJIEMEHTOB, a TaKKe CTOMMOCTBIO
€MKOCTH JUIsI XpaHEeHHUsI BOAOPOAa (Yallle BCEro YHCTHIM BOIOPOI B ra3zoo0pas-
HOM COCTOSIHMM XpaHST MpH JAaBiIeHHH B AuamnazoHe ot 35 mo 70 MIla [13]).
3arpaTsl 3JeKTpUYeCKOW PHEPTUN Ha ckatue H, o Takoro naBieHus: oleHHBa-
oTes 10 6 kBt Ha 1 kr H,, 4TOo OKa3bIBaeT CyIIECTBEHHOE BIUSHUE HA TEKY-
TUE PaCXOIbI.

JlJ11 BHEUTHETo WCIIOJIb30BaHUs BOJOpoaa OoJiee MPUBJIEKATEIHHBIM BBITIIS-
IuT BapuaHT ¢ npousBoacTBoM ammuaka unu CIIT. IIpoussoacteo CIII" moapa-
3yMEBaeT JONOJHUTEIbHBIN ONoK ynaBnuBanus CO, M3 YXOISIIUX JBIMOBBIX
ra3oB MuHHU-TDI] ¢ mocmeayonM ero NCrojib30BaHNEeM B PEeaKId METaHUPO-
Banusl. CpaBHUTEIBHBIA aHAIN3 KOMMEPYECKH JOCTYITHBIX TEXHOJIOTHM yIaBIu-
BaHUS YTJICKUCIOTH M3 IBIMOBBIX ra3oB mpuBeaeH B [14]. K mpeumymectBam
npomsBoactBa CIII' cnexyer oTHecTH TO, yTo MUHHU-TOL] Ha MBT, ucnoms3y-
IOI[asi TAKYH0 TEXHOJIOTHIO, OYJIET CUNTATHCS SIHEPTOMCTOYHUKOM C OTPHUIIATEIIh-
HBIMHU BBIOpOCaMU 3arps3HSAIONINX BelecTB B atMocdepy, a momydaembiii CIIT,
B CBsI3M ¢ TeM 4uTo PecryOnnka benmapych sSBsSeTCs OMHON W3 CaMbIX Ta3u(pHUITH-
POBaHHBIX CTPaH MHpa C Pa3BUTON CUCTEMOI razocHaOxeHus [15], MOXKeT OBITh
WCIIOJI30BaH B CYIICCTBYIOIIMX Ta30IlPOBOJAX, Oyiaromapss 4eMy OTHagaet
HEOOXOIMMOCTh B JOPOTOCTOSIIIIUX CHCTEMAaX Pas3psAAKH HAKOIUICHHON SHEPTHH.
B cnyuae rocymapcTBeHHOM MOIIEP>KKH BBOJA SHEPTOMCTOUYHHUKOB C TaKHUMHU
XapaKTEepUCTUKAMH JaHHas KOH(MUTYpaIus CXEMbl MOXKET CTaTh ONTHMAJILHOM.
Ba)kHBIM TTPEHMYIIIECTBOM HCIIOIB30BaHUS BapuaHTa C aMMHUaKoM [16] sBisieTcst
TO, YTO MPOIECC €r0 CHKIKEHUS MOX0X HAa XOPOIIO M3BECTHBIM U OTIa>KEHHBIHN
MpOIIeCC CKIKEHUS TpomnaHa (CKIDKCHHE MPOU3BOJIUTCS IPU TEMIIEpaType
OKpY’KaroIero Bo3ayxa npu nasienuu 1,0 Mlla), a opranm3anus cHCTEMBI Xpa-
HEHUS aMMKaka TpeOyeT 3aTpaT CYIISCTBCHHO HIDKE, YeM OpraHH3allhs CHCTe-
MBI XpaHEHHUS YUCTOT0 BoAopoa. Ho, ecTeCTBEeHHO, YTO BapHUaHT C UCIIOJIH30Ba-
HUEM aMMHaKa B Ka4eCTBE IMPOMEKYTOYHOTO SHEPTOHOCUTENS TpeOyeT HATNIHS
JIOTIOJTHUTEIILHOTO 00OPY/I0BaHUS [Tl CHHTE3a aMMHUaKa, ero TpaHCIopTa U pas-
PSAIKH HaKOIUIEHHOW sHepruu [17].

OdeBuIHO, YTO B HAIlleM CITydae HanOoJiee MOCTYIMHBIM M3 PacCMOTPEHHBIX
BapuaHTOB cxeM MUHHU-TOL] ¢ Moaynem mpou3BoACcTBa U HakorwieHus H, sBis-
€TCSl BAPUAHT C HETOCPEJACTBEHHBIM HCIIOIB30BAHUEM MPOU3BEICHHOTO BOIOPO-
na B cymectytomiei cetu III. Ho crmeayer yduThiBaTh, YTO MEpeBO]| ra3oro-
TpeOIsIFoIIero 000pYAOBaHUS Ha CXKUTAHUE BOJOPOJCOACPIKAIICTO TOIUIMBA
MOXET MOTPeOOBAThH JOMOIHUTEIFHON PEKUMHON ONTHMU3AIUN U HAJIAIKU TO-
PEJIOYHBIX YCTPOWCTB, a Takxke, uyTo nobasienune B III' H, okaswiBaer cymie-
CTBEHHOE BIIUSHHE Ha TCILUIOTBOPHYIO CIIOCOOHOCTH TOILIMBA, CKOPOCTh PACIpo-
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CTpaHEeHHs U TeMIepaTypy IJIaMEeHHU, BpeMs BOCINIAMEHEHHS TOIJIMBHO-BO3 Iy~
HOH cMecH, TpeOYEeMBIH IS TTOJTHOTO CKUTAaHUS TOILTUBA KO3(PDHUITUEHT H30bIT-
Ka BO3/IyXa M KOIn4ecTBo oOpazyromuxcs BeiopocoB CO, u NO,. CreneHp 31o-
T0 BIUSIHUSA 3aBUCUT OT KoHIeHTpauuu H, B I1I" [18]. OTnensHbIM BOIIpOCOM U3
BBIIIETIEPEUNCICHHBIX CIEAYeT BBLACIUTH BIWSHHE KOHLEHTpauuu H, Ha cko-
POCTb PacIpOCTPaHEHUs IJIAMEHH, TaK KakK MOCIEOHSS HAUpPSAMYIO OKa3bIBAaeT
BJIHMAHUE Ha 0E€30MacCHOCTh JKCIUTyaTallH Ta30MOoTpPEeOSIOmero 00opy0BaHus
1 ero Cpok ciryk0b1. Takum oOpa3om, IS OIIEHKH BO3MOKHOCTH qo0aBieHus H,
B Ta30pacHpeAcIuTENIbHYI0 CETh SHEPrOMCTOYHHMKA HEOOXOAMMO OIPEHCIIUTh
paboumii AHana3oH reHepamnuyd BOAOpona, 0003HAYCHHBIC BBIIIE IMapaMeTpbl U
TaKXKe OLIEHUTH IPEAIIoIaraeMyIo 3KOHOMHIO IPUPOJHOTO rasa.

Bosppamasce k aHanmmzy pexxuma pabotel MUHHU-TOII, ciexyer oTMeTHTh,
YTO MaKCHMaJbHas MOLTHOCTh MOJAYJIS MPOU3BOACTBA BOJOPO/A NEKTPOIU3OM,
HeoOxoauMast IS TpeoOpa3oBaHUs M30BITOYHON DIICKTPUUECKON SHEPTUH, BHI-
pabateiBaemoit ORC-ycTaHOBKOH, MOKET OBITH OINpeieseHa UCXOAS U3 HOMHU-
HaJBbHOM 3eKTPUYECKON MOIIHOCTH yCTaHOBKH, paBHOH 1,28 MBT. Pacxo re-
HEPUPYEMOTO IIOCPEACTBOM IIEJIOYHOTO 3JICKTPOJIM3a BOAOPOAA NPH YIElb-
HBIX 3aTpaTax 3JIEKTpUYECKOH sHepruu B Auamna3zoHe 47-66 kBtu Ha 1 kr H,
[5, Taba. 2] cooTBeTCTBEHHO OyAET HaXOAUThC B mHTepBaie 27—19 kr/4. C yue-
TOM 00O03HAYEHHBIX PEKUMOB PaboThl ORC-ycTaHOBKM 1O TpaduKy TEIUIOBOM
Harpy3Kd TeKyIlas MOLITHOCTH OJIOKa 3JIEKTPOIU3EPOB OOJBIIYIO YaCTh BPEMEHH
CYTOK OyZeT He TOJIHOW, YTO MO3BOJHT MPOU3BOAUTH OTOOP M3OBITOUHON 3JICeK-
TPUIECKOW dHepruu U3 djekTpudeckoir ceth ODC B mepruoapl IPOBAJIOB
noTpeOsieHus SHEPIUu, €ClIH 3TO OyAeT 3KOHOMHYECKHM OOOCHOBAaHO TapHud-
HOW monuTHKoW. KojauuecTBO BbhIpabaThIBAEMOrO BOJOpOJA MpPH padoTe
ORC-ycTaHOBKM pacCMaTPUBAIOCh U OLICHUBAJIOCH B COOTBETCTBHHU C XapaKTep-
HBIM CYTOYHBIM Tpa)MKOM TeIUIOBOH Harpy3ku (puc. 3). B mepmon HouHOTrO
npoBasia moTpedneHus 3nekTpodHepruu ¢ 0:00 mo 9:00 cymmapnas renepa-
s BOJopoaa 0e3 BRIIAYHM IEKTpUUeCKOH MOIHOCTH B ODC COCTaBUT OKOJIO
110 xr 3uMoOi M 25 KT JE€TOM NpH YAEIBHBIX 3aTpaTax Ha 3iekTponn3 47 kBru
Ha 1 xr H, wim 78 kr 3umoii u 18 Kr JeToM NpH yAedbHBIX 3aTpaTax Ha dJIeKT-
ponu3 66 kBtu Ha 1 kr H,. Kak oTMeuanoch BbIllle, MpU HUCIOJIb30BAHUU HA
munu-TOL] Bogopona B Buzae ero nobasku B [1I" HemocpeaCTBEHHO Mepes MUKo-
BOIl KOTENBHOM I1eTIeco00pa3HO pacCUnuTaTh €ro JOIyCTUMOE COJAEpKaHHE B I10-
Jy4aeMOM TOIUIMBHOM Ta3e AJs ONpPENEeNeHUs TPaHUYHBIX yCJIOBUH JKCILTyaTa-
UM CYLIECTBYIOLIETO Ia30N0TPEOIAIONEro 000py 10BaHus.

Ha puc. 7 nmpuseneHa 3aBUCUMOCTB COJEPKAaHMSI BOAOPOAA B TOIUIMBHOM
ra3e OT TeKylled MOUIHOCTH ra3oBod koTenbHOH. KIIJ[ xoTnoB mpunsr 92 %,
temora cropanus I 33,16 MJx/HM’, a pacxoa BOAOPOAA MPHHST KAK MaK-
cuMasibHOe 3HadeHue npu padore ORC-ycTaHOBKHM Ha MaKCHMaJIbHOM yCTaHOB-
JICHHOH 3JeKTpudYeckor MomHOoCTH 1,28 MBT (MakcUMalbHBINA pacXxo]] BOAOPO-
na 27 xr/4). VI3 3aBUCMOCTH, PEACTaBICHHON Ha 3TOM PUCYHKE, CIEAYET, YTO
JOTTyCTUMBIN BepXHUH Ipenen conepxkanus Bomopoxa B III', pasubii 10 %,
He OyZeT MpPEeBBINICH MPH TEIUIOBOW MOIIMHOCTH KOoTenbHOU Oonee 20 MBT,
T. €. B JaHHOM Cllydyae He NOTpeOyeTcs AONOJIHUTENBHOE NPOBEICHUE CYIle-
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CTBEHHBIX PEKUMHO-HANAIOYHBIX pPa0OT Ha Ta30HoTpedisromeM 00opyao-
BaHWHU. B IpOTHBHOM ciydae copepkaHHe B TOIUTMBHOW cMecH Boxopopa 0o-
nee 10 % MoJ. MOXKET OKa3aTh CYLIECTBEHHOE BIMSHHE HA KJIIOYEBBIC ACTICKTHI
6e30macHON IKCIUTyaTalluu 000pyI0OBaHHUA.
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Puc. 7. 3aBUCUMOCTb coliep>KaHus BOJAOPOa B TOILIMBHOM Ta3e
OT TEKYIIEeH MOLIHOCTH ra30BOH KOTEJIbHON

Fig. 7. Dependence of the hydrogen content in the fuel gas
from the current capacity of the gas boiler

C yuerom pa6otel ORC-yCTaHOBKM B COOTBETCTBHH C Ipa)MKOM TEIUIOBOM
Harpy3Kd B IEPHOJ OTCYTCTBHS BBITAYM 3JEKTpHUUIecKor MomrHocTH B ODC
¢ 0:00 mo 9:00 m30BITOYHAS AIEKTPUYECKAs IHEPTUS MOXKET OBITh MOIHOCTHIO
npeobpazoBaHa B BOJOpOJ. B ocTtampHOEe Bpemsl CyTOK BbIpaOaThiBaeMasi Ha
ORC-ycraHOBKe 3ieKTprUecKas SHEPTHS MOXKeT niepenaBatbes B OOC. Mexons
U3 3TOrO CHUCTEMa YpaBHEHHH, IPHUBEACHHAas B Ta0. 2, MOXKeT OBbITh peoOpaso-
BaHa JJIsI MPOTHO3HPOBAHHS BBIPAOOTKH BOAOpoJa (KI/4) M DIEKTPUYECKOU
SHEPTUU B 3aBUCUMOCTH OT TEMIIEPaTypbl HAPYXKHOTO BO3AyXa M TEKYILETO
BPEMEHH CYTOK.

Tabauya 2
D®yRKIMOHAILHAS MOJIEb BHIPadoTKH Boopoaa Gy, (kr/4)
u iekTpuyeckoii MomHocTd W (MBT) B 3aBHCHMOCTH OT CpeIHEYACOBOii TeMIepaTypsl
HapyHoro o3ayxa t (°C) u TeKylmero BpeMeHu cyToK T (4)

Functional model of hydrogen generation Gy, (kg/h) and electric power W (MW) depending
on the hourly average outdoor temperature t (°C) and the current time of day 7 (h)

YPaBHeHI/Ie BI;Ipa60TKI/I BOAOpOAa U 3HeKTpI/I‘{6CKOﬁ MOIIHOCTH I/IHTepBaH BpEMCHU
Gz = 16,26 + 0,09517% — 0,7051 — 0,0004007 — 0,702¢ Mpu0<T<9
W, = 0,596 — 0,0013007* + 0,03344t + 0,0004507 — 0,03360¢ Mpn 9<T<16
W3 = 1,061 + 0,0009907* — 0,03170t + 0,0003407 — 0,03320¢ Mpu 16 < T<21
Wy = 1,719 — 0,03970t — 0,0000670¢* — 0,03473¢ Ipu 21 < T<24

CrnenyeT OTMETUTH, YTO, IOMUMO PAaCCMOTPEHHOTO BapHaHTa MPOTHO3HPO-
BaHUs MOIIHOCTH MUHHU-TJL] B cooTBeTCTBHU C TpadukoM MOTpeOICHUS TEIIo-
BOM 2HEpruu, BO3MOXKHA OpTaHu3alusl pabOThl IHEPTOMCTOYHHKA B HOMHHAIIb-
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HOM PEXHME 3arpy3KH I'eHEpPHUPYIOIIEro 000OpYyAOBaHHS B TCUCHHE BCEX CYTOK,
YTO CYHIECTBEHHO YTPOIMIAET AHKCIUTyaTallHl0 KOMOWHHUPOBAaHHOW YCTaHOBKH,
MTOJIOKHUTEIIEHO CKa3hIBaeTCs Ha HANECKHOCTH e¢ pabOTHI M CIOCOOCTBYyeT Oosiee
IyOOKOMY BOBJICUCHHUIO B TIPOIIECC T'eHEpallMd YHEPTUU KOMOMHUPOBAaHHOM
BBIpaOoTKH. J[J1s1 3TOTO TEeTutoBas cxema MUHH-1 1] TOMOTHUTEIEHO K MO IO
MIPOU3BOJCTBA BOJAOPO/Ia OCHAIIACTCS aKKyMYJISATOPAMH 3JIEKTPOIHEPTUU U TEIl-
notel. OnTUMaibHAs MOIIHOCTh TOCIETHUX MOMOMPAETCS B COOTBETCTBHHU C
MPOTHO3UPYEMBbIM TPa(QUKOM IMMOTPEOJICHUS TEIUIOBOW SHEPTrUM HAa OCHOBAHHH
OTHMCaHHBIX paHee GakTOpoB. B gackl HOUHOTO MafeHUs MOTPEOIEHUS AIIEKTPH-
YecKOW M TEIUIOBOM PHEPIMM OCYIIECTBIISIIOTCS 3apsAAKa 3JIEKTPUUYECKHX aKKy-
MYJIATOPOB, TPOW3BOACTBO BOJOPONa HIIM HM30BITOYHAs BHIPAOOTKA TEILIO-
THI UJIET Ha 3apsSAKy aKKyMyJIsITOpa TEIUIOTHL. B gHEBHOE BpeMs BeIpabaThIBae-
Masi ¥ 3armaceHHas dJeKTpuyecKas SHeprusi MoxeT ObITh BeigaHa B OOC B Tpe-
OyeMOM 00bEME B Yachl XapaKTEPHBIX MUKOB MoTpedieHus. [lorpedieHue xe
TETUIOBOW HEPTHUU TOKPHIBAETCS MyTEM OTIyCKa HEIOCPEACTBEHHO OT pabo-
Taroumx 610k0oB MUHU-TOLl M mocpencTBOM pa3paakyd HAKOIJICHHON B akKy-
MyJsisTope TernoTel. OOIMiA BUJ KOHIENTYAIbHOH CTPYKTypbl MUHU-TOI]
C MOJIYJISIMH IPOU3BOJACTBA BOJOPOAA M AKKYMYJSITOPOM TEIUIOTHI MPHUBEICH
Ha puc. 8.

Tonauneo

| MuHu-T34,
Q
AKKYMYNATOR Q
—
TEMNNOTbI
Hz

Puc. 8. Konuentyansnas cxema MuHu-TOL] ¢ Mmoxynsimu mpousBoactsa H,
U aKKyMYJISATOPOM TETIOTHI

Fig. 8. Conceptual diagram of a mini-CHP plant
with H, production modules and a heat accumulator

CornacHo NMpPUBEICHHON HAa 3TOM PUCYHKE CXEME DJICKTpUYECKas SHEPTus,
BBIpabOaTeiBacMass Ha MUHH-TDI1] B TeUeHHWE CYTOK, MOKET OBITh MCIIOJB30BaHA
TpeMsi crioco0amMu: HemocpecTBeHHbIN oTmyck B ODC, HaKoIUIEeHHEe U30bITOY-
HOM 3JIEKTPUYECKON SHEPTUU B aKKyMYJISITOpaX 3JIEKTPUUECKON SHEPTUU C TMO-
CIEAYIOMAM OTITyCKOM 3jekTposHeprud B OOC B yackl MUK €€ MOTpeOIcHMS,
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a Takke 0003HA4YEeHHBIN paHee BapuaHT Mpous3BojacTBa H, mocpeacTBom aiek-
TPOJH3a B YaChl CyTOYHOTO MaJCHUs noTpebnaeHus sHepruu. Cieayer OTMETUTh,
YTO B YCJIOBHUSAX BHEIPEHWS MOIYJS MPOW3BOJCTBA BOAOPOAA HAa CYIIECTBYIO-
IIeM 3HEPrOMCTOYHUKE HCIIOJIb30BAHUE JIICKTPOIM3CPOB OC3aIbTEPHATUBHO.
OmHako mMpu MPOeKTHPOBaHUK HOBBIX MUHHU-TOL] Ha MBT, moapa3ymeBarontux
YCTaHOBKY JTOTIOJIHUTEIBHOTO MOJAYJISI MTPOU3BOACTBA BOJOPO/AA, UMEET CMBICI
paccMaTpuBaTh TakXKe BHEApPEHHE TEPMOXHMHYECKHX IIMKIOB IPOHU3BOJCTBA
BOJIOPO/Ia, BO3MOKHAS MPUHITUITHATIBHAS CXeMa KOTOPBIX npuBeaeHa B [10].

TemmoBast SHeprusi B paMKax KOHIICTITYaJbHOW CXEMBbI, IPHUBEIESHHON
Ha puc. 8, MOXET UCIIOJIb30BaThCA ABYMA OCHOBHBIMU ITYTAMU: HCIIOCPEACTBCH-
HBI OTITyCK B TEIUIOBYIO CETh JTMOO HAKOIUIGHHE B aKKyMYJISITOPE TETIOTHI
C TOCNENYIOIUM MoTpediienueM. B kauecTBe ambTepHATHBHOTO pPELICHHS IS
ANIEKTPOIIU3EPOB M aKKyMYJISITOPOB DIIEKTPHUYECKOW DHEPTUU B CXEME BEHIJICTICH
MOJIyJIb MPOU3BOJICTBA BOJOPO]Ia TEPMOXUMUUYCCKHM METOJIOM (B CHHEU IMyHK-
TUPHOH paMKe), TpeOYIOMmuil OBO/Ia U TEIUIOBOW M 3JEKTPUUYECKOW SHEPTHH.
Anamu3 3¢GGEeKTHBHOCTH W OIpeAeNicHHE TPaKTHIECKOH IIeIeco00pa3HOCTH
MPUMEHEHUST JaHHOW KOHIENTYalbHONH CXEMBbl WHTETPHUPOBAHHON CHCTEMBI
MIPENICTABIAIOT KaK TEOPETHUECKUH, TaK M MPAKTHYECKUI MHTEPEC U SBISTFOTCS
MPEIMETOM JOTIOTHUTEIHLHOI'O UCCIICAOBAHUS.

BbIBO/Ibl

1. BaXXHBIM CBOWCTBOM DHEPTreTHYCCKON CHCTEMBI SBIISIETCS THOKOCTD,
orpenenseMas CTENEHbI0 B3aUMOICHCTBHUS TEHEPHUPYIOMIUX MOIIHOCTEH B paM-
Kax MOKPBITHS TpaduKa MOTPeOJICHUS SHEPTHH. AHAIU3 PEKUMHBIX XapaKTepH-
CTHK TCHEpHUpPYIONIero o0opymoBanus (merictyromas MuHU-TI1] ¢ Teroduka-
umnonHoit ORC-ycranoBkoit (ORC-ycranoBka Turboden 14 CHP munun-TOL] Ha
MBT mno ynuue IlaBnosckoro, 66, Bxomsuieit B coctaB PTC-6 I'Tl «Munckkom-
MYHTEIIOCETh»)) TOKa3all, YTO CPEAHAS CKOPOCTh M3MEHEHHsI MOIIHOCTH CO-
crasisier 1,5-3,0 %/MuH, mpu 3TOM BpeMsl BBIX01a HA HOMUHAJIBHYIO MOILITHOCTD
U3 «XOJIOJHOTO COCTOSIHHS» BapbUpoBajiock OoT 20 MUH 110 2 4. DTO MO3BOJIUIIO
KOHCTaTHpoOBaTh, 4To ucciemyemass ORC-ycTaHOBKa B YaCTHOCTH M MHHH-T 1]
B IIEJIOM HE MOTYT pacCMaTpUBaThCs KaK MaHEBPEHHBIM HHEPrOMCTOYHHK Oe3
OCYIECTBJICHHUS JTOTIONHUTENBHOW MojepHu3auuu. C eNblo MOBBIIICHUS KO-
HOMHUYECKOH mpuBiekareasHocTH MUHH-TOL] Ha MBT paccMmoTpeHsl BapuaH-
THI Pa3BUTHSA €€ CTPYKTYPHI MOCPEACTBOM Tepexojia Ha MOJUTreHepalliOHHEIE
TEXHOJIOTUU M ajanTanuu K chopMupoBaBmmMcs ycinoBusM pabotel OOC be-
JapycH.

2. Ilns MUHUMH3AIUHA TMOTPEOJICHUS MPUPOAHOTO Ta3a MUKOBBIMHA BOJIO-
IpEHHBIMH MOIIHOCTSIMU HCCIIEAOBaH pekuM 3arpy3ku ORC-ycranoBku 1o Ba-
puanty mMonepHu3anuu MUHA- 11l Ha MBT B COOTBETCTBHM C TEIUIOBBIM Tpa-
(mkoM TOTpeOJIeHUsT MOITHOCTH IO KPHUTEPHI) MAaKCHMyMa SJIEKTPUYECKOU
BbIpaboTKHU. [IpoBeieHHOE YHCIeHHOE HUCCIIeOBaHNE TIO3BOJIIIIO [TOKa3aTh BO3-
MOXHOCTD TUTAHUPOBaHUS 3(H(DEKTUBHBIX PEKUMOB PabOTHI TETUIOHUKAITMOHHOMN
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ORC-ycTaHOBKM B KOHOUTypaluy NPUHOUAMUAIBLHON TEIUIOBOH CXEMBl MHUHU-
TOIl sa MBT ¢ mHTErparueii B Hee MOIYJIA MPOM3BOACTBA BOJOpOaa Ha Oa3ze
MIPOTHO3a CyTOYHOTO rpaduka NOTpedIeHUs TEIJIOBOM 3HEPTHH € yUeTOM AWHA-
MHUKH M3MEHEHHs TeMIlepaTyphl Hapy>KHOro Bo3nyxa. PaspabGoraHa QyHKIHO-
HaJIbHAass MOJENb IJIl IPOTHO3UPOBAHMSA BHIPAOOTKM BOXOpPOJA WU I'€HEPALUH
JIEKTPUYECKOM MOILIHOCTH B 3aBUCHUMOCTH OT CPEAHEYACOBOH TeMIepaTyphl
Hapy>kHOTO Bo3ayxa ¢ (°C) 1 TeKyIIIero BpeMeHHU CYTOK.

3. IlpeacraBiieHbl KOHLENTYaAJIbHBIE CTPYKTYPHBIE CXEMBbl HHTEIPUPOBAHHBIX
MOJUTCHEPALMOHHBIX CHUCTEM, OTJIMYAIOUINECS NPUMEHEHHEM O00O0pYIOBaHUS
reHepaluy BoJopoaa U3 U30BITOYHO MMPOU3BOIUMON NEKTPOIHEPTUH TIpU pabdo-
Te MuHHU-TOL] o TerIoBOMy TpaduiKy W ydacTHEM B MTOKPBHITHH TpaduKa dJIeK-
Tprueckoit Harpy3ku OObeInHEHHON YHepreTudeckoi cuctemsl. [lokazana mep-
CHEKTUBHOCTh U1 BHOBb NMpoeKTHpyeMbix MuHU-TOLl mHa MBT npumeHenus
TEIVIOBBIX CXEM C TEPMOXHMMHMYECKOH TEXHOJIOTMEH IIPOM3BOJCTBAa BOXOpOJA
1 pexruMoM paboTsl 6itoka OPLl Ha HOMHHATBHON MOIITHOCTH.
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Computational and Experimental Study
of the Patterns of Formation of a Fluidized Bed
of Inert Haydite Particles Material
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Abstract. At present, an actual trend in the development of fuel and energy complexes in a num-
ber of countries is the diversification of generation via the involvement of local types of solid fuel.
In this case, thermochemical processing of fuel is often carried out in a fluidized state. A signifi-
cant proportion of dispersed fuels cannot be transferred to a state of stable fluidization.
The solution in such cases is to create a fluidized bed of inert carrier, into which particles of the
target fuel component are then introduced. In this work, a computational and experimental study
of the fluidization of inert bulk material (haydite granules) was carried out. The key purpose of the
work was to develop a mathematical model for the formation of a fluidized bed, which makes
it possible to calculate the process based on its local characteristics, as well as to identify the mo-
del parameters and test it using experiment data. During the study the problems of developing
a numerical method for calculating the distribution of velocities and concentrations along
the height of the apparatus were solved, parametric identification of the proposed mathematical
model was carried out, and empirical verification of the modeling results was carried out.
The mathematical apparatus of the theory of Markov chains was used as the mathematical basis
for constructing the model. The data from our own laboratory full-scale experiment were used to
identify the parameters of the model and verify it. A comparison of calculated and experimental
data showed the high predictive efficiency of the model for the given granulometric composition
of the fluidizing product. The results of the laboratory full-scale experiments also showed a signi-
ficant evolution of the granulometric composition of haydite granules during their long-term stay
in a fluidized bed, which requires a separate study, as well as the introduction of appropriate
amendments to the mathematical model for its further improvement.

Keywords: fluidized bed, numerical simulation, Markov chains, gas velocity profile, haydite
particles
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PacyeTHO-9KCIIEpHMMEHTAIbLHOE HCCIEI0BAHNE
3aKOHOMepHocTel (GOpMHUPOBAHUA KMIIALIEI0 CJIOA
HHEPTHOI0 KePaM3UTOBOI0 MaTepuaJia

A. B. Mutpodanos”, C. B. Bacuiesuu?, C. O. Croiiko”

I)TOpaﬁFBIpOB yausepcuter (IlaBnonap, Kasaxcran),
DBenopycckasi rocyIapcTBeHHas akagemus asuanun (Munck, PecrryGinka Benapyce)

Pedepar. B HacTosmee Bpemsi akTyadbHOW TEHIEHLMEH pa3BUTHUS TOIUIUBHO-IHEPIETUYECKUX
KOMIUICKCOB psija CTpaH SIBISIETCS AUBEPCU(HKAINS TeHEpaluy 3a CUET BOBJICUCHHUSI MECTHBIX
BHUJIOB TBEPJOTo TOIUIMBA. [IpH 3TOM TepMOXHUMHUYECKas TepepaboTKa TOIUIMBA YacTO PEATU3yeTCs
B TICEBJO0XKMKEHHOM COCTOSIHUM. CyIecTBEHHas! JOJsl AUCIEPCHBIX BUIOB TOILIMBA HE MOXET
OBITH TIEpPEBEICHA B COCTOSTHHE CTAOMIBHOTO IICEBJOOKIKEHHS. BRIX0OZOM B TaKMX CITydasx SBIIS-
€TCsl CO3JJaHKe IICEBAO0KUKECHHOIO CJI0 HUHEPTHOTO HOCUTEIIS, B KOTOPBIH 3aTeM BBOJAT YaCTHULIBL
L[EJIEBOTO TOTUIMBHOTO KOMIIOHEHTA. B HacTosieit paboTe MmpeAnpHHATO pacdeTHO-3KCIEPHMEH-
TaJIbHOE HMCCIIEIOBAHNE TICEBAOOKIDKEHUSI HHEPTHOTO CHIITYYero MaTeprana (TpaHyJsl KepaM3uTa).
Llenpio HacTOsIIEH pabOTHI SBISETCS pa3paboTka MaTeMaTHIECKOH MOAeN (OPMHUPOBAHUS IICEB-
JIOOKHKEHHOTO CJI0sI, O3BOJISAIOIIEH BECTH PacyeT MPOIECca MO €ro JOKAIbHBIM XapaKTepUCTH-
KaM, a TaKXKe NACHTU(PUKAINS TapaMeTPOB MOJIETH U €€ MIPOBEPKa MO JaHHBIM HATYPHOT'O 3KCIe-
puMeHTa. B xone mccnenoBaHus peIICHBI 3a7a4d pa3pabOTKH YHCICHHOTO METOJa pacdera pac-
IpeelcHUs] CKOPOCTEH M KOHIEHTpAlMi 10 BBICOTE allapara, BBIIOJIHEHA IapaMeTpUyYecKas
ueHTU(UKAIUS IPETI0KESHHON MaTeMaTHYECKON MOJISITH, SIMIMPHUYECKast IPOBEpKa pe3yJIbTaTOB
MOZenupoBaHus. B kauecTBe MaTeMaTH4YeCKOH OCHOBBI TIOCTPOEHMS MOJEIH HCIIONIb30BaH MaTe-
MaTH4YecKuil armmapar Teopun nened Mapkosa. [t npeHTH(UKanNM mapaMeTpoB MOJEIH U ee
BepU(UKALNY UCIIOIb30BaHbI JaHHbIE COOCTBEHHOI'O HAaTypHOTrO dKcrepumenTa. CpaBHEHHE pac-
YETHBIX M HKCIEPUMEHTAIBHBIX JaHHBIX IIOKA3aJI0 BBICOKYIO NPOTHOCTHYECKYIO 3(DPEKTHBHOCTD
MOZENN ISl W3BECTHOTO TPaHYJIOMETPUYECKOTO COCTaBa OXKIDKAEMOTO MPOAYKTa. Pe3ynbTaThl
HAaTypHBIX AKCIIEPUMEHTOB IOKA3alM TAKKEC 3HAUUTEIbHYIO SBOJIOLMIO IPAHYIOMETPHUUYECKOIO
COCTaBa YacCTHUI[ KepPaM3HMTa HPH UX JUIUTEIFHOM NPeOBIBAHUM B IICEBJOOKM)KEHHOM CJIO€, YTO
TpebyeT OTAEIBHOTO MCCIEOBAHUS, a TAKKE BBEACHHS COOTBETCTBYIOIIUX IMOMPAaBOK B MaTeMa-
THYECKYIO MOZIEIb [UIS €€ JaTbHEHIIEr0 COBEPIICHCTBOBAHHSI.

KoroueBble ci10Ba: 1ceBJOOXKIKEHHBIN CIION, YUCICHHOE MOJEIUPOBaHue, Liend MapkoBa, mpo-
(b CKOPOCTH ra3a, YaCTHUIIBI KepaM3uTa

s uutupoBanus: Murpodanos, A. B. PacueTHo-3KCcTIepUMeHTAIBHOE HCCIIEIOBAHNE 3aKOHO-
MepHOCTeH (OPMHPOBAHMS KHUILIILETO CJIOS MHEPTHOTO KepamM3uToBoro Marepuana / A. B. Mur-
podanos, C. B. Bacunesuu, C. O. Croiiko // Duepeemura. H3s. vicut. yued. 3a6edeHuli u snepe.
obveounenuti CHI. 2024. T. 67, Ne 4. C.332-344. https://doi.org/10.21122/1029-7448-2024-
67-4-332-344

Introduction

Currently, the efforts of many countries are aimed at improving technologies
for processing solid fuels and increasing electricity generation through the use
of various types of renewable solid fuels [1-3]. These trends are supported by
very reasonable considerations. The use of renewable local solid fuels allows for
diversification of generation and provides affordable, functional and sustainable
energy in all weather conditions for rural electrification [4]. Compared with
fossil fuels, the use of biomass also supports the trend towards transition to more
clean and low-carbon energy systems [4, 5]. Due to the desire to intensify
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technological processing processes, industry traditionally uses equipment with
active hydrodynamic flow regimes [6—8]. These apparatuses can be divided into
three groups depending on the flow configuration of the combustor: vortexing,
swirling and cyclonic fluidized-bed combustors [9-11]. However, some granular
media due to its physical and mechanical characteristics do not form a sufficient-
ly stable and predictable fluidization pattern [12—15]. Researchers associate
the reasons for these difficulties with the peculiar shape of the particles, which is
characterized by many objective characteristics (particles sizes, densities,
shapes, proportions etc.) [13—15]. The peculiar shape of fluidized particles leads
to problems in fluidization, such as particle agglomeration, defluidization, elutri-
ation, and segregation [14, 15]. These difficulties are noted by many researchers
when fluidizing many types of local bulk biofuels: rice husk [16, 17], cotton
stalk [13], palm shell [18] etc. To provide fluidization state of the biomass,
it is necessary to incorporate an inert material such as sand, glass beads, alumi-
na [19-21].

It’s noted that the use of such binary mixtures makes it possible to improve
several aspects of the operation of equipment for thermochemical processing of
solid fuels. On the one hand, finely dispersed inert material provides stable flui-
dization at lower flow rates of the fluidizing medium, and, on the other hand, such
modes provide more intense gas-solid heat exchange in the equipment [20, 22].

However, the transition to a multicomponent (in particular, binary) mixture also
means that the situation becomes more complicated. Obviously, to describe and
predict such systems, it is necessary to understand the characteristics of each com-
ponent. At the same time, it is necessary to establish the order of influence of one
component on another and on the entire process as a whole. The above considera-
tions mean that if we think in terms of mathematical modeling, then there is no
need to change the approaches to mathematical modeling when working with mix-
tures; however, identifying model parameters when working with mixtures be-
comes more difficult. One can see that the existing numerical studies for biomass
pyrolysis in fluidized-bed reactors are mainly based on Eulerian—Eulerian and
Eulerian—Lagrangian multiphase flow models (DEM-CFD) [23-25]. Such models
are based on the consideration of a conditionally infinitesimal volume, therefore
they are very detailed and require the identification of a large number of parame-
ters [23,26-31]. In this regard, in our study, the choice was made in favor of the
concept of stochastic modeling based on the theory of Markov chains [32, 33].
In common case the device space in such models is not subject to decomposition
into such small volumes as in DEM-CFD models [33-36]; however, if neces-
sary, the level of detail can be increased, and the results obtained will be compa-
rable to those obtained in DEM-CFD models [37].

The key aim of the present stage of the work is to construct a mathematical
model of fluidization of inert material, identification of the most significant pa-
rameters of this model and their identification, as well as subsequent verification
of the predictive capabilities of the model by comparing the modeling results
with data from independent experiments.
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Materials and methods

Theoretical methods. The transition from a continuous process representation
to its description with a Markov chain model based on separation of opera-
ting volume of a reactor into n perfectly mixed cells of the length Ax = H/n
where H is the height of the reactor.

Solid chai Gas 1 chai
The principal scheme of the proposed o= w f chain
model design is shown in Fig. 1. : "
The property of the system that inter- Ir—l : t * |
ests us is the content of partwles (their |l o 4 ji = |,_
number or mass) and gas content in each *
. . : Il t T1
cell. It is convenient to organize all the e ®
. . o l_"' -
specified contents in a state column vec- hd
tors S (size nx1), then for a certain point ' r'_‘ A 'I- !
in time the distribution of observable con- .:0 ° : ~ |
tent along the height of the apparatus can Tr—=1 i * |
be characterized as [32, 33, 36]: >|® 0. ° I_¥ 2
S, = e
S, 1% @ o — |
S= ’ () as
Sy Fig. 1. The principal scheme
of the proposed Markov chain model
The total duration of the process ob- of fluidization process

servation can also be divided into finite
intervals of time A¢, and the current time can be presented as a sequence of dis-
crete values ¢, = (k — 1)At, where k is the time step number (k = 1, 2, ..., N;
where N is the total number of observation time periods) [32, 33, 36].

During the k-th observation period, the state vector S* changes and beco-
mes S**'. The correlation between S* and S**! can be described by the recurrent
matrix formula [32, 33, 36]:

Sk+1 — Pk . Sk, (2)
where P is the transition probability matrix or transition matrix, which can be
called the main operator of the Markov chain model [32, 33, 36].

In the case of a batch fluidization process, the specified matrix equality (2)

can be adapted to construct models of gas flow and particle flow, repre-
sented as [36, 38, 39]:

S*'=P"-S], 3)
k+1 __ k k
Sy =Pr-Sk+F, 4)

where indexes ‘s’ and ‘g’ assign the corresponding matrices to the solid and gas
phases respectively, F is the vector of supply and discharge of fluidizing gas.



A. B. Mumpoganos, C. B. Bacunesuu, C. O. Cmoiiko
336 PacyeTHO-3KCIEPUMEHTAIIBHOE MCCIIEI0BAHKUE 3aKOHOMEPHOCTEN (POPMHUPOBAHHS. ..

The vector F has two non-zero elements equal in modulus to the volume of gas
supplied to the apparatus in one time interval Az:

AT
0
F=| .. |, (5)
0
| —q-A]

where ¢ is the volumetric gas flow rate, ms

The matrix P is the key operators of any Markov chain model. It consists
of transition probabilities and can be constructed can be designed based on
the following provisions: the j-th column of the matrix consists of probabilities
related to the j-th cell, and the probability to transit into the i-th cell is placed
in the i-th row of this column [36, 38, 39]. The book by A. Tamir [40]
has brought much systematization into the field of general rules of Markov chain
model construction, but the strategy of application of the theory to modeling
in powder technology are examined and detailed in more recent works [32—34].

In the case of modeling a particular process a researcher have to solve two
interrelated problems [32, 34]. The first is how to choose the structure of the mo-
del so that it best supports a qualitative description of the process, and the se-
cond is how to quantify the transition probabilities for the formation of the tran-
sition matrix. Depending on how both of these problems are solved, and how
these solutions are coordinated with each other, quite diverse models of fluidized
bed can be obtained [33, 36, 37, 39].

It should be noted that our work is generally focused on solving the second
problem, since ultimately we need to have a predictive effective model capable
of predicting a concrete process. However, it must be borne in mind that both
problems are closely interrelated, since the issues of identifying model para-
meters depend on the adopted calculation scheme. The previous stages of
work [36, 39, 41] have shown that the issues of parameter identification can, to a
certain extent, be considered resolved. This doesn’t mean that further work
should not be carried out in this direction, but as a first approximation the con-
vective-diffusion approach (one can read more about it in the works [33, 41])
for transition probabilities can be used. The obtained with way models are effi-
cient to predict the expansion of the fluidized bed and the distribution of parti-
cles along its height [33, 36, 41].

In the considered models [36, 39, 41] under consideration the main attention
is paid to identifying the probabilities of transition along a chain of cells of solid
phase particles (elements of the matrix P). The convective-diffusion concept of
forming matrices of transition probabilities involves separating the symmetrical
(diffusion) component of the transfer probability and its asymmetrical part (con-
vective). The transition matrix for the solid phase looks like follows [39]:
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-v —d, d 0 0 ]
v,+d, 1-v,-2-d, d, 0
0 vi+d,  1-v,=2.d, .. 0 0
Po= , (6)
0 0 0 v 1=y -2.d, d
0 0 0 e ov+d, 1-d,

where d is symmetrical part of the probability associated with random walk
of particles (diffusion probability), v is asymmetrical part of the probability of
particle transfer from a cell (convective probability).

The scheme for calculating these transition probabilities for the solid phase
of a fluidized bed migration have been established and verified in previous
works [36, 39, 41].

The diffusion probability is assumed to be related to a dispersion coeffi-
cient [33, 34, 41]:

d= D%, (7)
where the dispersion coefficient D can be quantified from the empirical relation-
ship in the literature.

The following relation [42] is used in the present work to calculate the
dispersion coefficient:

U 1.471
D=0.051- ° (U, -U 8
{UWJ(O w) ®)

where Uj is a superficial gas velocity, U,,is a minimum fluidization velocity.

The asymmetric part of the probability of particle transition from cell to cell
is considered to be associated with the local gas velocity U; in the i-th cell and
particle settling velocity in the considered cell V; [36, 41]:

At
Vi :|Ui _Vsi|E- ©

The local gas velocity can be calculated as follows [36, 41]:

U= Yy (10)

i 2/3°
-7 s(i) j
( 8Smax(i)

where S; and Sy« are the corresponding (k-th) moment of time and the maximum
(for a dense bed state) values of the particle content in the cell.

The particle settling velocity Vs is considered to be related to the weight
of the particle G as follows [36, 41]:
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2

Vs(i)
G:Cd(i)fpg_ >

5 (11

where C, is a drag force coefficient for identification of which, within the fra-
mework of this study, the following empirical formula was used [43]:

Cup =(2.25Re 1 +036ReM™ )", (12)
where Re is the dimensionless Reynolds number.

Thus, the calculation scheme used assumes that convective transport proba-
bilities are calculated for each computational domain separately, and probabili-
ties of diffusion particle transfer are calculated for the entire fluidized bed as
a whole. This calculation scheme is used quite often [36, 41], and good agree-
ment between calculated predictions and experimental data is provided mainly
by the choice of correlations for identifying model parameters.

Another traditional assumption for such cell models is the assumption that
the gas moves from bottom to top in the ideal plug mode [36, 39, 41]. The transi-
tion matrix with such a movement has only two non-zero diagonals. The novelty
of constructing the calculation scheme in this study is determined by the fact that
the probability of gas backflow into previous cells is introduced into the model.
This process is considered as stochastic and proportional to the diffusion of par-
ticles in the volume of the fluidized bed. In this case, the transition matrix
already has three non-zero diagonals:

_l_ui_pi b 0 0 |
u, +p; l_ui_z'pi 4 0
0 u,+p; 1_“1'_2'171' 0
Pg = , (13)
1_Mn71_2.pr171 pn
L 0 0 0 Mn71+pn71 l_pn_

where u is a part of the gas transferred to the next cell in the chain and p is the
proportion of gas transferred to neighboring cells due to random reasons.

Calculation of the fraction of gas displaced by the flow from the i-th cell is

calculated as in previous works as a function of the local gas velocity U [36, 39]:

At

u,=U, o (14)

One of the assumptions of the model that determines the novelty is that gas is

allowed to be thrown back into previous cells, and not just its ideal displacement

forward along the chain. Obviously, such a view of the process increases the

adequacy of the description, since the flow regime of the fluidizing medium

in equipment with a fluidized bed is far from strictly laminar. In this study,

the assumption was made that the random scatter of gas portions is associated
with random walk of particles; accordingly, the following assumption was made:
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p,=kd,, (15)

where £, is an empirical parameter of the proposed model.

Experimental setup. A schematic of the ex-
perimental setup is shown in Fig. 2. The main
component of the setup was a cylindrical glass
column with internal diameter 50 mm. There
were 5 holes along the height of the apparatus,
in which sensors (Testo-330) were installed to
measure local gas flow rates. The sensor read-
ings were taken during 10 minutes of the fluidi-
zation process at 1-minute intervals. The values
obtained in this way for each height position
were averaged over time. The averaged values
were used to convert into solid phase concen- t
tration values according to the formula (10). A S 20 mm

A narrow fraction of haydite particles was \1
used as a bulk material for the experiments Gas
(fraction boundaries were limited using sie-
ves 0.1 mm and 0.125 mm). The equivalent
monofraction size was taken as 0.11 mm. The Fig. 2. Installation diagram for
experiment was carried out at superficial gas the implementation of experimental
velocities of 0.3 m/s, 0.4 m/s and 0.5 m/s (at research: 1 = gas diStributf’r;

. . 2 — gas velocity sensors;

each velocity was repeated three times and the 3 _ fuidized bed; 4 — glass column
results were averaged). In each individual ex-
periment, target measurements were taken during the first 10 minutes of the flu-
idization process. Then the fluidization process was stopped, the sensors were
removed (to prevent its erosion), the holes were plugged, the air supply was
restored, and fluidization continued for another 100 minutes. After this, the sen-
sors were again placed in the apparatus and the measurements were re-
peated. Thus, the measurements were repeated after 110 minutes of fluidization
of a sample of haydite particles in the apparatus. As a result, the distribution
of particles along the height of the fluidized bed was established for each
test sample of material for two time intervals (from 0 to 10 min and from 110
to 120 min). This repetition of the experiment was required because the particle
size distribution of the product can change during fluidization process due to at-
trition [44—47].

20 mm

20 mm

f2(] mm

K

20 mm

Results and discussion

The obtained experimental results were used to achieve two goals. The first
of these is the identification of model parameters. Fundamentally, the model has
three parameters that require experimental identification, namely the particle
drag coefficient C,, the dispersion coefficient D, and the empirical coefficient k,.
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To calculate the first two indicated values, dependencies (8) and (12) were
adopted, which have been used in the previous stages of the work [38, 39,
41, 48]. Thus, the fitting parameter was only the coefficient k, characterizing
the deviation of the gas flow characteristics from the ideal plug flow regime.
To establish the value of this parameter experimental data at the gas superficial
velocity of 0.4 m/s were used (the obtained values were used in modeling for
other gas rates). For the fitting procedure itself, the least squares method was
used to minimize the discrepancy between the calculated and experimental parti-
cle concentrations along the height of the apparatus. The coefficient values were
sorted in steps of 0.1 for the range 0...1. The coefficient values were subject to
enumeration in steps of 0.05 for the range k, = [0...1]. On the Fig. 3 the compari-
son of the particle distributions obtained from the model (lines) and in the exper-
iment (markers) at the superficial gas velocity of 0.4 m/s is shown.

The Fig. 3a allows comparing the experimental results with calculation re-
sults obtained under the assumption that the gas moves in the ideal plug mode.
The Fig. 3a allows comparing the experimental results with calculation results
obtained under the assumption that the gas moves has a stochastic component
with &, = 0,35 (at this value, the best agreement between the calculated and ex-
perimental data for this mode was obtained, so it was subsequently used for oth-
er fluidization modes within the framework of this study). As it can be seen from
the Fig. 3, the inclusion of the parameter &, > 0 in the model made it possible to
more reliably describe the distribution of particles along the height of the flui-
dized bed.

a b
U, m/s U, m/s
0.85 0.85
0.80 o 0.80 ]
0.75 2 0.75
0.70 0.70
0.65 0.65
0.60 0.60
0.55 0.55
0.50 0.50
0.45 0.45
a
0.40 0.40
0 20 40 60 80 100120 140 160 180 200 0 20 40 60 80 100120 140 160 180 200
h, mm . h, mm

Fig. 3. Distribution of local gas filtration velocity along the height of the fluidized bed apparatus
(markers — experimental data; lines — calculated prediction) at superficial gas velocity 0.4 m/s:
a — with model parameter &, = 0; b — with model parameter k,= 0.35

As can be seen from Fig. 4, the established value of the parameter &, > 0
made it possible to describe more reliably the distribution of particles along the
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height of the fluidized bed for other hydrodynamic regimes. Fig. 5 illustrates two
trends. On the one hand, the model is well capable of predicting the distribution
of gas velocities (and particles, respectively) with a known equivalent particle
diameter. On the other hand, over time there appears to be a decrease in particle
size due to attrition (after 110 minutes of fluidization, the equivalent particle size
decreased from 1.1 to 1 mm). When substituting the last size into the model, the
quality of prediction remains quite sufficient for engineering purposes; however,
the gradual evolution of particle size is not taken into account in the model.

a b
U, m/s U, m/s
0.65 0.95
0.60 0.90
0.85
0.55
0.80
0.50 0'75
0.45 0.70 7
0.40 0.65
a 0.60
0.35
0.55
]
0.3 0.50
0 20 40 60 80 100120 140 160 180 200 0 20 40 60 80 100120 140 160 180 200
h, mm B, mm

Fig. 4. Distribution of local gas filtration velocity along the height of the fluidized bed apparatus
with model parameter k,= 0.35 (markers — experimental data; lines — calculated prediction):
a — at superficial gas velocity 0,3 m/s; b — at superficial gas velocity 0.5 m/s

U, m/s
0.95

0.90
0.85
0.80
0.75
0.70

0.65

0.60

0.55

0'500 20 40 60 80 100 120 140 160 180 200

h, mm

Fig. 5. Distribution of local gas filtration velocity along the height of the fluidized bed apparatus
with model parameter &, = 0.35 and with superficial gas velocity 0,5 m/s
(markers — experimental data: o — at first 10 minutes of fluidization process
and o — after 110 minutes of fluidization process; lines — calculated prediction)
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CONCLUSIONS

In the work, the model of fluidization of an ensemble of solid particles in
an batch apparatus was constructed based on the mathematical approach of
the theory of Markov chains. The model has a cellular structure, which makes
it possible to describe the fluidization process by local parameters of its state.
The movement of solid particles is considered in the model based on the convec-
tive-diffusion approach traditional for such models, which made it possible to
identify the model parameters using dependencies known from the literature
quite simply. At the same time, the novelty of the calculation scheme is ensured by
the rejection of the traditional model of gas filtration in the ideal displacement
mode and the introduction of a random scatter of gas portions between cells, pro-
portional to the diffusion of particles with a proportionality coefficient k,. Our own
experiments on measuring local gas velocities in the laboratory unit with a fluidized
bed made it possible to identify this parameter based on the consideration of one
fluidization mode. The results of a comparison of calculation and experiment
showed that the proposed calculation scheme increases the adequacy of the descrip-
tion of the fluidization process, and the identified value of the parameter k, can be
used to describe other fluidization modes with a given bulk material. It has also
been shown that during the fluidization process the material changes particle size
distribution due to attrition. It was shown that the proposed model describes the
velocity distribution for narrow fractions of expanded clay with sufficient accuracy;
however, the very evolution of the particle size distribution (equivalent diameter of
the monofraction) should be taken into account when modeling, which is a promis-
ing direction for the development of the proposed model.
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Pedepar. PaccmoTtpensr Bonpocsl 00pa3oBaHusl HEOAHOPOIHOCTEH M TpelH U 3G PEKThl UX ca-
MOIPOU3BOIBFHOTO 3aKMBJICHHS HA M3BECTHBIX NPHHIWIAX U MPEACTABICHUAX HEINHEHHON AnHA-
MUKJ U KBAaHTOBBIX TEXHOJIOTMH JUI IIOJHOTBI ONMCAHUS KApPTHUHBI BO3MOXKHBIX IPOLIECCOB.
ITpn 3TOM CaMOMPOHU3BONIBHOE 3apacTaHHe MHKPOHEOIHOPOAHOCTEH B TBEPAOTENbHBIX/METANIH-
YECKUX M3ENUIX, HOA00HbIE Je(eKThl B KOTOPHIX BOSHUKAIOT MPHU PA3INYHBIX PEXHUMAX MUX IKC-
IUTyaTaly, o0CY)KAaeTcsl Ha NMpUMEpe TEIUIOPHEPreTHYECKUX YCTAHOBOK PAa3HOTO THIA C ITHK-
JUYECKUMHU TIpolieccaMM M BUOpauusMu. MeXaHW3M TaKoro 3a)KMBJICHMS/XOJOIHON CBapKu
OlpeneNieTcss JMHAMIYEeCKMMHU MPOLECCaMy HECTAlMOHAPHOH 1ud(dy3un ¢ BpeMEHHBIMU Xapak-
TEpUCTHKAaMH B paMKaX COOTBETCTBYIOIIMX MOJENBHBIX MpejacTaBieHnil. PaccmarpuBaeTcs
Mozens U dy3UOHHO-OTPAaHIUYCHHOM arperanuy JIeeKTOB/J4acTHIl, peal30BaHHAs METOJOM
KJIETOYHOTO aBTOMaTa ¢ OKpecTHocTH HeiimaHa, Mozjesb CiiydaHOro M GajIMCTHYECKOro oca-
JKJICHNUS, 2 TaKkKe MEpKOAIUOHHBIN moaxo. ONHCHIBaeTCS MPOLEcC MOAU(GHUKAIINN U PA3BUTHS
3D-TpemuHOBaTON CTPYKTYphl Ha OCHOBAaHHMH TEOPHM Harpy3ok I'puddurca mis aucrmokanmit
C Y4ETOM IMO3TAIHOTO TOCIIE0BATENBHOTO MIEPEX0a OT yCTOHUMBOrO COCTOSHHS K CTaJlMU POCTA.
B pesynbraTe neHCTBUS TaKHMX AMHAMHYIECKHX HAarpy30K B TBEPAOTENLHOM 00beKTe HaOmomaeTcs
ObICTpOE M3MEHEHHE ITapaMeTPOB MHUKPOTPEIIMHOBATOCTH, KOTOPOE MOXKHO IPEACTABIATH Kak
JIOKQJIbHBIE MHKPOB3PBIBBL: POCT M CIIMSIHUE MPUPOIHBIX MUKPOTPELIHH B O0jIee KPYITHEIE; 3apOXK-
JICHUE HOBBIX MHKPOTPEIUWH; PACKPBITUE KPYIHBIX MHKPOTPEIIMH C 00pa3oBaHHEM JIe(eKTOB
CJIE/IyIOIIET0 MepapXUueckoro ypoBHs. B 0030pHOM acmekTe pacCMOTPEHBI XOPOIIO H3BECTHBIE
B MaTeéMaTHKe M (PU3MKE YHHBEpPCAIbHBIE PEXHUMBI (YHKIMOHHPOBAHHS HEIMHEHHON IUHAMH-
YEeCKOM CHCTEMBI, IPHUTOAHBIE Ul aHAJM3a CTaOWIBHOCTH M YCTOIYMBOCTH PabOTHI TEILIOBBIX
SHEPreTHUECKUX yCTaHOBOK. IIporcxosiye nporeccsl CBA3bIBAIOTCS C Pa3HBIMH THIIAMU M CTpa-
TETUSIMH Pa3BUTHS HEOAHOPOJHOCTEH, TAKMMH Kak: KOJUIAIIC M CTAarHAIWsA, YCTOMYMBAs MEPHO-
JIMYHOCTH, APAMETPHl «B PA3HOC», XAOTHYECKOE PA3BUTHE B ONPEIETICHHBIX paMKaX, CPHIB/BHE-
3aIHbIH KPU3HUC, PE3KHH CKadOK M PHIBOK B Pa3BHTHHU. [IpeasokeHHBIE MOIXOABI MOTYT OBITh
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IOJIC3HBI B 3a/[a4aX IMOBBIMICHHS PEAbHOTO HKCILTyaTal[MOHHOTO COCTOSIHHS Kamep ¢ pabouum
BEILI[ECTBOM B DHEPIrETHYECKHMX YCTAHOBKAX NPU MX (YHKIHOHHPOBAHWH B PANIMYHBIX PEIKMMAX
paboTsL.

KiroueBble cj10Ba: KaMepbl TEIUIO3HEPreTHYECKUX YCTAHOBOK, HecTalMoHapHas auddysus, 3a-
JKMBJICGHHE TPEIIHH, MPO(UIN PEKOHCTPYKIMHU TPEIIH
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Spontaneous Overgrowth of Jointing in the Working
Chambers of Power Gas-Liquid Thermal
Installations — Diffusion Dynamic Processes
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" Belarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The issues of the formation of inhomogeneities and cracks as well as the effects of their
spontaneous healing are considered on the well-known principles and concepts of nonlinear
dynamics and quantum technologies in order to fully describe the picture of possible processes
of the genesis of heterogeneities and their self-organization. At the same time, the process of spon-
taneous overgrowth of micro-inhomogeneities in solid-state/metal products, such defects in which
occur under different operating conditions, is discussed on the example of thermal power plants
of various types with cyclic processes and vibrations. The mechanism of such healing is deter-
mined by dynamic processes of unsteady diffusion with certain temporal characteristics evaluated
within the framework of the corresponding model concepts. A model of diffusion-limited aggrega-
tion of defects/particles implemented by the cellular automaton method from the Neumann neigh-
borhood, a model of random and ballistic deposition, as well as a percolation approach are consi-
dered. The process of modification and development of a 3D fractured structure based on the Grif-
fiths load theory for dislocations is described, taking into account the gradual sequential transition
from a stable state to a growth stage. As a result of the action of such dynamic loads in a solid-
state object, a rapid change in the parameters of microcracking is observed, which can be repre-
sented as local micro-explosions, viz. the growth and fusion of natural microcracks into larger
ones; the emergence of new microcracks; the disclosure of large microcracks with the formation
of defects of the next hierarchical level. In the overview aspect, the universal modes of operation
of a nonlinear dynamic system, well-known in mathematics and physics and suitable for analyzing
the stability and sustainability of thermal power plants, are considered. The ongoing processes
are associated with different types and strategies for the development of heterogeneities, such as:
collapse and stagnation; stable periodicity; parameters “at odds”; chaotic development within
certain limits; disruption/sudden crisis; a sharp leap and a breakthrough in development. The pro-
posed approaches can be useful in improving the real operational condition of chambers
with working matter in power plants when they operate in various operating modes.

Keywords: chambers of thermal power plants, unsteady diffusion, crack healing, crack recon-
struction profiles

For citation: Ryzhova T. V., Bukharov D. N., Arakelian M. M., Arakelyan S. M. (2024) Sponta-
neous Overgrowth of Jointing in the Working Chambers of Power Gas-Liquid Thermal Installa-
tions — Diffusion Dynamic Processes. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 67 (4), 345-362. https://doi.org/10.21122/1029-7448-2024-67-4-345-362 (in Russian)
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TEJIHBIX MaTepHaniax BHYTPEHHEH KaMephl ¢ pabo4rM BELIECTBOM 3HEpreThye-
CKHX T'a30’KUAKOCTHBIX YCTPOMCTB B Pa3HBIX PEXKUMaxX WX IKCIUTyaTalllu C IUK-
JIIYECKUMH TIPOIIECCaMH B KOHEYHOM HTOT€ ONpENesieT HaeHOCTh U TOITOBEeY-
HOCTh WX paboThl. [lpuHIMIHANBHO, YTO naxke BUOpanuu pabodel yCTaHOB-
KA MaJjlol HMHTEHCUBHOCTH MOTYT BBI3BIBATH KapAHHAIBHYIO MOIU(UKALIUIO
3D-cTpyKTypBl ceTH TpemuH (Kak MMOBEPXHOCTHBIX, TaK W OOBEMHBIX), KOTOpas
MOYET TIPOMCXOUTH HEMPEPHIBHO JaKe B paMKax B LIEJIOM YCTOHUYMBOTO C OIpee-
JIEHHON TOTOJIOTUEH COCTOSHMM CHUCTEMBI (C BHYTPEHHMMH CBSI3MM) MO ACHCT-
BUEM pa3HBIX (PaKTOpOB. Pe3ynbraroM MaHHOTO BO3ACHCTBHUSI MOXKET OBITH Tepe-
CTpOMKa BCEH, Make HEKPUTHUYCSCKOW ISl PabOTHI yCTPOMCTBA, CHCTEMBI TPEIIUH
1 1e(heKTOB C peann3auyell HOBBIX B3aMMOJCHCTBUI BHYTpH Takoi 3D-ceTu.

[Ipu 3TOM pOCT TPEIMIMHBI U, CIEeI0BaTeNBFHO, pa3pylIeHne 00BEKTa MPOUC-
XOJISIT, KaK MPABUIIO, TIOATAITHO, C TIOCIEIOBATEIFHBIM TIEPEX0J0M OT yCTOHYH-
BOTO COCTOSIHMS K CTaauu pocrta. Kaknplii atan xapakrepusyercs crenupuye-
CKUM SHEPreTHUECKHM COCTOSHHEM KaK CaMOi TpPEeIlWHBI, TaK M BCEro 00BEKTa
B I[EJIOM.

OpHaKo B YCIOBHAX CHIIBHO HECTAllMOHAPHBIX PabOUMX PEeXUMOB 3HEPreTH-
YECKOM YCTaHOBKHM Tako¥ mporecc mepectpoiiku 3D-cetu HeOgHOPOIHOCTEH
C TPaH3UTOM MAcCC BEIIECTB, JJa)Ke MUKPOCKOMTUYECKHX, MPUBOUT K MX 3a)KHB-
JICHUIO JUIsI HEKOTOPBIX MPOCTPAHCTBEHHO-BPEMEHHBIX MacITaboB.

[lomo6HOe «cruiaBieHne» HEOAHOPOAHOCTEH B MaTepuasie BO3MOXKHO, B YacT-
HOCTH, B CBs3H € 3((PEeKTaMu TUKCOTPOIINHU B KHUIKOCTHO-TBEPIOTEIBHON CMeCH
IIpH TIpeKpareHun Buopanuii (cp. ¢ [1]).

[Mpoananu3upyem (B OTHOCHUTENBHBIX SAMHUIIAX) QU3NYecKue MPUYMHBI 3a-
JKUBJICHHS MHKPOHEOIHOPOAHOCTEH (PpakTaJbHOrO THMAa B TBEPAOTEIHHOM
YCTpOMCTBE C TIOBEPXHOCTHO-OOBEMHBIMH Je(EeKTaMHu, 3allOJIHEeHHBIMU TIa-
30KMJIKOCTHOHM (pa3oii pabodero BemiecTBa SHEPreTHUYECKOW YCTAaHOBKH B TPO-
Hecce ee SKCIUTyaTaluyd. JDTO IPOUCXOAUT Oiaronaps pa3BUBAIOILUMCS IPOLIEC-
caM HecTallMoHapHOW camMoaud@y3ul BEIIeCTBA B ONPEACICHHBIX YCIOBHUSIX
B paMKax psAJla aHATU3UPYEMBIX HAMU MOJIeIeH.

O6cyxkneHre BO3MOKHOCTH 0OpaTUMOCTH TaKHX MPOIECCOB — 00pa30BaHUs
HEOAHOPOTHOCTEH M TPEeIUH M 3(PQPEKTOB CaMONPOHM3BOIBHOTO HMX 3a)KHBIIE-
HUSl — BEIETCS HA M3BECTHBHIX MPHUHIMIAX W MPEICTABICHUAX HEIWHEHHON Iu-
HAMHUK{ ¥ KBAaHTOBBIX TEXHOJOTMHA. DTO CHAENaHO IS IMOJHOTHI OMHMCAHUS Kap-
THUHBI BO3MOJKHBIX IIPOLIECCOB T'€HE3HMCca HEOAHOPOAHOCTEN U X caMOOpraHu3a-
[IUU TP SKCILTyaTaI[iH PEabHBIX TETJIOBBIX YHEPrOyCTaHOBOK Pa3HOTO KIlacca.

JAuddy3nonnas moaenb

PaccmoTpuM mpomecc camo3apacTaHUWs/3alIednBaHUs TPEUIWHBI, KOTOPBIHA
MOJAEIHpyeTcs B paMkax camonuddys3uu nedexTor/qacTuir.

[Mpucoeaunenue Tpynn 00BEKTOB/YACTHIL K BBIICJICHHOW TpEIMHE, HATIPAB-
JIeHHEe KOTOpOW 3aJaeTcsi, B YaCTHOCTH, BHEIIHMM BO3ACHCTBHEM, M3Y4YMM Ha
npumepe Moaenu auddy3noHHo-orpanudeHHON arperanum (DLA) [2], mo3Bo-
JSIOIIEH TeHEpPUPOBaTh CTPYKTYPHI C (PpakTadbHBIMH Pa3MEPHOCTSIMH U3 yKa-
3aHHBIX BBIIIC OOBEKTOB W YUHTHIBATh TEIIOBBIC Mpouecchl. MoJenb TPEeUIHHBL
B Bune 1D-ctpykrypbl — HUTH B mpubmmkennn DLA — peann3oBaHa Kak Kie-
TOUHBIN aBToMatr Hefimana/Mypa [3]. BausHue TermmodHepreTHIeCKUX YCIOBHI
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P pa3HBIX PeKUMax pabOThl YCTPOHCTBA YUYHUTHIBAIOCH C TIOMOIILI0 KO3 (U-
[MEHTa BEPOSITHOCTH MPHIIUTIAHUS p, KOTOPBIN MPEICTABISICS HOPMHPOBAHHBIM
ko3 urmenTom mud y3un u3 nHTEpBaa 3HaueHUH BeposTHOocTH (0; 1].

ANTOPUTM TIOCTPOCHHS MOJIEIH 3apacTaHus TpemuHbl B DLA-nipuOmmkeHnn
(opmupoBaics U3 HIWKeCIeOyIMX 3TanoB (puc. 1): 1 — Ha dTane MHULIUATHU-
3aliy B PacUeTHOW 00JacTH C HAIOKEHHOW PaBHOMEPHOH CETKO# reHepupoBa-
JIach CTapTOBasA CTPYKTYpa, COCTOSINAS U3 CHCTEMBI YaCTHII-3apOIBIIIeH, pacto-
JIO’)KEHHBIX Ha HUXKHEH TpaHUIlE, a TaKKe 3a/JaBalicid pa3Mep IeHTpaIbHOU Tpe-
ITUHB/HATH (MaKCUMaJdbHOE YHCIO YAaCcTHII B pacdeTHOW obmactw); 2 — Ha
BEpXHEW TpaHUIe pacyeTHOW OOJIACTH T'€HEPUPOBAJIOCH 3aJaHHOE KOJIHYECTBO
YacTHUIl; 3 — OHU COBEPIIIANN CIIyYaliHbIe CMEUICHUS BHU3 U B CTOPOHBI C O/IMHA-
KOBOM WIIM Pa3IMYHOM BEPOSTHOCTBIO; 4 — B CIy4ae X NPUOIMKSHUS K 3aHATOM
siuefiKe pacuyeTHOW 00JIACTH B paMKaX OKPECTHOCTH Mypa peain30BhIBANIaCh UX
arperamus K 3aHsATON siueiike, nHave Obl ABIKEHUE MPOAOIDKAIOCH; 3aTEM — T10-
BTOpeHue maroB 2—4. KpurepreM OCTaHOBKM HTEPAIMOHHOIO Ipoliecca ObLIo
JOCTH)KEHUE TIEHTPAIbHOW TPEeIUuHON TpeOyeMoro pa3Mepa, KOrja KOJIUIEeCTBO
YacTHUIl B pacueTHON 00JACTH JOCTHUTajiIo 33JaHHOTO 3HAYEHHS WIHA TPOUCXOIHU-
JI0 KacaHue 00beKTOB U Py3un BepXHEH rpaHUIbI TPEUTHHEI.

MopnenpHOE ypaBHEHHE pElIalioch B JUCKPETHOM BHUAE B MPHONIKEHHUH
I y3nOHHO-OTpaHMYCHHOW arperanu [2, 3] B X0/ie peann3alnul UTepaluoH-
HOTO mporecca. HaganmsHOE COCTOSTHHE CHCTEMBI ONUCHIBAIOCH Yepe3 PacIioo-
JKEHHE Ha TPaHMIIaX TPEIIHMHBI MOJIEIbHBIX YACTHIl MaTepHalia U3eNNs, BBITION-
HABIIUX POJb HEHTPOB arperanuu (cp. ¢ [4]). Kaxngas urepauus HauvHaIach
BBEJIEHHEM B PacieTHYIO 00JIaCTh HOBOTO MoJenbHOro nedekra. Jlanee peanu-
3oBbIBaNIOCh DL A-npubmmkenue (puc. 1a).

a b

5; r

Puc. 1. Cxema quHaMuueckoii mozenu: ofana ureparus DLA-nponecca: a — 1 — ouar nedexTHoi
CTPYKTYPHI C aHCAMOJIEM YacTHII MaTepraa; 2 — JTOKaJIM30BaHHBIN 1e(EeKT/IMEepOXOBaTOCTh
C HOBOM YacTHIEH; 3 — TPAeKTOPHS €r0 CIIyJalHOTo Oy KIaHHUS;
4 — chopMHupOBaHHAs paHee CTPYKTypa C arpernpOBaHHBIMHE OOBEKTAMH;
b — okpectHOCTh HeliMana [u1st pa3BuTust Aed)eKTa ¢ IEPEHOCOM BEILECTBA

Fig. 1. Dynamic model diagram: one iteration of the DLA process:
a— 1 —a source of defective structure with an ensemble of material particles;
2 — localized defect/roughness with a new particle; 3 — trajectory of its random walk;
4 — previously formed structure with aggregated objects;
b — Neumann neighborhood for the development of a defect with matter transfer

[Iporuecc 3apactanust TpeuHb! (HOPMUPOBAJICS Kak ciydaitHoe OiykKIaHue
nedekTa/gacTHLbl OT BEpXHEH IpaHMLBI pacueTHOH 001acTH, TAe pacHonaraics
YCIIOBHBIN odar ned)eKTa, K HWXKHEH, I1e Oblla YCIOBHAsA HavyajbHas CTPYKTYpa.
Ecnu B okpectHocTn Heiimana (puc. 1b) 6myxnatomero nedexra vl 4aCcTHIIbI
MOSABISUIACH 3aHSTasl paHee 00JIaCTh, TO C 3aJaHHOM BEPOSTHOCTHIO 3TOT AC(EKT
arperupoBaj ¢ HUM.
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Jlyis onmcaHus COy4YaiHOTO ONy»IaHUs HAa PACUCTHYIO O0JIACTh HAJOXKEHA
paBHOMepHas ceTka. TakuM oOpa3om, ciaydaitHoe OIykaaHne 00beKTOB (hopMu-
POBAJIOCH W3 MHOXKECTBA CMEIICHWM HAa OIHY SUYCHKYy Ha pacdeTHOH o00JacTu
C 3aJJaHHOM BeposATHOCTHIO. Ha rpannniax pacueTHoi 061acTH, MpeICTaBIsABIINX
TPaHUIIB TPEIIUHBI, BHITOIHAJIOCH YCIOBUE MPUIUIIAHUS, KOTJA MOAOLISAIINE K
HEl JTOKaIM30BaHHBIC NEe(PEKTHI/IacTUITEI 3aKPEIUIIINCEH. ATperarus Oyxmaro-
mero AedekTa peann30BhIBANIACH C 3aJaHHONW BEPOSITHOCTHIO B CITydae IOSBIIE-
Husl B okpecTHocTH Hefimana (puc. 1b) 3ansaToii stueiiku. [lox BeposSTHOCTHIO
arperanyy TpPeJCTaBISUICS YCIOBHBIA KOA(POUIMEHT camMoauddy3un dYacTH-
61 [4]. DTa BEPOATHOCTH OMpPENEAETCS KaK YCIOBHSAMH W pEXUMaMU padOTHI
YCTPOMCTBA, TaK U MAaTEPHUAIIOM €T0 KaMephl

[Ipennoxxennass monens peanuszoBana B cpeae MATLAB B OTHOCUTENBHBIX
eanHAIAX. B ykazaHHOM mpuOIIKEHUN TPOU3BECHO MOJICTHPOBAHNE THHAMH-
KU Pa3BUTHS CTPYKTYP B TPEIIMHAX, PEATH3YIONINX UX 3apacTaHue.

Ha puc. 2 npusenena monens DLA s ciydas 3apacTaHus TPEIIUHBL ¢ TPEX
CTOPOH TIpH BapbUPOBAHUH BEPOSITHOCTH MPIIUNAHUS S, KOTOpas MOXKET OBITh
paccMOTpeHa KakK 3apacTaHhe KOHIIOB TPEIIUHEI.

a

Puc. 2. Monens 3apacTanus ¢ TpeX CTOPOH IIPU BapbHPOBAHUU
BeposTHOCTH mpwinnanus: a —S=0,1; b—-0,3

Fig. 2. Model of overgrowth from three sides with varying
sticking probability: a— S=0.1; b—0.3

Ha puc. 3 npuBenena mogens DLA mist ciydast 3apacTaHusi TPEIIMHBI
C JIByX CTOPOH IpU BapbUPOBAHUM BEPOATHOCTH NPUIUIAHMS S, KOTOpas
MO3KET OBITh PACCMOTpPEHA KaK 3apacTaHHe CepeIUHbI TPEIIUHBI.

a b

W o2 N 0 N B W W W W 0 20 X 4 0 6 79 80 N W

Puc. 3. Monens 3apacTaHus ¢ IBYX CTOPOH IIPU BapbHPOBAHUU
BeposTHOCTH nmpwinnanus: a —S=0,1; b—-0,3
Fig. 3. Model of overgrowing on two sides with varying
sticking probability: a—S=0.1; b—0.3
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Ha puc. 4 npusenena moaens DLA s ciayuas 3apacTaHus TPELIUHBI
C OJIHOM CTOPOHBI.

Puc. 4. Monenb 3apacTanusi TpELIMHbI
¢ ogHoi#i cTopons! ipu S = 0,1

Fig. 4. Model of crack healing
on one side at S = 0.1

Mopennb ocaxaeHust

B npennoxeHHON MoAenu pacdeTHas 00JIACTh MPEACTaBISIETCS B BUAC ps-
MOYTOJBHOHN pemeTKy pasmepaMu MxL u nedeKThl/9acTHIIBI 10 33JaHHBIM TIpa-
BHJIAaM OCaKAAIOTCA BAOJIHh BEPTUKAIHHOTO HANpaBJIEHUS Ha paHee cHOpMHUpO-
BaHHYIO CTPYKTYpy, QUKCHPYSCh B y3JaX KBaApaTHOW pemieTkd. TakuMm obpa-
30M, C TE€YEHHEM BPEMEHH OOpa3yeTcs KJIacTep WM arperar ¢ KOHKPETHOW
reoMeTpuei. [ omucaHus mpolecca UCMOMB3YIOTCS B (DYHKIUU: CPETHSS
BBICOTA TOBEPXHOCTH /(t), ONpENeNsAomas NoNoKeHHe 0a30BOM JMHUU JUIs
MTOBEPXHOCTH HCCIIEyeMOT0 00pasiia, i mepoxoBaTocTsb W(1).

B Mogenu cimyyaiiHOro pocra mo BceM HalpaBJICHUSIM BCE KOJOHKH 3aIlOJIHS-
FOTCS CITy4daiiHbIM 00pa3oM (puc. 5a). Tornma mocie ciay4aiiHOro ocaxkaeHus N va-
CTHII MaTepHajia BOZMOXKHO BBIYUCIUTH BEICOTY OCAXKIEHHON CTPYKTYpPHI /1, ompe-

JIENSIONIEH TPOLECC M3 COOTHOIICHHS /i :\/Nf (1-f)+(Nf )2, rnef=1/L —

BEPOSITHOCTH 3aIOTHEHUS IMPON3BOIHHON KOJOHKH; L — IMHpPUHA pacIeTHOU 00-
JacTH, T. €. h, = h; +1; i — HOMep 11ara 1o BpemeHu [5]. B nannoil Mmonenu oca-

XKIEHHs yacTula (GUKCHpYeTcs B TOUKE IEPBOIO KOHTAKTa C YK€ OCAKICHHOM
CTPYKTypoii (mpaBuiio Oimkaiiniero cocena) (puc. Sb).

Taxkum 006pa3om, IpU OCAXKIACHUH YUUTHIBACTCS BHICOTA ONIDKAUIIUX JICBOU
¥ TIPaBO KOJNOHOK Kak /i, = max (h,_;, h; +1, h,,) [6]. B ormmume oT mpensity-

meit DLA-Momenn dwactuma TakuM oOpa3oM MOXKET NPHIININATh OOKOBOM
MOBEPXHOCTHIO K yKe CHOPMHUPOBAHHOM CTpYKType [7], T. €. YUUTHIBACTCS BO3-
MOXKHOCTB POCTa BIOJb JIOKAJIBHON HOPMAadl K TIOBEPXHOCTH, YTO MOXKET MPH-
BOJMTH K PACIIUPEHUIO JOKAILHBIX BBHICTYIIOB Ha MOBEPXHOCTU (PPOHTA, a 3HA-
YUT, K YCUJICHUIO POCTA MOBEPXHOCTH B JIATCpPaIbHOM HAIIPaBJICHUU 3a CUCT TaK
Ha3bIBAEMOT0 OAITHCTUYECKOTO OCAXKIICHHS TI0 ONPECTICHHOMY HAIPABJICHUIO.

Puc. 5. Cxema oCaxxJCHUS: a — CIIy4aiiHOTr0; b — 0AITMCTHYECKOTO

Fig. 5. Scheme of deposition: a — random one and b — ballistic one
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Ha puc. 6 npuBeneHo nzo0paxxeHue CMOACTUPOBAHHOTO Npoduiist (OOKOBOTO
CEUYCHHS) CTPYKTYpPHI 3apacTaHHUs TPEIIWHEI /; BeIcOTOM 250 0. €. 3a OTHOCH-
TeNbHOE BpeMs (Yuciio pacueTHbIX maroB) 7= 100 o. e., Ipu CKOPOCTH OCAXK/Ie-
Hust 100 (puc. 6a) u 200 (puc. 6b) yacTHIl B €IMHUITY BPEMEHH B PaMKaX MOJICITH
OATHCTHICCKOTO OcaXaeHU [7].

Puc. 6. IIpoduns cTpyKTyphl, 00pa30BaHHOI BO BpeMsl 3apacTaHusl TPELIHHBI
B paMKax MOJEIN OaJIMCTHYECKOT0 OCaXKIICHHS! IIPU CKOPOCTH OCAXKICHHUS:
a— 100 gacturny/c; b — 200 gactuiy/c

Fig. 6. Profile of the structure formed during crack healing within the framework
of the ballistic deposition model at a deposition rate of:
a— 100 particles/s; b — 200 particles/s

Ha puc. 7 npuBeaeHo u300paxeHne CMOJICIUPOBaHHOTO Mpoduist (00KOBO-
TO CEYCHHUs) CTPYKTYphI, OOpasyrolleiics MpH 3apacTaHWd TPEIIMHBI 3a Bpe-
Mmst T=100 o. e. mpu ckopocTu ocaxxaeHust 100 (puc. 8a) u 200 (puc. 8b) uacTuir
B €JIMHUITY BPEMECHH B PaMKaX MOJICIIH CIIYYaiiHOTO OCaXKICHHS 0OBEKTOB.

a b

20 40 B0 a0 100
Puc. 7. TIpodunb cTpyKTYpbl, 00pa30BaHHOW BO BpeMsl 3apacTaHKs TPEIIUHBI B pAMKaX MOJCIIH
CITy4aifHOTO OCaKICHUS P CKOPOCTH ocaxkaeHus: a — 100 gacturyc; b — 200 gacTui/c

Fig. 7. Profile of the structure formed during crack healing within the framework
of the random deposition model at a deposition rate of: a — 100 particles/s; b — 200 particles/s

IMepkoasiunoHHAsA MOAE/b

B nmanHO# Momenu TpeulwHa MpeACTaBIsIETCs arperaroM aedektoB. B mep-
KOJISIIMOHHOM TIpHOMKeHuH [8, 9] paccMaTpuBaeTcs MpoLEecCe UX pacTeKaHUs
U3 TPELIMHBI TI0 MaTepHATy C ONPEIEICHHBIM ITOPOrOM PEATU3aNH TTEPKOJISAIIN-
OHHOTO MEXaHHU3Ma.

[TepkonanyoHHast CTPYKTypa 3aaeTcsi B BUJE KBAJAPATHOH CO CTOPOHOM m
pemetku (mxm). Sdetiku 3T0# permerku comepxkar 0 (mycroil y4acTok) wimu 1
(3aHATHIN yYacTOK).
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Kaxnas siuelika 3aHUMaeTCsl C BEPOSITHOCTBIO p HE3aBUCHMO OT COCTOSHUS
cocenHux saeek. [Ipu aToM ocymecTBisiercs cienyromas npouenaypa [9].

1. Jlng xaxaod s4YeHKH PpELIETKH peaju3yeTcsl CiAydyalHOoe 4YHCIOo a =
= Random.

2. Ecnu a meHbllle WM paBHO p, €r0 3HAYEHUE B AYEUKY 3amuchiBaercs 1,
B IIpOTUBHOM cirydae (.

Ha puc. 8 nmpuBeneHo n3o00pakeHrne CMOACIUPOBAHHOTO TTPpod s (00KOBOTO
CeYeHMs) CTPYKTYPHI 10 MaHHOW cXeme, oOpasyromencss BO BpeMs 3apacTaHUs
TPEIUHBI B paMKaxX MOJENH SYeeuyHONW MEepKOJSIUY TPY BapbUPOBAaHUU ITOPOTa
HACTYIUICHHS MEPKOJISIIIMOHHOTO IpoIiecca.

Puc. 8. TIpopuns cTpyKTypbl, 00pa30BaHHOH BO BpeMsI 3apaCTaHUS TPEUIHHBI
B paMKaxX MOJEJIH STYeeUHON IIepKOJISIIUY IpH BepositHOcTH: a —p = 0,5; b—0,9

Fig. 8. Profile of the structure formed during crack healing within the framework
of the cell percolation model with probability: a—p =0.5;b—-0.9

OtmeTnM, 9TO OOBIYHO TPOIIECC Pa3pyIICHUS TBEPAOTEIHHOTO MaTephana
HAYWHAETCS C 3apOXKIEHHUSI MUKPOHEOAHOPOTHOCTEN U HedekToB B HeM. OHAKO
HAIll aHAJIM3 TTOKA3all, YTO BO3MOXKHA 00PAaTUMOCTh TaKhX IPOLEccoB 00pa3oBa-
HUSl HEOJHOPOIHOCTEH, KOT/Ia peaTu3yroTcst A3PGHEeKTh CaMONpPON3BOIEHOTO UX
3aKMBJICHUS HAa U3BECTHBIX MPUHIMIAX U MPEICTABICHUSIX HEIMHEHHOW TUHA-
MHKH ¥ KBaHTOBBIX TexHojoru# [10, 11]. Takue paccMarpuBaeMblie B IocTeqHES
BpeMs YIWUBUTENbHBIE MUHamMudeckue 3(G(eKThl B BO3MOXHBIE HUX CaMOIpO-
M3BOJIBHBIE «3QKMBIEHUS» C MEPEXOAOM K APYrol CTPYKType HEOAHOPOAHO-
creit [12—15] maroT TPUHIMNHAIBHEIN IMyTh HAXOXKIEHUS ONTUMAJIBHBIX YCIIO-
BUM U PEKUMOB B UHCICHHBIX MapaMeTpax ISl YNPaBiICHUS 3TUMU SIBICHUSIMHU
1 TIOBBILICHUS HAJAEKHOCTH PaOOTAIOIIMX TEIUIOIHEPTETHIECKUX YCTPOICTB.

IIpu >TOM AJI MPaKTUUECKUX IeJIeH JoMKHa OBITh clleJaHa MPOSKIIHS OITy-
YEHHBIX MOJEIBHBIX (PH3MKO-TEXHUYECKHX MPHUHIUIIOB HA peallbHBbIC YCIOBHS
9KCIUTyaTallud SHEPTEeTHYECKUX YCTAaHOBOK pa3HOro Tuma. JTo TpedyeTr o0s3a-
TEJILHOTO METPOJIOTHYECKOTO 00ECIIeYeHHs B YHCICHHBIX TapaMeTpax PeKUMOB
UX pabOTHI B Pa3HBIX YCIOBUAX U C Pa3IMYHBIM COCTABOM M IKCILTYyaTAIMOHHBIM
COCTOSIHHEM paboyero BeUIecTBAa B LUKIMYECKUX TMpOLEccaX BO3ACHCTBHUS Ha
HEro TpHu paboTe YHEPrOyCTaHOBKH.

3neck TpeOyercs 3HaHHWE KaK (PyHIAMEHTANBHBIX MPUHIMIIOB TEXHUYECKOU
TepMOAMHAMUKH [16, 17], Tak ¥ KOHKPETHBIX 3KCIUTyaTallHOHHBIX XapaKTepH-
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CTHK JIJI1 KOMIIOHEHT KaXXJI0W aHAJIM3UPYEMOH TEIUIOPHEPreTUIECKON yCTaHOB-
ku (cp. ¢ [16, 18-20]).

B monHo# Mepe 3Ta 3a7a4ya BpS/ JIM MOXET OBITh pellieHa PH MOHUTOPUHIE
paboThl MOJOOHBIX MHOTO(YHKIIMOHAILHBIX YCTPONCTB C Pa3sHBIMH KOHCTPYK-
TOPCKUMH CXEMaMH H PEeKUMaMH JKcrutyatanud. OJHAaKO JaKe BBISBICHUE
TPEHIOB ¥ TCHACHIIMIA ¢ BO3MOXHBIM MOBBIIICHUEM HAJIC)KHOCTH M TOJITOBEYHO-
CTH WX PabOTHI ¢ BHIOOPOM COOTBETCTBYIOIIUX PEKUMOB MOXKET UMETh MPAKTH-
YecKoe 3HAUCHHE B ACIEKTE MPEABAPUTEIBHOTO aHAllM3a M MPeJICKa3aTeIbHOTO
MOJICTUPOBAHUS B YCIOBUAX HECTAIMOHAPHBIX JMHAMHUYECKHX MPOIECCOB.

Moaudukanuu u pa3BuTHE
3D TpemuHOBATOI CTPYKTYPHI B MaTepHaJe

[IpuHTIMTIHANEHO, YTO Jake BHOpanuyd padodeil yCTaHOBKHM Malloil MHTCH-
CHUBHOCTH CIIOCOOHBI BBI3BIBATH KapAUHAIBHYIO Moaudukanuto 3D-cTpyKTyps
CeTH TPEUINH, KOTOpas MOXKET MPOUCXOAUTH HETIPEPhIBHO JaXke B paMKax B Ile-
JIOM YCTOMYHMBOU KOH(UTYpAIUU C OTPEICIICHHON TOIMOJIOTHH (C BHYTPCHHUMH
CBs3SIMH) TIOJ JeiicTBueM pa3HbIX (hakTopoB. [Ipm momoOHOM BO3nEHCTBHH
JIOJDKHA TIPOMCXOANTH TOJTHAS TIEPECTPOiiKa BCe CHCTEMBI TPEIIVH C pean3a-
1Me HOBBIX B3aWMOJICUCTBUI BHYTpH Takoi 3D-ceTu.

Poct TpeummHbl U, cieqoBaTeNbHO, pa3pylieHHe O0BEKTa MPOUCXOMST, Kak
MIPaBUJIIO, TIOATAITHO, C TIOCTIEI0BATEIbHBIM IIEPEX00M OT YCTOHUYHUBOTO COCTOSI-
HUS K cTanuu pocTa. [Ipu 3TOM KaXKAbIi 3Tal XapakTeprusyeTcsl crienu(puIecKumM
SHEPIeTUYCCKUM COCTOSHUEM KaK CaMOM TPEIUHBI, TAK U BCErO 00BEKTa B Iie-
JIOM.

B o6mem xe ciayuae oka3bpIBaeTCs, YTO CYMIECTBYET IPaHUYHOE (MHHUMAIh-
HOE) 3HAYCHUE [JIMHBI TPEUIUHBI, BBIIIE KOTOPOTO BEIMYMHA Pa3pyIIAIOIIETO
HaIpsHKCHUS 3aBUCUT OT JIJIMHBL, a HIDKE — He 3aBucHT [15, 21]. [Ipu sTom 3Ha-
YUTETHHYIO POJIb HTPAIOT (PU3UKO-MEXaHNIECKHE CBOMICTBA paboUeii KaMephbl.

Tak, cornmacHo Teopun ['pucdurca, 1muHa paBHOBECHOH (YCTOHYMBO coXpa-
HSIOLIEHCsT) TPEINHBI / CBA3BIBAETCS C pa3pyLIAIOINM HANpPsHKEHUEM G, Xapak-
TEePHU3YIOIINM IPOYHOCTh MaTepHalla, CIeAYIONIINM COOTHOIeHneM [21]:

4vE
[=—ry
po (1 -V )

TZie Y — IOBEPXHOCTHOE HATsDKEHUE MaTepuana; p — KOHCTaHTa ()OpMBI MaTepH-
ana; E — MoIynb yrpyroctr, v — kodddunuent Ilyaccona mis ynpyroi pedop-
MaIuH.

CumTtaercsi, YTO TEOPETHUYECKAs MPOYHOCTh MOHOJIMTHOTO Marepuaia 0e3
TPEIIUH SBISETCSI OECKOHEYHOH, M HE YUUTHIBAETCS TAKXKE CKOPOCTh POCTa Tpe-
IIMH (HE TOJILKO OBICTPHIN POCT, HO M MEIJICHHBIN — JIaXke KOTJ[a Pa3phIBaIOIINe
Harpy3Kd MPEBOCXOIAT MPEe MIPOUYHOCTH OPO/IBI).

Hecmotps Ha TO 9TO Takoe COOTHOIICHUE BHIBEICHO JIJIS TUTACTUHKY B YCIIO-
BUSIX TUIOCKOM AedopManuu, TeM He MEHee JIOKa3aHO, YTO XapaKTep NaHHOU 3a-
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BHCHUMOCTH COOTBETCTBYET U MEXAHHM3MY pa3pyLICHHS MPOU3BOJBHBIX OOBEK-
TOB [21-23]. DTO COOTHOIIICHNE ITOMOTACT MTOHATh, KAKUE OCHOBHBIC ITapaMeTpPhI
OTIPENIETISIOT MPOIIECC XPYITKOTO pa3pylieHus pabodero ycTponcTBa.

O6pa3oBaHKe TPEIIMHBI JTHHOM [ CHUMAET HampsyKeHHe Ha ruromaan ml’/4.
[TosTOMYy, NMEeHCTBUTEIHHO, TIOSBIICHHE TIEPBUYHBIX TPEIIMH B paboduel kamepe
03HauaeT ee pPelaKCcalfio K pABHOBECHIO.

CrnenyeT OTMETHTD, YTO Ha MPOLECC 3aPOXKACHUS TIEPBUYHBIX TPEIIUH MOTYT
OKa3bIBaTh BIUSHUS HE TONBKO (PH3MKO-MEXaHWYECKHE IMapaMeTphl MaTepuana,
HO U JpyTHe — reoMeTpuieckue (HakTopbl GOpMBI.

Pactymias cHu3y BBEpX IO TNy KaMepbl TPEIlMHA MOA00HO KIMHY CO3J1acT
B CBOEM OKPY>KEHHUHU HEKOTOPYIO HEOTHOPOTHYIO SHEPTeTHUECKYIO 30HY, Hanbo-
Jiee MTHTEHCUBHYIO B OOJIACTH KOHYWKA TPEIIWHBL. B 3TOH JOKampHOW 00NIacTH
HaYMHAIOT Pa3BUBATHCS IUIacTUUYECKue Aedopmanuu [24, 25].

Kak u B kpucrammax, rae miactudeckue AegopManny JTOKAIU3YIOTCS HE B
OJTHOM, a B HECKOJIBKMX TUIOCKOCTSX (OTCTOSIIUX IPYT OT Apyra Ha HEKOTOPOM
paccrosHum — auHUK Jlrogepca), Tak U B TBEPIbIX MaccHBax JaHHBIE HapyIie-
HUSl BOSHHUKAIOT, PACTYT U JIajiee CIMBAIOTCA APYT C IPYTOM II0 OIMpPEIeIeHHBIM
npaBwiaM. BroiHe mpaBOMEpHO MPEAIONIOKUTh, YTO Takas aKTHBHAsS TPEIIU-
Ha (OPMHUPYET B MOPOJIC 30HY HAMpsKeHHs (A1 MPOCTOTHI €€ MOKHO CUUTATh
KpYTJIOi), SJHEPTeTHIECKHE XapaKTEPUCTHKN KOTOPOU YBEIMIUBAIOTCS C YMEHbB-
IICHHEM pa3Mepa/pajuyca 30HBI. 311eCh YCHWIMBAIOTCS TPOIECCHl 00pa3oBaHUS
JTUCITOKAIM U HOBBIX TpeuuH (cp. ¢ [15, 24]).

W3BecTHO, YTO KOHIIEHTpAIMS HANPSHKEHUS Ha Kpasx oOpa3oBaBIIeics Tpe-
IIUHBI G' (MM Ha ee IIePOXOBATOCTSAX) 3HAUUTEIILHO MPEBBIIIACT CPEIHEE 3HA-
YeHHEe HaIPsDKEHUS; IPU JUTMHE TPEIMHbI 2/ 1 pajuyce 3aKpyTieHus Ha ee KOH-
IIe # HaIIpsDKEHUE cocTaBisieT [24, 25]

c'=20 %

Ecnu ¢' mpeBsImiaeT npeaen MPOYHOCTH MaTepuaia MpU PACTSDKEHUH, Tpe-
IMHA pacTeT. TakuM 00pa3oM, MPOUCXOAMT JajbHEHIIAs CTaaus pa3pylICHHUsI
00BeKTA.

[penen nmpounoctu wnu cremwieHus C, [1a, GyHKIIMOHANTBHO 3aBUCHT OT Be-
JIMYUHBI IPEACITIOB IMTPOYHOCTHU ITPU CIKATHUU Ocy U PACTAKCHUN Gp U1 BBIYUCIIACTCA
o popMmyie

C=Bo

p°

roe B= |Jex 11,
Gp
3Ha5{ BCIIMYHNHBI O U Gp, JICT'KO BBIYUCIIUTH Hpe,[[eJ'ILI HquHOCTH C
TaKI/IM 06pa30M, pOCT Tpe]_L[I/IHLI ﬂeﬁCTBI/ITeHBHO HpOI/ICXOﬂI/IT C paBJ‘IH‘IHoﬁ
3 GEKTUBHOCTBIO, OTIPEIEIIeMOl XapaKTepOM MaTepHaa — TOJIIHHOMH, CoCTa-
BOM, Pacrpe/ieJeHUeM Harpy3KH, yCTOHYMBOCTBIO K 1e()OPMAIMsAM H T. JI.
C pocToM B MaTepuase BEIMYUHBI IIACTUYECKON Hedopmaiuu (pu HUKCH-

POBaHHOM O0BEMeE Tella) MPOUCXOUT BO3PACTAHHE JUCTICPCHH CTATUCTUIESCKOTO
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pacnpenencHusi MUKpoaeopManuii Mo ux JJIMHAM: CyMMa 3THX MUKpoJedop-
MaIii ¥ COCTaBJsieT COOCTBEHHO MPOSBIISIONIYIOCS IIACTHYECKYI0 MaKpoje-
¢dopmaruro. Benen 3a 3TUM MOSBIsETCS aCHMMETPUS MTPOCTPAHCTBEHHOTO pac-
npeneNneHus aedopManuu, 4To SABISCTCS XapaKTEPHBIM MPU3HAKOM HACTYILIC-
Husl Oymymiero paspymenus. [Ipocreifmas cxema Takoro pa3BHTHS MPHUBOIUT
K BO3HHMKHOBEHHIO B HTOTE JBYXBEPIIMHHOTO pacIpeeieHus nehopMaIu,
T. €. OJIHA TPEIIMHA B 00JIACTH CBOEr0 KOHYMKA BETBUTCS Ha JBE — MOSBISACTCS
Touka Oudypkamuu medopmarmu [22, 26]. Kaxmas oOpa3zoBaBmiascs TpenruHa
Jlaiee pacTeT CaMOCTOSTENFHO. JTOT AMHAMUYECKU HEIMHEWHBIA TIpoIlece ca-
MOOPTraHU3aI[UH CUCTEMbI IPOUCXOIUT MO BIUSHHUEM Pa3IMYHbIX PUYUKH.

B pesynbprare medcTBHS TaKWX NUHAMAYECKHX HArpPy30K B TBEPAOTEIHHOM
o0BekTe HaOmromaeTcss ObICTpOe M3MEHEHHE MMapaMeTPOB MHUKPOTPEIMHOBATO-
CTH, KOTOPOE MOXKHO TMPEICTABIIATD, KaK JIOKAJIbHBIC MUKPOB3PHIBHI [24, 27]:

— POCT U CIIMSHUE IPUPOJTHBIX MUKPOTPEUINH B O0Jiee KPyITHBIE;

— 3apOKJIEHUE HOBBIX MUKPOTPEIIHH;

— pacKpbITHE KPYMHBIX MHKPOTpPEIIMH ¢ oOpa3oBaHHEM Ne(eKTOB Cleaylo-
IIETO NePAPXUUECKOTO YPOBHS.

[Ipy >TOM MHKPOTPENIMHOBATOCTh HABOAWTCS HAa BCEX HEPAPXHUECKUX
YPOBHSX, H TaKO€ JTUHAMUYECKOE BO3ACHCTBHE MPHUBOAUT K PE3KOMY YBEJIHYe-
HUIO0 KOHIICHTPAITMH MHKPOTPEIIHH B ONVKHEH W CpeTHEH 30HE NEHCTBHS MHK-
POB3pEHIBa.

JanbHeHni aHai3 yCTOMYMBOCTH paOOTHI TEINIOAHEPTETHUECKUX YCTaHO-
BOK TpeOyeT MpOBEeACHUS aHaJH3a MPOIECCOB Pa3BUTHS IUCIOKALNI B Telle pa-
0ouell KaMephl ¢ BO3MOXHBIM MX BBIXOJIOM Ha €€ MOBEPXHOCTh IPHU Pa3HBIX pe-
JKUMax IKCIUTyaTallu.

OnnHako He OyIeM OCTaHABJIMBATHLCS HA ATOM, IIOCKOJIBKY 3TO TpeOyeT perre-
HUS CIIO)KHBIX HEJIMHCHHBIX ypaBHEHUH B ONPEACICHHBIX MPUOIMKEHUSIX IS
KaXJIOTO KOHKpeTHOTO ciy4as [16, 17, 28].

Camoopranusyonmyecs CHCTeMbl Pa3BUTHS HeyCTOHYMBOCTe
B AJITOPUTMAX HeJIUHEHHOM TMHAMMKHM U KBAHTOBBIX TEXHOJIOT Uil

O6cynuM B 0030pHOM acIieKTe XOPOIIO M3BECTHRIE B MaTeMaTHKe U (pU3UKE
YHUBEPCAIBHBIC PEKUMBI (PYHKIIMOHUPOBAHHUS HEIWHCHHON TUHAMHYECKOM
CUCTCMbI, KOTOPBLIC OKa3bIBAIOTCA IPUTIOAHBIMH [JId aHalinu3a CTaOMIIBHOCTH
1 YCTOMYUBOCTU PabOTHI HE TOJIBKO TEIJIOBBIX SHEPTETHYECKUX YCTAHOBOK, HO H
Pa3IUYHBIX YCTPOMUCTB CO MHOTMMH TEXHOJOTUYECKUMHU IUKIAMU B YCIOBHUSIX
pa3BUTUS MHOTO(DAKTOPBIX MPOIECCOB B HUX. OTO IMO3BOJUT PacCMOTPETh
B €IMHOM IIEJIOCTHOM KOHTEKCTe 0a30BBIE SBICHHS, KOTOPHIE IOJKHBI TPUHU-
MaThCsl BO BHMMaHWE NpH (PYHKIIMOHUPOBAHWU KOMIUIEKCHBIX JHHAMUYECKUX
CHCTEM C HETMHEHHOCTHIO U 0OpaTHON CBs3BIO. I PHEProyCTaHOBOK Pa3HOTO
KJIacca TaKO# MOJXOJ] He SBISETCS TPAAUIUOHHBIM, HO HEOOXOINM TIPH peaju-
3alMM TEXHOJIOTHH MpeCcKa3aTeIbHOr0 MOJEIUPOBAHUS U MPOrHO3a HAJEKHO-
CTH UX pabOTHI U IPEAYIPENKACHUS BBIX0/Ia HA KPUTHUECKUE PEKIMBI.

B nrobom cimydyae matepuan TaHHOTO pasjiena MOXET ObITh IOJIE3EH IS CO-
TPYJHUKOB DHEPreTUYCCKOI0 CEKTOpPa YKOHOMHUKU M TPOMBIILIEHHOCTH/MAIIHU-
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HOCTPOHTENBHBIX OTpaciieii MPH MOBBIICHUH WX KBAJTM(QHUKALUU B 3TOH 001aCTH
3HaHU.

Kpome Toro, moHumManue BO3HHKAMOIIUX 31€Ch OTPaHHYEHHH, KOTOPHIE MO-
I'yT OBITh ACCOIMMPOBAHBI C 3aKOHOMEPHOCTSIMHU B OOJIACTH KBaHTOBBIX TEXHO-
JIOTHH, TaKkXKe JaeT alrOPUTMBI ISl peaTu3alliil TeX WIM WHBIX MapIIpyTHBIX
KapT, Hal[puUMep, PU MPOBEICHUN MHOTOMIAPAMETPUUYECKUX UCITBITAHUH 110 JJTH-
TEJNILHOCTH W TECTHPOBAHUH COCTOSHUS 000pYyIOBaHUS BO BPEMEHHOM MacIITa-
0e — KaK TeKyIIeTo, TaK U Ha MePCIIEKTHURY.

Martepuan OyneM uznaraTh B OTHOCHTEIBHO IMPOCTOM KauyeCTBEHHOM Mpe/I-
CTaBJICHUH C TIOMOIIBIO COOTBETCTBYIOIINX IPAQUUECKHX CXEM M H300parkeHHIA.
3TO MO3BOJIUT OLEHUTH:

1) sBieHUs, CrOCOOHBIE MPHBECTH K BO3MOXKHOMY DPa3pyIICHUIO H3IEITHS
(Tmepexo B HOBOE COCTOSIHHE);

2) mUKIMYecKre MPOIiecchl (BO3BpalleHHe K HCXOJHOMY COCTOSIHUIO U y[a-
JICHUE OT HET0);

3) BO3MOXKHOCTh COBMECTHMOCTH TEPEXO/I0B MEXIY Pa3IMYHBIMU peKUMa-
MU paboTsl. [Ipr 3TOM perynsapHOCTs U IETEPMUHUPOBAHHOCTH, 4 TAK)KE CTOXa-
CTHYHOCTb MOYKET PEaM30BBIBATHCS MO Pa3sHBIM XOPOIIO M3BECTHBIM CLIEHAPH-
siM (TTPOMJLTIOCTPUPOBAHBI HIKE C pacCMaTpUBAaEMBbIMU peXKMMaMu Ha puc. 9—12
[22, 29-31]) ¢ KOMMeHTapHsIMH TIO TIpoIleccaM B DHEProycTraHoBKax. [Ipomcxo-
JSIIIUe TPOLIECCH MOKHO CBA3aTh, HAPUMEP, CO CIEAYIOUIMMH Pa3HbIMH THIIa-
MU U CTPATETHSAMH Pa3BUTHUSI HEOAHOPOTHOCTEH — IOBEPXHOCTHBIX U 00BEMHBIX
B TBEPIOTEIHFHOM MaTepuaie (BIUIOTh IO €ro pa3pylIeHs ), TAKUMH KaK:

® KOJUIAIIC U CTarHaIus;

® YCTOMYNBAs IEPUOTUIHOCTD;

® TTapaMeTPhI «B Pa3HOCY;

® Xa0TUYECKOE PAa3BUTHUE B ONPEICIICHHBIX paMKaXx;

® CpPBIB/BHE3AITHBIA KPU3KC;

® pe3KHii CKauOK U PHIBOK B PA3BUTHH.

OTH BO3MOXHBIE KOMOWHAITMY [TOKa3aHbI Ha puC. 9.

a b [¢

PaszHbie cyeHapuu,

-

#
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Puc. 9. DBomtonnst sneMeHTapHOro ($Ha3oBoro 00beMa — COCTOSHUS CHCTEMBI —
Ha IUIOCKOCTH B CIIy4asiX: a — YCTOHYHBOTO COCTOSHUS PABHOBECHS; b — PEIEIBHOTO 1IUKIIA;
C — CcemapaTPHCH, HAYIIeH N3 cemIa (JaHHbIe TEPMHUHBI IPUHSTHL B HEJIMHEHHOH MHAMUKE,
HO MX CMBICJI, B IPHHIIMIIE, TIOHSTCH)

Fig. 9. Evolution of the elementary phase volume — the state of the system —
on a plane in the cases of: a — a stable state of equilibrium; b — limit cycle;
¢ — a separatrix coming from the saddle (these terms are accepted in nonlinear dynamics,
but their meaning is clear in principle)
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B kaxxnoe HauanbpHOE (Bpems ¢ = () COCTOSTHUE HE ABISICTCS (PUKCUPOBAHHBIM
YHUCJIOM, a UMEET HEKOTOPYIO KOHEUYHYI0O HETOYHOCTh &. 3ajmada — OMpPEeCIUTh
COCTOSIHHE / BEpPOSITHOCTHOE PACIIPEICIICHUE TIPH Pa3HbIX { B JMHAMUKE C TAKOW
HEOTIPEIeTICHHOCTHIO.

3nmech BakHA IIOCIIENOBATENBHOCTh COOBITHH: B ciaydae 1, xorma & — 0,
a t — o, OyJeT pealm30BBIBATHCS MOJHAS MPEICKa3yeMOCTh/ IeTepPMUHIUPOBAH-
HOCTB MpoIlecca pa3BUTHS CUCTEMBI.

B ciygae 2, xorga, XoTs u3HauaiabHO § # 0 M MOBENEHHUE TPACKTOPHUMA pas-
BUTHUSl TIPEJCTABIISET TOMEPEYHOE CEYCHHWE TPYOKH pa3HBIX TPACKTOPHHA IS
t —> o (puc. 10), HO pu & — 0 BO3ZHHKAIOT pa3HbIC BAPHAHTHI, B TOM YHCIIE,
HanpuUMep, SBICHHUS CaMOOPTraHU3aIllMM K YCTOWYMBOMY COCTOSHUIO (puc. 9a).
OpnHako U B ciydae 2 MOTYT BOSHHKHYTh COCTOSIHUS KaK C YCTOMYUBBIM, TaK H
HEYCTOWYUBEIM PaBHOBECHBIM COCTOSIHHEM, Korma (puc. 10) maxxe Mamblid pas-
Opoc HaYaIBHBIX HETOYHOCTEH MpH OOJBIIOM IPOMEKYTKE Pa3BUTHS BO Bpe-
MEHU MPUBOJIUT K TOMY, YTO COCTOSIHUS CHUCTEMBI KapAWHAJIBHO OTIMYAIOTCS.
[TosTomy Manble BO3MYIICHHS Ha HA4aJbHOM 3Tare IJIsl TAKOTO Peain3yeMoro
CIIEHapHUs TaK TNPUHIUIHAIGHO MEHSIOT HTOTOBBIE PE3yIbTaThl U TPEOYIOT
OYCHB JCIUKATHOTO IMOAXO0Ja MPU MPHUHITHUA TOTO WX WHOIO pekuMa pado-
THI CHCTEMBI. {711 M3MEHSIOMIMXCS PEKUMOB 3TO MPHUBOINUT K MX CYIIECTBEHHO
pasHBIM COCTOSIHHSIM B TIPOIlECCE PAa3BUTHS, U TOATOMY BO3MOXKEH MEpeXoid K
HECOBMECTUMOCTH 0€3 BO3BpaTa Ha3aJ — B YACTHOCTH, B YCIOBUSAX MPEOIOICHHS
MIPEJIEIOB MPOYHOCTU 00BEKTA.

Hpyroit pexxum pa3BuTHUs Moka3aH Ha puc. 11.

Henpeackazyemocrb Npwrarmsarowmecs TpaexkTopun B 3D
wBnausKkoe — Pty Cmae”‘guug? T'opuzoHTanbHas
- & S =
I 7N — = IUIOCKOCTh Zz = 27
damexoe» | (@) Yepmoiiqugocmo? 00 ’
o b NS [ PMHUPOBAHHOE
St~ —— Lol | (Ha KpUTHYECKOE)
= % BEIXO/AT M3 Hadana
& | -~ ihopabiar qucio Panest
1 :
Heycroliumee id dorye ATTpakTop flopeHua
Puc. 10. OBomonys 31eMeHTapHOro (a3oBoro Puc. 11. XKectkuii pexxum (CKauKkoM)
o0beMa Ha IIIOCKOCTH B Cllydae BO3HHKHOBEHHMS CTOXaCTUYECKHX aBTOKOJICOaHHH
HEYCTOWYNBOTO COCTOSIHUSI PABHOBECHS IIPY HETIPEPHIBHOM M3MEHEHUHN
Fig. 10. Evolution of an elementary phase HCKOTOPOTO yIIpaB/IIOIICro napameTpa
volume on a plane in the case Fig. 11. Hard mode (abruptly) the occurrence
of an unstable equilibrium state of stochastic self-oscillations with a continuous

change in some control parameter

31ech peanu3yercsi HEMEePUOIUYECKOE MOBEACHUE CHUCTEMBl C IMOCTOSHHOM
BO BpEMEHH HEYCTOHYHMBOCTBIO: BpOJe OBl HIET PA3BUTHE, HO OHO MPOUCXOIUT
C TAKUMH HEYCTONYMBBIMH IIMKJIAMH, YTO €r0 UTOT HE SICEH M TPEOYET CI0KHOIO
aHaIn3a ¢ YYETOM HEJOKAIbHBIX OTKJIMKOB CUCTEMBIL. [Ipy 3TOM MOTYyT peanu3o-
BEIBaThCSI M YHUKAJIbHBIE COCTOSHHS C TPUTATHBAIOIIAM MHOXKECTBOM — TakK
Ha3bIBaeMbIil aTTpakTop JlopeHma, xorma Bpoae Obl IpW PYTHHHOM IUIaBHOM
M3MCHECHHH YIIPABJISIONIETO MTapaMeTpa COCTOSIHIE CHCTEMBI BHE3AITHO MEHSICTCS
CKayKOM. XOTs MYTH BO3HUKHOBEHHS ITOJOOHBIX COCTOSSHUW M KaXIBIH U3 UX
(parMeHTOB MOTYT OBITH pa3HBIMH, HO YHCIO TaKUX CIICHAPHEB Pa3BUTHS B
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OTPE/ICTICHHBIX PEKUMaX BIIOJIHE KOHEYHO. [103TOMy Tak BakHO MPOBOIUTH
MOJTHOIICHHBIA aHANM3 C MpeJCcKa3aTelbHbIM MOJACIMPOBAHHEM TPH BhIOOpE
KOHKPETHBIX PEKHMOB PabOTHI.

Wuas, 6omee mpocTas, CUTyalus mokasaHa Ha puc. 12.

"EEE"!!HBEHHE[LTDHCI’H‘IHDCI’I:

He p&{i?am engHo
'doa\wﬂmb'

/ @

Puc. 12. IIpocToil mpuMep Bo3Bpallarolieiics HeyCTOHYUBOM TPaeKTOPUU:
pacKpyuHMBarOIIasiCs INIOCKas CUPab, KOTOpas B ONPEAEICHHBII MOMEHT BPEMEHHI
BBIXOJUT U3 IUIOCKOCTH, HO BO3BPAIAaeTCs K €€ Hadally M BHOBb PACKPY4IHBaeTCS

Fig. 12. A simple example of a returning unstable trajectory, an unwinding flat spiral,
which at a certain point in time leaves the plane, but returns to its beginning and unwinds again

OTOT BBIXOA W3 IUIOCKOCTH, HAPUMED TPH JOTIOJHUTENFHOM MPHBIICICHUN
YIPaBJSIIOLIET0 NapaMeTpa, MPUBOAUT K 3allyTaHHOCTH, XOTS M JAeT BO3MOXK-
HOCTh BO3BpaTa K HCXOAHOMY COCTOSIHUIO MPHU JOCTHKEHUH OIpPEACICHHOTO
yHpaBIEHUS MPOLECCOM.

B nuccunatuBHOM (TpeHUE/BI3KOCTH — MPOLIECCH PA3BUTHSI C TOPMOXKEHHEM,
COTIPOTUBJICHHEM H IOTEPEH pPecypcoB) CHUCTEME TMOSBICHHUE CIYyYalHOCTH H
CTOXaCTUYECKUX YEPT B MOBEACHUU ITMHAMHUYECKOH CHCTEMBI CBA3aHO C JABYMs
oOcToaTenpcTBaMi. Bo-TiepBBIX, B ONpENENIEHHOM CMBICIIE CIIy4aiiHa IT0YTH
KaXJas U3 HE3aMKHYTBIX TPACKTOPUM pa3BUTHA, PACIONAralolIuXCsl BHYTPHU
OTpaHMYCHHOTO0 00beMa. BO-BTOPBIX, €CTECTBEHHBIM 00pa3oM MOSBISETCS MO-
HSTUE aHCAMOJISI COCTOSIHUI CUCTEMBI B aCIIEKTE MPUIIOKEHUH K TSOPUU BEPOST-
HOCTU. B aHHOM cilydae OKa3bIBaeTCsl BO3MOKHBIM MTPOAHAIM3UPOBATh, KAKOBBI
[IaHCHI TOTO WJIM WHOTO pa3BuTHs. PasHOOOpasHBIE COCTOSHMUS (OTPE3KH Tpaek-
TOPWHU BHYTPH HAIIETO HEYCTOHYMBOTO 00bEMa) MOTYT CHJIBHO BIUSATH Ha Kap-
TUHY PabOTHI SHEPTETHYECKOTO YCTPOCTBA.

J1s nMHaMHYECKUX CHUCTEM BMECTO PANIOB CTATUCTHUECKUX METPOJIOTHYe-
CKUX HaOJNIOJICHUH pacCMaTpUBAlOT U MOHHTOPAT CPEIHHUE 10 BPEMECHU Xapak-
TEPUCTUKU TOJOOHBIX TPAEKTOPUH pa3BUTHA. Takoi XapaKTEpUCTUKONW MOXKET
OBITh, HAIIPAMeEP, I0JII BpEMEHH, TPOBOINMAs CHCTEMOM B TaHHOM COCTOSTHUH —
C MPOMEKYTKOM BpeMeHH I B OIpeIeNIeHHOW suciike (a30BOTO MPOCTPAHCTBA
COCTOSIHHI PabOYnX LIUKIIOB.

Jaxe Manoe 4uciIo ynpaBIsIoONINX MapaMeTpoB il pAAa IMPOLeccoB (CTeneHen
CBO0O/IbI) MOXKET PUBOUTH K PUHIIUITAAIBHO CITyYaliHBIM/Xa0TUICCKUM COCTOS-
HUSAM CHCTEMBI. HaHpHMep, OTACIIbHBIC, N30JIMPOBAHHLIC, HA HepBbIﬁ B3I, TCX-
HUYECKUE TOKAa3aTeaX MOTYT KapAMHAIBHO W3MEHSITHCS B COBEPIICHHO Pa3HBIX
JUHAMUYECKUX PEKUMax NpU MajbIX BO3MYIUEHUSX W BapbUPOBAHUU YCIOBHUI
U pabouymx pPEeXHUMOB. 31IeCb MOXKET MPOUCXOJWTH pa3pylIeHHe OOBEeKTa WIIH,
Ha000pOT, (PMKCALUS COCTOSHHS CUCTEMBI IIPU POCTE TIOKa3aTenei ee padoThI.

Ecmu pedp uieT o MpUHATHH OIpPENEIeHHON CTpaTeTHH M BBEIOOpE pexmmMa
paboThl, HapuMep A Win B, TO TOTJa CTAHOBUTCS BaXKHOM IOCIIEA0BATEILHOCTh
NEHCTBUMN IS pa3BUTHS CHCTEMEBI: YTO TICPBUYHO, A wiu B?
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31eCh BO3MOKHBI HECOBMECTUMBIE WM MOCIIENOBATENBHBIE POLIECCHI C MO-
nenbio ynpasinenus H = f(A4,B,U), rae U — BeIOpaHHEIH pabounii ynpasisio-

HIMH MapaMeTp CUCTEMBI. 3ajjadya — UCKaTh ONTHMAIbHYI/COBMECTUMYIO KOM-
OMHAIMIO pa3HBIX (AKTOPOB. DTH YCIOBHUS BAXKHBI IIPH BEIOOPE TIOCIEAOBATEIb-
HBIX ONEpaluid IpH HCHBITAHUAX W anpoOUPOBAaHMU DPA3IUYHBIX PEXKHMOB
paloThl TEIJIOIHEPTETHUECKON YCTAHOBKH B pa3HbIX ycloBusAX. IMEHHO 3TOT
¢baxTop OBLI, IO-BUANMOMY, IPOUTHOPUPOBAH BO BPEMsI MCIBITAHUN B UYepHo-
OBLIe ¥ TIpUBE K II100abHON KaTacTpode.

Ho BaxkHa Take M vV — CKOPOCTH/TEMII peajii3allii B CUCTEME COCTOSHHH,
UAyIuX ¢ npoueccamu 4 U B, A7 onpenesieHHOTO TpeOyeMOoro KOHEUYHOTO Co-
CTOSIHUSI CHCTEMBI C IOKa3aTeleM/HHIEKCOM FE 3a MPOMEXYTOK BpeMeHH Af:
AEAt > const, rae v ompeaenser E, kortopoe Tarke 3aBucuT U oT U. Eciam
v =const (pecypchl Uil pealM3alliu mpoiiecca padOThl, YPOBEHb BHEAPCHHS/
pasBUTHA U T. 1.), TO, HAIPHUMEDP:

a) TpeboBanne AE = AB — (0, BO-TIEPBBIX, IPOUCXOAMUT TOJBKO MPH f —> 0,
U, BO-BTOPBIX, JI€JIaeT HEONpPEAEICHHBIM mapaMeTp A: A4 — o, WK TO ke ca-
Moe 1 it AA — 0;

0) xemanme AE= AA— oo peamusyerca mpu At — 0, WIH TO XK€ camoe —
B aJIbTEpHATUBE 1T AB — 0.

BbIBO/IbI

1. TlockombKy OOBIYHO TpOIECC pa3pyIICHUS TBEPAOTEIHLHOIO MaTepHua-
Jla HAYWHAETCS C 3apOKICHUSI MUKPOHEOHOPOJHOCTEHN U nedekToB B HeM [32],
TO paccMmarpuBaeMmble JUHAMUYecKre 3((EKThl (BO3MOXKHBIE HX CaMOIPOU3-
BOJIBHBIC «3a)KUBJICHUS» C MEPEXOJOM K APYrod CTPYKType HEOTHOPOIHOCTEH)
JAI0T MPUHIIUIHAIBHBINA TYTh HAXOXKICHUS ONTUMAIBHBIX YCIOBUN U PEKUMOB
B YHCJICHHBIX MapaMeTpax JUisl YIPaBICHUS 3TUMHU SIBICHUSIMH U TIOBBIIICHUS
HAJIC)KHOCTH pa0OTAIOIINX YCTPOMCTB.

2. IlpoBeneH KaueCTBECHHBIA aHAIM3 HA OCHOBE IPOIECCOB CAMOIIPOU3BOJIb-
HOT0 3apacTaHusl TPEUIMHOBATOCTH U Je(EKTOB Ha MpUMepe pabouux Kamep
SHEPreTUYeCKNX TEIUIOBBIX YCTAHOBOK C Ta30KUAKOCTHBIM pabO4YMM BeIecT-
BoM [33]. IIpemnoxeHHBIE MOICTH W TIOIXOIBI TIOCTIEC YCTAHOBJICHHS CBS3H WX
[apaMeTpoB U IMapaMeTpoB pabovux Kamep MO3BOJISIOT B MEPBOM MPHUOIH-
JKEHUU IIPOU3BOLAUTH YIIPABIEHUE UMU.

YactmyHo paboTa BbIMOMHEHA B paMKkax roCygapCTBEHHbIX 3afaHun B cdepe
Hay4HOWN aesTenbHocTM MyUHUCTepCcTBa Hayku 1 Bbicllero obpasoBaHusa Poccuiickon
degepaumm FZUN-2023-0003 n FZUN-2024-0018.
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006001 eHHbIe KOMILIEKCHBIE IEpeMEeHHbIe KUHETUKHU
CYIIKM B pacyeTax JUVINTeJbHOCTH CYLIKHU
IJVIOCKUX TOHKHUX BJIAKHBIX MaTEePHAJIOB

A. W. Onbmancknii, A. H. Cony6es”

DBure6ekuii roCy/1apCTBEHHBIH TEXHOJIOTUYECKUI YHUBEPCUTET
(Butebck, Pecriybnuka benapyce)

© benopycckuit HalIMOHANBHBIN TEXHUYECKUI yHUBEpCUTET, 2024
Belarusian National Technical University, 2024

Pedepar. Crares nocssimeHa 0O0pa0OTKe SKCIEPUMEHTANBHBIX IAHHBIX B OTHOIICHHH CYIIKH
TOHKHX BJIQKHBIX MaTepHaJIOB. PacueTHble KNHETHYECKUE 3aBUCHMOCTH, HEOOXOJUMBIE VIS OTIpe-
JIeTICHUs] JUTUTEIBHOCTH CYIIKH, MOTYT OBITH MOJIy4EeHBI U3 peuieHus aupQepeHInanbHbIX ypaB-
HEHMIl MaccolepeHoca, OJHAKO 3Ta 3ajada CJIOXKHA B aHAIUTHYECKOM OTHOIIEHHH, IOCKOJIBKY
CYILIKa SBJIAETCS HECTALMOHAPHBIM MPOLECCOM, a KO3(OUIIMEHTHI NIEPEHOCA 3aBUCST OT BJIAroco-
JepXKaHUs U TEMIIepaTypbl Matepuaia B O4eHb CIOXKHOH (opme. DTO BbI3bIBACT HEOOXOIMMOCTD
9KCHEPUMCHTAJIBHBIX HCCIIEOBaHUIl € pa3pabOTKOil MPHOIMKCHHBIX MPOCTBIX 3MIUPHYECKUX
YpaBHEHHUI JUIS ONIPEeNICHUS] JUTUTEIBHOCTH CYIIKH C MUHUMAIBEHBIM KOJIMYECTBOM ITOCTOSTHHBIX,
OIIpeeNsIeMBIX U3 JKCIIEpUMEHTa. B kauecTBe yCTOHUYMBEIX KOMIUICKCHBIX OOOOIIEHHBIX Iepe-
MEHHBIX NP 00paboTKe SKCIEPUMEHTa OBUIM MPUHSATHI: OTHOCHTEIbHAsI CKOPOCTh CYIIKH, 0000-
IIEHHOE BPeMsI CYIIKH, OTHOLICHHE BPEMEHH CYILIKH IO MIEpHOJiaM, OTHOIICHUE TEKYIIEro BJIaro-
CoZiep’KaHus K KpUTHYeCKOMy. Bce mepeMeHHbIe B3aMMOCBSA3aHbI CKOPOCTBIO CYLIKH B IIEPBOM
nepuoze (mepuoze MOCTOSIHHON cKopocTu). B pesynbprate 00pabOTKH ONBITHBIX AaHHBIX MO KOH-
BEKTHBHOII CYIlIKe KepaMHUKH, acbecTa, BOWIOKA MOTy4YeHbl GOPMYIIb, MO3BOJISIOLINE ONPENETUTD
ee JIMTENFHOCTD B MEpuoie mafamomeid ckopocta. Co3paBaemast Takoi 00pabOTKOI SKCIIepUMEH-
Ta MHBapHAHTHOCTD I03BOJISIET MEPEXOAUTH OT OIHUX IEPEMEHHBIX K JPYTHM, OT OXHOH CHCcTe-
MBI KOOPJHMHAT K JPYroH, 4TO 3HAYMTEIHHO COKpAIaeT YHCIO0 HEOOXOOMMBIX IKCHEPHMEHTOB.
O0paboTka JaHHBIX U aHAIN3 MOJTYYSHHBIX (OPMYJI TOKA3BIBAIOT, YTO KPUBbIE CYLIKH MPEACTaB-
JISIFOT COOOM CIIOXKHBIE IKCIIOHEHTHI, a TJIABHBIMU CBSI3YIOIIMMH IIEPEMEHHBIMH SIBIISIFOTCSI OTHOCH-
TelbHAsi CKOPOCTh CYLIKH M OTHOCHTENBHOE Biarocoaepxanue. IIpencraBiieHa npoBepKa TOYHO-
CTU 0OpabOTKM ONBITHBIX JaHHBIX U JIOCTOBEPHOCTH IIOJYHYCHHBIX SMIMPUUYCCKUX YpPaBHEHHH,
HO3BOJIAIOIINX PACCYUTATh JUIMTENILHOCTh CYLIKH Ul yKa3aHHbIX MaTepuanioB. Pa3opoc pacuer-
HBIX 3HAYEHHH 10 CPABHEHHUIO C HKCIIEPUMEHTAIBHBIMHU COCTaBisieT okoio 10 %, 9ro HaxomuTcs
B IIpeiesiax TOYHOCTH 00pabOTKH OIBITHBIX JAQHHBIX.

KuroueBble ciioBa: CKOPOCTh CYHIKH, OTHOCUTEJ/IbHAsA CKOPOCTh CYIIKH, CKOPOCTb CYLIKHU B IIE€P-
BOM IIEPpUOAE, MIUTEIBbHOCTD CYIIKH, BJIAroCOACPIKAHUE
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Generalized Complex Variables of Drying Kinetics
in Calculations of Drying Duration of Flat Thin Wet Materials

A. L. OP’shanskii”, A. N. Golubev"
Dvitebsk State Technological University (Vitebsk, Republic of Belarus)

Abstract. The article is devoted to the processing of experimental data regarding the drying of thin
wet materials. The calculated kinetic dependencies necessary to determine the drying duration can
be obtained from solving differential mass transfer equations, but this task is analytically complex,
since drying is a non-stationary process, and the transfer coefficients depend on the moisture con-
tent and temperature of the material in a very complex form. This necessitates experimental studies
with the development of approximate simple empirical equations for determining the drying dura-
tion with a minimum number of constants determined from the experiment. When processing
the experiment, the relative drying rate, generalized drying time, the ratio of drying time by peri-
ods and the ratio of the current moisture content to the critical one were accepted as stable com-
plex generalized variables when processing the experiment. All variables are interrelated by the
drying rate in the first period (the period of constant rate). As a result of processing experimental
data on convective drying of ceramics, asbestos, felt, formulas were obtained that make it possible
to determine its duration in the period of falling rate. The invariance caused by such experimental
processing allows one to move from one variable to another, from one coordinate system to ano-
ther, which significantly reduces the number of necessary experiments. Data processing and analy-
sis of the resulting formulas shows that the drying curves are complex exponentials, and the main
mediating variables are the relative drying rate and relative moisture content. Verification of the
accuracy of experimental data processing and the reliability of the obtained empirical equations,
which make it possible to calculate the drying duration for the specified materials, is presented.
The spread of the calculated values compared to the experiment is about 10 %, which is within
the accuracy of experimental data processing.

Keywords: drying rate, relative drying rate, drying rate in the first period, drying time, moisture
content

For citation: Ol’shanskii A. I., Golubev A. N. (2024) Generalized Complex Variables of Drying
Kinetics in Calculations of Drying Duration of Flat Thin Wet Materials. Energetika. Proc. CIS
Higher Educ. Inst. and Power Eng. Assoc. 67 (4), 363-376. https://doi.org/10.21122/1029-7448-
2024-67-4-363-376 (in Russian)

BBenenue

Cymrka sSBIsSeTCs HEOOXOAMMBIM ITPOIIECCOM, B KOTOPOM MaTepHalbl IMPpHo0-
pETaloT OKOHYATEIbHbIE TEXHOJIOIHYECKHE CBOHCTBA. BpeMs cymiku onpenenseT
Ka4ecTBO KOHEYHOTO MPOAYKTA, BIHMACT Ha pa3Mephbl CYIIMIBLHON KaMepbl, CIo-
co0 ToABOMIa PHEPTOHOCUTEISI, MapaMeTpbl TeruroHocutens [1-4]. Iloaromy
OCHOBHA$ 33/1a4a KMHETHKHU U TEXHOJIOTHH CYIIKH — ONpEeTieHne €€ ATUTENb-
HOCTH.

Bce HeoOXommmble pacdyeTHbIE KHHETHYECKHE 3aBUCHMOCTH MOXKHO TO-
AyuuTh U3 pemeHus AuddepeHInanbHbpIX ypaBHEHH Maccomepenoca [1-3].
OpHako 3Ta 3a/a4a OYEHb CI0KHA B aHAJMUTUYECKOM OTHOIICHUH, TIOCKOJBKY
CyIIKa — HECTallMOHApHBIA Tporecc, NpuueM KOI(pQHUIMEHTHl epeHoca 3aBu-
CST OT BJIATOCOJACPKaHMS M TeMIIEpaTyphl MaTepHaja B OYeHb CIOXKHOU ¢op-
Me [3-5]. HeBO3MOXHOCThP TOYHOTO MaTEMaTHUYECKOTO DPELICHHS YpaBHEHHH
MaccoINepeHoca BhI3BIBACT HEOOXOJMMOCTh SKCIEPHUMEHTAIBHBIX UCCIICI0BaHUI
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C pa3paboTKOl MPUOIIMKEHHBIX MPOCTHIX IMIIMPUYSCKUX YPABHEHHI, MO KOTO-
PBIM MOXHO PacCYHTaTh UIUTENBHOCTH CYIIKH, MPH 3TOM KOJIUYECTBO BXOIS-
IIMX B YPaBHEHHS IOCTOSHHBIX, OINPENESIeMBIX W3 OKCIEPUMEHTa, JIOJDKHO
OBITh MUHUMAJBHBIM [1-3].

O0o00eHHbIe TepeMeHHble KHHeTHKH CYIIKH

[TonsTe 0000mMEeHHON KpWBOH CymKH B NpakTuky BBen . K. dwumonen-
Ko [6]. DTO chIrpano 3HaYUTENBHYIO POJIb B pa3BUTHU CIOcOOOB 00pabOTKH
OTBITHBIX JTAHHBIX CYIIKU U CO3JaHUHM METOJIOB pacueTa ee JuTeapHocTa [1-5].
O600menHas KpuBast CyWIKU NPeJICTaBlena B koopaunarax (i, —u,)= f(N1),

rac 1/_10, U, — HadaJIbHOC U PABHOBECHOC BJIArOCOACPIKAHWE MaT€puala, N -

p
CKOPOCTbH CYIIKH (TIOCTOSIHHAS) B IEPBOM TIEPHO/E; T — BPEMSI CYIIIKH.

B. B. Kpacuukos, passuBas meron I'. K. ®umonenko, ycranosun [1], gTo
MpH CyMIKE JIFOOOTO MaTephania JUIsi BCEX PEXHMMOB C 3aJaHHBIM Ha4dallbHBIM
BJIarocoJepKaHueM U, COXpaHAeTCs HEeM3MEeHHOW BennunHa Nt [1-3], Ha3BaH-
Hasi 0000IIeHHBIM BpeMeHeM cymiku [ 1, 2].

OnHOBpPEMEHHO C BBEIEHHEM B KHHETHKY CYIIKM KOMIUIEKCHON IepeMeH-
ot Nt I'. K. ®uonenko u A. B. JIBIKOBBIM ObLIa BBEAECHA OUEHb BaKHAS JUIS
KHHETHKH CYIIKH repeMeHHasi N — OTHOCHTENbHAst CKOPOCTb CyIIKH [ 1—-6]:

« ldu
N =——=f(u, N1).
N . @AY

U3 o606menHo# kpuBoii cymku ['. K. dunonenko u# = f(NtT) ciemyer, 4to

IIpyu JaHHOM 3HA4YC€HUU U OTHOCHUTEJIbHAS CKOpPOCTh CYHIKH N* YHCJICHHO paBHa
TAQHTE€HCY YIJIa HaKJIOHa KPUBOM CYIIKHM K ocd NT B TOYKE CO 3HAYCHHEM U .
Taxum 06pazom, N He 3aBHCHT OT PeXHMAa CYLIKH ¥ I KOHKPETHOIO MaTepH-
ana sBiseTcs Toubko QyHKIMeH Biarocoaepxkanus [1]. O000MEHHYIO KPUBYIO

£ S (v
ckopoct cymkd N = f (i), IMEIONIYIO CIOKHBIA BHJ, MOKHO MOJYYUTh T'pa-

¢uueckum  nuddepeHIrpoBaHHEM OIHOKW O00OOIIEHHON KpHUBOH CyIIKH
= f(Nt). AHann3 000OLICHHBIX KPUBBIX CKOPOCTH CYILIKH Pa3IM4YHBIX Marte-

pHAJIOB TTOKA3BIBAET, YTO B TIEPHO/IE MAJAONIEH CKOPOCTH CYIIKH KPUBBIE 00pa-
3YIOT JIB€ COMPSDKEHHBIE CIIOKHBIE SKCIIOHEHTHI B TOYKE BTOPOTO KPUTHUECKOTO

— * —
Baroconepxanus i, [1,2]. 3akon usmenenns N = f(u) mns Broporo nepu-

Ola CYLIKH MO3BOJIACT 3alIMCATh 3aBUCUMOCTU:

N =exp[ f(ND)];

N'=exp| f| 2 ;

T
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. u
N =exp| f| —
Uy,

AHanu3 ONBITHBIX JaHHBIX IO CYIIKE Psfia BIAXKHBIX MaTEpUalIOB IOKa3all,
YTO KOMIUIEKCHI # /U, W Ty /T; TaKke OTHOCATCS K OOOOIIEHHBIM TEpeMEH-

HBIM [7, 8] U CBsI3aHbI C BEIMYMHONM CKOPOCTH CYIIKU B niepBoM niepuoae N. Ile-
peMenHast u / U, CBS3BIBACT MEKIY COOOI BCE KOMILIEKCHbIE IEPEMEHHBIE.

O6paboTKa OIBITHBIX JAHHBIX B OOOOIICHHBIX NEPEMEHHBIX CO37acT WHBA-
puantHoCTh BenuuuH NT, Ty /Ty, /i, OT BIarocojiepxaHus i Martepuaia

HE3aBUCHMO OT pEeXKMUMa CYLIKH U MpeJcTaBiseT coboil Hanboee oOmIyro 3aKo-
HOMEPHOCTh KWHETUKHU CyIIKH [1]. IHBapraHTHOCTH 00OOIIECHHBIX IIEPEMEHHBIX
MO3BOJISIET MEPEXOANUTh OT OJHHUX NEPEMEHHBIX K IPYTUM, OT OJHOW CHCTEMEI
KOOPAWHAT K JPYTOH, YTO 3HAYUTEIBHO COKpPAIIAeT YUCIIO MPOBOIUMBIX YacTO
CJIOXHBIX U TPYAOEMKHUX 3KCIIEpUMEHTOB [1, 4, 7].

O0padoTKa IKCIepUMEHTAa U BBIBOA (hOPMYJI

Ha puc. 1 mpencraBieHbl KpuUBbIe (9KCIIOHEHTHI) 00Pa0OTKY OMBITHBIX JIaH-
HBIX B MIPOIECCAX CYIIKH KEPaMUKH, BOWJIOKA U acOecTa MpH Pa3IndHbIX PEIKU-
Max Cymku. X MOKHO BBIPA3HTh 3aBUCHMOCTHIO [9]

. T
N =exp| -m-L
T
3anuiieM
du T
——=Nexp| -1
dt T,
HHTerpupoBaHueM ypaBHEHHUS TIOTYYUM
T (t, —u)m
Ty ®——In[1-—2—— (1)
m N1,

Bpewms cymiku B mepBoM mepuoze

IloncraBnsas T; B (1), MOMy4YHM JUINTENBHOCTD CYIIKH

Uy—1u U, —u
0 " U

00 Tl o S

Nm Uy—u

T~

Kp

rae u — TCKYLICC BJIAroCOACPIKaAaHUEC MaTCpUaia.
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Puc. 1. 3aBUCUMOCTb OTHOCUTENIHOW CKOPOCTH CYILIKU N or 0e3pa3MepHOro BpEeMEHH /Ty
o nepuozaM (a) u 6e3pa3MEepHOro BPEMEHH CYIIKHU Ty/t; OT OTHOCUTEIBHOTO BIIArOCOACPIKAHUS
Mmatepuana (b) B mporeccax cymku: Boinoka (1), kepamuku (2), acoecrta (3) (a); kepamuku (1),

Boitnoka (2), acbecta (3) (b); peKUMBI CyIIKH: TeMIepaTypa Bo3ayxa . = 90 u 120 °C;
CKOPOCTh BO3/yXa V=3 U 5 M/C; OTHOCUTEIIbHAS BIAYKHOCTh BO31yXa @ =5 %

Fig. 1. Dependence of the relative drying rate N* on the dimensionless drying time 1/t by drying
periods (a) and the dimensionless drying time /1 on the relative moisture content of the material
(b) in the drying processes of: felt (1), ceramics (2), asbestos (3) (a); ceramics (1),
felt (2), asbestos (3) (b); drying modes: air temperature ¢. = 90 and 120 °C;
air velocity v = 3 and 5 m/s; relative air humidity ¢ =5 %

Beimn 06paboTaHbl 3KCIIEpUMEHTANbHBIE AaHHbIe Oojee 17 BUOOB MaTepHa-
JIOB MPU Pa3IMYHBIX PEXUMaxX CYIIKH C pa3HbIMH 3HAYCHHUSMH BIIAarocojepika-

HUA Uy W Ug,, B PE3YJBTATE YETO NOJIyYCHA 3aBUCHMOCTb JUIS [OCTOAHHON m

n3 ypaBHeHus (1) [9]

m 0,670 0,35. )

qu

Jnis mporeccoB cymku ac6ecta, KepaMHUKH M BOWJIOKA MOJTy4eHbl OoJiee ToY-
HBIE COOTHOIIICHHUS, IPUBEIeHHbIE B Ta0m. 1 [7, §].

W3 meroma 00OOIICHHBIX KPUBBIX CYIIKH CJIEAYET, YTO O0OOIIEHHOE Bpe-
*
Mst NT; ¥ OTHOCUTENbHAsI CKOPOCTh N SIBISIOTCS TOJNBKO (PYyHKIHSMH BIIaro-
coxepxanus u. CrnenoBaTeslbHO, MOKHO 3anucaTth [8, 10]

N =— — exp(=aNt,). 3
N dt exp(—aNt) 3)

Ha puc. 2 moka3aHbl pe3ynbTaThl 00paOOTKH SKCHEPUMEHTAIBHBIX JaHHBIX
1o ypaBHeHwuIo (3) 1 cymku Boitnoka (1), acbecra (2) u kepamuku (3).
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Puc. 2. 3aBICHMOCTb OTHOCHTEITBHOM CKOPOCTH CyWKH N OT 0606IIIEHHOr0 BpeMeHn N T, (a)
1 0600IEHHOTO BPeMEHH CyIKH NT, OT OTHOCUTEIBHOIO BIArOCOACPKaHUs U / u,, (b)
B IIpoLIeCCax CyLIKH Boioka (1), acoecta (2), kepaMuk (3) (pexKHUMBI CYIIKH YKa3aHbl Ha pUc. 1)
Fig. 2. Dependence of the relative drying rate N* on the generalized drying time N T, (a)

and the generalized drying time N7, on the relative moisture content u / u,, (b)

in the drying processes of felt (1), asbestos (2), ceramics (3) (drying modes are shown in fig. 1)

3anumiem (3) B Buze

- ]. du = Nj). exp(—aNty)dr.

Uy T

HaTerpupys, nonydnm

Ty N—LNln[l—a(ﬁKp —L_l):|. 4)

a

s menoro psijga BIKHBIX MATEPUAIOB MOCTOSHHASL @ OMPEICINISIETCS IO
BEIpaKeHUIO [7, 8]

VYpaBHenue (3) MOXKHO PEIIUTh, HE TPUOETras K HHTETPUPOBAHHIO, €CITH KPH-
BYI0O CKOPOCTH CYIIKH allIPOKCUMHUPOBATH MPSAMOIN (OJHO30HATBHBIM METOM
pacdeta muTenbHOCTH cymkn) [1-4]. CkopocTh cymiku [1-4]

du _
d—Z:K(qu —up).
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Koaddunment cymku

[oncrasmnss B (3), moaydum

. u-u u
—=exp(—q,Nty). )

[pu Temneparypax Temnonocurens £, >90 °C pennuuna u, =0. Jnurens-
HOCTh CYIIKH BO BTOPOM MEPHO/IC U3 YpaBHEHHUs (5)
1 u

I-In—|. 6
a,N ﬁKp ©

Tn ®—
[locTosiHHYIO @, MOXXHO IPUOJMKEHHO ONPEAEIUTE 110 COOTHOIIEHHIO [ 7]

a, = Byexp —2_L . (7)

qu

B Tabn. 1 npuBeneHs! 3HaueHust kodhdumenta B, s nucroBoro acdecra,
KepaMUUYECKOM IUIMTKU U EPCTSIHOTO BOMIIOKA.

Ha puc. 2b u3zo6paxens! kpuBbie N1 = f (L7 / L_le), KOTOpPBIE AIPOKCUMH-

pyrotes hopmyiioii [10]

N1, =Bexp —2,2_L

qu

HJ’II/ITGHLHOCTB CYUIKH

| _
Ty~ Bexp| 22— |. (8)

Uy,
Koaddumment B — nuueiiHas (yHKIMS OTHOCHUTENBHOI'O BIIarocoepiKa-

Hust U / U, . DOpMyIbl [ onpenenenns Kodpuuuenta B fansl B Tadmn. 1.

Ha puc. 3a manpl 0000meHHBIE KPUBBIE CYIIKH Boitoka (1), acbecra (2)
1 KepaMuKH (3) Ui pa3udHBIX PEXKUMOB CYIIKU. M300paskeHHbIE KPUBBIE OITHU-
CBIBAIOTCS 3aBUCHMOCTBIO [§]

=exp(—SNr). 9)

Sl =
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Tabruya 1

3HayeHus k03(pGuuHEHTOB U GOpMYJIbI B PACUECTHBIX YPABHEHHUAX JJIUTEIbHOCTH CYIIKH
JJIS1 POLECCOB CYNIKH JIHCTOBOr0 acfecTa, KepaMH4YeCKO# INIMTKH U NIEPCTAHOI0 BOHJIOKA

Values of the coefficients and formulas in the calculation equations for the duration
of drying for the drying processes of sheet asbestos, ceramic tiles and wool felt

Koo dummenTs! u popmyisr
Marepuan = B, B 7 i 5
Jlucrosoit 0569 | 5 |085-042" 070752 |32-235 | L7
acbect Uy, ’ Uy, Uy, Uy, i,
Kepawmaecran | o450 | o) | 04-02-% |08-076-= | 33-20-- | L2
TUTHTKA 7 Uy, Uy, Uy, u,
Lleperanoii 04350 | q3 | 24-112% | 1-080—— | 54-3,5—— 1,3
BOHJIOK Uy, Uy, Uy U, u,

VpaBHenue (9) naer BpeMs CyLIKM OT HA4aJbHOTO BIIArOCOJCPXKAaHUS U,

BKJIIOYasi 00a IIepHO/a CYIIKH:
1 u
T= ——ln_— .
SN uy—u,

JuTensHOCTh CyIIKA BO BTOPOM MIEPUOAE

0 —i, 1
=TT = —2 4 —In—|. (10)

ITocTostaHas S B dGopmyne (9) mus psga BIAKHBIX MaTepwalioB (puc. 3b)
MPUOIMKEHHO allPOKCUMUPYETCS 3aBUCUMOCTBIO

S~ 9exp(—2u,) . (11)

[t Bo#ioka, acOecTa M KEpaMHKH TTOCTOSTHHAS S onpenesseTcs: 0oyee To4-
HBIMH COOTHOIICHUSMH, TIPUBEJICHHBIMH B Ta0JI. 1.

OtHOCHUTENbHAS CKOPOCTh CYIIKU N*, SBIISAACH (DYHKI[MEH BIIarocojeprxa-
HUS U, CBS3BIBACT TEIUIOOOMEH C BIAroOOMEHOM B YPaBHEHUSX KUHETHKH CYII-
ku A. B. JIsikoBa u I'. K. ®usnoneHko, 94To MO3BONISIET BECTH pacyeT TeruioooMe-
Ha Oe3 ompexnencHus ko3 uieHToB temioornaun [1, 2, 6, 11-14]. 3aBucu-
MOCTb 115t 000GIICHHOIT IIepeMeHHOit N MOXKHO BBIPa3HTh GOPMYIIOit

N =——=Adexp| — |. 12
7 p (12)

3amnuiiemM
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1 0 0
-— exp(—ﬁ/b_t )dL7=Idt. (13)
NA J @

7/ |

ON\ 1 $-102 ol
=2

0,8 4
N e AN o
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\ b ° | b I e 22
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Puc. 3. 3aBHCUMOCTb OTHOIIEHHUS BIArOCOAEPKAHHS U / U, OT 0O0OIIEHHOrO BPEMEHH CYIIKH
N7 (a) s Boiisioka (1), acbecra (2), kepamuku (3) (pexKHUMBI CYIIKH yKa3aHbl Ha puc. 1);

3aBUCHMOCTh K03 puIMenTa S 0T Ha4aabHOIO BIaroconepxanus i, B ypasHenuu (10) (b)

B IpoLIeccax CyIku kepaMuki (1), mmactun ruHsl (2), acoecta (3), kapToHa (4), Koxu (5),
Boitoka (6); pexumsl cymku: f. = 90 u 120 °C, v =3 u 5 M/c — U151 CYIIKH KEPaMUKH, TJIUHBI,
acbecra, Boitmoka; 7. =90 u 110 °C, v=3 u 5 M/c — u1s cymku kaptoHa; ¢. = 40, 50 u 60 °C,
v=0,5u 1,5 m/c — ms cymku xoxwu; ¢ = 0,35; 0,45; 0,60

Fig. 3. Dependence of the ratio of moisture content % /%, on the generalized drying time Nt (a)
for drying processes of felt (1), asbestos (2), ceramics (3) (drying modes are given in fig. 1);
dependence of the coefficient S on the initial moisture content %, in equation (10) (b)

in the drying processes of ceramics (1), clay plates (2), asbestos (3), cardboard (4), leather (5),
felt (6); drying modes: 7. = 90 and 120 °C, v =3 and 5 m/s — for drying of ceramics, clay, asbestos,
felt; 2.=90 and 110 °C, v =3 and 5 m/s — for drying of cardboard; ¢. = 40, 50 and 60 °C,
v=0.5and 1.5 m/s — for drying of the skin; ¢ = 0.35; 0.45; 0.60

WHTrerpupoBanue ypaBHEHUS JACT

u
| | _exp| —— || (14)
A Uy,

Ty =

VpaBuenue (14) MOKHO penCTaBUTH B OoJiee MPOCTOM M yIoOHOM A pac-
4eToB (hopme

m
1, %2 In| 2= +1]]. (15)

qu

Koaddumment A4 — cioxHas (QyHKUIUS OTHOCHTEILHOTO BIIArocojepika-
Hus u /u,. Ha puc. 4 1ana o0paboTKa ONBITHBIX JAHHBIX JUIS CYIIKH KEPaMH-
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ku (1), acbecra (2), kaprona (3) u Boinoka (4). M3o0pakeHHbIE KpUBBIC aIl-

MIPOKCUMUPYIOTCSI YPaBHEHUEM
N2S
u
A Ay —
MKp

rae A, — nuHelHas (QYHKUMsS KPUTHYECKOTO BIArOCOACPKaHMs U, (puc. 4),

ompenensiemMasi ypaBHEHUEM

Ay 2,36+ 200,

0 0.2 0.4 0.6 08 i,
A 1
AU
3.0 3.0
/
."l.’
25 /"/ 2.5
2,0 2,0
1.5 1.5
1.0 1.0
0.5 0,5
—
P
0.2 . : e ()
0 0.2 0.4 0.6 08 /i,

Puc. 4. 3aBucumoctu koddpurmentos 4= f (ﬁ / ﬁkp) uAdy=f (ITIKP) B MPOLIECCaX CYIIKH

kepamuki (1), acbecta (2), kapToHa (3) 1 Boiinoka (4) (peXHMBbI CYIIKH yKa3aHbI Ha pUc. 1)

Fig. 4. Dependences of coefficients 4= f (ﬁ / L?Kp) and 4, =f (ﬁkp) in the processes drying of
ceramics (1), asbestos (2), cardboard (3) and felt (4) (drying modes are given in fig. 1)

OTHOCHUTENBHAS CKOPOCTH CYIITKH N’ — BaxkHast 0606MICHHAs IIepeMeHHas, He
3aBUCAINAS OT PeXKKUMA CYIIKH. J[J1s1 KOHKPETHOTO MaTepHaia Mpyu JAHHOM METO-
Jie CYIITKH OHa SABJIseTCS QyHKIMEH BIarocoaepxanus [1-3].

B pesynbrare 00pabOTKM KPUBBIX CYIIKH W KPUBBIX CKOPOCTH CYIIKH IJIS
KepaMHKH, acOecTa, BOWIOKAa B IIUPOKOM JHAMa30HE HM3MCHEHUS PEKUMHBIX

* RN —
mapamMeTpoB OblIa TOJTydeHa TPUOIMKEHHAS 3aBUCHMOCTD 1t N = f (u / qu)
(puc. 5), koTopas anmpokcuMupyetcst popmynoi

13

N'~|—]| . (16)
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Ni
Z .
‘ h
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0.8 — x
0,6 °
3
04—
0,6 b
0.2
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04 | A2
o-3
0.2
a A
0 0,1 0.2 0.3 0.4 0.5 0,6 0.7 0.8 /iy

Puc. 5. 3aBUCEIMOCTH OTHOCHUTEIBHONW CKOPOCTH CYIIKH N (a) 1 koapunuentos Z, M
OT OTHOCHTENIBHOTO BIArOCOACpKaHus u / ﬂkp (b) B mponeccax cymku acoecta (1), kepamuku (2),
Boiioka (3) (peXXUMBI CYIIKH yKa3aHbI Ha puC. 1)
Fig. 5. Dependence of the relative drying rate N* (a) and coefficients Z, M on the relative
moisture content u /u, () in the drying processes of asbestos (1) ceramics (2), felt (3)

(drying modes are given in fig. 1)

Ha puc. 1b nana 3aBucumoctb T, /7T, = f (ﬁ / L_le) JUISL TIPOLIECCOB CYIIKU

kepamuku (1), Boitnoka (2) u acbecra (3). O6paboTKa ONMBITHBIX AAHHBIX METO-
JIOM HavMEHBILINX KBaJAPaTOB OblIa NPOBEACHA CTEIIEHHOMN U SKCIIOHEHINATIBHOM
3aBUCUMOCTsIMH [7, 11]:

-0.8 _ 0.8
m Uy —1u m
Lozl | =z | (17)
Tl qu N uKP
— T —
i=Mexp —2,5_L ; 1H=u-MCXp —2,5_L . (18)
TI qu N uKP

B dopmynax (17) u (18) kosddunuentsl Z u M SBASIOTCS TUHEHHBIMH
DYHKIMAMI OTHOCHTENBHOTO BIarocofepxkanus U /. I'paduueckue 3aBucu-

MOCTH KO3 PHUIMEHTOB Z 1 M OT BIarocojep>kaHusl JaHbl Ha puc. 5b, Gopmysl
JUTSL pacdeTa 3THX KO3PPHULIHUEHTOB — B Tab. 1.

B T1abn. 2 mpuBeneHsl pe3yNbTaTbl pacueToOB AJUTEIBHOCTH CYIIKH B IIe-
pHoIe majaromeldl CKOPOCTH, BBIMOJHEHHBIX C HCIOJIb30BAaHUEM IIOJyYEH-
HBIX (opMyII, B CpaBHEHHH C JKCIIEPUMEHTOM. Pa30poc 3HaueHMit cocTaBisieT
okono 10 %, 4TOo HaxomWTCA B MpeAenax TOYHOCTH OOpabOTKH 3KCIIepUMEH-
TaJIbHBIX TAHHBIX.
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Tabauya 2
Pe3yabTaThl pacyeTa JUINTEILHOCTH CYIIKH BO BTOPOM Iepuo/e 1Js achecra,
KE€PaMHKH, BOIJIOKA B CONOCTABJIEHUH C IKCIEPHUMEHTAILHBIMU JTAHHBIMH

Results of calculation of drying duration in the second period for asbestos,
ceramics, felt in comparison with experimental data

JIucrosoii ac6ect: mactuna 130 x 80 x 6 mm; p = 770 kr/m’; u,=046; u_=0,2;

Kp
N=0,026 MI/IH’l; T, = 9 MuH.
Pesxxum cymiku: 2, = 120 °C; v=5wm/c; 0 =5 %

T T T T T T T T T

wlu, MUH MUH MUH MUH | MUH MUH MHH MHH MHH
(vKcrL) (1) 4) (6) (3) (10) (15) (17) (18)

0,8 2,5 27 | 26 | 22 | 25 | 24 | 23 24 | 27
0,7 3,5 34 | 42 | 39 | 36 | 37 | 41 41 42
0,6 5.5 56 | 55 58 | 59 | 58 | 60 | 59 | 57
0,4 9,5 9,6 9,2 10,2 10,1 10,3 9,4 10,1 10,2
0,2 12,5 13,6 12,6 13,2 12,8 13,2 13,5 13,2 13,0

Kepamuka: mractuaa 120 x 80 x5 mm; p = 1860 kr/m’; u, =0,2; ﬁkp =0,1;

N=0,019 MI/IH"; T, = 6 MuH.
Pesxxum cymku: 7, =90 °C; v=10 m/c; ¢ =6 %

0.8 1,5 135 | 124 | 1,9 2,0 1.8 1,7 1.8 1,9
0,6 3,0 295 | 27 35 3,8 2,6 34 3.3 34
0,4 5,0 5.2 4.4 5.6 5.2 5,5 53 5,5 5,5
0,2 9,5 8,4 8,4 9,2 87 | 105 | 124 | 112 | 115

IlepcrsiHoii Boitmok: rmiactiaa 200 x 100 x 8 mm; p = 200 kr/m’; u, =1,14; u , =0,75;

N=10,045 MI/IH’l; T, = 8,5 MuH.
Pexum cymku: £, = 120 °C; v=3 m/c; =5 %

0,80 3,0 3,1 2,9 3,1 3,2 3.8 3.2 3,5 3,5
0,67 5,5 5.8 5.6 5.2 6,1 5,5 5.4 5.8 5.9
0,53 9,0 8,6 7.8 8,3 8.8 8,5 8,2 9,2 9.4
0,40 11,5 1,5 | 11,7 | 124 | 127 | 13,6 | 120 | 12,5 | 12,8
0,27 17,5 172 | 165 | 17,5 | 17,7 | 194 | 178 | 19,7 | 202

BBIBOJIBI

1. B pesynbrare 00paOOTKM OMBITHBIX AaHHBIX MO0 KOHBEKTUBHOHN CYIIKE Ke-
paMuku, acbecta, BOMIOKA TPYIION 0000IMEHHBIX KOMIUICKCHBIX MEPEMEHHBIX
NOJTy4eHbl (POPMYJIIBI [UIS OTPEACTICHUS JUTUTEIFHOCTH CYIIKH B MEPUOAC Taja-
tomieid ckopoctu. CoznaBaeMasi Takold 00OpabOTKON SKCIEpUMEHTa WHBapHAHT-
HOCTH TO3BOJISIET MEPEXOANUTH OT OJHHUX ITEPEMEHHBIX K IPYTMM, YTO 3HAYH-
TEIHLHO COKPAIIACT YNCIIO0 HEOOXOIMMBIX OIIBITOB.

2. O6paboTka NaHHBIX W aHaMU3 (QOpMyJ MOKa3aiH, YTO KPUBBIC CYIIKH
MPE/ICTABIIAIOT CIOKHBIE YKCTIOHEHTHI. [ TaBHBIMH CBSI3YIOIINMH NEPEMEHHBIMH
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*
SABJIAIOTCS OTHOCUTCIIbHAA CKOPOCTH CYHIKHU N u otHOCHTENBHOE BJIarocoacp-

xauue U/ U, Takoi MeTon 0OpabOTKHM OMNBITHBIX JAHHBIX IPEJICTABISET

HanboJee 00IIyI0 3aKOHOMEPHOCTh KHHETHKH CYIIIKU BIIQXKHBIX MaTepHAaJIOB.
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