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AHaJIU3 KPYTWIBHOM CTAa0WIBHOCTH pacllelVieHHbIX (a3

H. U. Cepreii”, E. I. ITonomapenxo”, 5. B. IToraunu”, H. A. FOxuna”

1)Benopyccm/n?l HaIlMOHAJBHBIN TeXHUYecKui yHuBepcuteT (MuHck, Pecrry6nmka Benapycs),
YKasaHCKHit ToCyIapCTBEHHbIN SHepreTHyeckuil yrisepcnter (Kasams, Poccuiickas deneparys)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcureT, 2019
Belarusian National Technical University, 2019

Pedepar. Cneunduka paboThl BO3AYIIHBIX JHHUN 3JIEKTPOIEpeaun CBsi3aHa C TeM, 4TO JUIMHA
IIPOBOJIHUKOB MEXAY ONOPHBIMH KOHCTPYKIMSIMH MOXET JOCTHIAaTh JECATKOB THICSY METPOB.
IIpoBosa M MX KOMIIOHEHTHI IOJBEPrarOTCsl BO3ACHCTBUIO KIMMATHYECKHX (DAaKTOPOB: BETPA,
JIOK]ISL, JbJ1a, cHera. Ilo cpaBHEHMIO C APYTHMMH KOHCTPYKTUBHBIMH 3JIEMEHTaMH MPOBOJHUKH HMEIOT
caMyIo BBICOKYIO THOKOCTh M HU3KYIO )KE€CTKOCTh, IOTOMY SIBIISIIOTCS SJIEMEHTaMH, HanboJee J4yB-
CTBHUTENBHBIMH K 3THM Bo3feicTBHsAM. C Hawama 50-x rr. XX B. yBelUUCHHE dHEPronorTpedie-
HUS TIPUBENO K CTPOMUTEIBCTBY BO3AYIIHBIX JHHHUI BBICOKOTO U CBEPXBBICOKOTO HAMPSKEHUS
¢ pacuieryieHHbIMU (a3amu. [[is MpOBOJHMKOB TAKOTO THIA HA Y4acTKaX MEXKIY pPaclopKamMu
ObLTH 3aMe4eHbI HOBBIC (DOPMEI K0JIe0aHHH, CYyTh KOTOPBIX 3aKII0YAETCs B 3aKPyUHBAHUH PACILETI-
neHHoi ¢dassl. B pesynmbrare sTOro HabIIOgAaeTCs HapyIIEHHE KPYTHIIBHOW CTaOmIbHOCTH (ha3bl:
coyJapeHHe MpOBOAOB B CEpelUHE MOANPONIETa U TPEHHE NMPOBOJIOK BHUTOTO NMPOBOAHHUKA IPYyT
0 JIpyra, 9YTO IPHUBOJUT K IIOBPEIKIACHUIO IPOBOAHIKOB H, KaK CIEACTBHE, K HAPYIICHUIO YJIEKTPO-
cHaOxeHus notpebureneil. [IpakTiHdecky Ha TIOOBIX BO3IYIIHBIX JIMHUSIX BO3MOXKHO BOSHUKHOBE-
HHE KoJeOaHuH MPOBOAOB B MpoONeTe Mo Bo3zeicTBreM BeTpa. OHUM U3 BUJOB TaKMX MEXaHHU-
YeCKHX KoJieOaHuil ABNsAETCS MIACKAa — HU3KOYACTOTHBIE KOJIEOAHUs MPOBOJIOB C aMIUIUTYIOH,
JIOCTHTAIONIEH BEJIMIUHBI CTPEIIBI IIPOBEca MPOBOAA, a C YIETOM BO3MOXKHOCTH YUIMHEHHS MPOBO-
Ila ¥ npeBblmatomei ee. KoneGanust npy IIsICke MOTYT BBI3BIBATh 3HAUUTENbHBIC MEXaHUIECKHE
YCHITHSL U JUIUTBCSI IOCTATOYHO JOJITO, YTOOBI MPUBECTU K Pa3pyIIEeHNI0 KOHCTPYKTHBHBIX 3JIEMEH-
TOB JIMHUH 3JIE€KTpOINeperayl: MPOBOIOB, H30JSTOPOB, apMaTypel M Jaxke omop. M3-3a 6oib-
IO aMIUTUTYAbI KOJeOaHUH NPOBOAHUKH COCENHHX (a3 MOTYT CONMBHTHCS Ha HENOIyCTHMOE
paccTosiHUe, UTO NpUBEAET K KOPOTKOMY 3aMbIkaHHIO. IlocTaBieHa m peleHa KpaeBas 3ajada
pacdeTa KpyTHUIBHOM CTaOMIBHOCTH PACILIEIUICHHOW (ha3bl ¢ 3aJaHHON KPAaTHOCTBIO PaCILeIICHHSI.
OmnpeneneHs! KPUTHYECKUE IMHBL TTOIIPOJIETOB, IIPH KOTOPHIX HanOoJiee BEPOSITHO YCTOHIHNBOE
HapyIIeHne KPYTHIBHOW crabmibpHOCTH. Pa3paboTana KOMIBIOTEpHAs HMpOrpamma, KOTOpas Mo-
KET OBITh MCIIOJIb30BaHa IIPH NPOEKTUPOBAHHU BBICOKOBOJILTHBIX JIMHUH C pacIleIuICHHOH (a3oii.

KiroueBbie ciaoBa: OHEPIre€THKa, BO3AYIUIHBIC JIMHWW, OIIOPHBIC KOHCTPYKLHHU, PACHICIIJICHHAs
(1)338., KpyTujibHas1 CTa6I/IJH)HOCTI), IJIsICKa

st nuTpoBaHusi: AHAIM3 KPYTHIBHOM cTabuiibHOCTH paciueruieHHbix ¢a3 / Y. W. Cepreii [u ap.] //
Onepeemuxa. H38. svicuu. yueb. sagedenuti u snepe. oowveounenuti CHI'. 2019. T. 62, Ne 6. C. 503-513.
https://doi.org/10.21122/1029-7448-2019-62-6-503-513
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Analysis of the Torsional Stability of Split Phases

L. L Sergeyl), Y. G. Panamarenka”, Y. V. Potachits”, N. A. Yudina®

YBelarusian National Technical University (Minsk, Republic of Belarus),
YKazan State Power Engineering University (Kazan, Russian Federation)

Abstract. The specificity of overhead power lines is associated with the fact that the length
of conductors between the supporting structures can reach tens of thousands of meters. Wires and
their components are exposed to climatic factors, viz. wind, rain, ice, snow. As compared to other
structural elements, conductors are of the highest flexibility and lowest rigidity, and, therefore,
they are the most sensitive elements to these effects. Since the early fifties of the XX century,
the increase in energy consumption has caused the construction of high and ultra-high voltage
overhead lines with split phases. For these types of conductors, new forms of oscillations ha-
ve been noticed in the areas between the struts, the essence of which is torqueing the split phase.
As a result, there is a violation of the torsional stability of the phase: collision of wires in the mid-
dle of sub-span and friction of wires of stranded conductor against each other, which leads to da-
maging conductors and, as a consequence, to disruption of power supply to consumers. Almost
any overhead lines may be subjected to oscillations of wires in the span under the influence of
wind. One of the types of such mechanical oscillations is galloping, i. e. low-frequency oscillations
of wires with an amplitude reaching the value of the boom of wire sagging, and, taking into account
the possibility of elongation of the wire, even exceeding it. Fluctuations in the galloping can cause
significant mechanical forces and last long enough to lead to the destruction of structural elements
of power lines, viz. wires, insulators, fittings and even pillars. Due to the large amplitude of oscilla-
tions, conductors of neighboring phases can approach each other at an unacceptable distance, resul-
ting in a short circuit. The boundary value problem of the torsional stability calculation of the split
phase with a given multiplicity of splitting has been set and solved. The critical lengths of the sub-spans
at which the stable violation of torsional stability is most likely have been determined. A computer pro-
gram has been developed, which can be used in the design of high-voltage lines with split phase.

Keywords: power engineering, overhead lines, support structures, split phase, torsional stabi-
lity, galloping

For citation: Sergey 1. 1., Panamarenka Y. G., Potachits Y. V., Yudina N. A. (2019) Analysis
of the Torsional Stability of Split Phases. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 62 (6) 503-513. https://doi.org/10.21122/1029-7448-2019-62-6-503-513 (in Russian)

BBenenne

IIpoexTrpoBaHNe BHICOKOBONBTHBIX JIMHHUM 3JiekTporiepenadn (JIDIT) tpedyet
HCCJICIOBAaHNUS TIOBEACHHS IIPOBOJOB B HEONATOMPHUATHBIX KIUMATHICCKUX
YCIIOBHSIX: TIPH BO3IEHCTBUHU BETPA, TOJIONIENIA W DIICKTPOAMHAMHYCCKIX YCHITUI
MIPH KOPOTKOM 3aMbIKaHUH. [IpakTrueckn Ha JOOBIX BO3MYIIHEIX JTUHUSX (BJI)
BO3MOYKHO BO3HMKHOBEHHE KOJICOAHUI MPOBOIOB B MPOJIETE IO BO3ACHCTBHEM
Berpa [1]. OmHUM W3 BUAOB TaKMX MEXaHWYECKUX KOJICOAHWIA SBISCTCS TLISC-
Ka — HU3KOYaCTOTHBIC Koyiebanus rpoBonos (0,1-1,0 I'm) ¢ amrumTymoi, noctu-
raroliel BEeITUUMHBI CTPENTbl MPOoBeca MPOBOA, @ C YYETOM BO3MOXKHOCTH YAJTUHE-
HUS TIPOBOJIA Y MPEBhIMAoIIeH ee. Komebanus npu Tsicke MOTYT BBI3BIBAThH 3HA-
YUTENbHBIE MEXaHUUECKUE YCUIIUS U JUTUThCA JOCTATOYHO JOJTO, MPUBOJIS K pas-
PYIICHNIO KOHCTPYKTUBHBIX yieMeHTOB JIDII: TpoBOAOB, W30ATOPOB, apMaTyphl
U naxe omnop. M3-3a OonbIIoW aMIUIMTYAbl KOJicOaHHWH MPOBOJHUKH COCEIHUX
(a3 MOTyT COJTM3UTRLCS HA HEIOIYCTHMOE PACCTOSIHUE, YTO MPUBEAET K KOPOTKOMY
3ambIkaamto (K3).
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OcHoBHasl YacTh

Kak moka3zeiBaeT omeIT sKcrTyaTanuu, Ha BJI ¢ paciierenHo# ¢a3oii misic-
Ka BO3HHMKAaeT ropasfo vauie [2]. DTo 0OBACHSIETCS HCIONIB30BAHHEM JKECTKHUX
BHYTpHU(A3HBIX PACIOPOK, KOTOPBIE HE CIOCOOCTBYIOT TalICHUIO KOJEeOaHWH.
[Tpu msicke pacuienyieHHoN (a3bl Hanbosee yacTo HaOMIOJar0TCsl TaK Ha3bIBae-
MbIe CyOKojIe0aHus — KOJIeOaHHUs IIPOBOIOB B CYONpPOJIeTax.

OpuH U3 BUOOB CyOKOjIeOaHUI pacileluieHHbIX (a3 — KpyTUibHbIE Kojieha-
HUsI, KOTOpble MOTYT IpeoOJafiaTh IO aMIUIMTYJE [0 CPaBHEHUIO C JPYTUMU
BUAAMU M 110 3TOH IPUYMHE HCIONB30BaTbCA I KOJMYECTBEHHOH OLEHKH
ycroitunBoctr BJI mpu misicke [2]. [Ipu 3akpydrBaHUM paciieruieHHON (asbl
(puc. 1) MoXeT yTpaTHTbCSl €€ KpyTWiIbHas CTaOMIIBHOCTH (3aKpyuuBaHue Oe3
BO3BpaTa B UCXOJHOE cocTostHue). CoymapeHue MpoBOJOB B cepeauHe TTOATPO-
JIeTa ¥ TPEeHUE TPOBOJIOK BUTOTO NMPOBOAHMKA APYT O APYra MPUBOAUT K MOBpe-
JKICHUIO TIPOBOJIHUKOB (pHC. 2) U, KaK CIACICTBUE, K HAPYIICHUIO 3JICKTPOCHA0-

JKEHUS TTOTPEOUTEICH.

Puc. 1. 3axkpyunBanue pacuieruieHHOH (asbl

Fig. 1. Split phase twisting

Puc. 2. TloBpexxenne npoBojia B pe3yibraTe cyokone6anuit

Fig. 2. Damage to the wire due to sub-oscillations

KpytunbHble KoieO0aHUs MOTYT BBI3BIBATHCSI HE TOJIBKO BO3JICHCTBHEM BET-
pa, Ho 1 K3. D10 kacaercs B niepByI0 odepenb JUHUN 3JIEKTpoIepeadu CBepX-
BBICOKOT'O HAIpsDKEHUSI C paclienyieHHOW (a30il U yCcTaHOBIEHHBIMHU JUCTaH-
IUOHHBIMH pactiopkamu B ¢asze [3-5]. [locnenctBus Takux xonebanuit npu K3
aQHAJIOTWYHBI BBIIEONMCAHHBIM MOCJIEACTBHAM IIPH IIJISICKE.

[Tpu BbIOOpE CXEMBI PACCTAHOBKH PACIOPOK B MPOJIETE aKTyallbHOU Mpobiie-
MOM SIBJISIETCSI MCCIIEIOBAHNE KPYTUIBHOW CTa0MIBHOCTH (ha3bl — ee CIOCOOHO-
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CTH BOCCTAHABIIMBATh HCXOTHYI0 TEOMETPHIO IIOCNIE€ YCTPAaHEHHUS ICHCTBHS
BHEIITHUX COCPEIOTOUYCHHBIX M PACTIPEICICHHBIX MOMEHTOB, JCHCTBYIONIMX Ha
MIPOBO/IA M PaCIIOPKH a3kl BO BpeMs IUIICKH win pu K3.

VYpaBHeHHE KpyUEHHUs paclieIUICHHON (a3bl BOKPYT JIMHUU LIEHTPOB Macc ee
MOTIEPEYHBIX CEYCHUHN UMeeT cieayromui Buy [6]:

Fo, ro0_ 7%

: 1
oF Ta " as, W)

I7Ie ¢ — CKOPOCTh PacHpoCTpaHEHHUs] MO MPOBOAY BOJH aedopMmanuu Kpyde-
HUS; O — yroJl 3aKpy4HMBaHUs IPOBOJIA; / — MOMEHT MHEPLMU KPYUEHUs IPOBOAA
BOKPYT €r0 OCH KECTKOCTH.

VYpaBHEeHHUS TISICKU paclierIeHHON ¢asbl [7]:

2 2 2 2
4 Y —ph SiHGG%vLcosOG(@j 52 _r8 y+P+Fy;

or* ot ot os;
0%z %0 . 0V | oz 0%
—+ph|cosB,——sinb,| — | |[+0—=T—+F; 2
P2 TP < o G(atj o ost 7 @)
%0 . o0 0’z . oY 0%0
I—+ f —+ph|cosO,——sinb,| —| |=GJ—+M_ —-M_,
o7 Tl 1P o G(azj oz e e

Tae
0,=0,+6; T=T; P=PR; F=F;

8=08; M,=M,; M, =M, ;

p — Macca eIMHMIBI JUIMHBI NIPOBOJA; P; — TO JKE€ OJHOrO MpoBoja; O, — Ha-

YaJbHBIA Yol onefecHeHus; 7;, P, — TSKEHUE U BEC €IUWHHULBI JJIMHBI IIPOBO-

na, naH; I =nl +pr’ — MOMEHT uHepiuu 1 M pacmeruieHHo (asel; 7, — pa-
gl s c P P > 'p

JINYC pacUIeTUICHHON (ha3bl, M.

B mporecce mocTaHOBKM KpaeBO# 3ajauu JUHAMUKU PaCIICIUICHHOHN (ha3bl
YKa3aHHBbIC ypaBHEHUS NOTOJHSIOTCS HAaYallbHBIMA W KPAacBBIMHU YCIIOBUSIMH,
BEIJICIISIONINME SIMHCTBEHHOE perieHue 3amaqn [8]. BeiOop KOHKPETHOM CXEeMbI
aHaJM3a KPYTHIFHOW CTAOUIFHOCTH OIpeneisieTcs 3alaHueM HadalbHbIX U Kpa-
€BBIX YCJIIOBHUH.

Jns ananmmza KpyTHIBHBIX KOJEOAHMH HMCIOIb30BaHA pacUeTHAsT MOJEITHb
pacuierieHHOH (a3bl ¢ COCPENOTOYCHHBIMA MOMEHTAMHU 3aJaHHOW BEIIMYMHBI
U BPEMEHU JICHCTBUS, MIPUIAracéMbIMA B MECTE KPEIUICHHUS PACIIOPKH K DJICMEH-
TapHOMY MPOBOJHHUKY. DTO TO3BOJSET OTKA3aThCs OT y4eTa BHEIIHUX pacrpe-
JICJICHHBIX MOMEHTOB, JCHCTBYIONIMX IO JUIMHE MPOBOIHUKOB (ha3bl, a TaKKe



L I Sergey, Y. G. Panamarenka, Y. V. Potachits, N. A. Yudina
Analysis of the Torsional Stability of Split Phases 507

3HAQYUTEJIHO YINPOIIAeT MAaTeMaTH4YeCKyl0 MOJAEIb U AJITOPUTM KOMIIBIOTEp-
HOM mporpamMMmsl, HE OKa3bIBas MPU 3TOM BIMSHMS Ha KOHEUHBIN pe3ynbTat [9].
CrnenoBatenibHO, 3aJadya CBOAUTCS K HMCCIEJOBAHUIO KPYTHIBHBIX KOJIeOaHUIA
(a3el B cxeMe ¢ HepaBHOMEPHOW B OOLIEM CiIydae YCTaHOBKOM IMCTAaHIOH-
HBIX pacniopok. /i ee pemeHus Ha kadenpe «IJIEKTpHUECKUE CTaHIUM» be-
JIOPYCCKOI'O HAIlMOHAJILHOTO TEXHUYECKOTO YHUBEpPCUTETa pa3paboTaHbl METO-
Ibl pacueTa KPYTWIBHBIX KOJIOaHUH IIPOBOJOB IPU YKa3aHHBIX BUAAX BO3-
JEHCTBHN.

Jlst aHanm3a KpyTHIBHOW CTAOMIIBHOCTH PaCIISIUICHHOHN (as3pl Oblia MOIH-
¢unmpoBana komnbroTepHas nporpamMma LINEDYS+ (puc. 3), B koTopoii pea-
JIM30BaH YMCJICHHBIH METOJ pacueTa JUHAMUKU IPOBOAOB IPU UX IPOU3BOJIb-
HOM pacToJ0XKEHUH B IPOCTPAHCTBE.

PACYET CIATHRN |
DREHVS, IAH =1
A4 B-044 C.04
CTPENA MPOBECA. M

A-6 5

TOPU3OHT. OTKIIOHEHUE, M
A-0 B-0 C-0

> s (%] @

Puc. 3. Buemnuii Bux nporpamMMsl: paciierienue ¢asbl Ha aBa (a) u yeTbipe (b) mpoBoaHUKA

Fig. 3. Appearance of the program: phase splitting into two (a) and four (b) conductors
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KpurepreM KpyTHIBLHOW CTAaOMIBHOCTH PACHICIUICHHON (a3l MOXKET OBITh
BEJIMUYMHA YIJIa 3aKpyYMBaHUA NMPOBOJA B KKIOM K3 noanposneTos [10]. Eciu
OHa NPUOIMKAETCS K HYJIO, TO KPYTHIIbHAsl CTAOMIBHOCTh B 9TOM IIOJIIPOJIETE
obecnieunBaetcs. TakuM 0Opa3oM MOKHO MPOBEPHUTH BCE MOJINPOJIETHI PaCIIerl-
neHHoW (haspl. IIpu BBIIBIEHHM 3aKpydMBaHMS IIPOBOJOB HEOOXOAUMO H3Me-
HUTD JAJUHY MOJAMNPOJIETa U IIOBTOPUTH pacuer.

Jdpyrum KpuTepueM KpyTHUIBHOW CTAaOWIBHOCTH MOKET BBICTYNAaTh JAJIMHA
noxmposnera [11]. OueBuaHO, YTO B MOANPOTETaX HEOONBIION IIHMHBI CKPY4H-
BaHUE HEBO3MOXKHO. [l0aTOMY nepen mpoeKTHPOBLIMKOM CTOMT 3ajada paccra-
HOBKH PAacIlOpOK B HPOJIETE€ TakKUM 00pa3oM, YTOOBI 3aKpydHBaHHE IIPOBOIOB
W3HaYanbHO OBUTIO HepmomycTuMo. [Ipenmonaraercsi, 4To Hanboliee BEPOSTHBIM
ABJISIETCS 3aKPyYMBaHKUE IIPOBOAOB B OJIMKalIIEM K OIOPE HOAMPOIIETE.

KpaeBble ycinoBus onpenemnstoTcs yCIOBUAMH 3aKpEIJICHUs PaclIeIIeHHON
(a3pl Ha omopax M KOHCTPYKTHBHBIX dyieMeHTaX. HauanbHble TSHKEHUS TPOBO-
JIOB ONPEAENSIOTCS PELIEHHEM YPAaBHEHNH CTaTUKH, ITOJIyYCHHBIX U3 yPaBHEHUH
JUHAMUKH (2) UCKIIIOYEHUEM TPOM3BOAHBIX MO BpeMeHU. Bo30yxaeHue koue-
OaHuil pacuienieHHON (a3bl BO BpeMEHH MTPOU3BOAUTCS MPHIOKEHNEM K BHYT-
puda3HbIM pacropkaM KpyTSAIIEro MOMEHTA, BEJIMYMHA KOTOPOro Moadupaercs
9KCIEPUMEHTAIILHO, C TAKUM PAacYeTOM, YTOOBl KHHETUYECKOM SHEPTHH XBATHIIO
IUTSI 3aKpy4rBaHus (ha3bl OTHOCHUTENBHO cBoeit ocu Ha 180°.

KommeroTepHasi mporpaMMa IMO3BOJISIET BBIMOJIHATH AHANN3 3aKPYy4HBaHMUS
pacIeruIieHHOH (a3sl OT ABYX 10 YeThIpeX MpoBOgHUKOB (puc. 3). ['paduueckas
BH3yaJIM3allyds Tpoliecca pacuera IMO3BOJISET ONpeAeTUTh, MPOU30LUIO JH 3a-
Kpy4YUBaHHUE NMPOBOOB B (ase (puc. 4).

Puc. 4. 3akpydurBanue IPOBOJIHUKOB B pacIleIIEHHOH (ase

Fig. 4. Twisting of conductors in the split phase
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Jlis  ucclieqoBaHUsS KPYTHIIBHOH CTaOMIIBHOCTH PAacCHICIUICHHOW  (ha3bl
BbIOpansl ponetsl JIDIT amunoit ot 100 go 200 M. Hapymenue ctabmibHOCTH
OoJiee BepOSATHO UIMEHHO B JUTMHHBIX MIPOJIETAX.

C nmoMoIIpI0 KOMITBIOTEPHOH MPOTrpaMMBbl UCCIEIOBATIOCH BIUSHHUE Pa3iIny-
HBIX TIapaMeTpoB MpoiieTa (IIHHA TposeTa L, IIHA MOAINposeTa /, HadyanbHas
cTpelia mpoBeca fy 1 TshkeHue 71, Macca MpoBOJa p W IIar pacuierieHus /) Ha
KPYTWIBHYIO CTa0MIBHOCTD (Da3nl. Pe3ybTaThl IpeacTaBieHb B Ta0I. 1-6.

Tabruya 1
KpyTnibHas cTa0WILHOCTD paciuenieHHO ¢a3bl
B 32aBHCHMOCTH OT 4YHCJ/Ia PACIIOPOK B NpoJieTe
Torsional stability of the split phase depending
on the number of struts in the span
N 1 2 3 4 5 6 7
LM
100
150
200
Tabauya 2
KpyTnibHas cTa0WILHOCTD paciueiieHHO ¢a3bl
B 3aBHCHMOCTH OT CTpeJibl IPOBeca H YKc/Ia PACIIOPOK B MpoJieTe
Torsional stability of the split phase depending on the sag boom
and the number of struts in the span
N
. 1 2 3 4 5 6 7
Jo, %o
2
3
4
5
Tabruya 3
KpyTnibHas cTa0WILHOCTD pacilelieHHOH ¢a3bl
B 32aBHCHMOCTH OT MAapKH IIPOBO/Ia M YHCJIA PACIOPOK B IIpoJieTe
Torsional stability of the split phase depending on the brand of the wire
and the number of struts in the span
N
Mapka 1 2 3 4 5 6 7
AC-185
AC-300
AC-400

[lepemMeHHBIM MMapamMeTpOM BBICTYIAET KOJMYECTBO PACIOPOK B mpojeTe N,
TaKk KaKk MMEHHO OT 3TOr0 HapameTpa 3aBUCUT JUIMHA Tojmpoiera. Bee pac-
MIOPKK PACCTABJICHBI MO MPOJIETY PABHOMEPHO 4Y€pe3 OJUHAKOBLIC MHTEPBAJIBI
IO JIJTHHE.
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Tabnuya 4
KpyTnibHast cTa0MIBHOCTL pacilienVIeHHOoi (a3bl
B 32aBHCHMOCTH OT 1Iara paciliefJieHusl ¥ 4HcJja paclopoK B npoJiere
Torsional stability of the split phase depending on the splitting step
and the number of struts in the span

N 1 2 3 4 5 6 7
h, M
0,1
0,2
0,4
0,7
1,0
Tabnuya 5
Kpuruueckast juna noanpoJiera ., s nposiera JISI pmnoii 200 m
Critical length of the sub-span [, for a 200 m long power line span
LM 10 20 30 40 50 60 70 80 90 100
1, % 5 10 15 20 25 30 35 40 45 50
30Ha /g Ly
Tabauya 6
Kpurunueckas nyuna nopnposera g, nis nposera JII pyuunoii 100 m
Critical length of the sub-span /;, for a 100 m long power line span
LM 5 10 15 20 25 30 35 40 45 80
L% 5 10 15 20 25 30 35 40 45 50
3oHa /[, U |

Ha niepBoM 3tarie uccieoBaHus MPOBOMITUCH JUis (ha3bl, pacIleTICHHOH Ha
nBa TIpoBojia. B Tabm. 1-4 3ammBKOM sigeek MOoKa3aHbl Cydad HapyIIeHUS KPy-
THILHOM cTabmiIbHOCTH. Ecnu siaelika mycTas — mepeKpyIrBaHUs MPOBOJTHUKOB
He HaOJII0Aanoch WIM OHU BO3BPATHIIMCH B MCXOJHOE IMOJIOKEeHHE. PacueTs! 1mo
IporpamMme TIPOU3BOIMINCE IS MPOIOKUTEILHOCTH mporiecca ot 25 mxo 100 c,
YTO COOTBETCTBYET NMPAKTHYECKH MOTHOMY YCIIOKOEHHUIO KOJICOaHHH.

HccnenoBanns mokaszaiy, 9YTO W3MEHEHHE MapaMeTpoB IPOJeTa M MpoBOJIa
MaJIo BIMSET Ha BO3MOXKHOCTh 3aKpy4YMBAHUS MPOBOJAHUKOB B ¢aze. Uem 00ib-
e KOJMYECTBO PACIOPOK, TEM MEHBIIE BEPOATHOCTh 3aKpPyUHBAHHUA (a3bl.
CrnexyeT OTMETHTH, YTO B OOJBIIMHCTBE PACUETHBIX CIydaeB HAOIIOJAIOCH
CKpyunBaHue (a3bl, OJHAKO TOCJTE MPEKpaIIeHUs] BO3JCHCTBHS BPAIIAIOIIETO
MOMEHTa TMpoBoAa (a3l BO3BpAIIATNCh B MCXOAHOE COCTOSIHHE, MOITOMY WX
HEJIb3sl CYUTATh CIydasMH HapyIICHUs KpyTHIbHOU ctabmibHOCTH. HO ciemyer
MOHUMATh, YTO JIaXe MpPH HEYCTOWYMBOM IMEPEKPYYHMBAHHH (ha3bl BO3MOKHBI
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coylapeHHe ¥ TPeHHE MPOBOJHHKOB B CPEAHEH YacTH MOAMPOJETa, 4TO B KO-
HEYHOM HTOT€ MOXKET MPUBECTH K MOCIECACTBUSM, TIOKa3aHHBIM Ha pHC. 2.

B nponere mmuo# 200 M HapyIieHHe KPYTHIBHON CTaOMIFHOCTH HAOIIOa-
JIOCH TIPH IBYX M TPEX KOMIUICKTaX pacropok (Tadm. 1), mosToMy B JadbHEHIIIHX
pacueTax nenecooOpa3Ho paccMaTpUBaTh IMEHHO TaKOH MpOJIeT.

Kak BungHo u3 Tabn. 2, crpesna npopeca NPakTUYECKH HE BIUSET HA BO3MOX-
HOCTh 3aKpyduBaHHs paciieruieHHoH ¢asbl. Jlumb mpu fo = 2 % HapymeHus
KpYTWIBHON CTAaOMIIBHOCTH HE HAOII0AI0Ch, BEPOSTHO, M3-3a OOJBIIIOTO HATSI-
KEHHUs IPOBOTHUKOB, KOTOPBIE, TOAOOHO CTpYHE, CTPEMHIIMCH BEPHYThCS B HC-
XOJHO€ I10JIOXKEHUE.

U3 ananusa pe3ysnbTaToB pacueTa MOXKHO CAETAaTh BBIBOJ, YTO KPUTHUECKU-
MH, C TOUKH 3pEHHsI HAPYLICHUS! KPYTHIBHOM CTaOMIIBHOCTH, SIBISIOTCS IJIMHBI
MEPBOTO M MOCIETHETO MOJIPOJIETOB /, €ClIM KaXkJash U3 HUX COCTAaBJISIET MpH-
MEpPHO OT YETBEPTH A0 TPETH JUIMHBI BCEro mpojera L. PyKoBoACTBYsICH TaKUM
MPEIIOIOKEHNEM, JUIS TOBBIIICHUS! KPYTWIBHOW CTaOMILHOCTH MOXHO Ipe-
JIOXKHTD PACCTABIATH PACIIOPKU HEPABHOMEPHO IO [UTMHE MIPOJIETa: TYLIE Y ONOp
U peXe B LICHTPAJIbHOW 4acTH. B 3TOM cilydae akTyaJbHOU 3amadyei SIBISIETCS
omnpeJie/ieHie KPUTHYECKOH JUIMHBI TOJINPOJIETA [y, MPU KOTOPOH BO3MOMKHO
3aKpy4HMBaHUE IIPOBOJHUKOB B pacilelUIeHHOM (ase. J{ist peleHus 3To 3a1aun
UCIIOJIb30BaHa PacueTHAs CXeMa PacILeIUICHHOH (a3bl, B KOTOPOH yCTaHOBJICHBI
JIB€ PACIOpPKH, PaBHOYAAJCHHBIE OT OMOp. 3aTeM B MPOLIECCE MPOBEACHUS BbI-
YUCIUTEIBHOIO SKCIEPUMEHTa IIOIIAaroBO M3MEHSUIOCh MECTOIIOJIOXKEHUE pac-
MOPOK C LEJbI0 ONpEeNeHNs] KPUTUUECKNX 3HAYeHUH JUIMHBI noAamnposera. Pe-
3yNbTaTHI MIPEJICTABIEHHI B TA0M. 5.

Pacuersl nokazanu, 4To KPUTUYECKOH Uil KpalHUX MOAMPOJIETOB SBISETCS
mmHa oT 50 10 84 M, i 2542 % ot Beeit b mposeTa (200 m).

AHasioruuHbIe pacueThl ObUIM MPOBEACHBI M Ui mposera JmHoH 100 m
(tabn. 6). Kputnueckum okazancs yuactok 24—40 %.

OcCHOBBIBasICH Ha pe3yjbTaTaxX IPOBEICHHBIX PACUETHBIX SKCIEPHUMEHTOB,
MO>KHO 3aKJIIOUUTh, YTO €CIIU MEPBBII OT OMOPHI MOANPOJET OyAeT UMETh UIU-
Hy 20 % 1 MeHee OT Bcell JUIMHBI IPOJIeTa, TO KPYTHUIIbHAS CTAOMIBFHOCTE HE OY-
JeT HapyLICHa.

[TomoOHBIe HccnenoBaHus IPOBEAEHBI U Ul (a3bl, pacIIeIVICHHON Ha YeThl-
pe mpoBoza. OJHAKO NPH M3MEHEHHWHU IapaMeTpoB MpoJieTa U MPOBOJOB B IIHU-
POKOM JTMara3oHe BBISIBUThH Clydad 3akpyduBaHus (as3bl He ynanochk. [loaTromy
MOXKHO CJIeJIaTh MPEIOJIOKEHHE, YTO BEPOATHOCTh HAPYIICHUS KPYTHIBHOM
CTaOMIIBHOCTH B TIOZOOHBIX KOHCTPYKLHUAX MaJa.

Hroramu npoBEICHHBIX UCCIICIOBAHUIN SIBIISIOTCS: pa3paboTKa METOIUKH pac-
YyeTa KpYTHJIBHBIX KOJNeOaHHH B pacIUeIUIeHHOH (ase; MOIM(HKALUI KOMIIbIO-
TEPHON NPOrpaMMBbl B COOTBETCTBUH C pa3pabOTaHHON METOAMKON; OTpe/elicHHE
BO3MOKHOCTU M YCJIOBHH HapyIIEHHUs KPYTWIIBHOH CTaOMJIBHOCTH B PacCILEIICH-
HOH (aze. YKa3aHHYIO0 KOMITBIOTEPHYIO MPOrpaMMy MOXKHO PEKOMEHJIOBaTh Kak
WHCTPYMEHT U1l IOMOIIY B MPHHATUN NPOEKTHBIX PEILICHUH MPU KOHCTPYHPOBa-
HHUHM paciieruieHHbIx (a3 BozaymHbix JISIT u rudkoii ommHoBKH OPY.
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ABTOpBI IUIAHUPYIOT PACIIMPUTH AMAIA30H CBOErO MCCIIEIOBAaHHUS U BbI-
SIBUTh, KaK Ha KPYTWIbHYIO CTaOMIBHOCTb PAacCIlEIUIEHHOHN (a3bl BIUSET yCTa-
HOBKa JeMII(UPYIOIUX PACIIOPOK.

BbIBO/IbI

1. IMocTaBneHa W pelreHa Kpaepas 3ajada pacyera KpyTHIBHOW CTaOUIIbHO-
CTH pacIICIUICHHOH (pa3bl ¢ 3aJaHHOM KPATHOCTHIO PACIICTIIICHMSL.

2. OmpeneneHpl KpUTEPUH KPYTHIBHOM cTrabminpbHOCTH st BJI ¢ pacmien-
JICHHBIMU (pa3aMH.

3. BBISIBIICHBI CIy4ad YCTOHYMBOTO HApyNICHUS KPYTHIBHON CTaOMIBHOCTH
pacIieTuieHHbIX (a3s.

4. OnpeneneHbl KPUTUYESCKHE JUTUHBI TTOANPOJIETOB, IIPH KOTOPBIX Hanboiee
BEPOSATHO yCTOMYMBOE HAPYIICHHE KPYTHIHHON CTaOMIbHOCTH.

5. PazpaboTraHHasi KOMITBIOTEpPHAsI MPOTPaMMa MOXKET OBITh HCIOIh30BaHA
NPY IPOCKTUPOBAHUHN BHICOKOBOJIBTHBIX JIMHUH € paciieruieHHoH (azoii.
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CoBepuieHCTBOBaHHE METOAUKH pacyera
YCTAHOBUBIIMXCS PEKUMOB IOPOACKHUX
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C Y4€TOM MOTPeONTENbCKUX IHEPTOUCTOYHUKOB
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Pegepar. [Ipemnoxkena Meronnka pacuera yCTaHOBHMBILErOCS peKHMMa Pa3OMKHYTOW FOpOACKOM
pacrpeneIuTeIbHON IIEKTPUIECKON CeTH ¢ UCTOYHHKAMU Mayol renepanuu. ITokasaHo, 9To To-
pOJICKasl 3JIEKTpUYECKas CETh COCTOMT M3 IACCHUBHBIX M AKTHBHBIX (DM3MYECKHX 3JIEMEHTOB.
K maccuBHBIM OTHOCATCS CHJIOBBIE TPaHC(HOPMATOPHl M JIMHEHHBIE PErYJSTOPHI, BO3MYLIHBIE
U KaOeNlbHbIE JIMHUU 3JIEeKTPOIepeadt, TOKOOTPAaHNUHBAIOIIUE PEAKTOPHI U T. A. AKTUBHBIE 3J1e-
MEHTBI CeTeH — 3TO MCTOYHHKH ICKTPOIUTAHUS (TPaHC(OPMATOPHBIE BBOABI HU3IIETO HAIPSDKE-
HHS TUTAOIUX MOACTAHIMI U pacnpeeneHHble HCTOYHUKH Majoil TeHeparyu) U Harpy3Kky, Ma-
TEeMaTHYECKHE MOJENN KOTOPBIX MOTYT OBITH Pa3HBIMH. MICTOUHMKM NHUTaHUS B TOPOACKHX pac-
HpEIeNUTENbHBIX NEKTpUIecKuX ceTsix 10 kB 1 Hike KnaccuGUIMpPYOTCS 10 TUITY U MOLIHOCTH,
MOTYT OBITH IBYX BHIOB — LICHTPHI IUTaHUS CETH M UCTOYHHMKHU Majoi renepanuu. Harpysku mo-
TpebuTteneil MOJAEIUPYIOTCS UCTOUHMKAMU TOKA, MOAKIIOYaeMbIMU K y31aMm ceTd. Ilapamerpamu
HCTOYHHUKOB TOKAa OOBIYHO SIBISIOTCS TPaUKH U3MEHEHUSI MOJYJISl ISHCTBYIONIETO 3HAYEHHS TOKa
U K03 (GUIMEHTa MOIHOCTH BO BPEMEHH. 3HAYEHHUS 3THX IapaMeTPOB B OJHOJIMHEHHBIX CXeMax
3aMEeLICHHs paclpeesuTeNIbHbIX ceTeil 6—10 kB ¢ n301MpoBaHHON HEUTPaIblO MPUHUMAIOTCS
cpenHuMu Uit Tpex (a3. LleHTpbl mUTaHUS NpEeCTaBIAOT COO0H TpaHC(HOPMATOPHBIE BBOABI
HU3KOTO HANPSDKCHHS MHUTAIONIMX MOACTAHIUM OCHOBHBIX JJIEKTpHueckux cereit 35 kB u BbIme,
OCHallIeHHble IU(POBBIMU MPUOOpAMU ydeTa JJICKTPOdHepruu, noakiaodeHHbpiMH Kk ACKYD.
PazpaboranHass MeTOJMKa MO3BOJSET IMOJIYYHTh YTOUYHEHHYIO COAIaHCHPOBAHHYIO PACUCTHYIO
MOJIENb YCTAaHOBUBLIETOCS PEXHMMA Pa30MKHYTOIH TOPOACKON CETH Ha 3aJaHHOE BPEMsI CYTOUHOTO
rpaduka. OHA COCTOUT B IOCIIENOBATENEHOM PACIIPEEIeHHN 3aJaHHOH MOIIHOCTH KaXJOTO HC-
TOYHUKA MHUTAHUSI CETU MEXAY €€ Harpy3KaMH C MOCIEIYyIOIUM yTOYHEHHEM MOTOKOB M MOTEPh
MOIIHOCTH HA y4YacTKaX, a TAaKXKe HATPSDKCHUH M JIeHCTBUTENBHBIX HarPy30K B y3JIaX CXEMbI Me-
TOJIOM HaJIOXKEHUS.

Kawuesblie ciioBa: ropoJckast C€Tb, pa3OMKHyTI>II71 PEeKUM, TTaCCUBHBIN JJICMCHT, aKTUBHBIN dJ1e-
MCHT, pacnpeneneHHmﬁ HUCTOYHHUK, Majlasg reHepanus, C6aJIaHCHpOBaHHa§I MO/JI€JIb, Harpyska, I1o-
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Improvement of the Method of Calculation
of Steady-State Modes of Urban Electric Networks Taking
into Account Consumer Energy Sources

M. L. Fursanov”, A. A. Zalotoy"
DBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The method of calculation of the steady-state mode of the open city distribution electric
network with small generation sources is offered. It is shown that the city electric network consists
of passive and active physical elements. Passive elements include power transformers and linear
regulators, overhead and cable power lines, current-limiting reactors, etc. Active elements of net-
works are power sources (transformer inputs of low voltage of feeding substations and distributed
small generation sources) and loads, mathematical models of which can be various. Power sources
in urban distribution networks of 10 kV and below are classified by type and power and can be
of two kinds, viz. power feeding centers of the network and small generation sources. Consumer
loads are modeled by current sources connected to network nodes. The parameters of the current
sources are usually graphs of the change of the module of the actual current value and the power
factor in time. The values of these parameters in single-line substitution schemes of 610 kV dis-
tribution networks with isolated neutral are assumed to be average for three phases. The power
centers are transformer inputs of low voltage power substations of the main electric networks
of 35 kV and above, equipped with digital devices of the account of the electric power connected
to the automated system of control and accounting of power resources. The developed technique
allows receiving the refined balanced calculation model of the steady mode of the open city net-
work for the set time of the daily schedule. It includes the sequential distribution of the speci-
fied power of each network power supply between its loads, followed by clarification of flows
and power losses in the sections, as well as voltages and actual loads in the nodes of the scheme
by the overlay method.

Keywords: urban network, open mode, passive element, active element, distributed source, small
generation, balanced model, load, power flows, voltages

For citation: Fursanov M. L., Zalotoy A. A. (2019) Improvement of the Method of Calculation
of Steady-State Modes of Urban Electric Networks Taking into Account Consumer Energy
Sources. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 62 (6), 514-527.
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BBenenue

lopoackue aiekTpUYecKre CeTH KaK OCHOBHOW KOMITOHEHT 3JIEKTPOCHAO-
XKeHHs J000ro Topofa MMEIOT 3aMKHYTYIO TOTOJOTHIO, HO 1O TeXHUYECKHM
MIPUYMHAM, KaK IPaBWIO, pabOTalOT B pa30MKHYTHIX pexnMmax [1, 2]. M3mene-
HHE MECT pa3MBIKaHHA KOHTYPOB TOPOACKUX JJEKTPUUECKUX CETEH OKa3bIBAeT
CYLIECTBEHHOE BIIMSHUE HA BEIMYMHY CYMMAapHBIX TOTEPh aKTWBHOM MOIIIHO-
cti. ONTUMU3AIUS MECT Pa3MbIKAHUS TOPOJCKON AJIEKTPUIECKON CETH 3aKIIO-
YyaeTcs B HAXOXKJCHUM HEKOTOPOTO MOJIMHOXECTBA KOHTYPHBIX BETBEH CXEMBEI,
MPH pa3MBIKAaHUU KOTOPBIX CETh CTAHOBHUTCS PAa30MKHYTOW M B HEll oOecrnedu-
BalOTCS MUHHMAJLHBIC TIOTEPU AKTUBHOW MOIHOCTH TPH COOIIOJCHUH BCEX
TEeXHUYIECKUX OrpanndeHuit [3].
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OcHoBHasl YacTh

Ha ocHOBaHMM NPUHIUIIMATIBHOW CXEMBI 3JIEKTPUYECKONW CETH COCTaBIISET-
Cs1 DKBUBAJICHTHAsI CXEMa 3aMEILCHUsS U3 /1 Y3JIOB U m BETBEH, KOTOpas OMUCHI-
BaeTCsi MHOTOKOMITOHCHTHBIM CBSI3HBIM HarpaBiieHHbIM rpadom G =(V,FE),

rae V, E — COOTBETCTBEHHO MHOXKECTBA €ro y3iaoB U BeTBeil. O0o03Ha-
YUM MOJMHOKECTBO KOHTYPHBIX BeTBel rpada E, < E. OHO COCTOMT U3 Tpex
noAMHOXKeCTB £, = E, UE, UE_ . IlonMHoxecTBO E, C E) BKIIIOYa€T KOHTYp-

HBIC BETBH, KOTOPBIE 110 TEXHHYSCKUM MTPUIHHAM 3aTpeliacTcs 3aMbIKaTh (K-
CHpOBaHHBIE pa3MblKaHud); E, C E, BKIIOYaeT KOHTYpPHbIE BETBH, KOTOPBIE I10

TEXHUYECKUM TPUYMHAM 3allpelaeTcsi pa3MbIKaTh (OOBIYHO W3-32 OTCYTCTBHSA
Ha HUX KOMMYTalHMOHHBIX anmapartoB). IlogMHOxkecTBO E. C E, COCTaBISIOT

KOHTYPHBIE BETBH, HA KOTOPBIE MOTYT OBITh IEPEHECEHBI Pa3MbIKAHUS CXEMBI,
npudaeMm E, =E, (E, VE)).

MHoskecTBO y3710B ) COCTOMT M3 MOAMHOXECTB y31moB V, cV, V,cV
C TIOJKITIOYEHHBIMH MCTOYHWKAMH MMHATAHUS W MMOJAMHOKECTBA HATPY30YHBIX y3-
a0 V, V. K y3nam noaMHOKeCTBa V, NOAKIIOYEHBI LIEHTPBI TUTAHUS CXEMBI

B BHUJIC TTUTAIONIUX IOJICTAHITNNA OCHOBHBIX JJIEKTPUICCKUX CETCH HAIPSIKCHHEM
35 kB u Beime. K y3nam V, moakm049eHbl HICTOYHUKHM MaJION FeHEpalnu.
IMycts E, C E, — NOAMHOXECTBO KOHTYPHBIX BETBEH, HA KOTOPBIX HAXOZAT-

Csa TCKYIIHUC MCCTAa PA3MBIKAHUSA KOHTYPOB CXCMBI. 33,[[3‘13 OImpeAcJICHNUA ONTH-
MaJIBHBIX MECT pa3MbBIKaHUA FOpOI[CKOfI BHCKTpI/I‘{eCKOﬁ CCTH CBOJUTCA K

*
HaXOXIACHHUIO TaKOI'0 IIOJMHOXXCCTBA Er C Ec’ KOTOPOC o0ecrieynBaeT MHHH-

MyM MOTEPh AKTUBHON MOITHOCTH B cxeme [3]

AP(E;) = min (AP(E, )) e

Jj=l,m

NIPY BBITIOJTHEHUH CIEYIONINX TEXHUUYECKUX OTpaHHUYCHUN:

e 110 CBSA3HOCTH Tpada (MepeHOC MECT pa3MbBIKaHUS HE JTOJDKCH TPUBOJIUTH K
TIOSIBJICHUIO M30JMPOBAaHHBIX Y3IIOB);

e 110 HAJIC)KHOCTH 3JIEKTPOCHAOKEHHS TIOTpeOuTeNel (IepeHoC MECT pa3MBbI-
KaHUs HE JIOJDKCH TPUBOJIUTH K OTPaHUYCHUSM DICKTPOCHAOKCHUS WU HEMIO-
ITyCTHMBIM MTOHMKCHHIAM HAICKHOCTH DIIEKTPOCHAOKEHUS TOTPEOUTEIICH);

* 110 [IEPErPy3Ke OTACIBHBIX YH4aCTKOB CXeMbl [, </ =1,m;

o j? J

e 110 OTKJIOHEHHUIO HAIIPSHKEHUH B y351aX CXeMBI Upin; S U, U i=1n.

max i

IToTepu aKTUBHON MOIIHOCTH MPU TEKYIIEM MOJO0KEHUH MECT Pa3MbIKAHUS
cetu E, onpenenstorcsi B pe3ysibTaTe pacyeTa €€ yCTAaHOBUBILIETOCS peXuMa Ha
OCHOBe cxembl 3amerneHus [1, 2]. Bug u cocTaB 3IeMEHTOB CXEMBbI 3aMellie-
HUSl OMNPEACISAIOTCS TPUMEHSEMBIMA MAaTEMAaTHYCCKUMH MOJCISIMU  (hru3mue-
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CKHX DJIEMEHTOB CETH C YYETOM MPHUHATHIX AOMyIIeHuid. OJHIM U3 HUX SBIIS-
€TCS JIOMYIICHWE O TOM, YTO TOPOJICKAs PACIIpPEICIUTEIbHAS AICKTPpUUCCKast
cetb 0,38—10 kB cOCTOUT M3 MAaCCUBHBIX M aKTHBHBIX (PU3UUYECKHX 3JIEMEHTOB
C COCPEIOTOYCHHBIMH DJICKTPUUECKUMU mapametpami [1]. [laccuBHbIC drieMeH-
ThI ceTH (CHJIOBBbIC TPAHCHOPMATOPHI W JIMHEHHBIC PETyISATOPHI, BO3MYIIHBIC U
KaOebHbIC TUHUH AJICKTPOIIEPEIayr, TOKOOTPAHUYUBAIOIINE PEAKTOPHI U T. II.)
HE M3MEHSAIOT 3HAUYEHUSI CBOMX IMapaMeTpPOB NPH M3MEHEHHUAX pexnma. Marema-
TUYECKUE MOJICIN TTACCUBHBIX AJICMEHTOB CETU BEIOMPAIOTCS ¢ YIETOM TPaUIIHU-
OHHOTO psiia JIOMYIICHWH, KOTOPHIE HCIONB3YIOTCA TMPH pacdeTax pPEeXUMOB
pacrpenenuTeNnbHbIX dNeKTpudeckux cereil 10 kB u Hinke.

YyacTku JUHUM B OJHOJMHEMHBIX CXE€MaX 3aMEIlEeHUs] TOPOJACKUX pac-
MIPEIeIUTENbHBIX CETEH MOJIENUPYIOTCA CXeMaMH, MPHUBEIESHHBIMH Ha puc. 1,
TJI€ /y, X; — AKTUBHOE M PEAKTHBHOE COMPOTHBIICHUS NMPOBOAHHMKOB HAa ydYacT-
ke; O, — 3apsaHas peakTUBHAs MOIIHOCTh €MKOCTHOTO XapakTepa Ha yJacTKe
kabes.

AKTHBHBIC U PEAaKTUBHBIC COIPOTHUBIICHUS MPOBOJHUKOB HAa yYacTKax BO3-
JIyITHBIX Y KaOCIIbHBIX JTMHUN U 3apsaHasi peaKTUBHAS MOIIHOCTh BRIYHCIISIOTCS
no ¢popmynam [1, 2]:

v, =rL;
X, = x,L; (2)
QJ'I = qOL’

THe 7y, Xo — yACTbHBIC akKTHBHOE TTpH Temriepatype 20 °C U peakTUBHOE COIPO-
TUBJICHUS TTPOBOJHHUKOB JIMHUH, OM/KM; g9 — yIeNbHas 3apsiiHas peakTHBHAs
MOIITHOCTb, KBap/KM; L — JIJTMHA y4acTKa, KM.

Ty Xy
[ 5
b
I
@ * ] ¢ 4
Q}Z Qf}z

Puc. 1. OnHONUHEHHBIE CXEMBI 3aMELICHHUS YYaCTKOB BO3AYIIHBIX (a)
n xabenpHbIX (b) pacpenenuTensHbIX THHINA 610 kB

Fig. 1. Single-line schemes of substitution of sections of overhead (a)
and cable (b) distribution lines of 6-10 kV

yI[eHI)HI)Ie AKTHUBHBIC COIIPOTUBJICHUSA ITPUHUMAIOTCA Ha OCHOBE MMACIOPTHBIX
JaHHBbIX KU CHpaBO‘-IHOﬁ I/IH(i)OpMaLII/II/I o IMpoBOJaM BO3AYIIHBIX H KaOeNbHBIX
JIMHUHN. YZ[CHBHBIC PCAKTHUBHBIC COIIPOTUBJIICHUA U 3HAYCHUSA 3ap51z[H0171 PCaAKTHUB-
HOM MOIMHOCTH YYAaCTKOB MOTYT TAKXXC NPHUHHUMATHCA HAa OCHOBC MACIIOPTHBIX
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JAHHBIX M CIPAaBOYHOW WH(POPMAIMH WU BBIYUCIATHCS 1O (GOpMyliaMm, MOTy-
YEHHBIM C JIOMYIIEHHEM O CHMMETPHYHOM PACTIONIOKEHUH TPOBOJIHUKOB OTHO-
CUTEIBHO JpyT apyra u 3emiu [1, 2]:

DC
X, =0,1441g—"+0,016;

Vnp

2 )
g0 =38 1

log —2
g .
rae Usow — HOMHUHAIBHOE HANpsHKEHUE JUHUH; D, — CPEeIHEreOMEeTPUYECKOe
paccTosHUE MEKTY IPOBOJIHUKAMH; 7'y, — PAJITYC TIPOBOJTHHUKOB.
CuiioBble  IByXOOMOTOYHBIE TpPaHC(HOPMATOPHl M JIMHEWHBIC PETYIATOPHI
B OJHOJIMHEWHBIX CXEMaxX 3aMeIICHHUs] TOPOJCKMX paclpelesUTeIbHBIX CeTeH
MOJEIUPYIOTCA CXEMaMM, IPUBEACHHBIMM Ha pUC. 2, TOE 7y, X; — CyMMap-
HbIE aKTUBHOE U PEaKTUBHOE COMPOTHBIICHHS MEPBHYHON M BTOPUYHON 0OMO-
TOK TpaHchopmaropa; ASy — MOTEps MOLUTHOCTH XOJIOCTOTO XOAa B Tpex (pazax
TpaHncpopmaropa; k, — K03 PUIHEHT TpaHCPOPMALUH.
AKTUBHBIE U PEaKTUBHBIC CONPOTHUBIICHUS CXEM 3aMeLIeHuUs TpaHchopMaTo-
POB BRIUHUCISIOTCS 10 popmynam [ 1, 2]:

_ APKUBZH .

r.=

T 2 s
S HOM

(4)

2 2
UK%UBH 2

X T
' 100S,,,,, v

rae AP, — moTepss akTUBHOM MOIIHOCTH KOPOTKOTO 3aMBIKaHUS B TpeX (a3zax

Tpauchopmaropa; Sy — HOMHHAIIBHAS MOIIHOCTH TpeX (a3 TpaHchopmaTopa;
Uy — HOMUHAIIBHOE HANPsHKEHHE OOMOTKH BBICOKOTO HANpsHKEHUS TpaHChOop-

Mmatopa; Uy, — HanpshDKeHUE KOPOTKOTO 3aMbIKaHUs TpaHchopMaropa B TpOIICH-

Tax oT U,,.

ky

ASy
Puc. 2. OnHonuneliHas cxemMa 3aMeleHus
CHJIOBOTO JBYX0OMOTO4YHOTO TpaHchopmaTopa 6—10 kB

Fig. 2. Single-line substitution circuit
of the power double-winding transformer of 6-10 kV
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[ToTepy MOIIHOCTH XOJOCTOTO XOAa MPEACTABISIOT COOOW KOMILIEKCHYIO
BenmmuuHy AS, = APy + jAQ,, B KOTOPOU 3HaUEHHE PEaKTUBHBIX TTOTEPh AQ, BBI-
gucisiercs mo Gopmyne [1, 2]

2
LS,
AQ, =, || =2t | _AP?, 5
& 100 ) ©

rae Iy o, — Gpa3HbIil TOK XOJIOCTOTO X0/a B IPOLIEHTaX OT HOMUHAIBLHOT'O TOKA.
3nauenust napameTpoB APy, AP, Uiy, Iio, Sioms Usy IPUHUMAIOTCS IO JAH-
HBIM 3aBOJIOB-M3TOTOBUTEIICH.
Koadduuument tpanchopmanum k, TpaHchopMmaTopa WIH JTUHEHHOTO pe-
TYJISATOpa TIPH PACIOIOKCHUH yCTPOMCTBA MepekimoueHus oTBeTBiaeHuit (PIITH
unu I1bB) B 00MOTKE BBICOKOTO HANpsKEHUS onpeaensercs no Gopmyre [1]

U, [1 +n, 811]8}(‘)1% ]
k. = , (6)

! U

HH

rae Uy, — HOMUHAJIBHOE HampsbkeHHe OOMOTKM HHU3KOTO HaNpsDKEHUs] TpaHc-
dopmaTopa; n, — HoMep OTBETBICHUS; Upyio, — JOOABKA HANPSHKEHHS B TPOIICH-
Tax Npu U3MEHEHHH K03 uIeHTa TpaHCPOpPMaI Ha OIHO OTBETBIICHHE.

TokoorpaHMYMBAOLIUE PEAKTOPHI B OJHOJIMHEMHBIX CX€MaX 3aMELIeHUs ro-
POICKHUX PacHpeAeIUTENbHBIX CeTel 0OBIYHO MOACIHMPYIOTCS CXeMaMH, MpHBe-
JCHHBIMU Ha pHUC. la, rae akTUBHOE ¥ U PEaKTUBHOE X COIIPOTHUBIICHUS OIpee-
JISTFOTCS HA OCHOBAHWH MACIIOPTHBIX TaHHBIX PEAKTOPOB.

AKTHBHBIE 3JIEMEHTHI TOPOJCKOM pacHpeeTENbHON SIEKTPUUECKON ceTn
MOTYT U3MEHATHh 3HAYCHHUS CBOMX MapaMeTPOB B TEUCHHE BPEMEHHU. JTO TPUBO-
JIUT K U3MEHEHHSAM ITapaMeTPOB peXHMMa CETH — TOKOB Ha Y4acTKax W HampsoKe-
HUH B y37ax cxewmsl [1, 2]. K akTUBHBIM 3J1IeMEHTaM CETH OTHOCSITCS] HICTOYHUKH
MUTaHUS ¥ HATPY3KH, MAaTEMaTHIECKHE MOJETN KOTOPBIX BEIOMPAIOTCS C yYETOM
JIOTIYIIEHUH, IPUHATHIX MPU pacyeTax paclpeeUTENbHbIX EKTPHIECKUX Cce-
telt 10 kB u Hike. OnHONMMHENHBIE CXEMBI 3aMEIIEHNS HAarPy3KH U UCTOYHHUKOB
MUTaHWUs pacHpelenuTeNbHbIX AekTpuueckux cered 0,38—10 kB mpuBeneHsl
Ha puc. 3.

Harpy3ku morpeOuTteneil B pacueTax pacHpeAEIUTENbHBIX 3JIEKTPHUUECKUX
cereit 0,38-10 kB mMozmenupyroTcsi HCTOYHUKAMH TOKa, MOAKIIOYAEMBIMU K y3-
naMm cetu. IlapamMeTpamMy MCTOYHMKOB TOKa OOBIYHO SIBJISIIOTCS Tpaduku u3mMe-
HEHHS MOJYJIsl JCHCTBYIOUIETO 3HA4YeHHs TokKa [/ W KO3 QUIMEHTa MOIHO-
ctu cos(¢) Bo BpemeHH (puc. 3a). Bennuunsl / u cos(¢) B OJHOIMHEWHBIX CXe-
Max 3aMELICHUsl pacrpeaenuTenbHbix cerel 6—10 kB ¢ u3onupoBaHHOW HEUT-
paJIbI0 MPUHUMAIOTCS PABHBIMU CPETHUM 3HAUEHUsIM JJ1s Tpex ¢asz [1].

Hcrounuku nutaHust B paccMatpuBaeMbix ceTsx 10 kB u Hibke kinaccudu-
UPYIOTCS IO THITY ¥ MOIIHOCTH U MOTYT OBITh IBYX THIIOB — IICHTPHI TUTAHUS
CeTU U UCTOYHUKH Majioi reHepammu [4—10].
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¢ ¢ : F : F : F
4% U U
A P=1i(: P =10 P=1i(:
¢ 2 Q :ﬁ(t) Qmin < Q < Qmax Q =.f2(t)

Puc. 3. OqHonuHEHHBIC CXEMBbI 3aMELICHUS HATPY3KU U UCTOYHUKOB ITUTAHUS
pacnpenenuTensHbIX aekTpudeckux cereil 0,38—-10 xB: a — Harpyska;
b — LleHTp MUTaHKsA; C — ICTOYHHUK MaJOH FeHEPALMH C PETyIMPOBAHUEM HANPSHKCHUS;
d — 1o e 6e3 peryIupoBaHus HaIPSIKESHUS

Fig. 3. Single-line load and power schemes of load supply sources substitution
of distribution networks of 0.38—10 kV: a — load;
b — power supply center; ¢ — small generation source with voltage regulation;
d — low-power source without voltage regulation

Hentpsr mutanus (LI1) mpeacraBmsior coboit TpaHC(HOPMATOPHBIE BBOIBI
HU3KOT'O HAIPsDKEHUS MUTAIOIINX MOJCTAHLIUN OCHOBHBIX JIEKTPUUECKHUX CETEH
HanpsbkeHueM 35 kB u Bble, ocHamieHHble MUQPOBBHIMU HpUOOpaMHu ydeTa
anekTpodneprur, moakmodacMeiMi K ACKYD. LI1 — ocHOBHBIE HCTOYHHUKH TTH-
TaHUS MOTpeOUTENeH, KOTOPhIe TIOKPHIBAIOT BCE HEOATAHCHI MOIIHOCTH B CXeMe
Y OCHAIIIEHBI CPEICTBAMH aBTOMATHYECKOTO PETYIHMPOBAHMS HAIIPSDKEHUS B IITHU-
poxoMm muamnasone. st pacnpenenurensueix quanid 10 kB u mHmke LI moryT
OBITh MCTOYHHKaMU OECKOHEYHOW MOIIHOCTH C TOCTOSHHBIM HAaIPSKCHUEM.
B opgHONMMHENHBIX cXeMax 3aMeIleHus pacnpeaenuTenpHslx cered 6—10 kB LI
MOJIETIUPYIOTCSI MCTOYHMKAMH MOIIHOCTH C IOCTOSHHBIM HamlpsKEHHEM Ha
mMUHax. PexXVMHBIMM napaMeTpaMyd HMCTOYHMKOB MomnHocTH B LI sBisrorcs
rpauky M3MEHEHWS aKTUBHBIX P W peakTHBHBIX () MOIIHOCTEH BO BpeMe-
HU (puc. 3b). Bennunael P 1 Q B OJJHOJIMHEWHBIX CXEMax 3aMelICHHUs pacTpeie-
muTensHBIX cerelt 6—10 kB ¢ n30MMpoBaHHON HEHTPANbIO TAaK)Ke MPUHUMAIOTCS
PaBHBIMH CPEJIHUM 3Ha4YeHUsM Tpex ¢a3. Yron Hampsokenus LT coBmerniaercs
C BEIIIECTBEHHOM OChIO HA KOMITJIEKCHOM TIOCKOCTH [4].

Ucrounuku manoii renepanuu (MMI') mpencTaBistor co0oit TeHepupyomme
YCTAHOBKM CaMbIX Pa3HBIX THUIIOB, KOTOpbIE 000PYAYIOTCS 3IEKTPOHHBIMH MPHU-
Oopamu ydera ANeKTpodHepruu, nogxirouaeMeivu Kk ACKYD, ¢ obs3aTensHOM
nepeaayeil TaHHbIX B TUCTIETUYEPCKYIO CIIy>KOy 3HeprocucteMsl. B 3aBucumocTH
OT TOBEJCHHUS W BIMSHUSA HAa PEKHUMBI B OJHOJMHEMHBIX CXEMaX 3aMEUICHHS
pacnpenenutensHbIx ceteit 6—10 kB UMI' npencraBngiorcs Tpems BUIaMH Ma-
TEMAaTUYECKUX MOJEIEH.

Hcrounuku maioil reHepaliiv, OCHAIIeHHbIE CPEJICTBAMU aBTOMATHUECKOTO
peryNHpOBaHUS HAPSHKEHUS W YaCTOTHI, paboTaroIIye N30JIMPOBAHHO Ha BhIJE-
JEHHYIO JJI HUX cOaJaHCHPOBAaHHYIO Harpy3ky B OJHOJHMHEHWHBIX cXxeMax 3a-
MELIEHUsl pacnpenenurensHeix cetedl 6—10 kB, mpeacraBnsroTcss mMonensimu,
npuBeleHHBIMU Ha puc. 3b. Takne UCTOYHHUKY SBISIFOTCS JISi CBOEH BBIICIICH-
HOW Harpy3ku Oanancupyrommmu LIT.
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HcTounnku manoil reHepanny, OCHAIIEHHBIE TOJBKO CPEJICTBAMH aBTOMa-
TUYECKOTO PETYJTUPOBaHMs HANpsDKSHUS, TPU TapaJUIelIbHOW pabdoTe ¢ DHep-
TOCUCTEMOM B OJHOJIMHEHHBIX CXEMaxX 3aMELICHHs paclpeieIuTeNbHbIX Cce-
terr 6—10 kB nmpencrasnsrores PU-monensmu (puc. 3c). [lapamerpamu PU-mo-
JleTiel SBISIOTCST MOIYNb HampsbkeHus U B y3/e MOIKIIOUYEHUS HCTOYHHKA,
rpadyK M3MEHEHUs] aKTHBHOW MOIIHOCTH T'eHeparuu P BO BPEMEHH U MPEeIIbI
M3MEHEHUS peaKTUBHON MOMTHOCTH Oin, Omax. KpoMe TOT0, TaHHBIE HICTOYHUKH
OCHaIIeHbl Mu(ppoBEIMU MPUOOpaMu ydeTa dneKTpodHeprun. [loaromy momosn-
HUTENIBHO TI0 HUM JOCTYIHBI M3MEpEHHBIE TpapUKH aKTUBHBIX P M peakTHB-
HBIX () TEHEPUPYEMBIX MOLTHOCTEH.

Ucrounnku Manoil reHepamyy, HE OCHAILEHHBIC CPEACTBAMU aBTOMAaTHYe-
CKOTO PETYIUPOBaHUS, IPU NapajieNbHON padoTe C 3HEPrOCUCTEMOH B OJHO-
JIMHEMHBIX CXeMaX 3aMEIlEHHs paclpeaeauTenbHbix cereid 6—10 kB nmpencras-
nstotest PO-monensmu (puc. 3d). Ilapamerpamu PQO-moneneit sBISIOTCS Tpa-
(UK W3MEHEHMsI aKTUBHOH P W peakTHBHOW () MOITHOCTEH TeHEparuu BO
BpPEMEHH, U3MEPSIEMBIX ITU(GPOBBIMH MTPHOOPAMHU YUETa AIEKTPOIHEPTHH.

Pacuer ycTtaHoBuBIIETOCS peXHMa TOPOJACKON pacHpeleUTeNIbHON 3JIeK-
TPUYECKOH CETH COCTOMT B ONPEACICHUN MOIYJeH U (a3 HanpsLKeHUH B y3Jax,
[IOTOKOB U MOTEPh AKTUBHBIX M PEAKTUBHBIX MOLIHOCTEH HA Y4YaCTKaX CXEMbI
3aMelIeHMs] ceTU. B y3/ax NoAKiIro4eHrs HCTOYHHKOB MaJIOW IeHepaluu C pe-
CYJIUPOBAHUEM HANPSHKEHUS OMPEAEIIIOTCS MOIHOCTH AKTUBHOM U PEaKTUBHOM
TeHEPAIK UCTOYHHUKOB [4].

MaremMaTH4yecKoe OMHCaHKE 33]a9l MOXKET OBITh ITOCTPOCHO HA Y3JI0BOW MU
KOHTYpHON Mojienu ceTd. OIBIT pacdyeToB TOPOACKHX pPacIpeNeIuTeNbHbBIX
3JIEKTPUUECKUX CETEU C pa30MKHYTOW pa3BETBICHHOMN TOMOJOIUEN CXEMBI MOKa-
3aJ, 9TO HAuOOJee MPEATOUYTUTENLHBIM SIBIIIETCS HCIIOJNB30BaHWE KOHTYPHBIX
MOJIEJICH CeTH, Ha OCHOBE KOTOPBIX YAOOHEEe pealn30BBIBATh NPEHUMYILECTBA
Pa30MKHYTO# Tononoruu. KoHTypHbIE MOJEIN pacIpeAeIUTEIbHBIX IICKTPUYE-
CKHX CeTed C pPa3sOMKHYTOM TOIOJOrMEH JIUIIEHBl TPAAUIMOHHBIX HEIOCTAT-
KOB, MPHUCYIIMX UM IIPU pacueTax CI0KHO3AMKHYTBIX JSJIEKTPUUYECKHX CETeil.
B mepByro odepear 3T0 KacaeTcs NpoOJeM € HEOJHO3HAYHOCTBIO BBIOOpa
CHUCTEMBI HE3aBHCHMBIX KOHTYpPOB U CIIOKHOCTEH MOJENHUpOBaHUS paboTHl pe-
KUMHON aBTOMAaTHKU. B pacderax ropojickux pacnpeaeluTeNbHbIX CeTel Huc-
TMOJIE3YIOTCS YIPOIIEHHBIE MATEMATHYECKUE MOJIENH JIEMEHTOB CETH U CPEACTB
PEKMMHOM aBTOMATHKH, & Pa30MKHYTAasi TOTIOJIOTHSI CXEMbl 3HAYUTEIBHO YITPO-
aeT METOAWKY BhIOOpa CHCTEMBI HE3aBUCHUMBIX KOHTYPOB, OOpa3yIOIIHX-
Csd MEXIy IOAKIIOUYEHHBIMH WCTOYHHUKAMHU MUTAHWUA. |JIaBHBIM apryMeHTOM
B TOJIB3y KOHTYPHOTO MOJEIUPOBAHUSA TOPOJICKHX CETeH SBIIIETCS PE3KOe
YMEHBIIIEHHE U OCIa0JIeHHe 3aBUCHUMOCTH MOpPSAKAa peliaeMoil CHUCTEMBI ypaB-
HEHHUU OT pasMepa cxemsl [4].

Ha »srtame, npenmiecTByromeM BBIIOTHEHUIO PacyeTOB, MO JAHHBIM CXEMBbI
3aMeIICHUs] CTPOWTCS PaBHOTOYHAS M COaJaHCUPOBAaHHAS pacueTHash MOJENb
WCXOIHOTO peXHMa CETH Ha 3aJlaHHBII MOMEHT BPEMEHH CyTOYHOTO rpadmuka
Harpy3ku. [Ipu mocTpoeHnu cOamaHCHPOBAHHOW PacYeTHOW MOJIENH UCXOIHOTO
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pEeKUMa CXEMbl pellaroTcs JIBe OCHOBHBIC 3aiaud. [lepBas — mpeoOpa3oBaHue
TOKOBBIX MaTEeMaTHYCCKUX MOJENed Harpy3ok kK PO-monensm (puc. 3d), yHu-
(UIMPOBaHHBIM C MAaTEMATUYCCKUMH MOJICISIMA HCTOYHHKOB IHUTAaHUS 0e3
CPEJICTB aBTOMATHUYECKOTO PErYJIMPOBAHMS, BTOpas — COTJIACOBAHWE MOJETeH
HArpy30K U UCTOYHHUKOB MTUTAHHUS CXEMBI 10 TOYHOCTH 33JJaHUS TapaMeTPOB.

Meromuka OCTpOeHUs COAIaHCUPOBAHHOW PACYETHOW MOJETH HMCXOIHOTO
peKUMa Ha 33J]aHHOE BPEMsI CYTOYHOTO TpaduKa CBOJHUTCS K IOCIEI0BATEIb-
HOMY pAacIpeICIICHHIO 3a/IaHHOM MOIITHOCTH KaXKJJOTO UCTOYHUKA MTUTAHHUS MEXK-
Jly Harpy3Kam C MOCJEAYIONIMM YTOYHEHHUEM TTOTOKOB U MOTEPh MOIIHOCTH Ha
yyYacTKax, a TaKkKe HaNpsHKeHUH M JIGHCTBHUTENILHBIX HATPY30K B y3JIaX CXEMBI
METOJIOM HaJloKeHUs. Bliok-cxema, ONUChIBaIOIIas TAHHYI0 METOAMKY, IMPUBE-
JleHa Ha puc. 4.

v

o OrpeiesnieHne MoTOKOB
P OPMHPOBAHHE U MOTepPh MOIIHOCTH
Q-Mozeneii Harpysok Ha y4acTKax CeTH
B Y3J1aX CXEMBI

W HaNpsHKECHUH
B y371aX CXEMBI

A 4 METOIOM HAJIOXKCHUS
Pacnipenenenue
@ morroctedt LIIT A
MEXy Harpy3kamMu Onpeuenenne
y3J10B @ JIeHCTBUTEIBHBIX HATPY30K
B y3JIaX CXEMBI CETH
v METOJIOM HAJIOKEHHUSI

Pacnpenenenue
MOIIHOCTEH UCTOYHUKOB

MaJIoi reHepanuu Konen
MEXly Harpy3KaMH y3JI0B

\ 4

Puc. 4. briok-cxema nocTpoeHust cOaJaHCHPOBAHHOHN pacyeTHON MOJENN HCXOAHOTO PEXHUMA CETH

Fig. 4. The block diagram for building a balanced computational model of the initial network mode

TokoBbIE MOZIEH HAarpy30K B y3Jlax CXeMbI MpeodpasyloTcs Kk PO-Moaensm
C IapaMeTpaMH, OIpeeieMbIMH 110 HOMHUHAJIbHOMY HAIPSKEHHUIO!

S; =3Uuonl; = P+ jO; (7)

ii =1 (COS((Pi)_jle_COS((Pi)),

rac §,~ — KOMILJICKCHOC 3HAYCHUC MOIIHOCTU HAIrPy3KH B i-M Y3JIC€ CXCMBI; L -

1

KOMIUIEKCHOE 3Hau€HUe TOKa Harpy3KH B i-M y3ie cXembl; P, (J; — aKTHBHaA
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Y pPEeaKTHBHAs MOIIHOCTH HArpy3KH B i-M y3lI€ CXEMEI; [;, cos((p;) — mapaMeTpsl
TOKOBOW MOJIENH HATPY3KH B i-M y3JI€ CXEMBI.

PexxumHbIe TapaMeTpsl MOJIEIe UICTOYHUKOB IMMUTAHUS CXEMBI OTIPEAeTSIOT-
Csl IO JaHHBIM HHU(POBBIX CUCTEM YUeTa 3JIEKTPOIHEPIHH, KOTOpbIe TOYHEE HC-
TOYHUKOB JIaHHBIX, KCIIOJNIB3YEMBIX Ui TIONyYEHHUS MapaMeTpoB Mozemei
Harpy3ok cxemsl. [locienHue ompenensroTcss Ha OCHOBaHUM 3aJaHHON 0000-
IIEHHOHN TUMOBOH MH(pOpMannu o paboTe KOHKPETHBIX MOTpeOuTeNnel Ha HHTEp-
Bajlax BpeMeHH CyTO4YHOTro rpaduka. K Heil, mpexxae Bcero, OTHOCITCS CpeqHsist
MOIIHOCTh M 000OIIEHHBIC TUIIOBBIE Tpaduku moTpedurescii. COBMECTHOE HC-
MOJIb30BaHUE HEPAaBHOTOYHBIX JAHHBIX HCTOYHMKOB MHUTAaHUS U TOTpedHTe-
Jei TpeOyeT MpenBapUTENLHOTO COTIACOBAHMS MX TO TOYHOCTH M cOallaHCu-
pOBaHU.

CormnacoBanue U cOaTaHCUPOBAHUE HEPABHOTOYHBIX MCXOJIHBIX JaHHBIX BbI-
MOJTHSAETCS TYTeM DJIEKTPHUYECKOTO pacdyera HCCIETyeMOW CXEMBI 10 JTaHHBIM
Y3JI0B TIOJKITIOYSHHBIX MCTOYHWKOB THUTaHWs (y37bI Hadana) M HArpy30YHBIX
y3710B (y37Bl KOHIIa ceTH). Pe3ynbraToM pacdera SBISIOTCS YyTOUHEHHBIE 3HAaUe-
HUSl Harpy30K CXEMBI CETH, B JalbHEHIIEM HCIIONB3yeMbIE B JJIEKTPHUECKUX
pacderax ¢ I3MEHEHHEM TOIIOJIOTHU CXEMBI.

DNEeKTPUYECKUI pacdeT peXruMa CXEeMBI 10 JaHHBIM Hadaia MPeJCTaBIIsSIET
co0oii THHEHHYIO 3a7auy, KOTopas uMeeT OJHO3HaYHOe pemeHne. OIHAKO eciu
JTaHHBIE TI0 OTIENBHBIM HArpy3KaM CXeMbl U3BECTHBI TOYHO, TO 33j1a4a pacuera
peXMMa CTAaHOBUTCSI HEJIMHEWHOW, TaK KakK HaNpsDKEHHS B y3J1aX MOJKIIOUYEHMS
Harpy3K{ HEM3BECTHBI. B 9TOM cilydae pelreHne 3aJja4d BBITOIHSAETCS Ha OCHO-
Be 3akoHOB OMa n Kupxroga. Cxema o0miero ygacTka ropoJICKOH pacrpenenu-
TeMBHOM dexTpudeckoir cet 10 kB mpuBenena Ha puc. 5. Y3enm i sBiseTcs
HavaJioM, y3€J j — KOHIIOM y4yacTKa CeTH. B cimyuae pacdera pe>KMMHBIX mapa-
METPOB Y4acTKa CXEMbI 10 JaHHBIM Hadajla B y3Jie [ JTOJKHBI OBITh M3BECTHBI

KOMIUICKCHBIE 3HAa4YeHUs HampspkeHus U; M MOIIHOCTH §f.jf). Lems pacuera —

BBIYMCJICHHEC KOMIUICKCHBIX 3HAUCHHMI PCIKUMHBIX TapaMETpPOB Qj, E;(Jj) B KOHIIC

yJacTka cxemsl [1, 2].

isy s
_U | — — Il_/,-

Puc. 5. Cxema o01ero yyactka ropoJCKOi pacipeaenuTenbHON
anexTpuydeckoii cetu 10 kB

Fig. 5. The scheme of general section of the city distribution
electric network of 10 kV

AHanuTh4ecKas CBSI3b MEKJY HANPSHKCHUSIMU U MOIIHOCTSIMHU TIPOU3BOJIb-
HOT'O y4acTKa CXeMbI MpecTaBieHa popmynamu [ 1, 2]:
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PaccMoTpuM cxeMmy YCIIO)KHEHHOro (pparmMeHTa TOpPOJACKOW pachpenesu-
TeNbHOM AnekTpuueckoil cetn 10 kB, mpencrasnennyro Ha puc. 6. B y3ne j nan-
HOH CXEMBI NOJKIIOYEH HCTOYHHK MaJION FeHepallii MOLITHOCTBIO Sy

Puc. 6. Cxema pparmMeHTa ropoJckoii pacipeaeauTenabHON
anexkrpuueckoit ceru 10 kB

Fig. 6. The scheme of the fragment of the city distribution
electric network of 10 kV

Bnauane pacnpenenuM 3amannyro B LI MomHOCTE S, MEXIy Harpy3kamu
cxeMsl S; M §; 03 ydyeTa paboThl HCTOYHMKA MaJlol reHepanuu B y3ie j. ITo us-
BECTHBIM JIaHHBIM ucTouyHMKa nutanus (U,, P,, O,) MOTOKH MOIIHOCTH Ha TO-
JIOBHOM YYacCTKE M HaIPsDKEHUE B i-M Y3JI€ CXEMBI HaxXoaTes 1Mo ¢hopmynam (8):

2 *
: SO, S
89=5; 89=59- T o U= Uy =
Yo \/ggo

YTouyHEeHHOE 3HaYEHHE MOITHOCTH HATrpy3KH §§“H) B y3JI€ { TIpY pacmpenerie-
Huu MomHoctu LIT u notok MomHoctH S ',(f) Ha y4acTKe i—j OKOJIO y3JIa i Ompe-

JIENISIOTCSI HA OCHOBAHWW UCXOJHBIX JAHHBIX O HArpy3kax 10 MEepBOMY 3aKOHY
Kupxroda mo dhopmymnam:
S

(um) _ (D) i . (i) _ o) (1)
5,’ _Eoi S +1S 5 g'g/ _ioi _§i .
i J

‘()
i

TaKKe omnpenersrores 1o (8):

ITorok MomHOCcTH S;”" HA yJacTKe i—j OKOJIO y311a j ¥ Hanpsbkenue U, B y3ie j
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YTOUHEHHOE 3HAUYE€HUE MOILHOCTH Harpy3KH B y3JI€ j IpPU pacHpereeHUun

morraocTH IIIT S§”H) PaBHO IOTOKY MOITHOCTH S 'f.jf ) B KOHIIE Y4aCTKa i~
(wmr) _ ()
S =51

Pacripenenum Mexay 3aJaHHBIMU Harpys3kamu S; U S; MOIIHOCTh MCTOYHHMKA
Majoi reHepauuu S; B y3ne j 6e3 ydera III cxembl. YTOuHEHHOEe 3HaueHHUe

Harpy3ku Sﬁr) U MOTOK MOIIMHOCTH S "ff )Ha ydacTke i—j OKOJIO y371a j ompee-
JIAM 110 hopMyIIam:
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[ToTepu MOIIHOCTH U HANIPSDKEHUS HA YYACTKE i— ONPENEISIOTCSA C UCTIONb-
30BaHHEM HANPSDKCHUS B Y3JI€ j, BBIYUCICHHOIO IMPU pacHpeleiCHUH MOIIl-
Hoctu LI1.

[Totox MomHoCcTH S "l(]f ) Ha yuacTke i—j OKOJIO y3na i u Hanpsokenue U; B y3-

e i ompenesroTes 1o (8):
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=i
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PesynpTupyromme 3Ha4eHHs HATPY30K S, U S, B y3/1aX, a TAKXKE Pe3yJIbTH-
pyomre MOTOKA MOIIHOCTH §f/' ) u §f./.’ )Ha Y4aCTKe i—j CXeMBbI HaXOIATCSI METO-

JOM HaJIOXKCHHUA !
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B urore no uzBectHoMy HamnpsipkeHHto B IIIT cxeMbl U MOTOKaM MOIIHOCTH
Ha yYacTKax CEeTH §;.’> u §fj’ ), MOJTyYE€HHBIM METOJIOM HAJIOKEHHUS, YTOUHSIEM

3HAYCHUA NMOTECPb MOITHOCTHU HA YUACTKAX WU HAIIPAKCHUA B y3J1aX CETU 11O (8)

12 (i
SW=8s0-8; sV=8V = . U =U-Zz,.
2 —oi =i =i =Y U ; v = \/ggl !

Takum 00pa3oMm 3aBeplIaeTcs MOCTPOCHUE YTOYHEHHON cOanaHCHpOBaHHON
pacdyeTHOM MOJENN YCTaHOBUBIIETOCS PEXHMa Pa3OMKHYTOH TOPOICKOH 3JeK-
Tpudeckoil cetu. Ilocie ee popmMupoBaHUs MOSBIAETCS BO3MOXKHOCTh aHAJIN3U-
pOBaTh JPYrue€ PEXUMBI CETH IPU M3MEHEHHM TOIOJIOTUU CXEM, 4TO Oyner
NPEACTABICHO B IPYTHX MyOIHKALUSX.

BbIBO/IbI

1. TIpoananu3upoBaHa COBPEMEHHAs CTPYKTypa Pa3OMKHYTOW TOPOJCKOM
AIEKTPUIECKON CETH C pactpeeIeHHIMA UCTOYHUKAMH MAJIOH TeHepaIny.

2. IlokazaHo, YTO TOPOJCKAs IMEKTPHUYECKas CETh COCTOUT M3 MACCHBHBIX
(TpancopMaTOpBI, PETYIATOPHI, TUHUUA W JIP.) U aKTHBHBIX (pa3IHUYHBIC TeHE-
pUpYIOIIMEe UCTOYHHUKH) JIEMEHTOB, MATEMATUYCCKUE MOJIEIIH KOTOPBIX MOTYT
OBITH pPa3HBIMHU.

3. Pa3zpaboTrana MeTOIMKa MTONYYCHHS YTOYHEHHOH cOalaHCHpPOBaHHOU pac-
YETHOM MOJZIETN YCTAHOBUBILETOCS PEKUMA Pa30MKHYTOH TOPOJICKOM 3JIEKTpHU-
YECKOW CETH C MOTPEOUTEITLCKUMHU SHEPrOMCTOYHUKAMU JIJISl 33JJaHHOTO BpeMe-
HU CYTOYHOTO Tpa)uka UCTOYHUKOB TUTAHUS.

4. MeTtouka TIO3BOJISIET pacTpeAesuTh 3aMepeHHY0 UG POBEIME MPHOOpa-
MU y4eTa PeXKUMHYI0 WH(GOPMAIHIO MEXAY Harpy3Kamu CETH C MOCIeIyIOIIM
YTOYHCHHEM IOTOKOB M IMOTEPh MOIIHOCTH Ha y4YacTKaX, a TaKXKe Harpy3oK
Y HaNpsOKCHHI B y3JIaX CXEMbl METOZIOM HAJIOKCHUSI.
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MaTteMmaTHu4ecKue MoaeJau
U AJITOPUTMBI ONITUMAJILHOTO YIIPABJICHUS
HAIPY3KOil dJIeKTponoTpeduTeiei

M. Y. Paxmonos”, K. M. Peiimos?

DTamkenTekumit roCyIapCTBEHHbIM TeXHUYEeCKU yHUBepcuTeT uMeHu Vcnama Kapumosa
(Tamxent, Pecry6muka V36exucran),
PKapaxanmakckuii rocyapcTenHslit yaupepeurer (Hykyce, Pecrybmixa Y36exucran)

© benopycckuil HallMOHANIBHBIN TEXHUYECKUH yHUBepcuTeT, 2019
Belarusian National Technical University, 2019

Pedepar. Onue U3 OCHOBHBIX ITyTeH oOecnedeHUss SKOHOMHUYHBIX PEXHUMOB PabOTHI YHEPrOCH-
CTeM IpU KPAaTKOCPOYHOM IUIAHUPOBAHWHU — BBIPABHUBAHHE I'pa(UKOB HArpy30K IOCPEICTBOM
ONTHMAJIHOTO YIPaBICHUS MIEKTPONOTpeOieHneM. BripaBHuBanue rpagukoB Harpy30K ¢ LEIIbIO
CHIDKEHHUS PacX0/I0B MOXKHO OCYIIIECTBUTH IIPHUBJICUCHHEM MOTpeOUTENICH Ha OCHOBE aIMUHUCTPA-
THUBHBIX U 3KOHOMUYECKUX Mep. AJMHHUCTPAaTUBHbBIE MEPHI CBA3aHbI C MPUHYUTEIBHBIM OIPAHH-
YeHHEM Harpy3oK MoTpebuTeneil B ONpeneNeHHbIX HHTEpBallaX MepHro/ia IIIaHUPOBaHUs. DTH Me-
PBI, C ONHON CTOPOHBI, JAIOT BBIMIPHIII I HEPrOCUCTEMBI 33 CUET BBIPABHUBAHUS rpaduka
HarpysKkd, a ¢ Ipyroi — NpUHOCAT yIepd morpedbuTensiM. B koHeUHOM HTOre B IIENOM JUIs SHEp-
TOCHCTEMBI YIIepO MOXET OKa3aTbCs Oouibliie, yeM BbIMIphILL. [T03TOMY MX Lesiecoo0pa3HO Hc-
HOJIb30BATh B YCJIOBHAX Je(ULUTA SIEKTPO3HEPIHU U MOILIHOCTHU B 3Heprocucreme. OnTuManbHoe
IUTAHAPOBAHUE KPATKOCPOYHBIX PEXHMMOB HEPTOCHUCTEM IO NOJIYYSHHBIM IIOCIIE BBIPABHHBAHUS
JKECTKUM TpaduKkaM Harpy3ok MmoTpeduTeneil MOXHO OCYLIECTBUTh TPAAUIMOHHBIMH METOAaMH.
Perienne naHHOM 3aJauM IEPBOHAYAIBHO CIEAYET NMPOBECTH B YCIOBUAX HEKECTKHUX IpaHKOB
Harpy3oK, HOJy9aeMbIX B Pe3ylbTaTe IMPEKTHBHOTO HCIIOIb30BAHHS aJMHUHHCTPATHBHO-3KOHO-
MHUYECKHX Mep, OCYIIECTBIISIEMBIX 32 CUET CIIENNaIbHO pa3paboTaHHBIX Mozenel. B cratwe mpen-
JIO)KEHbl MaTeMaTH4YecKash MOJeNb 3aJaudl ONTUMHU3ALMH TpadUKOB HArpy30K PErylIupyeMbIX
ANEKTPONOTPEOUTENICH MPH ONTHMAJIBHOM IUIAHUPOBAHHH KPAaTKOCPOUHBIX PEKUMOB IHEPrOCH-
CTEM, JITOPUTM ONTUMAIBHOTO INIAHUPOBAHHS KPATKOCPOYHOTO PEXUMA SHEPTOCUCTEMBI C ONTH-
Mu3anuei TpaKoB Harpy30K PEeTyIUpPyeMbIX dIIEKTPOIOTpeOUTENeil, a TakKe alrOpUTMBI ydeTa
IPOCTHIX M (PYHKIMOHAIBHBIX OIPAaHUYCHUI B BHJE PABEHCTB U HEPABCHCTB NPH ONTHMHU3ALUH
rpaduKOB Harpy3ok siekrpornorpedurenei. DheKTHBHOCTh aNropUTMa ONTHMH3AIMU KPAaTKO-
CPOYHOTO pEXHMMa PHEPrOCHUCTEMBI C Y4E€TOM ONTHMAJBHOTO YIIPABICHUS HAarpy3KOH peryiu-
PYEMBIX 3JIEKTPONOTpeOuTeNneil ucciieoBaHa Ha MPUMEpPEe ONTHUMAJIbHOTO HOKPBITHS Tpaduka
Harpy3Kd 3HEProCHCTEMbI, COAEpXKallell IByX NoTpeduTeneil ¢ peryaupyeMbiMH rpadukamu
Harpy3ok, aByms TOC. Ha ocHOBe NpOBEJEHHBIX pPacYeTHO-’KCHEPHMEHTATBHBIX HCCIIENIOBa-
HH{ yCTaHOBJICHO, YTO MPEUIOKEHHAS MaTeMaTHIecKas MOJAENb 3aladd SBISICTCS aJeKBAaTHOH,
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pa3paboTaHHbBIE AITOPUTMBI ONTUMAJILHOTO IIAHUPOBAHMS KPATKOCPOUHBIX PEXKHMMOB 3HEPTOCH-
CTEM C ONTHMH3aIHed rpaguKoB HArpy30K PEryIUpPYeMbIX dJIEKTPOIOTpeOnuTeNeil U y4eToM pas-
JIMYHBIX BUJIOB OTPaHMYECHHUN 001a1al0T BBICOKMMH BEIYHCIIUTEILHBIMU KaueCTBaMU.
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Mathematical Models
and Algorithms of Optimal Load Management
of Electricity Consumers

I. U. Rakhmonov", K. M. Reymov?”

DTashkent State Technical University named after Islam Karimov (Tashkent,
Republic of Uzbekistan),
PKarakalpak State University (Nukus, Republic of Uzbekistan)

Abstract. Load profile alignment based on optimal power consumption management is considered
to be one of the main ways to ensure efficient operation of energy systems in the short-term plan-
ning. Alignment load profile with a view to reducing costs can be implemented with the aid
of consumers’ involvement by administrative and economic measures. Administrative measures
are associated with the forced restriction of consumer loads in certain intervals of the planning
period. On one hand, these measures provide benefits to the power system by alignment load pro-
file, and on the other hand, they cause detriment to consumers. Ultimately, in some cases, for the
whole power system, the detriment may be greater than the benefits. Therefore, it is advisable
to use administrative measures in conditions of shortage of power and electricity in the power
system. Optimal planning of short-term regimes of power systems according to rigid load profile
received after alignment can be carried out by traditional methods. The solution of such a prob-
lem ought to be initially carried out under conditions of non-rigid load profile resulting from the
directive use of administrative and economic measures carried out with the help of specially de-
veloped models. In this regard, the paper proposes a mathematical model of the problem of opti-
mizing load profile of regulated electricity consumers to be used for optimal planning of short-
term power system modes, an algorithm for optimal planning of a short-term power system mode
with optimizing load profile of regulated power consumers. Also, algorithms are proposed for
accounting for simple and functional constraints in the form of equalities and inequalities when
optimizing load profile. The effectiveness of the described algorithm for optimizing the short-term
mode of the power system, taking into account the optimal load control of adjustable electrici-
ty consumers, has been studied using the example of optimal coverage of the load profile of po-
wer system, which contains two consumers with adjustable load profile, and two TPPs. Based on
the calculated-and-experimental studies, it was determined that the proposed mathematical model
of the problem is adequate, while the developed algorithms for optimal planning of short-term
power system modes with optimization of load profile of regulated electricity consumers and ta-
king into account various types of limitations are of high computational qualities.
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BBenenne

PasButne sHepreruxu pspa crpan CHI', B wactHocTn PecnyOnuku ¥Y30exu-
CTaH, Ha COBPEMEHHOM »JTalle COMpPOBOXKIAETCS IMOSBICHHEM pE3KO HepaB-
HOMEPHBIX T'papUKOB HArpy30K, YACTHIMH U3MEHEHHSIMU CXEM JJIEKTPUYECKUX
ceTel, TIOCTEeNeHHBIM IePEeX0I0M Ha PHIHOYHBIE (OPMBI (PYHKIIMOHHPOBAHHS
M COOTBETCTBYIOIIMM yCJIOKHEHHEM YIPABICHHUS PEKAMaMH 3JIEKTPOIHEPTeTH-
yeckux cucrem (33C).

Peskast HepaBHOMEpPHOCTH Tpadyika Harpy3KH MPUBOIUT K YBEIUICHHIO CO-
CTaBISIIOIIMX 3aTpaT Ha MPOU3BOACTBO M COOTBETCTBYIOIIEMY POCTY y MOTpeOu-
TeNe W3AEep)KeK Ha TOKYIKY JJIEKTPOIHEPTHH. DTO, B YAaCTHOCTH, CBSA3aHO
C OJKCIUTyaTalel B SJIEKTPOCTAHIMAX NMPH MaKCHMalIbHBIX HArpy3Kax MeHee
9KOHOMHYHOTO 000pYyI0BaHUS, UCTIONIB3YIOIIEr0 SHEPTOPECyPChl HEAOCTATOYHO
a¢pdextuBHO. [103TOMY SKOHOMUYHBIE PEXHUMBI YHEPTOCHUCTEMBI MPH KPAaTKO-
CPOYHOM TUITAHHUPOBAHMH MOTYT OBITH OOECIieUeHbI 32 CYET BBIPABHUBAHUS Ipa-
(hrka Harpy3KH MOCPENICTBOM YIPABICHUS IIEKTPOIIOTPEOICHUEM.

BripaBHuBanne rpaduka Harpy3KH SHEPrOCHCTEMBI MOXKHO OCYIIECTBUTH
NpUBJIEYCHUEM MOTpeOUTENeld Ha OCHOBE aIMHHUCTPATUBHBIX W SKOHOMHYE-
CKHX Mep. AJMUHHCTPATUBHBIE MEPHI CBSI3aHBI C MPUHYAUTEIHHBIM OTpaHHYE-
HHEM Harpy3Kd MoTpeOuTeNnell B onpeeIeHHbIX HHTEepBalax Mepruoja IMIaHupo-
BaHUSA. OTU MEpbI, C OJHOM CTOPOHBI, JAIOT BBIMTPHILI JAJIS SHEPTOCUCTEMEBI 32
CYeT BBIpAaBHUBAHUS rpaduka HATrpy3KH, a C IPYTroil — MPUHOCAT yIiepo moTpe-
ourenssM. B KOHEYHOM UTOTE B HEKOTOPBIX CIydasXx, YHIepO MOMKET OKa3aThCsl
OombIre, 9eM BeIUTpHIIL. [lo3ToMy UX 11ernecoo0pa3Ho UCTIOIH30BATh B YCIOBUSX
JeUIUTA SIEKTPOIHEPTUHU U MOIITHOCTH B 3Heprocucteme [1-3].

BripaBHuBaHue Trpaduka HArpy3kd SHEPrOCHCTEMBI HAa OCHOBE HCIIONB30-
BaHUSl DKOHOMHUYECKHUX Mep B YCIOBHAX (DYHKIIMOHMPOBAHHS PHIHOYHBIX Me-
XaHU3MOB yIpaBieHuss pexxkumamu OOC mpenctapnsier OONBIION HWHTEpEC.
PazpaboranHble METOAVMKH BBIpaBHHBAaHUA Tpadrka Harpy3kd Ha 0aze SKOHO-
MHYECKUX Mep MPeyCMAaTPUBalOT B OCHOBHOM JIOOPOBOJILHYIO PEaKIIUIO TIOTpe-
Outeneil B OTBET HA U3MEHEHHE CTOMMOCTH 3JIEKTPOPHEPTUU B T€UECHUE TUIaHU-
pyeMoro nepuoja NpoNOpLUUOHATBHO CYMMapHOH Harpyske, a TakXKe Ha KOM-
MIEHCAIIMOHHBIE BHIIIATHI I CTUMYJIHUPOBAHUS CHIDKEHHUS OTPeOJIeHN B YaChl
MaKCUMAaJIbHBIX U YBEIMYCHUS B YaChl MUHUMAJbHBIX HArPYy30K [4—6].

OcHoBHAaf 4aCTh

B ycnoBusix mepexopa Ha PHIHOYHBIE MEXaHM3MbI YIPaBICHHUS PEKUMaMU
SHEPrOCUCTEM HMEIT MECTO TaKKe aJMHUHHCTPATUBHO-)KOHOMUYECKHE MEPHI
BBIPAaBHUBAHMA I'paUKOB HArpy30K sJekTpornorpedureneit. [Ipu stom amst He-
KOTOPBIX KPYIHBIX MOTpPEOUTENeH OINMpenensioTcs He KECTKUE HArpy3KH i
Ka)K/10T0 MHTEpBajla, & X MUHUMAJIbHO U MAKCHMAJIbHO BO3MOJXKHbIE 3HAUYEHUS
IPU COXPAHEHUM NOCTOSIHHOIO JIEKTPOIOTPEOICHUS 3a pacCMaTpUBAEMbIi Iie-
pHOJ IUIaHUPOBaHUA. B Takmx yclIoBUSX MOSBISIETCS BO3MOXKHOCTD MOTYYEHUS
JOIIOJTHUTEIBHOIO SKOHOMUYECKOTO 3¢ (eKTa 3a CUET ONTUMAJIBHOIO IUIAaHUPO-
BaHMSI PEKUMOB SHEPTOCUCTEMBI C YYETOM HEKECTKHX Tpa)MKOB HATPYy30K I0-
TpeOutenei. YacTh modydaeMoi TOTOTHUTEIHHON SKOHOMHYECKOW TPHUOBLIH
IIPU 3TOM MOXET OBITh M3pacxXoJOBaHa IJIi CTUMYJIMPOBAHMS MOTpeOuTeneit
3a MX y4acTHue B Ipoliecce onTuMu3anuu [7, 8].
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OnTtuManbHOE TUTAHHPOBAHUE KPATKOCPOYHBIX PEXKUMOB JHEPTOCHCTEM IO
MOJTyYEHHBIM TIOCJIE BHIPABHUBAHUS JKECTKUM TpadukaM Harpy3ok HoTpeOu-
TeJeld MOXHO IPOU3BECTH TPAaJULMOHHBIMH MeTOAaMu. PelreHue 3Toil 3amauu
B YCJIOBUSIX HEXKECTKHUX Ipa)uKOB HATPY30K, MTOTYYaeMBIX B PE3YJIbTaTe UCTIOJb-
30BaHUs JUIsl BRIPABHUBAHUS TPpaMKOB HArpy30K aJIMAHUCTPATUBHO-DKOHOMHU-
YECKUX MEp, MOXKET OBITh OCYIIECTBICHO Ha OCHOBE CIICLMAIBHO pa3padoTaH-
HBIX Mozenei [9, 10].

3azada ONTUMU3ALNKI KPATKOCPOUYHBIX PEKUMOB 3HEPIOCHUCTEM C ONTUMATb-
HBIM YIpPaBICHHEM Harpy3KOi 3JeKTpONOoTpeOuTeNell MaTeMaTU4eCKH OMKCHI-
BaeTCsI CIASAYIOIMNM 00pa3oM:

e MUHUMH3HPOBATh IIEJICBYIO (QYHKIIUIO, TIPEICTABISIONIYIO CO00H (YHKIHIO
CYMMAapHBIX TOIUIMBHBIX H3JIEPKEK Ha MPOU3BOACTBO 3JICKTPOIHEPTHU BCEMU
TOC 3a nukn perynupoBanus 7T+

B=3 % B () M

tel ieT

e C yUETOM OT'paHUYEHUH:
— 110 GajjaHCy MOIIHOCTU B YHEPrOCUCTEME B KaXIOM MHTEpBaje IUKJIA pe-
ryaupoBanus T’

t t .
W, =X BT P =0 i @
ieN ieM
—mo OanmaHcy DIEKTPOIHEPTHU 3a LHUKJI PETyIUPOBAHUS UL KaKIOTO U3
pacueTHHIX (y4acTBYIOIIUX B ONTHMHU3AINHN) SIEKTPONOTpeOuTenei
t T . .
0; =D P =25=0, jeM; 3)
tel
— 10 MHHUMAalbHO W MAaKCHMAaJbHO BO3MOKHBIM Harpy3KaM pacueTHBIX
AIEKTPOCTAHIINN U DIICKTPONIOTPEONTEIICH:
{,min t f,max - L .
P < PI< P jeN; teT; 4
¢, min t t,max - . .
PSP <P, ieM; teT, (5)
— TI0 TIEPETOKaM MOIITHOCTEH KOHTPOJIMPYEMBIX JJMHHH dnekTpornepenady (JIOIT)
t Dt .
F<P,lel,teT, (6)
rae N, M — maOXecTBO TOC M 3JIeKTPONOTpeOUTENCH, YIaCTBYIOIHUX B OITH-

musanuy; L, — MHOKecTBO JIOII, B KOTOPBIX KOHTPOIMPYIOTCS MEPETOKH MOIL-

Hoctu; P, Pj’ — MomHOCTS i-i TOC # j-ro 31eKTponoTpeOuTeNs B -M HHTEpBa-

ne upKia perymmposanus; B,(P') — rtommBHas usznepxkka i-it TOC npu ee
Harpy3Ke B {-M MHTepBaje LKA perynuposanus; B, W,, ¢ ; — yHKumK Heba-

JIAHCOB aKTHMBHOM MOIIHOCTH B #-M MHTEpPBaJe U DJIEKTPOIHEPTUH j-TO TOTpedu-
TeJs 3a LUKJI perylupoBanus 1 COOTBETCTBEHHO.

[Ipennaraemslii alrOpUTM pELIEHUsS paccMaTpUBAEMOM 3aladd MpexycMar-
pUBAET y4eT OrpaHUYEHHMH B BUJE PAaBEHCTBA Pa3JCICHUEM MEPEMEHHBIX MOII-
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HOCTEH pacyeTHBIX CTAHIIMM M HArpPy30K PETyIUPYEMBIX dJICKTPOIOTPEeOnTEICH
Ha He3aBHUCHMBbIE (V;, i =1, 2, ..., T+ m) u 3aBucumsle (x;, j=1,2, ..., T*(n +m) —
— (T + m)) nepemennsbie. [Ipu 3TOM U3 KaKAOTO OrpaHUYCHUS B BUJIC PABCHCT-
Ba 10 OJTHOW M3 MEPEMECHHBIX BBIJICISICTCS B KAUECTBE 3aBUCHMON MMEPEMEHHOM.
B pesynprare 4ncio 3aBUCHMBIX IEPEMEHHBIX PaBHAETCS YUCITYy OTPAHUYCHHUN B
BUJIC paBEHCTBA. 3a TaKUE MEPEMEHHBIC PEKOMEHIYETCS BRIOPATh IIEPEMEHHBIC C
OOJBIIUM JTOMYCTUMBIM JAHANIA30HOM U3MEHEHUSI.
IleneBast QyHKITHS TIpEICTABISETCS KaK

F=B+) > 1, (7)

i€l [eL,

rae 1) — wrpadHas (YHKUMA, YYUTHIBAIOIIAS OrPAHUYEHHUS IO IMEPETOKY

MOIITHOCTH /-#1 KoHTpompyemoit JIDII B £-M uHTEpBaIIC.

PacyeTHbIi1 npoliecc HAYWHAETCS C MPUHSITUS HAYAJIbHBIX 3HAUYCHUH NI He-
3aBUCHMBIX TIEPEMEHHBIX, HAYAIBHBIX IIIar0B U TOYHOCTU pacuera. BemuuuHer
3aBUCHMBIX MEPEMEHHBIX MPH HM3BECTHBIX 3HAYCHUIX HE3aBUCHUMBIX TEPEMCH-
HBIX HaXOJATCS Ha OCHOBE PELICHHsI CUCTEMbI YpaBHEHHH, COCTOSIIEH U3 orpa-
HUYCHUU B Bujie paBeHCTB (2) u (3).

KommoneHTsl rpagueHTa 1eneBod (yHKIMH (7) BBIYUCISIIOTCS C YYETOM
CJIO’KHOMW 3aBUCHMOCTH I1€J1eBOH (DYHKIIMU OT HE3aBUCHMBIX ITePEMEHHBIX

— (k=D) - (k=1)
oF*™ _oF | Tf oF  ax"P

8yj 6)’_,‘ i=1 axi 8yj

HesaBucuMble nepeMeHHbIE Ha KaXIOW k-ii MTepaluyl BBIYUCISIFOTCS TI0
tdhopmye

L j=1L2,..,Tn+m—(T+m). (8)

k k-1 k aF(k_l) . *
y§’=y§-"—h})a—,J=1,2,---,T(n+m)f(T+M) 9)

J

Illaru B HaIlpaBJICHUU aHTUT'PAJUCHTA OIIPCACIAOTCA 110 YCIIOBUAM!

(k=1 (k=2)
1,37 %D ecnu o o >0;
L _ oP o 0
- oF*D pp*-2 (10
0,4ht(k71), CCIIN W? <0.

Takum o0pa3oM, mpolecc pacdera MO JAaHHOMY alTOPUTMY ONTHMH3AIUU
KPaTKOCPOUYHOTO pPEXUMa HSHEPrOCUCTEMBl C ONTUMAJIBHBIM YIIPAaBICHUEM
HAIrpy3KOHM 3JICKTPONOTPEOUTEICH M y4eTOM OrpaHHMUYCHHUM BBIJICICHHEM 3aBH-
CHUMBIX MIEPEMEHHBIX BBITJISINUT CIEAYIOUTIM 00pa3oMm:

1) mpuHUMarOTCS HadalbHBIC 3HAYCHHSI MOIIHOCTEH PpACUYETHBIX CTaHITHUMA
U Harpy304HBIX Y3JIOB C PETYIHPYEMBIMH AJIEKTPONOTPEOHUTENSMHU, KOTOPHIC
SABJIAIOTCA HE3aBUCUMBIMU NMEPEMCHHBIMHU, IIarv 10 HE3aBUCUMBIM IIEPEMEHHBIM
Y TOYHOCTh pacueTa;
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2) Ha OCHOBE PEIICHHUS CHCTEMBl YPAaBHEHHM, COCTOAIICH W3 OTpaHUICHUI
B BUzE (2) 1 (3), Ipy HAYAIBHBIX 3HAYEHUSIX HE3aBUCHMBIX IEPEMEHHBIX Ompe-
JEJIAI0TCS 3Ha4eHUS! MOIIHOCTEH pacueTHhIX CTAaHUMH W HAarpy304yHbIX Y3JIOB,
IPUHATBIX KaK 3aBUCHMBbIE IIEPEMEHHBIE;

3) o (8) BBIYMCISIOTCS KOMIIOHEHTHI TPaJUeHTa LeJIeBOM (YHKIMH [0 He-
3aBHCUMBIM [IEPEMEHHBIM;

4) u3 ycnoBus (10) onpenensoTcs maru B HANPaBIEHWH aHTUTPAJNEHTA 10
HE3aBUCHMBIM [IEPEMEHHBIM;

5) no (9) onpenensAOTCs 3HAUEHHUS HE3aBUCHUMBIX [IEPEMEHHBIX B OUEPEIHOM
UTEpalny;

6) Ha OCHOBE PEIICHUS CHCTEMbI YpPaBHEHWH, COCTOSIICH M3 OTpaHUYICHHIA
B Buae (2) u (3), mpu MONYyYEHHBIX 3HAYCHHUAX HE3aBUCHMBIX NEPEMEHHBIX
HaXOJAT 3HAYCHHUS 3aBUCHUMBIX IEPEMEHHBIX B OUEPEIHOMN UTepaluu;

7) npoBepsieTcsi 00ecTieYeHNe YCIOBHS CXOJMMOCTH UTEPATUBHOTO MpOIiec-

ca ‘B“"” - B(")‘ <&, TpPH BHIIIOJIHEHAN BCEX OTPAHUYCHHUI.

[Ipu BBHIIOTHEHUH YCIOBHS CXOJIUMOCTH PAaCUYETHBIN MPOIECC OCTaHABINBA-
eTCsl ¥ pe3yibTart, MOMyuYeHHBIN Ha MMOCIeAHEeH UTEPaLii, IPUHUMAETCS KaK OI-
TUMAaNbHBII. B IPOTUBHOM CiTy4yae aHaJIOTMYHO BBINOJIHAETCS CIEAYIOLIas UTe-
pauus, HauuHasl ¢ MyHKTa 3.

O} PeKTUBHOCTL OMMCAHHOTO AJITOPUTMA MCCACA0BaHA, B YaCTHOCTH, Ha
prMepe ONTHMAIBHOTO MOKPBITHS IpaduKa Harpy3KH SHEPTOCHCTEMBI, COIep-
XKalel IByX MoTpeOuTeneld ¢ peryaupyeMbIMH TpaduKamMH HArpys3ok, ABY-
Ma TOC. XapakTepuCTHKM TOIUIMBHBIX H3AEPKEK CTAaHIMH MPEICTaBICHBI
B KBaJpaTH4HOH popMme Kak B, =a, +b, P+ c, P> (1011./9), K03 GUIMenTsl Ko-
TOPOU TIpUBEACHBI B TAOI. 1.

Tabruya 1
Ko3¢ppuuuentsl 3neprernyeckux xapakrepuctuk TIAC (a; = 0)

The coefficients of power-generating characteristics of thermal power plants (a; = 0)

T2C b; Ci
TOC-1 4,0 0,024
T2C-2 6,0 0,016

DNeKTPO’HEPTHSA, TOTydaeMasi MOTPEOUTENIMH B TEUCHNE IUKIJIA PETyIHPO-

BaHUS, M UX HEXKECTKHE rpad) KK HAIPy30K JaHbl B Ta0. 2.
Tabauya 2
I'paduku rpaHNYHBIX HATPY30K U 3JIeKTPOIHEPIHsl, OTIMyCKaeMasl IIOTPeGuTesIM
B Te4YeHHe MOJHOT0 IHKJIA PeryJInpoBaHus

Border load profiles and electricity supplied to consumers during the full regulatory cycle

[Tosny4aemast I'pannyHast (MUHUMAIbHO U MAKCHMAJIbHO BOSMOJKHAS)
[Motpeburens | 3IEKTpOIHEPrUs, Harpyska 1o uHreppaiam, MBt
MBT-4 1 2 3 4

300 400 350 470

1 1650
400 400 380 600
200 350 450 250

2 1400
300 350 600 300
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Pe3ynbTaThl ONTHMANBHOTO TIAHUPOBAHHS PEKUMa SHEPrOCHCTEMBI C yde-
TOM YIIpaBJICHUS TpaUKOB HArpy30K MOTPEOUTENCH 3a paccMaTpUBaCMBII
TIEPHOT IPUBEACHBI B TA0JI. 3.

Tabauya 3
OnTUMaIbHOEe NOKPBITHE HEKECTKUX IrPadMKOB HATPY30K
Optimal coverage of non-rigid load profile
Ormyckaemast OnrtumanbHbIHA rpadyK Harpy3oK CymmapHast
Cy0Obekr JNEKTPOIHEPT U, norpeburencii u TOC, MBr TOIUIMBHAS
MBT-u 1 2 3 4 H3ACPHKKa, JOII.
Motpe- 1 1650 400 400 350 500 -
Ourens 2 1400 300 350 450 300 -
56 T3C-1 1320 305 325 345 345 15760,8
T3C-2 1730 395 425 455 455 22391,2
CyMMapHbIi
10 YHEProcucTeMe 3050 700 750 800 800 38152,0

Jlis cpaBHEHUS Pe3yJIbTATOB ONTUMAILHOTO IIAHUPOBAHUS PEXHMa DHEp-
TOCHUCTEMBI MPUBEACHBI PE3yJIbTAThl ONTHMAIBLHOIO MOKPBITUS KECTKUX (Hepe-
TYJIUPYEeMBIX) TpaQuKOB TPAaHMYHBIX Harpy3ok morpedbureneir. [Ipu sTom cym-
MapHBIC TOIUTMBHEIC M3ACpKKH cocTaBisud 39160,0 m 38169,3 nom., koTopbie
COOTBETCTBCHHO OOJIBIINE, YeM IMPH TUIAHUPOBAHUM C ONTHUMAJILHBIM YIIPaBJic-
HHEM Harpy3o0K 2JIEKTPONIOTpeOUTENeH.

BbIBO/IbI

1. Pa3zpaboTansl MaTeMaTHIeCKasi MOJENb U aJrOPUTM ONTHMAILHOTO ILIa-
HUPOBaHUS KPATKOCPOUYHBIX PEKUMOB SHEPrOCHCTEM C yIPaBICHUEM HAarpy3KOM
aneKTpornoTpeduTeneii. B pesynpraTe co3maHa BO3MOKHOCTH ONPEAEICHHS OIl-
THMAJIBHBIX Harpy30K pacyeTHBIX IEKTPOCTAHIMH M PEryIUPYEMBIX IIEKTPO-
noTpeOuTeNnell ¢ y4eToM PeXUMHBIX U TEXHOJOTHUECKUX OTpaHW4YeHuil u obec-
MIEYCeHNS HA UX OCHOBE A(P(PEKTUBHBIX PEKUMOB pabOTHI IHEPTOCUCTEMBI B JIO-
MyCTUMOM 007acTH.

2. B ycnoBusx HeXeCcTKUX IpadMKOB HArpy30K MOTpeOUTENIeH MOKHO MOITY-
YUTh JOTOJHUTEIBHBIA 3KOHOMUYECKUH 3()(MEKT IpH ONTHMAIBHOM IUIAHUPO-
BaHMHU DPEXHMMa SHEProcHUCTeMBI. [IpH 3TOM KEeCTKHE ONTHMAJbHBIE TPadUKH
HArpy30K HOTpeOuTeNel, KOTOphIE JODKHBI ObITh COXPAHEHBI, OMPEICISIFOTCS
B pe3yJbTaTe ONTUMHU3AINH.
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TemnoycToiunBOCTh M TEMJIOMACCOOOMEH
AOPOKHBIX NOKPBITHI

b. M. XpyCTa.HeBl), JIro Tm{ryoz), B. JI. Akesnne”, JIn ‘blcymoiiz),
10. I'. Astexcees”, B. B. 3ankoBuy®

DBenopycckuii HAMOHATBHBIA TeXHHUecKHil yHuBepcuTeT (MuHCK, Pecry6muka Benapycs),
YKommanus «aotoanby (MpoBrHIHs X3HaHk, KuTaiickas Hapognas Pecry6Gmika)

Pedepart. Marepuans! cTaThy SBISIOTCS (parMEHTOM IIPOAOIDKAIOIINXCS HCCIIEIOBAHMM, HAIIPaB-
JICHHBIX Ha CO31aHUE ONTHMAJILHONW MH(OPMALIMOHHOI cpeibl, 00eceunBaroLIei JOCTYI K Hayy-
HBIM IyOJIHMKanusAM M3 U3BECTHHIX HAyUYHBIX )KYPHAIOB U APYTHX HM3JaHUH, HEOOXOIMMBIM IS
KaueCTBEHHOTO BBITMOJIHEHHS HAYYHO-TEXHUYECKOH AESATENbHOCTH MO NMPHOPUTETHBIM HalpaBiie-
HUSAM B 00JIaCTH AOPOXKHO-CTPOUTENBHOM oTpaciy. Mcnonp30Baics UTaT-aHaIU3 C IPUMEHEHHEM
nmaaHbIx Journal Citation Reports oT60opa MHpPOBBIX HAay4HBIX CEpPHUIHBIX M3IaHUH, HEOOXOANMBIX
JUISL BBITIOJIHEHUSI MCCIIEJJOBAHUM TEIIO- U MAaccoMepeHoca B JOPOKHBIX ojexkAax. B paznnuHbx
KIMMAaTHYECKUX YCIOBHAX UMEIOT MECTO MX Je()OpMalMy BCIIEACTBHE TEIUIO- U MAaCCOOOMEHHBIX
IIPOLIECCOB, B3aUMOACUCTBUSA TPAHCIOPTHHIX IOTOKOB C MOBEPXHOCTBIO JOPOIHU, IPU KOTOPBIX
MPOUCXOIUT TPELIMHOOOPA30BaHUE 110 ITyOMHE U Ha IIOBEPXHOCTAX AOPOXKHBIX onexa. Ha Tero-
U MaccOIIepeHOC BIHSAIOT CTPYKTYpa MaTepHaOB KOHCTPYKTHBHBIX CIIO€B, OCOOCHHO BBITIOJHEH-
HBIX W3 TEXHOTCHHBIX OTXOMOB (acdampTo-, Kene300€TOHHBIM, OCTOHHBIM, KHUPIHYHBIH JIOM
U IIPOAYKTHI UX MepepadoTKu, pa3luyHble OTXOAbI IPOM3BOACTB U T. A.). IIpencTaBiens! pesyib-
TaThl HCCIIEAOBAHNUHN TEIUIOBBIX MOTOKOB MOTPAHMYHEIX CIIOEB B 3aBUCHMOCTH OT BS3KOCTH, CKOPO-
CTHU BO31yXa, FCOMETPUYCCKUX XaPAKTEPUCTUK, TIPOHULAEMOCTH, KaITUJUIAPHBIX }IaBJ'[eHPIl\;I B Marte-
puajiax. HOK%aHO, 4YTO pacye€Thl, OCHOBAHHbIE Ha MNPUHOUIIAX HCIOJB30BaHHSA KOMINUICKCHBIX
YHCeN, IMEIOT OCOOCHHOCTH B MH)KEHEPHOH NMpakTHKe: TpeOyeTcs TOYHOCTh B MOJXOMAAX, COKpa-
IICHUEC o0beMa BquHCHCHHﬁ, O6yC.]'IOBJ'[eHHl>IX HEKOTOPBIM CHMXEHUEM TOYHOCTH BCJICIACTBUE
nepexosa OT KOMIUJIEKCHBIX YHCEJI K UX MOAYJISIM, € YCTPAHCHUEM yUu€Ta CABUTa (1)33 H CBA3AaHHBIX
C PacIpoCTpaHEHHEM TEIUIOBEIX BOJH. IIpM 3TOM akTyaidbHBI pacdeThl TEINIOYCTOHYMBOCTH Oe3
CABHUI'OB (1)3,3, COorjlaCye€MbI€ C IpUHOUIIaMH, OCHOBAHHBIMU HAa TOM, YTO BO MHOTHUX pacd€Tax KOM-
IUIEKCHOCTD XapaKTepHu3yeTcs K03 (UIUEHTOM TeIIOYCBOCHHS MaTepraia. PaboTa BeIONHSIACH
MU TOAAEPKKE CO CTOPOHBI XEHAHBCKOTO OIOPO BBIJAIOIIMXCS MHOCTPAHHBIX CIICIHANICTOB,
HoMmep rpanTa GZS 2018006 (KHP, npoBunius X>HaHb).

KnroueBble c1oBa: 00BEKT, pacyeT, TEMIIEpaTypa, IIEMEHTOOCTOH, ac(arbTOOCTOH, TEXHOIOTHS,
TEIIOYyCTOWYMBOCTD, MOJIENb, OTOK, 331a4a, KO3(QQUIUEHT, MOYIIb, IOPOXKHAsA Ok, TEILIO-
U MacCOIIepeHOC, CTPYKTypa, HallpshKeHHe, ITOBEPXHOCTb, Ae(opMalys, TPeuMHOOOpa3oBaHue,
MOrPaHUYHbIH C10#

Jnsi umTupoBaHus: TerioycTOWYHMBOCTE U TEIIOMAacCOOOMEH MOPOXKHBIX KOHCTPYKUHUH /
b. M. Xpycranes [u ap.] // Dnepeemuxa. H3s. svicus. yued. sasedenuti u suepe. ooveounenuii CHI'.
2019.T. 62, Ne 6. C. 536-546 https://doi.org/10.21122/1029-2019-62-6-536-546

Introduction

Automotive highways at various climatic conditions are considered as open
non-linear heterogeneous thermodynamic systems because cracking, road de-
formation must be studied while using synergetics principles as result of collec-
tive behavior, self-organization of structural pavement elements in case of rea-
ching critical temperatures. Formations occurring due to these processes repre-
sent in themselves dissipative structures adapted to external conditions and in
this case road dressings change their mass [1-6] as a result of heat and mass
transfer with air, external flows, sources.
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An example of dissipative structure formation is a road dressing with due
account of the Bénard effect: a convection with hexagonal cells in the layer
of viscous fluid and critical difference of temperatures between down- and
upstreams occurs at various distances, for this reason there is an intensity jump
of heat transfer. In case of long temperature drop a road pavement dissipates
a part of the accumulated heat to the horizon and various object. When there
is a balance in stress of limit dressing material strength then jump-like remo-
val of pavement heat portion takes place (for example, a reduction in air tem-
perature by 10 °C leads to change of temperature field through road thickness up
to 0.45-0.50 m).

At the same time longevity, economical efficiency, optimal operational con-
ditions of road pavements depend not only on physical and chemical characteris-
tics of roads and environmental systems (“road surface — horizon”; “road sur-
face — thermal flows — atmospheric air”, afforestation, number (density, load
capacity) of transport facilities”), thermodynamic, heat and mass transfer poten-
tials of road dressing materials and others. The most important role is played by
a complex of issues pertaining to external and internal matters which are at-
tributed to actual processes of heat and mass transfer in single- and multi-layer
systems of road dressings. While having known coefficients of heat-conduction,
vapor- and mass permeability, diffusion, filtration, thermometric conductivity,
layer material density, initial and boundary conditions it is possible to carry out
optimization of problems concerning heat and mass transfer from road surface
to its base (bulk materials, borrow soil). Density of heat flows in road pave-
ments, their degradation are characterized by geometric roadbed dimensions
(width), radiation characteristics (emissivity factor, albedo), etc. Deformation
characteristics, longevity, crack resistance of road pavements depend on decay
in external air temperature variations [6-9].

An analysis of calculations has shown that coefficients of heat absorption
and heat resistance of road materials depend on coefficients of heat- and tem-
perature conductivity, pavement components, heat capacity, density, periods of
regular variations, indices of temperature variation decays calculated according
to a formula

RS RS
ZT v :expzﬁ Si+S8on S, +80, S S, +S,., S, ta, ()
S, +Sy, S, +8y, S, S,+S,, o,

Vv, =exp

n

where y — heat conduction coefficient of road layers; Si, S,, S, — heat absorption
coefficient of the 1%, 2", ..., n-layers, W/(m*K).

The calculation presupposes a presence of temperature waves in one direc-
tion (absence of temperature variations at surface), in this respect a decay in
temperature waves can be calculated at an infinite large distance from the sur-
face with the help of nomograms.
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Processes of heat transfer in cement concrete pavements

Cement concrete road pavements are usually constructed under the following
conditions: absence of atmospheric precipitations and temperature 5-25 °C,
mean daily temperature from 5 to 10 °C, minimum daily temperature more
than 0 °C. Maximum transportation time period of tempered heavy concrete
mixes with workability grade II-1 must be equal to 60 minutes; air tempera-
ture 20-30 °C and mix temperature 18—-20 °C with its average transportation
speed 30 km/h.

An analysis of temperature gradients has been carried out in calculations;
duration of temperature equalization has been determined in the massive with
due account of the given initial boundary conditions while presenting the road
dressing as a semi-closed body. A relative non-dimensional temperature has
been calculated in accordance with the expression:

_Bi(l-n)

2(B1+1) ZAlsin[vn(l—n)exp(—viFO)J, 2

n-1

where A4, — initial thermal amplitude of road n-layer.
Calculation results are presented in Tab. 1.

Table 1
Temperature of cement-concrete pavement surface in dependence to time-period
Duration Fourier number | Biot number not? d(irrflljr?s?:na | Surface
of heat transfer t, h (Fo) (B1) temperature) temperature o, °C

0.05 3.55 0.50 10.0
0.15 3.55 0.63 7.4
0.25 3.55 0.70 6.0
10 0.50 3.55 0.75 5.0
20 0.10 3.55 0.77 4.6

While calculating heat transfer for plane road dressing it is accepted that its
surface temperature is equal to ¢, that is temperature of air flow with constant
velocity. If we take into account the fact that a portion of horizontal surface with
length x, is not heated and a temperature is not equal to the flow temperature

(Fig. 1, 2) then a dynamic layer appears at a frontal edge and a thermal one ap-
pears at a heated area boundary of horizontal surface.

Thicknesses of boundary layers are increased in direction of flow motion.
Calculations of a thermal and dynamic boundary layer thickness and heat trans-
fer have been made in conformity with classical expressions [10-12]. For that
purpose it is logical to accept assumptions in respect of a temperature distribu-
tion profile which are the more correct the closer they coincide with actual ones.
An expression with some arbitrary functions can be applied and the functions are
determined in such a way that the expression fulfills real conditions: at y = 0,

t=ty; if y=oo, t=t,, S}t} =0. The following equation for stationary flow with
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L : 0’t .
small velocity if y=0 is recommended 6_2: 0. Then it is acceptable to use
4
a polynomial with four functions and numerical values of Prandtl number
are rather significant in this case.
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Fig. 1. Influence of dynamic flow velocity on multi-layer road pavement
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Fig. 2. Temperature fields of road pavements and outside air according to time

An analysis of non-isothermal temperature fields in road dressings has been
made similar to mathematical models while calculating of temperatures (multi-
layer structures) at boundary conditions of III and IV type on interface of pave-
ment layers. Moreover, at autumn—winter—spring periods processes of heat- and
mass-transfer are the most complicated so a complex of conditions with calcu-
lated optimum transport speeds is necessary attributed to them. Amount of pre-
cipitation, a specific feature of temperature regime being peculiar for an object,
constructive thermal- and mass-physical characteristics of materials must be ta-
ken into account while developing technologies under such conditions. Equa-
tions of non-stationary thermal- and mass-conductivity considering thermody-
namic air parameters, thermal and physical characteristics of road materials are
considered as more correct for calculation of temperature fields.
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It is necessary to note that road dressings, soil foundations (multi-layer sys-
tem), its every layer is characterized by heat- and temperature conductivity fac-
tors, density, etc. which are functionally connected with coordinates x, y,z, time T.

Temperature field in depth of road dressing, road bed can be presented in the
form of ratio #(x,y,z) at some specific (characteristic) time moment t = 0.

Temperature regime of design changes due to meteorological conditions; phase
transitions occur in boundaries of layer separation at negative temperatures; heat
emission arises during crystallization; absorption happens during defrosting.
Thermal- and mass-physical characteristics of materials change intermittently in
going from a crystalline zone to a drop one. Temperature difference in layers of
road design leads to molecular heat transfer by heat conductivity.

Thermal and physical characteristics of road dressing materials, temperatu-
re regimes characterize thermal and inertial properties of pavement layers and
surfaces and temperature field of pavement surface is determined by character
of surface heat-transfer, aggregate coefficient of heat exchange: o =a, +a,.

where o, — a convection component, which is subjected to an influence of spe-
cific features of transport flow, roadside situation, topography, and o, characte-
rizes conditions of heat inflow, losses depending on radiation, determined
by absorptive surface ability (colour, roughness), its orientation with regard to
solar rays.

Correct mathematical setting of the problem must take into account: intro-
duction of differential heat conductivity equations, describing the process of heat
transfer through road design layers; initial conditions, temperature field near sur-
face at the initial moment of time; boundary conditions.

It is known that a temperature regime of road dressing near its surface is de-
scribed by the equation
iy _d P dt(y,r)}+ . 3

dt dy dy

where g — internal heat liberations.

Experimental and analytical investigations of some researchers have shown
that longevity, economical efficiency, optimal interaction conditions of transport
elements and road objects depend on physical and chemical, technical characte-
ristics of road surfaces and environmental systems (“road surface — horizon”;
“road surface — atmospheric air, afforestation”), density of transport flows, ther-
modynamic, heat- and mass transfer potentials of road materials, air, air flow
velocity, etc. —a complex of problems pertaining to exterior problems.

Effect of dynamic forces on concrete, bitumen-concrete pavements being in
moistened state for a long period of time reduces their strength, longevity, and
these phenomena cause processes of structure destruction which are developing
at static, dynamic exposure to water. When moisture is rather long in concrete
material pores water diffuses and facilitates to partial structure deformations.
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In this case heat- and mass transfer processes in asphalt concrete are mainly de-
termined by material micro-structure, so their analysis is considered as an actual
task of investigations.

In accordance with the Young-Laplace equation, Washburn principle exter-
nal pressure is a function of pore dimensions and it is determined from the ex-
pression

2ccos0
) (4)

r

where p — absolute external pressure, MPa; ¢ — surface tension coefficient,
dine/cm; O — angle of boundary wetting, deg; » — capillary radius, cm.

Considering the fact that mercury o = 480 dine/cm, and 6 = 141.3°, accor-
ding to (4), a pore radius is calculated with the help of a formula

7500
r=—
P

)

Volume of efficient porous space within specific pressure interval can be
calculated while using

_F(hy—h)
V= lm 2 , (6)

where F — cross section of a dilatometer (7.065 mm’, type SMHB); /4, — general
mercury level drop at pressure 100 MPa; 4, — mercury level drop due to its com-
pression at pressure 100 MPa; m — weight of a specimen, g.

It is known that the less the specimen dimension the easier mercury pe-
netrates into material pores. So it is considered that specimens with diameter
of 8-10 mm are the most preferable for investigations.

Fig. 1 shows an increase of integral porosity in the specimens with fine-
grained structure in comparison with road materials with medium grained struc-
ture types. The experimental investigations have made it possible to reveal that
porosity extremes of medium- and fine-grained asphalt-concrete are located in
the zones 700—-800, 70—80 and 30—40 A, respectively.

While taking into account the accepted classification of pores and capillaries
according to dimensions the obtained results can be interpreted in the following
way: micro-pores and micro-capillaries are present in materials of the investiga-
ted specimens and their volume from the total efficient porous space constitutes
up to 29 % in fine-grained and up to 50 % in medium-grained asphalt-conc-
rete (Tab. 2). Micro-pore volume these are pores with a radius of less 10° A con-
stitutes 71 % in fine-grained and within 42—55 % — in medium-grained asphalt-
concrete.
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Table 2
Distribution of pore volume according to radius

%

Type of asphalt ;gzzfirg} Pore volume with radius, A
concrete cm'lg so | 50| 100- | 200 | 300 | 400- | 600 | 10°~ | |

100 | 200 | 300 | 400 | 600 | 1000 | 10*
Medium-grained B| 0.0065 8 12 6 3 2 5 14 28 | 22
Medium-grained C| 0.0041 8 13 7 4 2 3 15 23 25
Fine-grained A 0.0156 | 20 | 27 10 4 3 3 4 16 13

Experimental investigations on distribution of pores in the studied mate-
rial according to size have been carried out with the help of a mercury steam
meter (model H-70 of Carlo Erba Company). Interaction of non-wetting fluids
with capillary-porous body is the main operational principle of this measu-
ring device.

The investigations of porous space in asphalt-concrete specimens make it
possible to presuppose that similar heterogeneous systems having micro- and
macro-capillaries will have molar and molecular processes of dropping vapor
phase transfer due to diffusion filtration flows.

Calculations of boundary layer at surface of road pavement

Solution of a problem on flow-around of road pavements plays a great role
in theory of heat- and mass transfer, construction mechanics.

Road pavement located along a longitudinal flow of transport elements is
considered as a stream-lined body and its resistance firstly depends on tangential
stresses. Dependence of frictional resistance coefficient used for calculation of
a boundary layer in an air flow resolves itself into determination of change cha-
racter in layer thickness these are functions 6 =0(y) and degree of friction
resistance on the condition that we know a velocity of incoming flow and coef-

ficient of kinematic air viscosity. An integral relation of steady-state flow has the
following type [10]:

d dw, t

2 2 0 0

wo,—0,w, + o, =— 7

© dx 2" d 1 ( )

As in the analyzed case w, =0, Z—p =0, that is w, =const, a road pave-
X

ment can be considered as a body with a zero pressure gradient along a link then
an integral relation has the following type:
dod
w24 T

dx B ®

In order to calculate a boundary layer thickness and resistance force exerted
to a surface it is necessary to take into account a law of velocity distribution ac-
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cording to thickness layer; an equation, binding shear stresses on road surface,
and in this case w,, =w, [4, 10]
d

Lo+ Do =20 9
deOO dx 1 p ()

dw,,

where p — air density; Ty — shear stress on roadbed surface (measure function of

internal forces due to application of external actions, temperature, velocity,
stress tensors to it).

Boundary conditions can be kinematics which are imposed on velocity at the
edge of a boundary layer and they can be also dynamic which are imposed on
forces of internal friction.

The executed investigations have studied main technological principles per-
taining to usage of preliminary heated components (fillers) while making road
concrete pavements.

Calculations have been made in respect of duration time for equalization
of temperature fields of multi- and single-layer pavements, influence of initial
temperatures at stationary, non-stationary thermal regimes [7, 8, 11]. Duration
of heat-transfer has been determined for geometric dimensions of bodies having
a classical shape at boundary conditions of first kind. For example, a correlation
dependence of medium temperature on time has a parabolic shape for fractions
having medium diameter of 35 mm. For this purpose a physical model of ce-
ment-concrete pavement has been presented and it has been observed that me-
dium inter-spherical space is equal to 7 mm.

An equation of non-stationary temperature field which is changed according
to parabolic dependence on depth (x) in time (t) has the following type:

t=0.6574x" —6.00391 +36.194; (10)
according to linear dependence
t =-1.603x +39.846; (11)

according hyperbolic dependence

t =-0.4435x" +4.5768 — 37.003. (12)

Temperature fields of asphalt concrete have been calculated at initial tempe-
rature 10 °C, air temperature 20-30 °C, time interval 0.00837 h, specific flows
of heat from air to pavement surface ¢,;, W/m’, accumulated by layers ¢,, W/m®.

An analysis and calculations for layers with jumping temperature variations
have been made for cement concrete, concrete, asphalt concrete pavements.
It has been supposed that it is a layer located at some distance from road surface
and heat wave is coming to the depth ZRS through it. Heat flows and tempera-
tures are decreasing in infinite thickness-wise pavement limited by air and mate-
rial layers depending on thermal and physical characteristics of layers, their geo-
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metric dimensions, heat resistance, heat absorption in accordance with various
laws and they can be determined while using complex analytical calculations
and graphical methods.
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Fig. 3. Dependences of decay coefficients ~ Fig. 4. Dependences of phase shifts on thermal
on thermal resistance of road pavement absorptivity of road pavement materials

CONCLUSIONS

1. Analytical and experimental investigations on study of optimal operational
conditions for road dressings have been carried out within the framework of in-
ternational project and they have been supported by Henan Center for Outstan-
ding Overseas Scientists, Grant Number GZS 2018006 (People’s Republic of
China, Henan Province).

2. An analysis of national and foreign investigations has shown that up to the
present moment only problems related to objects from capillary porous materials
have been studied and at the same time road pavements have not been funda-
mentally considered from the point of view of heat- and mass resistance. There
is no qualitative analysis of heat- and mass transfer in road pavements of not
only multi-layer but also single-layer asphalt concrete, concrete road objects.

3. Temperature fields of single- and multi-layer road pavements have been
considered while using equivalent characteristic dimensions at boundary con-
ditions of I-III kind and methodologies for setting and solution of problems
in road pavements have been proposed with usage of complex numbers and
nomograms.

4. The required investigations have been carried out, graphic dependences
have been plotted between decay coefficients, thermal resistances, heat absorp-
tion coefficients, phase shifts, heat-transfer coefficients neat road dressing sur-
faces which are presented in Fig. 3, 4.

5. In order to increase reliability and longevity of road pavement operation in
various climatic conditions it is necessary to continue fundamental experimental
investigations with the purpose to study heat engineering and physical and mathe-

matical properties of all composite materials being in structure of road dressing
mixes.
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P PeKTUBHOCTH MCIIO0JIH30BAHUSA FA30BOI0 TOIJIMBA
U OKHUCJUTEJIbHOU CMECH NPH UX YBJIAKHECHUH

B. C. Copoka”, H. B. BopoGbes"?

1)I/IHCTI/ITyT ra3a HanmonansHol akagemun Hayk Y kpaussl (Kues, Ykpanna),
YHanpoHATEHEIHA TeXHIUECKHIT yHHUBepcuTeT YKpauHbl «KueBCKuil MOIUTEXHUYECKUIA HHCTUTYT
nmenu Urops Cukopckoro» (Kues, Ykpauna
b

© benopycckuii HallMOHANBHBIN TEXHUYECKH yHUBepcureT, 2019
Belarusian National Technical University, 2019

Pedepar. [IpoBeneHa omeHka BIUSHNS YBIaXXHEHUS] KOMIIOHEHTOB TOPEHHS (BO3yXa-OKUCIUTEIS
U B OTAENBHBIX CIyYasx — FOPIOYEro) Ha YHEPreTHIEcKyIo d((EeKTUBHOCTh UCIIOIB30BAHUS Pa3-
JIMYHBIX BAZOB TOIUIMBA, B TOM YHCIIE B YCIOBHSAX 3aMEIICHUS IIPUPOTHOTO ra3a albTepHaTUBHEI-
MH Ta30BEIMH TOIUIMBaMU — KOKCOJIOMEHHOH M IPHPOIHO-TOMEHHOH cMecsMH. BEIoHeHE! pac-
94eThl IKOHOMHH TOIUIMBA JJISI 3aMeIleHust mpupoaHoro raza (NG) BIaXHBIM TEXHOJIOTHUECKUM
ra3oM (gomeHHbIM (BFG), xokcoBbM (COG), UX cMECSIMHU) € YYETOM PeabHBIX TEXHOJOTHYECKUX
nmapameTpoB (Ha IpUMepe KOHKPETHOTO MEeTaLTypruueckoro komounara). Bee pacuersl mpousse-
JICHBI B PaMKaxX aBTOPCKON METOMOJIOTHH 3aMEICHUs TOIUIMB, yYUThIBaromel 1-e m 2-e Hayanma
TepMOIUHAMUKH. [IpH yCIOBHM COXpaHEHHs IOTOKA IOJIE3HO HMCIOJIb30BAHHOM IOJHON DHTANb-
IIMH, KaK OCHOBHOT'O TPeOOBAaHMS IIPEI0KEHHOW METOIOJIOTUH, B yaeTa cooTBercTBytomero KI1/]
HCIIOJIb30BaHMS TOIUIMBA BBHIITOJIHEH aHAJIN3 BO3MOXKHOCTH 3KOHOMHHM WM BO3SHUKHOBEHHS Iepe-
pacxona NG. [IpoBeneH pacuer HOTpeOHOrO NOTOKA TEIIOTHI CrOPAHUs IIPUPOIHOTO ra3a B 3aBU-
CHMOCTH OT COJIEp>KaHUs BIaXKHOTO JoMeHHoro ra3a B cMecsix NG + BFG s ciaygaeB 3ameHbI
NG TexHONOTHYECKHMH Ta3aMd. YCTAaHOBJCHO, YTO HAJMYHE BJIAard B TOIUTMBOOKHCIIHTENb-
HoM cMecu Beerga cHmkaeT KI1J| TomoyHO#H KaMepsl Wi SHEPreTHYECKOro MpoLecca U arperara.
s moseimenus KITJ{ BeicokoTemmnepaTypHOil meuun (KOTiaa) He0OX0JMMO 00eCTIeunTh MOJ0TPEB
KOMITOHEHTOB TOPEHHS MpPU YTHIM3ALWH TEIUIOTHl YXOISIINX MPOLYKTOB cropaHus. IlokazaHo,
gyro KII/] TOIUIMBOMCHONB3YIOMEH CHCTEMBI MOXET OBITH CYIIECTBEHHO MOBBIIMICH IPH cpabaThl-
BaHUH TOTCHIMAaNa (M30BITOYHON TOJHOW JHTANBIHK) pabdovero Tena (MPOJYKTOB CropaHws).
JlononHUTENBHBIE TPEeUMyIeCTBa OOYCIIOBICHBI TEM, YTO pacroiaraeMas TEIUIOTa MPOIyKTOB
CropaHusi ¢ BIQ)XHBIM BO3/yXOM B IIOJIHOM JIMaIia30He TEMIIEpPaTyp — OT TEOPETHIECKOH TeMiepa-
TYpbI TOPEHHUS 10 TEMIIEPaTyphl OKPYXKAIOLIEH Cpe/ibl, — pacCMaTpUBaeMasi 110 YCIOBHUSM PaBHOBE-
CHSl, B TOM YHCIIC C YYETOM TEIUIOTH KOHJCHCAINH, BO3PACTAET C YBEIMUCHUEM BIAr0COICPIKAHMUS
HCXOTHBIX KOMIIOHEHTOB TOPEHUS: BO3yXa-OKUCIUTES W/HIIH Fa30BOTO TOILTUBA.
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Efficiency of the Use of Humidified Gas Fuel
and Oxidizing Mixture

B. S. Soroka", N. V. Vorobyov"?

DThe Gas Institute of the National Academy of Sciences of Ukraine (Kyiv, Ukraine),
PNational Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
(Kyiv, Ukraine)

Abstract. The influence of hydration of the components of combustion (air-oxidizer and — in some
cases — fuel) including hydration in the conditions of substitution of natural gas by alternative gas
fuels, viz. by coke blast furnace mixture and natural blast furnace mixture — on energy efficiency
of the use of different fuels has been determined. Calculations of fuel saving for substitution of
natural gas (NG) by wet process gas (blast furnace gas (BFG), coke gas (CG), their mixtures) were
performed taking into account real technological parameters (on the example of a specific metal-
lurgical plant). All the calculations were performed within the framework of the author’s metho-
dology on fuel substitution grounded on the 1% and the 2™ laws of thermodynamics. The analysis
of possibility for saving or overspending NG is performed in the conditions of preservation of the
flow of the used total enthalpy (as the main requirement of the methodology that had been
proposed) and of taking into account the corresponding efficiency of fuel use. The calculation
of the required heat flow of natural gas combustion depending on the content of wet blast furnace
gas in NG + BFG mixtures for the cases of NG substitution by process gases has been carried out.
It is established that the presence of moisture in the fuel-oxidation mixture always redu-
ces the efficiency of the combustion chamber or the energy process and the unit. In order to in-
crease the efficiency of a high-temperature furnace (boiler), it is necessary to provide heating
of combustion components when utilizing the heat of the outgoing combustion products.
It is shown that the efficiency of the fuel-using system can be significantly increased when
the potential (excess total enthalpy) of the working fluid (combustion products) is activated. There
are additional benefits due to the fact that the existing heat of products of combustion with humid
air in a full range of temperatures — from the theoretical combustion temperature to ambient tem-
perature under conditions of equilibrium, including account of the heat of condensation — increases
with increasing moisture content of the initial components of combustion, viz. air-oxidizer and/or
fuel gas.

Keywords: alternative gas fuel, moist air (gas), blast furnace gas, fuel substitution, coke gas, total
enthalpy, theoretical combustion temperature, natural gas saving (overspending), thermodynamic
analysis

For citation: Soroka B. S., Vorobyov N. V. (2019) Efficiency of the Use of Humidified Gas Fuel
and Oxidizing Mixture. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 62 (6),
547-564. https://doi.org/10.21122/1029-7448-2019-62-6-547-564 (in Russian)

BBenenne

B mocnegnee Bpems moirydaloT paclpoCTpaHEHHE CHUCTEMBI M yCTPOWCTBA,
00eCIevHnBaOIIUe CKUTAaHUE PAa3JIMYHBIX BUJIOB TOILIMBA MPH MOJa4Ye BOABI WIH
BOJISIHOTO Tapa (mporecckl wet combustion) B kamepsl cropanus (KC) nsurare-
neil, TypOuH, KOTJIOarperaroB, a Takke B KOT€HEPAIMOHHBIX YCTaHOBKax. Pas-
BUTHE HAayYHBIX OCHOB wWet combustion mpu pa3paboTKe COOTBETCTBYIOIIUX CH-
CTEM CXXHUTaHUS W yTWIN3AIUH TEIUIOTHl OO0YCIOBIEHO 3KCIUTyaTalldOHHBIMH,
9KOJIOTHYECKUMH U B OTAEINBHBIX CIy4asX dHEPreTUIECKIMH MPEUMYIIEeCTBAMHI
HCIIOJIb30BAHUS YBIAKHEHHOTO Bo3ayxa ropenus [1, 2]. OgHako umeeTcs: HeMa-
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JI0 cIy4yaeB MOJMY4YeHHs YBJIKHEHHBIX TOIUIMB, HAllpUMEp IOCIE OYHCTKH OT
MTBUTH TEXHOJIOTHYECKUX Ta30B (B MOKPBIX CKpyOOepax) win B pe3yibTaTe ra3u-
(uKany BIaXHOH OHOMAacCCHI.

3amaya uCClieZIOBaHUN — OIICGHKA BIIMSIHUS YBJIQXKHEHHS KOMIIOHCHTOB TO-
peHus (BO3yXa-OKUCIIHUTENSI U B OTJCNBHBIX CIIydasx — TOIUIMBA) HA HEpre-
TUYECKYI0 3(P(PEKTUBHOCTh HCIIOJIB30BAHUS PA3IUYHBIX BHJIOB TOILTUBA, B TOM
YyClie B YCJIOBUSIX 3aMEIICHUS NPUPOJHOrO Ta3a aJIbTCPHATUBHBIMH BUIAMH
TOIUINBA.

Bce pacyeTsl IpOBOAMINCH C UCIIOJIB30BAHUEM IOJIHOW SHTANbIUU [; HHAU-
BHIYQJIBHBIX BEIICCTB B KadecTBE 0a30BOM dHepreTndeckoi ¢pyHkiuu [3]. 3Ha-
YeHue /; yIUTBIBaeT TEIUIOTY 00pa30BaHUS BEIIECTB U3 0a30BBIX DJIEMEHTOB MPH
CTaHJIAPTHBIX YCIOBHUSX, a TAKXKE TEIUIOTY, HEOOXOIUMYIO JJISl TOCTHKEHUS pe-
ANBHBIX TTApaMETPOB KOMITOHEHT. TakuM o0pa3oM, /; yIUTHIBA€T KaK XHUMHYeE-
CKHe, TaK M (U3NIECKIE COCTABIAIONINE YHEPTOCOACPKAHMS BEIIECTB M X CMe-
ceit (latent and sensible heat).

[Ipu 5TOM ynenbHas MOJTHAS PHTAIBINS €IUHHUIIEI MacChl MTPOAYKTOB CTOpa-
HUS TIpU TemmepaTrype 1 ompejensieTcs B3BEIIEHHONW CYMMOW COCTaBJISOIIMX
MOJISIPHBIX YACIBHBIX SHTAIBIINN KOMIIOHEHT TIPH TOH ke Temrepatype T [4]

I, =le.Dl./ZMl_D,.. (1)

(&)
BaaxkHoe cocTosiHUe B0O31yXa rop€cHusl 1 roproovero rasa

Pactymuit mHTEpEC K TEXHONOTHAM CXKHUTAHUS TOIUIMB IPH TOJadue YBIaXK-
HEHHOTO OKHCJHTENS — OT MPUMEHEHHS IICHXPOMETPHUIECKOT0 3P deKTa B IIUKIe
Maiicorienko (M-cycle) [5, 6] A0 yTWiIHM3aluu TEIUIOTHI C HCIIOJIB30BAaHHUEM
SHEPTHUH DHAOTEPMHUYECCKUX PEAKITHH MpH B3auMOoAeHCTBUHN TortumBa ¢ H,O nmmn
C TPOAYKTaMHU CTOPaHHS MPH TepMoXuMuIeckoi pekynepammu (TXP) [7] cu-
CTeMBI «mmapoBoit Hacoc» (WVP — water vapor pump) [8, 9] — oOycioBieH Bo3-
MOXHOCTBIO COOTBETCTBYIOIIero mosbimenus KIIJ[ sHeproycraHoBok (B 9act-
HOCTH, TIPH Mapora3oBBIX IHKIAX). DTO OOBSICHIETCS 3HAYUTENHFHBIM YBEIHYE-
HUEM W30BITOYHON IIOJIHOM (XMMHUYECKOW) SHTAIBIUU (MPHPOCT YICIBHOM
MOJIHOWM 3HTANBIUU Al C TeMIiepaTypoii) YBIaXKHEHHOTO ra3za (Bo3yxa, MpoIyK-
TOB CTOpaHHs) [0 CPAaBHEHUIO CO CTAHJAPTHBIMH YCJIOBUSMH (TeMIepatypoi
Ty), cyxoro mpu (pUKCUPOBAHHON TeMIIepaType, UCIOIb30BaHUEM CXEM YTHIIH-
3alli¥ TEIUIOTHI YBIAXKHEHHBIX MPOAYKTOB CrOpPaHHS MPU MAaKCHUMAaJbHO TOHU-
KEHHBIX TEMIIEPaTypax, a TAKKE BO3MOXKHOCTBIO KOHJICHCAIIMH TIPOJTYKTOB Cro-
paHus B KOTJIOArperatax ¢ ejblo Peau3aliiil BhICIICH TEIIOTHI CTOPaHUsI TOM-
nuga [10].

B M-1ukiie nporiecc oCyIIecTBISIETCS B MPOTUBOTOYHOM TEILIOOOMEHHUKE B
YCIIOBUSIX KOCBEHHOT'O HMCIAPUTEIBHOTO OXJIAXKICHUS TEIUIOHOCUTEIIS MPH J[BU-
KEHUH TMOTOKA CYXOTO BO3JlyXa BJOJb CYXOW CTOPOHBI pa3JCIUTEIBHOMN IuIa-
CTHHBI.



b. C. Copoka, H. B. Bopobves
550 3¢ PEeKTHBHOCTD HCIOJIB30BAHNS Fa30BOT0 TOILIMBA M OKUCIUTEIEHOM CMECH. ..

OTIMYUTETFHON O0COOCHHOCTRI0O M-THKIa SBISIOTCS A()(PEKTUBHEIN Ter-
JIOTIOABOJ, K MOTOKY M YBJIaXHEHUE A0 HACHILEHHS «pabdodero» (BTOPHUYHOIO)
MOTOKa BO3[yXa MPH MHTEHCHBHOM KOCBEHHOM TEIIOOTOOPE OT MEPBHYHOTO
CYXOT0 «IIPOAYKTOBOT0» BO3ILYLIHOTO IOTOKA, KOTOPBIH MOXKET OBITh OXJIAXKICH
JI0 COOCTBEHHOW TOYKH POCHI BMECTO 0ojiee BBHICOKOW TEeMIIepaTypbl MOKPOTO
tepmometpa [6]. Ilpu stom moxxkno moeicuts KIIJ nmkna Kapao Gmaromaps
YMEHBIIIEHUIO HIKHETO MOTEHIIMaNa Ipoliecca — TeMIIEpaTyphl TeIUIONPUEMHH-
Ka (HIKHEro MOTEeHIHaja B IPOLIecCce Nepeaadn SHEPTUH).

JpyruM BakKHBIM JIOCTOMHCTBOM C)KMTaHHUSl YBJIQXKHEHHOH roproueil cmecu
ABIISAIOTCA OKOJOTMYECKHE TPEUMYIIECTBA, OOYCIOBJIEHHBIE CYLIECTBEHHBIM
cHIKeHreM Bbixoaa okcumoB azoTa NO (NO,) 1 BO3MOKHOCTBIO ONPEICICHHO-
ro cokpaieHus oopasopanus okcuaa yriepoga CO [11].

Korpa maBieHue HachlEHUS Py, AT PaccMaTpUBaeMOro rasa (BOASHOIO
rapa) CTAaHOBHUTCS PAaBHBIM HWIIM MPEBBINIACT BHEIIHEE JaBJICHNE, CTIAPEHHUE Tie-
pexonuT B kKumeHue. Ecnu BHelIHee NaBieHHE paBHO aTMOC(HEPHOMY, TO TOU-
Ka TIEPECEUCHUs KPUBOU py, (1) C OpOUHATON p = pp, (IO OGapomMeTpHyuecKo-
My JaBJEHHMIO) COOTBETCTBYET TeMIlepaType KumneHus 1, mpu arMmochepHOM
nasineHun. CregyeT ykasaTh, 4to 1, 1t H,O mpeBocXoAWT TOUKY KUIEHHS
MPAKTHYECKH JTFOO0TO M3 KOMIIOHEHTOB Ta30BBIX TOIUIMB, TO €CTh MPH IIOTO0XKH-
TeNbHBIX» Temmepatypax (7 > 273 K) B ycnoBusx atMoc(epHOro IaBICHUS
KaKIIbIM U3 KOMITOHEHTOB Ta30BBIX TOTUIUB (Hampumep, N, O,, CO,, CHy, C,Hg,
NH;) npu nHAMBHAYaTbHOM PAaCCMOTPEHUH PABHOBECHBIX KPUBBIX HCHAPCHUS
OTHENBHBIX KOMIIOHCHT HaXOAWTCA B Ta30Bou ¢aze [12]. Tem Gonee mpebbiBa-
HHUE B ra3oBOi (pase KaxIoll COCTaBIISIONICH TOIUIMBA CIIPABEINBO, YUUTHIBAS
napuuagbHble JaBICHUS p; OTAENBHBIX U3 MEPEUUCICHHBIX KOMIOHEHT, KaXa0€e
13 KOTOPBIX MEHBINE (711 OTIEIHHBIX CMECeH — CYIIIECTBEHHO) OOIIEro maBiie-
HUSl ps CMECEBOTO TOpPIOYEro rasa, B TOM YHCIE YBIAXHEHHOTO MHOTOKOMIIO-
HEHTHOTO.

Hanpumep, Ha xoMOHMHaTE «3aMOpOKCTaNb» MPH PEKOHCTPYKIIUH IIeXa XO-
JIOAHOM MPOKAaTKU ObUIa MPEAYCMOTpPEHa BO3MOKHOCTH PabOTHI TEPMHUYECKHX
neyeld Ha MpUPOTHOM Ta3e WM CMEIIaHHbIX ra3ax. B neTHuii nepuos npeamnosna-
raercsi paboTa TEPMHUYECKHX IeUell Ha KOKCOJOMEHHOW CMECH, B 3MMHHI Iepu-
Oll — Ha TMPUPOAHO-TOMEHHOI. B COOTBETCTBHM C HaHHBIMH «3amOPOKCTAIIN
CpeaHerofoBas TemiepaTtypa kokcoBoro rasza 35 °C (muaumym 20 °C, makcu-
MyMm 45 °C), otHocutenbHas BiaxHocTh 100 % mpu pabodueit Temreparype,
CpemHerojoBas Temmeparypa aoMeHHoro rasza 35 °C (muammym 20 °C, mak-
cumyM 65 °C), otHocuTenbHas BIaxHocTh 100 % mpu pabGouelt Temmepatype,
pacueTHasi TemrepaTypa npupomaHoro raza 10 °C, ras cyxoi, cpemHeromoBas
Temrmeparypa cmemanaoro raza 45 °C (munumym 30 °C, makcumym 75 °C), ot-
HOcUTeNbHAs BiaxHOCTh 100 % rpu paboueli Temmeparype.

[lockonbky npuBeaeHHast uHpOpMaUUs OTHOCUTCS K TorumBaMm co 100%-it
BJIQXKHOCTHIO, MOYKHO TIOJaraTh, YTO YKa3aHHBIE TEMIIEPATypbl COOTBETCTBYIOT
TOYKAaM POCHI TEXHOJOTMYECKHX Ta30B B YCIOBUAX Mpou3BozcTBa. CocTaB OT-
JIEBHBIX TOPIOYNX Ta30B U TEXHOJIOTHYECKHX TOIUIUB MIPEJICTaBIeH B Ta0. 1.
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Tabauya 1
CocTaBbl H 0OCHOBHBIE XapAKTEePHCTHKH CYXHX ra30BbIX TOIUIMB U BO31yXa ropeHust
Ha KoMOHMHaTe «3aM0poKCTANIbLY, 00beMHbIH Yo

The compositions and characteristics of dry gaseous fuels and combustion air
at the “Zaporizhstal” steel works, volume percentage

[TpuponHbiii oMeHHbIH | KokcoBblit
Kowumorent prag NG Ilraa BFG | rasCOG | DO
Mertan CHy 93,53 - 26,7 -
Otan C,Hg 3,51 - - -
ITpoman C;Hg 0,82 - - -
Byran C4H;, (cymma n3omepoB) 0,20 - - -
Ienran CsH,, (cymma m3omepoB) 0,05 - - -
I'excan Cg; 1 BBIIIIE 0,03 - - -
Henpenensusie yraesogopoast C,H,, - - 2,6 -
Bonopon H, - 3,62 57,1 -
Oxuce yriepoga CO - 25,37 2,9 -
Huoxcun yrinepoaa CO, 0,56 19,45 4,2 -
Azot N, 1,29 51,56 6,5 79,06
Kucnopon O, 0,01 - - 20,94
Temnota cropanus Husmas Qy, MI[)K/HM3 36,96 8,88 20,18 —
Temnora cropanus Beiciiast Oy, MI[)K/HM3 40,95 9,33 22,68 -

B numamazoHe COOTBETCTBHS MapaMETPOB BEIIECTBA YPABHCHUIO COCTOSHUS
HAIEAILHOTO Ta3a Ui OTAEILHBIX KOMIIOHEHT M Ta30BOM CMECH B IIEJIOM U C
MpHBIICYCHHEM 3aKoHa JlaibTOHA IS BJIAQXKHOT'O Ta3a MOXKET OBITh JIETKO Haiiie-
HO YHUBEpCaJIbHOE YpaBHEHHE JUIsl ONPECIICHUS BJIaroCcoAepKaHus 000l ra-
30BO# CMECH M FOPIOYHX I'a30B B YaCTHOCTH.

OO0 3TOM CBHIETENLCTBYIOT 3aBUCUMOCTH Py 1) HAa paBHOBECHBIX KPUBBIX
ucnapenus. [1o 3Toi npuurHe cripaBeyIuBa CHCTEMa YPaBHEHUM:

D Pitp, = Py
5] 2)
pgas,dry + Py =Ps = pgax,wet'

I[J'IH OMpPEACICHUA BJIArOoCOACPIKAHUSA BJIAXKHOI'O ra3a 3alvmieM CJICAYIOIINeC
BBIPa’KCHUA:

DPw +pgas,dry = Pz = Dgas,wers (3)
pw _ pw _ mWMgaS,d’y =d Mgaé‘,d’y . (4)
- -p, M, M,
pgas,dry pgas,wet b, mgus,dr’y w w
by, — n, — Dw (5)
pgas,dry ngas,d}y Dgas,dry

[Tpu ucnonp30BaHUU BIIAXKHOHN ra30BOW (BO3AYIIHON CMecH) Ipu atMocdep-
HOM JABJICHUM Doys et = Phar = | aTa = 10% I1a:
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psat,gas (Tg ) MW

w,gas ’ (
1- psat,gas (Tg ) Mgas,dry
d _oom, Dy M, )
gas,wet - M H
mgas,dry p gas,wet Py gas,dry

TI€ Pw = Qgaswer Dsal Toass Paaswer); Paas.dry = z p;; I # W M OTHOCATCS K CyXHM
(@)
KOMIIOHEHTaM.

IIpn wWCTHONMB30BaHMM BIAXHOW Ta30BOW (BO3MYIIHON) CMECH TIPH aTMO-
C(EpHOM NABIEHHUHU (Dgquswer = Phar = 1 aTa) BCE MapLUalbHbBIC JaBICHHA OepyT-
cs B ata (0ap).

Bre npenenoB neiicTBus ypaBHEHHS COCTOSIHHS MICATHHOTO Ta3a (JaBIeHue
6omee 30 6ap) COOTBETCTBYIOIINE PACUETHI CYIIECTBEHHO YCIOXKHSIOTCS B CBSZH
C HECOBMAJCHUEM YPaBHEHHH COCTOSHUS IUISI OTJCIBHBIX KOMIOHEHT, a TaKkkKe
ISl Ta30BOM cMecH B 11esioM [ 13].

KoneuHO#1 TOUKON Ha paBHOBECHOU KpUBOM HCIAPEHUs SIBISETCS KPUTHYE-
CKasi TOUKa, ONpeeNsionias qaBieHne u temmnepatypy: ans H,O coorBeTcTBeH-

HO plffo =22 MIla n TH% =643,3 MIla [14]. OTa To4Ka onpenenseT KpuTHIe-

CKO€ COCTOSTHHE KUAKOCTB — Iap.

B unciio pexuMHBIX apaMeTpoB CKUTAHUS TOIUIMBA BXOAAT TEMIIEPATypa,
BJIKHOCTb OKPYXKAIOIIETO BO3/yXa, aTMOC(hEpHOE JaBICHUE M CKOPOCTh BETpa.
V3meHeHne 3THX yCIIOBHH KaK TaKOBBIX, a TAK)KE YUeT MX BIHMSAHUS HA TTapaMeT-
pbl, ompexensiomue KOHIEHTpanuio O,, TMO3BOIAIOT YCTAHOBHUTH DPE3yJbTH-
pylolee BO3AEHCTBHE MEPEMEHHBIX BO BPEMEHH KIMMATHUYECKUX YCIOBHM Ha
SHEPrO’KOIOTHUECKHE XaPAaKTEPHCTHKH IPOIecca CKUTAHUS W COIYTCTBYIO-
mee oopazoanue NO, u CO.

Cy1IecTBYIOT Apyrue HCKYCCTBEHHO MOTy4aeMble TOIINBA (Ta3bl C BHICOKUM
coiepKaHueM Iapa, 00yCIIOBICHHBIM HAJMYHEM BJIAarW B UCXOJHOM CHIPhE WU
B MPOIIeccax ero o0pabOTKH, — OT Ta3uduKau (HampuMep, OMOMacchl) 10 BIaXK-
HOW OYHMCTKH (IIPU HOITyYEHHH TEXHOIOTHIECKUX ra3oB)) [15, 16].

[Tpn HEOOXOIMMOCTH BO3MYyX MOXKET HAarpeBaThCs MPU COXPAHEHUH HCXO.I-
HOT'O Biarocoaepxanus (d, = d, ;, = const) WK NpU AOIOJIHUTEIHHOM, B YaCTHO-
CTH PaBHOBECHOM, yBIakHeHHH (abcomroTHOM) Bo3ayxa (d, > d, ;) B COOTBET-
CTBHHM C POCcTOM Temmeparypbl. OueHKa BIMSHHS OTHOCHTEIBHOH BIaKHOCTH
aTMOC(EepHOro BO3/AyXa BEAETCS IO €ro JHEPreTUYECKUM XapaKTepPUCTHKaM
Y TIPU COTIOCTABJICHUH C YCJIIOBHSIMU HACBHIIIEHUS TIPH pacCMaTPUBAaEMOH TeMIle-
paTtype BO3IyXa #,:

Patm :pa,dry +pHZO;

szO = (papmt (Za )9 (8)

d, =0,6220— Palsar
patm - (Papsat
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IIpu pacderax MOTYT UCIIOJNB30BaThCS pa3IuuHble (POPMBI i—d-THarpaMMbl
BJIYKHOTO Bo3ayxa (Hanmpumep, npuHsartas B 6piBmeM CCCP muarpamma Pamsu-
Ha unn popma, ucnonszyemasi B CLLIA [14]). B paborax R. Guillet [8, 9] npen-
JIOXEHBI JUarpaMMBbl JUTs pacderta 3()(EeKTHBHOCTH SHEPTETUIESCKUX YCTPOMCTB C
rcronbp3oBanueM cucteMsl W VP (mapoBoit Hacoc).

OnpenesieHue 3HepreTudeckoi 3PPeKTHBHOCTH UCIIOJIb30BAHUS
npouecca CKUraHus TOILUIMBA MPH YBJIAKHEHUH
TOIJIMBOOKMCJIUTEILHBIX cMeceil

B 0CHOBY H3JI0’)KEHHBIX HIDKE PacueTOB ITOJIOKEHA HOBAs METOZOJIOTHS 3a-
MEIICHHS TOIIMBHBIX Ia30B M0 OalaHCy IOJIC3HO HCIOIh30BAaHHON SHEPruu Ha
OCHOBE ITOJXO0B 2-T0 Hadaja TepMoauHamMukH [17].

Metomosorusi 3aMenieHusi TOMJIMBA. [IpakTuiecku BO BCEX CYIIECTBYIO-
IIUX METOJOJIOTUSAX 3aMEUICHHs TOIUIMB OJHUM U3 TPeOOBAaHWI SIBISETCS CO-
xpaHeHue yucen Boo6e, Beiciiero Wo,, win/u Husiero Woy:

Wo), = Woj; Wo; =Woj. )

Hanpumep, B HacTosiee Bpemsi B YKpauHe TOTOBUTCA HOBBIM TEXHUYECKUI
periaMeHT Ha NMPUPOTHBIA Ta3, B paMKax KOTOPOTO OTOBAPUBAETCS 3HAUEHUE
grcna Bo60e mo BBICIIEH TEIUIOTE CrOpaHUs, UYTO OMpEeNsIeT yCIOBHE COXpa-
HEHUS TPOITYCKHOM CIIOCOOHOCTH TONOYHOW CUCTEMBI 110 TEIUIOTE CTOPAHUS MTPH
noAAep>KaHUM HOMUHAIBHON TETJIOBOM MOITHOCTU TOIKH B CIy4yae 3aMEHbI TH-
Ta UCIOJIb3yEeMOr0 TOIUINBA:

5,0; =50}
B Q/ =B0/ (10)
f=L T E el
TpaauIIMOHHO MPUHATO CYUTATh, YTO 3aMEHAa OJHOTO TOIUIMBA JAPYTHUM
JOJDKHA COTPOBOXAATHCSA COXPAaHEHHEM HOMWHAIBHOW TOTUTMBHOW MOIIHOCTH
YCTaHOBKH, OTPEIENIEMON BBOJMMBIM B TOINKY ITOTOKOM TEIUIOBOW 3HEPTHH.
[locnennsist onpenensierca depes BBICIIYIO0 (), WK HU3IIylo (J; TEIUIOTY cropa-
HUS TOTUTHBA.
OTmyuTeabHONH 0COOEHHOCTHIO METOJIOJIOTUN 3aMEIICHUSI TOIUIHUB (TOTUIHB-
HBIX Ta30B B YaCTHOCTH) SIBJISICTCS YCJIOBHE COXPAHEHHUS MPHU ATOM IOJE3HOM
TEIUIOTHI, yCBAaBAE€MOIl B TOMTOUYHOM KaMepe:

Oy = Ot (11)
"0, =n0;,. (12)

Hcnonp3yst nomymieHus O TEPMOAMHAMHUYECKH PABHOBECHOM IIPOBEICHUU
MPOLIECCOB CKUTaHUS M UCIOJIb30BaHMS TOIJIMBA B TOIMOYHON KaMepe, KOTopas
MIpesICTaBlIeHa «HIealnbHOM Neubto» [18], paccMoTpuM mporenypy 3aMeHsbl pH-
poaroro raza NG (uHIeKC «'»), cMecbio NG ¢ TeXHOJOTHUECKHM W JPYTUM
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HU3KOKAJIOPHIHBIM ra3oM (MHIEKC «”»), JO0Js IPUPOJHOTO ra3a B KOTOPOM CO-
craBiseT Dy

B cooTBeTcTBUYM ¢ paccMaTpUBAaEMBIM OX0I0M 3aMEIICHUE TOILTUB MTPOU3-
BOJIUTCS TI0 YCIIOBUIO COXpaHEHUs (PaBEHCTBA) MOJIE3HO BOCTIPUHSATON TETIIOBOM
SHEPTUM B 000WX ciiyyasx (MCIOIb30BaHUs 3aMeniaroinero (f') win 3aMeniaemo-
ro (f') TornmBa):

Ql'lS(! = L,l;e wm ( 1 3)
B, (+ Ny~ 1, ) =B}, L+ M"Q I 10 ,).

IIpu mepexonme 0T MacCOBOr0 K 00bEMHOMY PacXO/y TOIUIHBA MOIYIUM

My I+ N r =g o) = By M+ M Q0) U r =1 ,). (14)

Pacuer KIIJ| ncnonb30BaHMsl TOIUIMBA M OLEHKA POJM YBJIAKHEHUS
TonsmBa. Metoauka onpexneneaus KIIJ[ ucnons3oBanus TOIINBA, a0COIIOTHO-
r0 pacxo/ia TOIUTNBA, OTHOCUTENBHON 3KOHOMUH MPUPOJTHOTO Ta3a U pacroiara-
€MOH TEeIUIOBOM SHEpPruu TOIUIMBA MPHU YACTUYHOM HIIM TOJIHOM 3aMeEIICHUH
MIPUPOTHOTO Ta3a aTbTCPHATUBHBIM TOTUIMBOM IpeacTaniceHa B [18, 19]. OcHoB-
HBIE PACUETHBIE 3aBUCUMOCTH IIPH STOM UMEIOT CIIEAYIOIIHA BA;

1) KITJ] ucrions30BaHus TOILIMBA (IPUPOJHOTO Ta3a) B Cilydae BBOJA Mapa
(BozbI, MapoBoIsTHOM cMecH) [18]:

N, = Ly =1g . . len, Men, M iy oMo ~ i oMy (15)
= * b} f(H,0) - K * )
A]g’T* Azgfmm

2) skoHOMHS IpUpoHoro rasza [19]:
— I10 MacCCOBOMY Pacxoy:

’ n 14
" _ Bf,m _DNG,mB./}m

6BNG,m - B},m -100 % =
(1+20){, ) (1o
+
1= D e o0,
(1+2Q)U g r gm)
— 110 00BEMHOMY Pacxomy:
8B, =—LL NG 400 9% =
fr
M (140 ), ) 4
_l’_
! Leer) | 100 95,

— 1_ 14
O M I B

g.ex

IIpu ucnonp3oBanuu (16) u (17) cneayeT yIUTHIBATH COOTHOIICHUE MEXKITY
00beMHON Dyg,y 1 MaccoBor Dyg,, AOJISIMU IPUPOJHOTO ra3a B MPEANONI0KEHIH
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CIIPaBCAJIMBOCTH YpaBHCHUA HACAJIIBHOI'O rasa JJisi pacCMaTpuBa€MOro KOMIIO-
HCHTA B CMECH I'a30B U IJIs1 TOIIMBA, KaK CaMoil CMeCH Tra30B

M _p (18)

B ycrnoBusax 3ameHsl mpupomHOro Taza (') CMEChl0 TEXHOJIOTHYECKOTO,
HaIpuMep TOMEHHOTO rasa ¢ mpupoaHsM (”):

D};=100 %; Dyg+Dyye= 100 %; (19)
14 ” M
Ne.m . PnGy M—N,,G (20)
f

B (19) no ornomenmio k (20) Dy, =D),; Dy, =Dj,, a taxke M} =

>
= M; = Myg; M{' = My. Torna u3 (15) u (16) ¢ yuaerom (17), a Taxxe npu Toxze-
CTBEHHOM IIpeoOpa3oBaHuM HpaBoi yactu (15) B mpaByro yacte (16) cremyet
BBIBOZ O COBIAJEHHM YacTEl MaccoBOTO M OOBEMHOIO PacXoAOB MPHUPOIHOTO
rasza, COKOHOMJICHHOTO B CMECEBOM TOIUTHBE f" B pe3yibTaTe 3aMEHbl UCXO[-

HOT'O MPUPOJIHOTO ra3a (Torumea ')
8BYG,m = 0Byg (21)

3) M3MeHeHHue IOTOKa pacrojaraeMoi TeIuioBoi sHepruu (available heat)
B COOTBETCTBHUHU C PACCMaTPUBAEMOIl METOJUKOIN — TETIOTH XUMHYECKHUX pPeak-
Ui 1 GU3AYECKON TEIIOTHI TomorpeBa ¢ yuetoMm ucnapenus (latent heat) mc-
XOJHBIX KOMIIOHEHTOB TOILUTMBA U OKUCIIUTENS HAa BXOJE B TOMKY 80y oy — PO-
BOJUTCS 1O BhIpaskeHuo [13]

y B (1+2 ) (17, -1"
8Q_f/ox,av: 1_M 100 % =|1- ! ( t)( el g’VYO) -100 %. (22)

Q}/ox,av },m (1+7\‘Q;t)(]é,T _Ig",V,O)

Cuyuait, xoraa 80, ,, ,, > 0, 03Ha4YaeT 5KOHOMHUIO SHEPTHH, NP 5Qf o < 0

BO3HHKAET TIepepacxo]] pacrtoIaracMon YHEPTHH.

3asucumocTs KII/I ncrons3oBaHus TOIUIMBA B 11€4H (B TONOYHOH Kamepe) 1y
OT TEMIIEPATypPhl BIAXKHOTO (HACHIIICHHOTO) TOPIOYETO T'a3a — Il KOKCOJAOMEH-
Hoti cmecH (50 %/50 % yka3aHHBIX BIa)KHBIX T'a30B), @ TAKXKE CMECH, COCTOSIIEH
u3 50 % nomennoro u 50 % mpupoaHOTO ra3a, MpeacTaBiIeHa Ha puc. 1.

U3 puc. 1 BuaHO, 4TO TIpU paccMaTpUBaeMOM YpOBHE TEMIEpaTyp W yBe-
JWYECHUH 3HAYEHHH f; UCIIOJIb30BAaHUE IPUPOJHO-IOMEHHOH CMECH C POCTOM I
MpUBOAUT K HezHauutenbHOMY (~1 %) mommkenuro KIIJ[, oGycioBneHHOMY
HAJIMYUEM BJIaTW B OJHOW M3 COCTaBISIONINX TOIUIMBA. B cBOIO ouepens, s
KokcogomeHHOM cmecu majeHue KIIJ ucnonb3oBaHus TOIUIMBA MPH TaKOM
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pocte #; coctaBuser ~6,4 %. Bo BTopom cirydae nap, HaChILAOLIMI a3, cojep-
JKHTCA B 00EUX COCTABIIAIONIMX TOIIMBA. bosee BhICOKME 3HAYEHUS 1|, IPU HC-
MOJIb30BAaHUM JOMEHHO-TIPUPOAHON CMECH, YeM KOKCOJOMEHHOM, HECMOTpS Ha
0oJiee HU3KYIO TEOPETHUYECKYIO TeMIeparypy ropeHust 17, CBA3aHbl C MEHBLINM
BJIar0CoJIEpKaHueM 1epBoro us romus. M3 puc. 1 cnenyer, uro KIIJ] ny magaer
10 MEpE POCTa TEMIIEPATyphl BIAXKHOTO Ia3a f; BCIEICTBUE IOBBIILEHUSA abCo-
JIOTHOTO BJIAroCOJIEP;KaHMsS ra3a ¢ POCTOM f IIPH 3aJaHHOM @, = const. bomnee
KpyTO€ CHUKEHHE T|r (f) Ul KOKCOJOMEHHOH CMECH TakXkKe Ompeelsercs
BBICOKMM aOCOJIIOTHBIM BJIarocolepXaHueM 3TOro rasa B YCJIOBHUIX Hachllle-
HusA (9,=100 %), HapacTarOIKMM C IOBBIIIEHHUEM TEMIIEPATYPBI .

60
Uz Y%

50 — A

45 +

40 -

35 F

30 1 1 1 1
290 300 310 320 T, K 340

Puc. 1. 3aucumocts KIIJ[ ucrnonp3oBanus TOIJIMBA 1)y OT TEMIEPATYPHI 4
TOPKOYETO I'a3a MPH OTHOCHTENIbHOM BJIQKHOCTH KOKCOBOTO U JOMEHHOTO rasa @ = 100 %
(HachIIEHHBIH ra3): BO3AyX — CyXoi, @, = 0; mpupoaHbIi ra3 — cyxoi, Oy = 0;
TEMIIEpaTypa Ha BBIXOJIE M3 TOIIOYHOM Kamephl (pabouas Temneparypa) ; = 1000 °C;
TOIUIUBO: 1 — IPUPOJHO-TOMECHHAS CMECh; 2 — KOKCOIOMEHHasl CMeCh (HACBHIIICHHBI ra3)
Fig. 1. Dependence of fuel utilization efficiency 1, on the temperature #,
of combustible gas at relative humidity of coke and blast furnace gas @, = 100 % (saturated gas):
the air is dry, @, = 0; natural gas is dry, @y = 0; temperature at the exit
of the combustion chamber (operating temperature) #; = 1000 °C; fuel: 1 — natural gas and blast
furnace gas mixture; 2 — coke and blast furnace gases mixture (saturated gas)

Ouenka BIMSHAS BJAKHOCTH aTMocdepHOro Bosayxa. 3asucumocts KII
UCIIOIb30BaHUS TOIUIMBA B I€4M (B TOMOYHOM Kamepe) 1), OT TeMIIePaTyphl
HOJIOrpeBa BO3/yXa-OKHCIMTENS IIPU CXKUTAaHUU IPUPOIHOrO rasa NpHBEICHA
Ha puc. 2. [lng ynpouieHus: pacCMOTPEHHs 3a/lauu I'a3 MPeJCTaBICH OJAHOKOM-
MIOHEHTHBIM TOIUIMBOM — METAHOM.

Kaxnas Touka Ha kpuBbIX 1-5 (puc. 2) coorBerctByeT KIIJI 1y Mcnonk3oBaHus
TOIUTMBA B TOIKE (KaMmepe CropaHus) ¢ OrOBOPEHHOHM TeMIIEpaTypoil MPOIYKTOB
CrOpaHMs Ha BBIXOJE #; TPH CKUTAHMU CMECH METaHa C BO3JyXOM, UMEIOLIUM OT-
HOCHTENBHYIO BJIaKHOCTD (p, [0 OTHOLIEHHIO K HachImeHuro (¢ = 100 %) npu tem-
neparype t,, a TaKkxke abCoTI0THOE YACIBHOE BIarocoaep kanue d,,.

Kpusas 1 Ha puc. 2 COOTBETCTBYET XapaKTEpUCTHUKE JJI YCIOBHOTO Clyvas
rasa ¢ Cyxum Bo3myxoM. PacTymiee o Mepe MOBBIIIECHUS f, 3HAYEHUE Ty COOT-
BETCTBYET OOBIYHO MPHHATON 3akoHOMepHOCTH pocta KIIJ| mcmomb3oBanms
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TOILINBA T|,IIPU NOAOrpeBe Bo3ayxa-okucaurens [18]. Ha npakTuke abcomaroTHO
cyxoro atMoc(hepHoro Bo3ayxa ¢ ¢, = 0 He CyIIEeCTBYeT, OJTHAKO TAKOW BapUaHT
MOXKET pacCMaTpPUBATHLCS KaK 0a30BBIN JIJIS OLEHKU POJIM YBIAXHECHUS BO3IyXa
TOPCHUSI.

0,3 F

0,2 1 1 L I !

L 0,75 1 1 | 1 | 1 | °
20 30 40 50 60 70 80 90 100, °C" 20 30 40 50 60 70 80 90 100 24, °C

L | | 1 1 1 | 1 | L 1 1 1 1 | 1 | 1
293 303 313 323 333 343 353 363373T”’K293 303 313 323 333 343 353 3633731 K

1,0 Puc. 2. 3aBucumocts KI1J] ucnonb3oBanus
TOIIMBA 1), OT TEMIEPATYPHI 7,
OKpY>KaroILero Bo3ayxa (Bo3Lyxa FrOpEeHuUsI)
npH ¢, %: 1 — 0 (cyxoii Bo3ayx);
2-20;3-50;4-80;5-100
(BIa)KHBIN HACBHIILIEHHBIA BO3/YX);
TeMIepaTypa Ha BBIXO/E U3 TOIIOYHOH
Kamephl (paboyas TeMIepaTypa) i;:
a—1000 °C (1273 K); b—200 °C (473 K);
¢—100 °C (373 K);
tormBo — CH, (mpupoHbIii Ta3)

0,921 |/

1
20 30 40 50 60 70 80 90 100 #, °C

L 1 1 1 1 1 | 1 |
293 303 313 323 333 343 353 3633737, K Fig. 2. Dependence of fuel utilization

efficiency n,on the temperature #,
of the ambient air (combustion air), for @,, %: 1 — 0 (dry air);
2-20;3-50;4—80;5—100 (humid saturated air);
temperature at the exit of the combustion chamber (operating temperature) #;:
a— 1000 °C (1273 K); b—200 °C (473 K); ¢ — 100 °C (373 K); fuel — CH, (natural gas)

ITo »TO¥ MpUUMHE MPAKTUYECKUN UHTEPEC MPECTABISIET BIUSHUE MOJ0Tpe-
Ba YBJIQXXHEHHOTO BO3[yXa TOPEHMsS KaK XapaKTEPUCTUKU BIAarocoiepKaHHs
okucnuTens Ha 3()(EKTUBHOCTh MCHOIB30BAHUS TOIUIMBA M BO3MOXHOCTBH €T0
9KOHOMUH.

Ecnu pu @, = 0 (cyxoit Bo3ayXx) yBeIHueHHE ¢, TPUBOAUT K MOHOTOHHOMY
MIOBBILIEHHIO Ty BO BCEM JIMAIa30HE U3MEHEHHUs TEMIIEPATYP IOAOTPEBa BO3AyXa
t,>25°C (298 K) [18], To mpu yBIa)kHEeHHH BO3AyXa AJIsl HEKOTOPBIX 3HAUCHHUH
¢ > @, UMeeTcs 00JaCTh MOHUKEHUS 1|y IpU pocTe f,. ClaeayeT uMeTh B BULY,
YTO B YCJIOBHMSIX (0 = const IPU IOBBIIIEHUH CAMOI0 3HAYEHUS] OTHOCUTEIbHOM
BJI&YKHOCTH () IIPOIPECCUBHO HapacTaeT aOCOJIIOTHOE BIArocoIepxaHue Bo3ayxa
(3aBucumoctu (3)—(7)), a KIIJ] ucrone3oBanus TOIJIMBA B TOINKE T|; HaYMHAs
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C HEKOTOPOTO 3HAYEHHMS /., CTAHOBUTCS MEHBIIIE, YeM IIPU CTAaHIAPTHOU TeM-
nepartype f,o = 25 °C (puc. 2) u coorBeTcTBYOLIEH ¢ (pUC. 2¢):

nf ((P’ ta> ta,cr) < n/((Pv ta,O)' (23)

B cBs3u ¢ uznoxennsiM KIIJ[ ncnonp30BaHus TOIUIMBA MPU ¢y MOYKHO T0JIa-
raTb He 3aBHCAIINM OT . bomee Toro, m3MeHeHWe aTMOC(EpPHOTO HaBICHUS
B AMANA30HE Py, = 735-775 MM pt. cT. = 0,09799-0,1033 Mlla npuBogut
K M3MEHCHHIO Py, HAa HUYTOXHYIO BenmmuuHy mopsaka 0,5 Ila (c 3174,63 mo
3175,17 [1a — pacueTsl ¢ UCIONB30BaHUEM 3aBUCHMOCTEH). JleiicTBUTENbHO, pH
CTaHJIaPTHBIX aTMOC(EPHBIX YCIOBUSAX JIOJS MMapa B CMECH P/Pum = Psad Pam =
=3,1075/101,32 = 0,03, a coaeprxaHue apa B MapOBO3AYIITHOU CMECH:

M M
d = Py W psat w_ (24)

p =
pa,Z = Psar Mgax,dry Prar = Psar Ma,d/y

Yupyrocth HaCHIIEHUS TP ) HE3HAYUTEIbHA 110 CPABHEHUIO C aTMocdep-
HBIM JIaBJICHHEM, YTO MpeIonpeaeseT Manoe adbcomoTHoe coaepkanne H,O Bo
BJIQXKHOM arMoc(epHOM Bo3ayxe U cinaboe BIWSHUE COAEp)KaHWS Tapa Ha
YAENbHYIO TIOJHYI0 SHTANBIHNIO HACHIIIEHHOTO BO3AyXa IpH fy. C ydeToM cia-
00ro BIMAHMSA BIAKHOCTH BO3/lyXa U YIPYTOCTH HACBILIEHUS Py, HA Ty IPU TEM-
nepaType f,o CylecIByeT o01acTh, Iie IpH ¢, > t,. U JI000H BIaKHOCTH
BO3]lyXa CIIPaBEUIMBO COOTHOIIICHUE

n/((P’ ta>ta,cr)g n/((P: 100 %9 ta,O)' (25)

IKOHOMHS NMPHUPOTHOTO ra3a MPU 3aMelleHNH BJIAKHBIM TEXHOJIOTHYe-
CKHM ra3oM. /[ocTaToyHO pacnpOCTpaHEHHBIMH, HAIPUMEP B MPAKTUKE METal-
JTYPrUYEeCKUX TPOU3BOJICTB, SIBISIOTCS CIIy9IaH peaanu3alliy MPoIeccoB wet com-
bustion B CBS3M C WCIOJIB30BAHUEM HE TOJHKO BIAXKHOTO BO3/1yXa-OKHCIIH-
TeJsl, HO W TOPIOYMX Ta30B. Eciam BiIakHOE COCTOSHHE BO3IyXa OOYCIOBIICHO
TEMIIEPATyPHO-BIAKHOCTHBIM PEXHUMOM aTMOC(HEPHOT0 BO3/yXa, TO OT/CIIBHBIC
TEeXHOJIOTHYEeCKHe ra3nl coaepxkatr H,O npu ux npou3BoACTBeE.

PacueTHbIC MaHHBIC O YKOHOMUHM TPUPOJHOTO ra3a dByg MPH €ro0 YacTH4-
HOM WJIM TIOJTHOM 3aMEIIECHUH JOMEHHBIM Ta3oM (Dyg + Dgrg = 100 %) B 3aBu-
CHMOCTH OT JOJ JOMEHHOTO Ta3a B CMECH TOIUTMBHBIX Ta30B IPEICTABICHBI
Ha puc. 3. PaccmaTpuBaeTcsl CKHTaHHE CYXOTO M BIJIAXKHOTO JOMEHHOTO Tasa.
Kaxk BuanHO U3 puc. 3, HanuuKe BIard OAHO3HAYHO CHUXKAET BO3MOXKHYIO DKOHO-
MU0 IPUPOTHOTO Ta3a.

BaxxHO#l 3HepreTHUecKoil XapaKTePUCTHKOW MpPH OICHKE 3(PPEKTUBHOCTH
HCITOJIP30BaHUS TOIUIMBA SIBIISCTCS pacliojiaraeMasi SHEepPrus IMOTOKa TOTUTHBO-
OKHCITUTEIIBHON CMECH, KOTopas ompeeiseTcs N30BITOYHON TOTHOM (XuMHde-
CKO) PHTAJBIINEH MacCOBOTO MOTOKA CMECH TOIUIMBA M OKUCIIUTEINS], B YACTHO-
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CTH BO3/yXa, MPH COOTBETCTBYIOIIMX HAYaJbHBIX TEMIIEpaTypax WA pPaBHOU
ATOMY 3HAYEHUIO W30BITOYHOW ITOJTHOW IHTAIBIIMEH MPOIYKTOB CTOPAHUS IPH
TEOPETUUECKOU TeMIeparype ropenus 1r.

(=N
S

W
(=1
T

S
(=1
T

o
(=}
T

(=]
T

DKOHOMHUS NPUPOJHOTO raza, %
W
S

1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Jons nomeHHoro ra3a B cmecu Dgrg, % 00.

Puc. 3. DxoHOMHUS IPUPOJHOTO ra3a MpH 3aMeHe TOIUIMBA CMEChIO JOMEHHOTO M IIPUPOIHOTO
ra30B B 3aBHCHMOCTH OT JOJIM JOMEHHOTO ra3a Dy B CMECH C IPHUPOIHBIM I'a3oM (0Ch a0CIHcc):
1, 2, 3 — «XOJIOIHBIIN» OKUCIUTEND, f, = 25 °C; TOIIHNBO — IIPU TOYKE POCHL; TeMIIepaTypa
JIOMeHHOTO raza Tgrg = T4 4,5, 6 — «ropsidas» TOIIMBOOKUCIUTEIbHASL CMECD, £, = 400 °C;
BJIaroco/epkaHue JOMEHHOTO ra3a dppg, K© HyO/Kr cyxoro rasa, mpu cOOTBETCTBYIOLICH TOUYKE
pocsl (Temreparype HackimieHus) 7y, K (ykasana B ckoOkax): 1, 4 — 0 — cyxoii JOMEHHBII ra3
(@grc =0; Tprg =298 K); 2,5 — 0,058 (308); 3, 6 — 0,326 (338); Temneparypa Ha BBIXOJIE
13 TOTIOYHOM KaMeps! (pabouas Temmneparypa) ¢, = 1000 °C (1273 K)

Fig. 3. Saving of natural gas by replacing the fuel with mixture of blast furnace and natural gases
depending on fraction of the blast-furnace gas Dpr; in mixture with natural gas (abscissa axis):
1,2, 3 —“cold” oxidizer, t, = 25 °C; fuel — at the dew point; temperature of the blast
furnace gas Tprg = T3 4, 5, 6 — “hot” fuel-oxidizer mixture, ¢, = 400 °C; moisture content of blast
furnace gas dprg, kg HyO/kg of dry gas, at the corresponding dew point (saturation temperature)
T,, K (indicated in parentheses): 1, 4 — 0 — dry blast furnace gas (¢grg = 0; Trg = 298 K);
2,5-0,058 (308); 3, 6 — 0,326 (338); temperature at the exit from the combustion chamber
(operating temperature) 7, = 1000 °C (1273 K)

OtmeTnM, 9TO B pacdeTax CMeceil CyXoro MPHpPOIHOTO U BIAXKHOTO JTOMEH-
HOTO Ta3a NOCIEIHUN NPUHUMAJCS C OTHOCUTENBHON BiIaXHOCTHIO @ = 100 %,
KOTOPOI COOTBETCTBOBAJIO OIPEJCICHHOE a0CONFOTHOE BIArocoAepKaHue dprg
mpu Temnepatype 1y (Pprg = 100 %). [na ympomieHust pacdeToB Temrepa-
Typy BCeH cMecH MPHUPOJHOTO W JOMEHHOTO ra30B MPUHUMAIN PaBHOM Temrie-
paType BIIaXXHOTO JOMEHHOTO rasa. B cimydae «ropsiueit» TOTITHBOOKHCIUTEIh-
HOU cMecH (,; = 400 °C) ncxomHoe BIarocojaepkaHue JOMEHHOTO rasa npu-
HUMAJIOCh KaK JUIS XOJIOJHOTO TOILIMBA IPH TEMIIEpaType HACHIIICHUS (TOYKE
pocsl) Tprg = Ty

Ha puc. 4. mokazana 3KOHOMHSI pacriojaracMoi TeIJIOBOW SHEPTHH MCXO]I-
HOHl TOIJIMBOBO3AYHIHOM CMeCH (IOTOKAa OSHTANbIUM) OQjowq INPU 3aMellle-

HHMH 9aCTH NPUPOJHOrO ra3a JOMeHHbIM B ycnoBusx: 1, € {Tr; To}; H,O — map.
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PacdeTsl BBIMOTHEHBI B COOTBETCTBUU C MPEACTABICHHBIM «IHTAIBITHIHBIMY
noaxoznom [18] B 3aBUCHMOCTH OT TeMIepaTyphl NOAOTPpeBa TOIIMBA 1y U BO3-
nyxa T, (ypaBHeHue (22)).

20
SQ/io,v,av, % t
O

—10F
-20r
=301
—40r
=501
—601
=701
—80[
—90r
-100f
-110

1 1 1 1 1 1 1
200 30 40 50 60 70 80 90 100
Jlonst noMeHHOTrO Ta3a B cMecu Dy, % 00.

Puc. 4. I3menenue pacrosaraeMoi TeII0BOH SHEPTUU UCXOJHON TOIUIMBOBO3IYIIHON cMecH
(3xoHOMUS (+); Iepepacxo (—)) B 3aBUCUMOCTH OT JIOJIA TIOMEHHOTO Ta3a Dy B CMECH
C IPUPOIHBIM IIPY 3aMEHE MIPUPOAHOTO T'a3a CMECHIO JOMEHHOTO U IPUPOIHOTO T'a30B;
1-6 — 1O ke, uTo Ha puc. 3

Fig. 4. Alteration of available heat energy of initial fuel-air mixture
(savings (+); overspending (—)) depending on the fraction Dgrg
of blast furnace gas mixed with the natural gas when replacing the natural gas
by the mixture of blast furnace gas and natural gas; 1-6 — the same as in Fig. 3

U3 puc. 4 BuaHO, 4TO A7t 0OecHedeHHs] SKOHOMHUH PACIIoaracMou TEIIOBOH
SHEPryuu MPUPOIHOTO ra3a MpU €ro 3aMeIIeHIH, 0COOEHHO B YCIIOBHSX BIAXXHOTO
3aMeIIaIOIIero TOIUTNBA, JOJKEH OBITh POBEICH KOMIUIEKC Mep ISl OpraHu3aliu
MOJIOTPEeBa KaK BO3yXa TOPEeHNs, TaK W/WiH TOIUIMBa. 1IpoBeieHHbIN aHaIH3 BIIU-
AHMs noziorpesa Bosayxa (4, 10 400 °C) n tonmmsa (¢ no 400 °C) nokasain, uTo
9KOHOMHUS 3aTPAvYCHHON TEIJIOBOM YHEPTHH TOILIMBOBO3AYIITHOW cMecH obectie-
YMBaeTCsl B pacCMaTpHBaeMbIX Npumepax (puc. 4) mpu paboTe Ha NPUPOTHO-
JIOMEHHOM CMecH ¢ conepkanueM gomeHHoro raza a0 80 %. IIpu padore Ha xo-
JIOJHOM TOIUIMBOBO3AYLIHOM cMecH 3()()EKTUBHOCTD TOIUIMBOUCIIOIB30BAHUS
MIPH 3aMEIIEeHUH IPUPOTHOTO Ta3a CHIKAETCS U SKOHOMHUS pacIioaraeMoi Tem-
JIOBOM SHEPrHMH HE MOXKET OBbITb NOCTHTHYTa: 3aMELICHWE YacTH MPHUPOAHOTO
rasa JOMEHHBIM BBI3BIBAET IEPEPACXO MOTPEOHOM IHEPTHUH TOTUINBA.

TloBbimenue KII/{ ucnosib30BaHUs TOMJIUBA
NPHU CKUTAHUM YBJIAKHEHHBIX TOIUTHBOOKHUCIUTEIBHBIX cMeceil

Ouenky usmenenus KIIJI ucnonp3oBaHus TOIUIMBA Ty IPU CKUTAHUHM 00-
BOJHEHHBIX TOIUIMBOOKHUCIUTEIBHBIX CMECEH BBIMIOJIHUM C YYETOM H3MEHEHMS
0011Ielt MacChl MPOAYKTOB CrOpPaHUs IIPH 0OBOTHEHUH CMECH

(2 )AL — AL )

g.ex
1+ Q)AL .

id ,\
n,=n."

5 (26)

r7ie BEJIUYUHBI B YUCIIUTENE IPUHUMAIOTCS NI YBIAKHEHHON TOIUTMBOOKUCITH-
TETHLHOM CMECH, a B 3HAMEHATeJe — JIS CITydasl CXKUTaHus cyxoi (0e3 BBoaa J10-
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noyHUTeNbHOM Biaru) xonogHoi (7o = 298 K) crexuomerpudeckoit (A = 1,0)
TOTUTMBOOKHCITUTETEHOW CMECH.

Jlns ynpolieHus pacueToB B 3aBUCUMOCTH (26) 1, yCI0BHO OyZeM OTHOCHTb
K HU3MICH TEIUIOTE CrOpaHus TOIUIMBA, a HE K PAaBHOBECHOHN TEIIOTE Cropa-
Hus npu 7.

3asucumoctr KIIJI ucnons3oBaHus TOIUIMBA 1|, MO BBICHIEH (paBHOBEC-
HO# [1]) TeroTe cropaHus, OTHECCHHBIC K HU3MIEH TEIIOTE CrOopaHUs CyXOu
«xomomuoi» (Ty = 298 K) crexmomerpuueckoit (A = 1,0) MeTaHOBO3IyITHOM
CMECH, TPU CKUTAHUK METaHA C YBIAKHECHHBIM OKUCIIUTENIEM MPHU TEMIIepaType
ero moporpesa B pekynepatope 7, = 373 K (puc. 5a) u T, = 800 K (puc. 5b)
MIPEJICTaBJICHEI HA pHC. 5.

a b
T]‘/s % T]f, %
200
160 6 1\ 6
140 R\ 5 180 5
120 F\H4 6o 4
3 140 - )2
100 - l 2 120 F
80 | 100 [ 1
60 / 5 80 - |
4 ( / 60 - / 2
40 ) 3 ) 3
5 / 40 L 4 > / 3
20 / 20 L 5 )
0 1 6 0 1 L 6 L
250 750 1250 1750 2250 250 750 1250 1750 2250
ng',«.\" K Tu,a\ > K

Puc. 5. 3aBUCHMOCTB 1), OT TEMIIEPATYPHI yXOAAIIUX MPOTYKTOB CTOPAHHs B TEMIIEPATyPHOM
nuanaszone 0T 77 10 Ty, IPH CTEXMOMETPHYECKOM CkMranuu MeTana CHy ¢ yBIaKHEHHBIM
BO3/IyXOM, ITOJIOTPETHIM B peKyrepaTtope 1o temmeparypsl 7, =373 K (a) u T, = 800 K (b);

Biarocojepxanue d,, kr H,O/Kkr cyxoro Bo3yxa, IpH COOTBETCTBYIOIIEH TeMIepaType

Hacsimenus 7, 4, K (ykazana B ckoOkax): 1 — 0 — cyxoit Bo3ayx, 7, =298 K; 2 — 0,0201 (298);

3-0,065 (318); 4-0,152 (333); 5— 0,28 (343); 6 — 0,55 (353)

Fig. 5. Dependence of fuel efficiency 1, on the temperature of exhaust combustion products
in the temperature range from 77 to T, ., when stoichiometric combustion of methane CH,
takes place with humidified air heated in the recuperator to temperature 7, = 373 K (a)
and T, =800 K (b); moisture content d,, kg H,O/kg of dry air, at the corresponding saturation
temperature 7T, 45, K (shown in parentheses): 1 — 0 — dry air, T, =298 K; 2 — 0,0201 (298);
3-0,065 (318); 4-0,152 (333); 5— 0,28 (343); 6 — 0,55 (353)

AHanmu3 KpUBBIX Ha puc. 5 mokaseiBaeT, 4yro KIIJl TommmBomcCIONb3yro-
e CUCTEMBI C BJIQXKHBIM BO3/JyXOM ITPH UCIIOIH30BAHUN B TIOJHOM JIUATIa30HE
TeMIepaTyp 1o TpakTy (npoaykros cropanus I, € {I7; Ty}) BO3pacTaer ¢ yBe-
JMYEHUEM BJIarocoJiepKaHusi BO3AyXa TOpeHUs d, IPU YCIOBUH, YTO C IOHMKE-
HUEM TEeMIIepaTypbl MPOAYKTOB CrOPAaHUs HCIOJB3yeTCS TEIUIOTa KOHJCHCA-
1y pu Ty < T, (Touku pocsl). OTHAKO 10N TEIUIOTHI, PACXOAYEMOM B BEICOKO-
TeMIIepaTypHOii 1eun, u, cnegoBarenbHo, KIIJ] coOCTBEHHO MmeYn — TeXHOJIOTH-
YEeCKOTO y4acTKa, YMEHBINIAIOTCS B CBSI3U C MOHIDKEHHEM TEMIIEpaTyp B TOMOY-
HOM Kamepe.

BBIBO/IbI
1. IlpoBeneHHBIN aHAN3 BIMSHUS BiIard Ha 3QGEeKTHBHOCTH MCIIOIH30BaHUS

TOIINIMBA IIOKasaJl, 4YTO HC3aBUCHUMO OT TOI'0, KaKNUM 06pa30M BJiara 1momagacTt
B TOIVIMBOOKHUCJIHUTCIBbHYIO CMCCh — 6yZ[I: TO C BO3JyXOM IOpCHHA WU C TOIUIN-
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BOM, — OHa oAHO3HayHO cHkaeT KIIJ[ TormodHoi kamephl WKW TEXHOJIOTHYe-
ckoro mpouecca u arperata. [ns noseimenus KITJ BeicokoTeMmepaTypHoit me-
4y (KOTIa) HEOOXOIUMO OCYIIECTBISATH OJJOTPEB KOMIIOHEHTOB TOPECHUS ITyTEM
YTHIIU3AIUH TTUIOTHI YXOISAIINX TPOJAYKTOB CTOPAHMUSL.

2. Uem BbIIIE JI0JIs1 BAAXKHOTO JIOMEHHOTO T'a3a B CMECH C IPUPOIHBIM Ta30M,
TeM OOJIBIIE Mepepacxoji pacrojiaraéMoil TETIOBOW 3HEPTUU TOIUIMBOOKHUCIIHU-
TEIBHOM cMecH. 3a CUeT YBEeJIMYEHUS JO0JIU JOMEHHOIO ra3a B CMECH C HPUPOJI-
HBIM T'a30M 3KOHOMHS IPHPOJHOTO ra3a yBEJIMYMBACTCS, OJIHAKO IMOBBIIICHUE
BJIArOCOZIEPKAHMS JIOMEHHOTO Ta3a YMEHbBIIAET BO3MOXKHYIO SKOHOMHIO IIPH-
POIHOTO Ta3a. JTO CHPaBEIMBO MPH OTPAHUUYEHISIX B YPOBHE pabodmx Temiie-
paTyp TOILTUBOMCIIONIB3YIOMIETO arperaTa (B 4aCTHOCTH, TTE€UH).

3. YuuThIBasg BBICOKYIO M30BITOYHYIO DHTAIBIIMIO BJIaTM B MAapOBOW (ase,
11eJecoo0pa3Ho MCTOIh30BaTh YKa3aHHYI0 COCTABISIONIYIO ITOJIE3HON SHEPTHUH
IMyTeM MaKCUMAalbHO BO3MOXXHOW YTHIIM3AllMU SHEPTHH Tapa TPH MOJIOTPEBE
KOMITOHEHTOB TOPEHHS 32 CUET OXJIXKICHUS MPOIYKTOB CrOPaHUS HIDKE TeMIIe-
paTyphbl roproueil cMecH, MojjaBaeMoOi B KaMepy CropaHusi, U paBHOBECHOM KOH-
JICHCAIIMH BOJISIHBIX TIapOB.

4. KIIJ] TOIIMBOUCIIONB3YIONICH CUCTEMBI MOXET OBITh CYIIECTBEHHO IIO-
BBIIIICH MTyTeM KOMOMHUPOBaHUS B CUCTEME PA3IUYHBIX TOIOYHBIX U TEIUIO00-
MEHHBIX YCTPOWCTB B YCJIOBHSX Cpa0aThIBaHUs MOTCHIMANA (M30BITOYHON TOJ-
HOW SHTAJILIIMU) pabdovyero Tejaa B CBA3M C TEM, YTO pacrojiaracMasi TeIioTa
MPOAYKTOB CrOPaHUs C BJIQXKHBIM BO3JyXOM B TOJHOM JHMAINa3oHEe TeMIIepaTyp
no tpakty T, € {Tr; Ty} BO3pacTaeT C yBEIMUYEHUEM BIIArOCOAEPKaHUs BO31yXa
Y NIPOAYKTOB CropaHus npu TeMuneparypax I, < T

Oo0o3HaveHus:

B — pacxopn TommBa, Kr/c; HM3/c; 0B — skoHomus TorumBa, %; BFG — momen-
weIid Ta3; COG — KOKCOBBIH Ta3; D — moJisi KOMIIOHEeHTa, 00beMHast (MoisipHast), % 00.;
d — abcomoTHOoe Biaroconepxkanue, kr H,O/kr cyxoro raza (Bosmyxa); I, Al — abco-
JIOTHAsI ¥ U30BITOYHAS TI0 OTHOIIEHHUIO K TaKOBOH mpu T MOJHAS SHTANBIM, KJ[K/KT;
i, Ai — ynenpHas W W30BITOYHAS TI0 OTHOIICHWIO K TAKOBOW NpW 7 MONHAS SHTAJb-
must, kJx/kr; Ly, — 00beMHOE CTEXHOMETPHUYECKOE YHCIIO BO3AYX/TOIUIHMBO, HM3/HM3;
M — wmonspHast (MOJIEKyJspHas) Macca, KI/KMOJb, m — Macca Ta30BOW CMECH, KT}
NG — npuponHbslii Ta3; p — naBienue, klla, ara; Q — TerioTa cropaHus (TEIJIOTBOPHAS
CIIOCOOHOCTH), KI[)K/HM3; TEIIOBas MOIIHOCTh (MOTOK TEIIOThl), KBT; 80y, — 3KOHO-
MUsi/TIepepacxo/l 3aTpadeHHOH (pacmonaraeMoii) TerioBoit sHepruu, %; T, t — Temmepa-
typa, K; °C; A — ko3 duimeHT u30bITKa BO3ayXa IS TOILTMBOBO3AYIIHONH TOPIOYEH
CMECH; (0 — OTHOCHUTEJbHAS BIAXHOCTh, %; (), — MACCOBOE CTEXHOMETPUYECKOE YHCIIO
BO31yX/TOMuBO; 1, — KIIJI ncrons30BaHus TOIIINBA B 11e4H, Y.

HNnpexcsr:

a — BO3IYX TOPEHUS; av — JUIA ITOTOKA PACIIoiaraeMoil TeIIOBOH YHEPIHH HOTOKOB
TOIUIMBA W OKUCIUTENS (TOIUIMBOOKHCIHMTENIBHON CMecH); atm — TpH aTMOC(hEpHBIX
YCIIOBUSAX; bar — M0 6GapOMETPUIECKOMY AABJICHUIO; comb — I MOTOKA TEIJIOTHI Cro-
paHus TOIUIMBA; dry — Ha CYXyl0 MaccCy; ex — 3HauUCHHs Ha BBIXOJIE M3 NeuH (B BBIXO[-
HOM CE€YEHHH); eq — K PAaBHOBECHOH TEIUIOTE CropaHus (TEIIOTBOPHOM CIIOCOOHOCTH);
f— TorunBO; fin — ANl KPUTUYECKUX MTapaMEeTPOB COCTOSIHUS BELIEeCTBa; f] — JJIs TPOTyK-
TOB CrOpaHus, Meuu; g — NPOJYKThI CrOPaHUs; gas — ra30BO€ TOIUIMBO; /i — K BbICHICH
TEIJIOTe Cropanusi (TeMI0TBOPHON CIIOCOOHOCTH); /i — pacyeT I10 TeIUIOTe CropaHus; id —
JUISL «MJeaJbHOWY TIeUM; in — WCXOJHbIE KOMIIOHEHTHI Ipoliecca TropeHus (TOILIMBO +
OKHCIHTENb); [/ — K HHU3IMIEH TEIUIOTe CropaHus (TEIUIOTBOPHOW CHOCOOHOCTH);
m — TP pacueTax 4epe3 MacCOBBI pacxom; mix — JJsl MapaMeTpOB CMECH; OX — OKHUC-
JIMTENb; sat — B COCTOSIHMY HACHILICHUS; 1 — MIPU TEOPETUYECKOM TeMmepaType ropeHus 17
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V — npu pacuerax yepe3 00beMHbIC J10JM KOMIIOHEHTOB; W — JUISl BJIalr B KOMIOHEHTax
cMecH; wet — Ha OOIIYIO BIaXKHYIO Maccy cMecH; 0 — I HadaabHBIX 3HAUEHHH TEpMO-
JMHAMHYECKUX T1apaMeTPOB M CBOWCTB — IPH CTAaHAAPTHBIX ycIoBUsX (py = 0,1013 MIla;
To = 298 K); * — niis mapaMeTpoB TOPEHHUs Ta30BOTO TOIUIMBA C BO3MYITHBIM OKUCIIUTE-
nem nipu A = 1,0; po = 0,1013 MIla; Ty = 298 K; i — KOMIIOHEHT CMECH.
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Abstract. The combustion of hydrocarbon fuels in the chambers of heat generating plants is one
of the main sources of pollutant emissions. Environmental standards and rules that limit emissions
are becoming more stringent and their implementation requires the introduction of advanced tech-
nologies and equipment. The main device in combustion systems are blow burners, the design
of which largely determines the level of emission. The article considers factors that intensify the
formation of normalized pollutants, provides global chemical reactions, various types of mecha-
nisms, and kinetic schemes. Based on the analysis of modern methods for reducing harmful emis-
sions, the most effective design solutions for mixing devices, nozzles and systems for distributing
the flow of fuel and air supplied to combustion are determined. A comparative analysis of the
methods and conditions for determining the emission class of the burner device is carried out
depending on the selected units of measure, the coefficient of excess air (oxygen concentration
in flue gases), air humidity and the initial composition of natural gas using examples of EU
and EAC standards. The methodology for calculating the emissions of nitrogen oxides depending
on the measurement conditions is given. The conversion factors for the values of pollutant emis-
sions from the accepted units in the EU (mg/(kW-h)) into the units indicated according to the EAC
environmental rules (mg/m’) taking into account the respectively normalized coefficient of excess
air are obtained. As a result of the calculations, the types of burners were determined by emis-
sion classes corresponding to the applicable environmental standards and rules in the Republic
of Belarus, depending on the heat output of the boiler plants.

Keywords: environmental standards, excess air coefficient, mixing device, flame head, conversion
factors, concentration of nitrogen oxides
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10. I1. Alpmonvuux
566 MexaHH3MBI 00pa30BaHMs H METOANKA PACcUeTa BEIOPOCOB 3arps3HSIONINX BEIIECTB. ..

HOPMBI ¥ IIPaBMJIa, OTPAaHUYNBAIOIINE BEIOPOCH], CTAHOBSTCS BCE O0JIee )KECTKUMU, U UX COOIIoe-
HHEe TpeOyeT BHEIPEHUs MEPEeAOBBIX TEXHOIOTHH M o0opynoBaHusi. OCHOBHBIM YCTPOWCTBOM B
CHCTEMAaX CXKHUTaHMS SBIISIFOTCS {yThbEBBIE TOPENKHU, OT KOHCTPYKIIMU KOTOPBIX BO MHOTOM 3aBUCHT
YPOBEHb SMHCCHH. B cTaThe paccMOTpeHbl (akToOpbl, MHTCHCH(PUIUpYIONIHe 00pa3oBaHUE HOP-
MHPOBAHHBIX 3arpsI3HSAIOMNX BEIECTB, NMPHUBEACHBI ITI00ANbHBIE XUMUUECKHAE PEaKIUH, Pa3iInd-
HBIE THIBI MEXaHM3MOB M KHHETHYECKHe CXeMbl. Ha ocHOBe aHamm3a COBPEMEHHBIX METOJOB
CHIDKCHHMS BPEJHBIX BBIOPOCOB ompe/eneHbl Hanbonee 3¢ heKTHBHbIE KOHCTPYKTOPCKUE PELICHHS
CMECHUTEIIbHBIX YCTPOHCTB, HACAJ0K U CUCTEM paclpeeeH:s TOTOKOB TOIINBA U BO3/yXa, oja-
BaeMoro Ha ropenue. IIpoBe/ieH CpaBHUTENBHBIN aHATN3 METOJOB M YCIOBHI ONpPENEICHUS IMHC-
CHOHHOTO KJIacca TOPEIOYHOT0 yCTPOHCTBA B 3aBUCHMOCTH OT BBHIOPAaHHBIX €AWHHI] H3MEPEHNS,
ko3¢ ¢unueHTa M30bITKAa BO3MyXa (KOHIEHTPAIMH KHCJIOPOAA B JIBIMOBBIX Ta3ax), BIQKHOCTH
BO3/lyXa U UCXOJHOr'0 COCTaBa IpUPOJHOro rasa Ha npumepax cranaapros EC u EAC. Ilpusenena
METOJIMKA PacueTa BHIOPOCOB OKCHIOB a30Ta B 3aBUCUMOCTH OT YCIOBHH M3MepeHus. [lomyueHst
K03 UIEHTHI NepecyeTa 3HaUeHUH BBIOPOCOB 3arps3HSIONIMX BEIIECTB U3 MPUHATHIX €AUHUI
8 EC (Mr/(xBT-4)) B ¢IMHHIIbI, yKa3aHHbIE 1O 3Konoruueckum mpasunam EAC (Mr/m’) ¢ yuerom
COOTBETCTBEHHO HOPMHUPYEMOT0 Kod¢duIreHTa n30bITKa Bo3iyxa. B pesynbrare pacyeroB ompe-
JeTIeHBI TUTIBI TOPENIOK 10 HMUCCHOHHBIM KJIacCaM, COOTBETCTBYIOIIUM AEHCTBYIOIIUM 3KOJIOTH-
YeCKMM HOpMaM W IpaBuiaM B PecrmyOuke Bemapyck B 3aBHCHMOCTH OT TEIUIOBOM MOIIHOCTH
KOTENTbHBIX YCTaHOBOK.

KnwueBble cjI0Ba: 3KOJOTHYECKUE HOPMBI, KO3(1)(1)I/IHI/I€HT n30bITKA BO3yXa, CMCECUTECIBHOC

yCTpOﬁCTBO, IJIaMCHHas rojioBa, KO3(1)(1)I/IIII/ICHTBI nepecucTa, KOHICHTpanusa OKCUI0B a30Ta

Jas uutupoBanus: Spmonsuuk, 0. I[1. Mexanu3zmbl 00pa3oBaHHs 1 METOJIUKA pacueTa BHIOpPO-
COB 3arps3HSIONINX BELIECTB IPU COKUTAHUM IIPUPOJHOTO ra3a B 3aBUCUMOCTH OT 3MHCCHOHHO-
ro kiacca ropenok / FO. II. Spmonsuuk // Dnepeemuxa. H36. svicui. yueb. 3agedenuti u snepe.
obveounenuti CHI". 2019. T. 62, Ne 6. C. 565-582. https://doi.org/10.21122/1029-7448-2019-
62-6-565-582

Introduction

With the coming into force in the Republic of Belarus since-October 1, 2017
of environmental norms and rules of EcoNiP 17.01.06-001-2017 “Environmen-
tal protection and nature management. Environmental safety requirements” [1],
the issue of limiting harmful emissions not only in existing boiler houses, the
emission standards of which are set slightly higher than for newly built ones,
became acute, and a reduction in existing indicators can be resolved by installing
condensing heat exchangers at the exit from the boilers and improving heat and
mass transfer processes in boiler furnaces [2], but also for newly designed boiler
plants, emission standards for which are significantly tightened.

In this regard, for manufacturers of boilers, the task is to optimally design
newly manufactured plants, and for design organizations — a quality choice of
equipment offered on the market. The complexity of the solution of this problem
is primarily due to the fact that the manufacturers of burner devices uniquely
determine the emission class of their products based on the measured values
when burning the corresponding types of fuel in once-through furnaces signifi-
cantly exceeding the size of the free flame, having an extremely low aerodyne-
mic drag and almost complete absence of reverse flows [3]. Boilers with similar
combustion chambers, usually referred to as single-pass or span, due to the need
to retrofit a particular system of utilizing the heat of the flue gases to increase the
overall efficiency of the installation [4], are rarely used and mainly as energy


https://doi.org/10.21122/1029-7448-2019-%0b62-6-565-582
https://doi.org/10.21122/1029-7448-2019-%0b62-6-565-582

Yu. P. Yarmolchick
Formation Mechanisms and Methods for Calculating Pollutant Emissions from Natural Gas... 567

ones. In the market of heating and industrial boilers, currently mainly boilers
with two-way reversible and three-way continuous combustion chambers are
offered. An additional difficulty in unambiguously determining the level of
emissions in accordance with [1] is the discrepancy in the accepted conditions
and units for measuring the concentration of pollutants in the EU [3] — the main
producer of burner devices, as well as incomplete compliance of the chemical
composition and, as a result, the composition of flue gases with standard types
of fuel in the EU and EAC. The proposed simplified conversion methods, for
example, described in [5, 6], can lead to design inaccuracies and, as a result, to
errors in choosing the optimal designed equipment. For more accurate calcula-
tions, it is necessary to apply a combined technique, taking into account the de-
scribed factors.

Main part

Before considering the features of the effect of the emission class of burners
on the formation of harmful emissions, it is necessary to determine the actual
composition of the flue gases and which pollutants should be determined as the
object of study. According to [1], when burning gaseous fuels, the following
issues are standardized: carbon oxide (CO), nitrogen oxides — in terms of nitro-
gen dioxide (NO,), sulfur dioxide (SO,); and when burning liquid fuel, the same
substances plus solid particles.

The factors that intensify the formation of each of the normalized pollutants
are considered below.

Carbon monoxide is formed, primarily and almost exclusively, by the com-
bustion of fossil fuels due to the incomplete oxidation of hydrocarbon molecu-
les [7]. To reduce its amount in flue gases, the flow rate of air entering the com-
bustion is increased. It is with a decrease in the formation of this gas that such
a concept as the coefficient of excess air is associated. However, the desire
of many installers of gas burner devices to completely get rid of CO by increa-
sing the volume of air supplied to the combustion leads to an overestimation
of the excess air coefficient and, as a result, to a decrease in the technical effi-
ciency of the heat generating unit and to some extent an increase in the emission
of another normalized pollutant — nitrogen oxides. We also note that, according
to experimental studies [8], the process of converting hydrocarbon fuels to the
final products of combustion of H,O and CO, is divided into two stages: the first
is the oxidation of hydrocarbons to CO — the rate of processes in a high-
temperature medium (above 600 °C) is very high; the second is slow: oxidation
of CO to CO,. Proceeding from this, the qualitative oxidation of CO depends not
only on temperature, but to a large extent on the time spent in the high-
temperature zone. This conclusion is extremely important when comparing pro-
cesses occurring in reversible and continuous combustion chambers. Under con-
ditions of reverse flue gas flows, not only does the average molecular path inside
the furnace increase, but their speed also slows down due to cross-border turbu-
lent interpenetrations of multidirectional peripheral flows, viz. a flow of a bur-
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ning air-fuel mixture and a return flow of combustion products [9]. As a result,
this leads to a significantly longer (almost 2 times) period of time for the oxida-
tion of CO directly in the furnace compared to through-passage combustion
chambers. During commissioning, which consists in fixing certain fuel-air ratios
in an adjustable power range, presented both by the boiler manufacturer and the
burner manufacturer for each type of device, such a mechanism, as a result, can
significantly reduce the excess air required for CO oxidation to normalized va-
lues. In this case, the coefficient of excess air will weakly depend on changes in
the power of the heat generating unit. In the passage furnaces, where the time
allocated for CO oxidation is almost proportional to the flow rate, the excess air
coefficient will increase with increasing power for a given furnace size. Howe-
ver, on the other hand, modern boilers, unlike earlier ones, have so-called “long
furnaces” and CO oxidation to normalized values occurs already when the
amount of O, in the exhaust gases is ~(3-3.5) %, which corresponds to a quite
acceptable excess air coefficient up to 1.2. It should be also noted that in the ta-
ble. E10 [1] for boiler plants with a rated capacity of more than 0.1 MW com-
missioned on January 1, 2019, the standards for carbon monoxide emissions are
not standardized at all —up to a plant capacity till 25 MW.

Nitrogen oxides and, above all, nitrogen monoxide during the combustion
of fuels containing a small amount of bound nitrogen, are formed mainly in
the high temperature zone of ~1850 °C according to the so-called “Zeldovich
mechanism” [10]:

N, +O—>NO+N; )
N, +0, > NO+O,

which subsequently [11] was added by the reaction
N+OH — NO+H. (2)

Together these reactions are usually called the “extended Zeldovich mecha-
nism”. However, it was noted that the experimentally measured concentrations
of NO, in the exhaust gases exceed those calculated by the Zeldovich mecha-
nism. An explanation of the additional mechanism of the formation of nitrogen
oxides is associated with the presence of the CH radical in the initial combustion
zone, which reacts with molecular nitrogen [12]:

CH+N, - NCN+H. 3)

These reactions are called by the name of their discoverer “Fenimore mecha-
nism” or, in association with their occurrence almost exclusively in the initial
combustion zone, — “fast mechanism”. Currently, it is believed that NO is
formed from NCN in a number of subsequent reactions involving various radi-
cals [13]. Given the individual reactions defined in [11-13] for the general pic-
ture of the process, we present a generalized kinetic diagram of the formation
of NO by the fast mechanism (Fig. 1).
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N, CH, o,
NV Y
NCN —> CN

NN

NH €—NCO€—HCN—™>NCO N—> NO

INV N2

N —> NO€—HNO<€— NH
Fig. 1. The scheme of reactions for NO formation via the prompt-NO mechanism

Since reactions according to the “fast mechanism” occur in the initial com-
bustion zone, to determine their contribution to the total NO, concentration in
the flue gases, the simplest and most realistic approach is to partially exclude the
influence of the thermal mechanism with subsequent measurements of the actual
NO, values. The organization of poor mixtures burning almost completely elimi-
nates the thermal mechanism, especially when burning of natural gas. Therefore,
using this method, it is possible to determine the concentration of nitrogen mo-
noxide formed by the “fast mechanism”, and it is widely used in gas turbine
plants [14]. For its implementation, a pre-prepared poor fuel-air mixture (with
a significant excess of the excess air coefficient) is fed into the combustion
chamber. Moreover, due to excess ballast gas, the temperature of the combustion
products does not reach the values required for the reactions of the Zeldovich
mechanism. However, to reduce the total concentration of nitrogen oxides,
it is precisely the part formed by the “fast mechanism” that is least affected by
the applied external devices that organize mixing cooling flows and/or flame
separation, due to their occurrence exclusively in the initial combustion zone.
In addition to the Zeldovich and Fenimore mechanisms described above, a low-
temperature mechanism [15] related to the decomposition of nitrogen-containing
fuel components can make a significant contribution to the total concentration
of NO, in flue gases. But the types of fuel that are commonly used with blast
burners — natural gas and light liquid fuels — usually have a very small amount
of nitrogen in their composition, and this mechanism seems to be important in
the pyrolysis and direct combustion of solid fuels and secondary fuels of chemi-
cal plants. In any case, the design of the burner devices cannot significantly re-
duce the formation of nitrogen oxides obtained as a result of the action of fast
and low-temperature mechanisms. For these mechanisms, the most effective way
to reduce NO, in exhaust gases seems to be their purification. For this, the most
widespread means are: selective catalytic [16] and selective non-catalytic [17]
recovery, the implementation of which requires additional sophisticated equip-
ment and significant capital costs. Thus, in order to ensure normalized NO, va-
lues in the flue gases of heating and industrial boilers when working with blow
burners, it is first necessary to consider the factors affecting the rate of reactions
according to the Zeldovich mechanism, since this is the only mechanism that
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can be influenced by optimizing internal flows in the combustion chamber, and
also due to the fact that the reactions proceeding along this path make the most
significant contribution to the formation of nitrogen oxides in the high-
temperature zone. In order to do this, we divide this task into two, viz. determin-
ing effective factors for the design of burner devices, on the one hand, and the
design of combustion chambers, on the other, and then combine them to deter-
mine a qualitative assessment of the mutually affecting processes and characte-
ristics. The first part of this task will be considered in the present article.

Blow gas burner devices according to the generation of pollutant emissions
are divided into three emission classes [3, 18]: 1* class — CO < 120 mg/(kW-h),
NO, < 170 mg/(kW-h); 2™ class — CO < 80 mg/(kW-h), NO, < 120 mg/(kW-h);
3" class — CO < 60 mg/(kW-h), NO, < 80 mg/(kW-h).

Currently approved methods of reducing emissions from the combustion
of hydrocarbon fuel are:

1) minimizing the coefficient of excess air to ensure complete combustion
of fuel;

2) the introduction of cooling flows into the combustion zone (recirculation
of part of the flue gases; injection of steam, water, etc.);

3) two-stage combustion of fuel (creation of a primary and secondary flame);

4) distribution of fuel to the periphery of the flame (creating a group of pe-
ripheral flames with the smallest volume of flame nuclei);

5) reducing the temperature of the heating of the air entering the combustion.

The last method is a regime-technological one and cannot be implemented
solely due to the design of the burner. Briefly considered are the remaining
methods.

1. A low coefficient of excess air can be ensured by high-quality mixing of
the fuel with the flow of air forced into the combustion. For this, various kinds
of mixing devices are used, as a rule, twisting and dividing the gas-air mixture
flow into a number of smaller flows. This approach allows one to obtain high-
quality combustion with a slight excess of air (A ~ (1.15-1.17)) and practically
solve the problem of reducing CO emissions
to minimum values. Such a burner design
may well provide emissions in the 2" emis-
sion class (Fig. 2). However, to reduce the
generation of NO molecules to guaranteed
values of the 3™ emission class, this method
is not enough.

2. The introduction of additional flows of
external media (steam, water) is associated
with an additional complication of the entire
system and, as a consequence, a significant
increase in the cost not only of the burner

Fig. 2. Mixer head

of the 2™ emission class burner. ) . .
Gas burner MG3 designed device and the external cooling medium

by Enertech GmbH Division supply system, its significant complexity and
Giersch (Germany) the growth not only of capital (equipment
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cost), but also operating costs. As a result, the main direction of application
of this method is the creation of recirculating flows of flue gases into the com-
bustion zone. Such flows can be created by additional external caps on the flame
tube of the burner (Fig. 3) or by a device for exiting the air-fuel flow from
the flame tube (for example, narrowing the flow with an external ring using
the Coande effect [19]) (Fig. 4).

3. The creation of a two-stage flame not only significantly complicates
the combustion system, but also reduces the range of regulation of the power
of the burner in conditions of stable complete combustion of fuel. And yet the
generation of interdependent flames requires additional sensors and an interde-
pendent regulation system. Given that modern requirements for heat generators
include a wide range of power modulation, this method can be primarily effective
in systems with stable heat consumption, which significantly limits its application.
However, it should be noted that the stepped flames is an effective method for
simultaneous combustion of several types of fuel in multi-fuel burners [20-22].

—

Fig. 3. Various types of caps on the flame tube of the burner to create flue gas recirculation.
Photo from the test laboratory of Enertech GmbH Division Giersch (Germany)

Fig. 4. Flame head of a burner of the 3™ emission class with a nozzle providing recirculation
of flue gases with the formation of the Coande effect. Gas burner MG3-LN designed
by Enertech GmbH Division Giersch (Germany)

4. The method of distributing the hottest combustion zones (nuclei) to the pe-
riphery of the flame is one of the most effective ones and widely used in modern
burner devices. For its implementation, it is enough to divide the fuel flow into
several independent jets directed to the periphery of the flame (Fig. 5).
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Fig. 5. Flame head and distribution nozzles of the 3™ emission class burner
with gas flow fission system. Gas burner MG10-LN designed
by Enertech GmbH Division Giersch (Germany)

Thus, the main methods for providing the 3™ emission class are reduced to
the use of burner designs according to the 2™ and 3™ of the described methods,
or a combination thereof.

It should be noted that burner manufacturers according to the EN DIN stan-
dard [3] determine the quantitative values of the concentration of pollutants
at the outlet of the combustion chamber (in mg/(kW-h)) for dry gases with air
humidity entering the combustion d = 10 g/kg [23]. These units (mg/(kW-h)) are
selected because, when used, the amount of pollutants refers to the unit of gene-
rated heat energy and, in this case, it does not matter during stoichiometric or
non-stoichiometric combustion measurements are made, 1. e. the amount of O,
in the flue gas is not required. At first glance, such an approach seems correct.
Indeed, with an increase in excess air, the volume of emissions increases, but the
average temperature of the exhaust gases decreases. The heat capacity of CO, [24]
and H,O [25] — the main components of the flue gases — varies slightly in the tem-
perature range of stable combustion, and the amount of heat, defined as the
product of the average temperature and volume, remains close to unchanged for
different values of the coefficient of excess air. In the Republic of Belarus and
the CIS countries, emission indicators are determined (in mg/m?). Such units are
directly dependent on the volume of emissions. As a result, the problem arises
of unambiguous conversion of these units. For this, it is necessary to set an addi-
tional value — either by the coefficient of excess air A, or by the volume concen-
tration of oxygen in the flue gases K Vo, Because high-quality combustion of the

air-fuel mixture by modern blast burners with the lowest heat loss with flue ga-
ses is possible at A ~ (1.15-1.20), which corresponds to an oxygen concentration
of K v~ (2.8-3.5) %, then the burner manufacturers have established a conve-

nient conversion rule for the average whole fixed value K v, =3 % [5]. But for com-

plete uniqueness, it is also required to have a coefficient of direct conversion
of mg/(kW-h) to mg/m’. For this, the inverse coefficient f is usually indicated,
the value of which varies according to different sources, for example, /= 1.001 [5]
or f = 1.164 [26] for natural gas of class E (H) and /= 1.018 for natural gas
of class L (LL) [5] at KV02 =3 9% or f=0.857 at KV02= 0 % [27]. The conditions
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for finding the conversion factor are not specified. Moreover, the empirically
convenient, but illegitimate for direct calculations, setting K, =3 % in the in-
2

formation and reference catalogs of burner manufacturers [5] leads to obtai-
ning not quite accurate calculated values of conversion factors. This is due, first
of all, to the fact that in European countries mixed combustible gases of various
origins are very often used. Therefore, according to the EU standard [3], com-
bustible gases are not standardized by the calorific value or constituent compo-
nents, but by the Wobbe number [28]:

Hin
W,=—~, “

9

Pear
Pair
Peas> Pair — density of gas and of air under normal conditions, kg/m3.

The Wobbe number is an indicator of gas quality. Using this criterion, one
can verify the interchangeability of fuel gases. So, the same Wobbe number
means the constancy of the heat flux at the same pressure of the supplied gas,
regardless of its composition. For example, for a practitioner it is absolutely ne-
cessary in case of a change in gas supply to establish with the of the Wobbe
number whether the rated load is still guaranteed [6].

The LL group (previously called L — Low) includes combustible gases
with the Wobbe number: W, = 10.5-13.0 kW-h/m’. The Wobbe number equal

to Wl.0 = 12.4 kW-h/m’ is taken as the nominal value for this group of combus-

where H,, — net calorific value, MI/m’; d = — relative density of air;

tible gases. The second group E (previously called H — High) includes combus-
tible gases with W; = 12.8-15.7 kW-h/m’. The nominal value for this group

is W) =15.0 kW-h/m’ [6]. Given that the manufacturers of burners, mainly used

in the CIS, are from different European countries and, above all, from Germany,
they apply all calculations, operating parameters, indicate the working zones
of the burners, etc., based on the types of natural gas used in these countries.
In this case, the net calorific value H;, of gas E (H) is given in the range
of 35.32-37.44 MJ/m’, and that of LL (L) gas — is 30.12-31.77 MJ/m’. Thus, natural
gas that is used in the CIS countries both by Wobbe number and by calorific value
can be identified by European standard as LL gas. According to [29], in the CIS
countries, the net calorific value of natural gas is not less than 31.80 MJ/m’.
As a result, being guided by the values of the calorific value, the designers
and adjusters of the blast burners use the data for the LL (L) group for po-
wer characteristics, bearing in mind that the real natural gas entering our boiler
houses is at least no less caloric. But how appropriate is it to apply these
data when calculating emissions? After all, emissions depend not only on
the calorific value of the gas, but also on its composition. The Tab. 1 shows
the compositions of several real natural gases and the corresponding calculated
coefficients f.
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Table 1
Compositions of typical natural gases and their characteristics
needed to convert the concentration of emissions from mg/(kW-h) to mg/m’
Russian | Russian
Gas LL (L)| Gas E (H) | natural | natural
Name Chemical formula Unit | acc. to [6] | acc. to [6] | gas acc. | gas acc.
to [30] | to [31]
1 2 3 4
Methane CH, volume % 81.8 923 97.04 98.0
Ethane C,Hg volume % 2.8 2.0 0.99 0.5
Propane C;Hg volume % 0.4 1.0 0.381 0.3
I-butane CH(CH3)3 volume % 0.1 0.3 0.0516 | 0.05
H-butane Sgﬁfgﬁ; volume %| 0.1 0.3 0.06 0.05
I-pentane (S(I?{I:l)zz:ccli "~ |volume % - - 0.0136 0.1
H-pentane CHié?_II;IZ)r volume % - - 0.0106 0.1
Neo-pentane (CH;),C volume % - - 0.00065 -
Hexanes CeH 4 volume % — — 0.0074 —
Nitrogen N, volume % 14.0 3.1 1.29 0.8
Carbon dioxide CO, volume % 0.8 1.0 0.127 0.1
Oxygen 0, volume % — - 0.0148 —
Gas density Peas kg/m’ 0.829 0.784 | 0.6891 | 0.674
Lower calorific H. MI/m’ 31.80 36.00 33.52 32.60
value o (kW-h/m®)| (8.83) (10.00) | (9.31) | (9.06)
%:b?ehl‘;;iﬁe - W, MJ/m’ | 3975 4624 | 4038 | 40.07
culated acc. to (4) (kW-h/m’)| (11.04) (12.84) | (11.22) | (11.13)
Stoichiometric air
volume calculated v m’ 8.496 9.773 9.600 | 9.620
acc. to (5)
Air volume at
0, = 3 %, calcula- g m’ 9.915 11.41 1120 | 11.23
ted acc. to (6)
The moisture volu- .
me at O, = 3 %, cal- Vs m’ 1.905 2123 | 2172 | 2.184
culated acc. to (7)
The moisture volume
at O, = 0, calculated Vs m’ 1.882 2,096 | 2.147 | 2.158
acc. to (7)
The volume of dry
gases at O, =3 %, lefyigasiatiozﬁ% m> 9.01 10.29 10.03 10.05
calculated acc. to (8)
The volume of dry 2
gases at 0, = 0, Viry _gas_at_o,=04 ~—m’ 7.61 8.68 8.45 8.46
calculated acc. to (8)
The convsrsion fac-
L?;‘gf{%;,ﬁ)ﬁtgz o Jo,=m - 1.074 1029 | 1.077 | 1.110
calculated acc. to (9)
The convgirsion fac-
tor mg/nt into Jo,-o% - 0861 | 0.868 | 0.907 | 0.935

mg/(kW-h) at O, =0,
calculated acc. to (9)
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For natural gases, the theoretically necessary volume of combustion air can
be calculated using the reduced formula

I/az ZVLO[Z(m—F%ijHn _02:|7 (5)
0,

where V(())2 = 20.946 — volume concentration of oxygen in atmospheric air [32];

C,H, — hydrocarbons that are part of the gas; m, n — hydrocarbon indices for
carbon and hydrogen, respectively; O, — volume concentration of oxygen in a
combustible gas.

For technological and artificial combustible gases where CO, H, and H,S are
present:

v :VLO[O.S(C0+H2)+1.5st+2(m+§jcmHn —02}. (5")

0,

The manufacturers of blow burners, as was already mentioned, determine the
concentration of pollutant emissions with residual oxygen K, = 3 %, which
2

corresponds to A = 1.167. But the essence of the problem is not to determine the
conversion factor for a given specific value of oxygen in the flue gas, but to de-
termine the limiting emission indicators for a particular emission class of bur-
ners. Although the readings in mg/(kW-h) really practically do not depend on the
amount of oxygen in the flue gases, yet, since with an increase in excess air,
the volume of exhaust gases will increase, the conversion factor in mg/m® will
increase, too. If we need to determine the conversion factor for the residual oxy-
gen content in flue gases KVO2 = X %, then the calculation should be attributed

to the volume of combustion air increased by the excess air coefficient

(6)

Vv
Vaﬁ'ﬁatﬁOZ:X% = Va7t;‘ V+ZI< = ;\’Va?r'
0, Vo,

After finding this value, it would seem that it is possible to calculate the con-
version factor of thermal units into volume units. However, if the standard gas
analyzers used, so that the moisture of the flue gases (and NO, is dissolved in it,
which gives it a certain degree of aggressiveness) from the sample taken does
not fall on the sensitive element, but is condensed and drained. As a result,
the readings of the gas analyzer relate to dry flue gases. Therefore, it is neces-
sary to calculate the volume of dry combustion products. For this, it is more
convenient to first find the amount of moisture in the flue gases:

0
=X% n air
vos " ~001) JCH, +o.1—;0 RHVE oy | 7)
H,0

where p). = 1293 kg/m’ — density of dry air under normal conditions;

p%20= 0.840 kg/m’ — density of water vapor under normal conditions;
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RH — relative humidity, g/kg; 0.01 — coefficient recalculation of the content
of ingredients % — share; 0.01-0.1 =0.001 — conversion factor kg — g.

Since we determined the specific theoretical volume of air for combustion,
we will add 1 m® (i. e. the volume of combustible gas) to find the specific vo-
lume of flue gases. Then the volume of dry combustion products

VR = (v

0,=X%
dry_gas_at_0,=X% — \ " air _at_0,=X% +1)_VH20 : (8)

For calculation, we accept the conditions of relative humidity in accordance
with those adopted in [5]: RH = 10 g/kg. As a result, to convert mg/(kW-h)
to mg/m’, we find the inverse coefficient

f = 3'6/(Hi,n /leiy_gas_tlt_OZ:X%)’ (9)

where 3.6 — conversion factor kW-h — MJ.

Using this method of conversion, it is possible to obtain the values of pollu-
tant emissions in mg/m’, if the limiting values are indicated in mg/(kW-h), but it
is specifically stipulated at what value of the residual oxygen or excess air coef-
ficient. Indeed, when confirming the certificate of emission class for a particular
type of burner, qualification tests are carried out with an excess of air for com-
plete combustion of fuel. For a high-quality burner, this excess will amount
to ~3 % oxygen in flue gases. And since mg/(kW-h) refers to the heat released,
then the concentration values in these units will practically not depend on the
oxygen content. Therefore, no conversion to stoichiometric parameters is re-
quired, and burner manufacturers justifiably approve those oxygen values that
were measured during qualification tests.

As a result, it is possible to determine the limit values of harmful emissions
in mg/m’ for a particular type of burner that have received the European classi-
fication in mg/(kW-h) for a specific composition of combustible gas, substitu-
ting KV02= 3 % in formulas (6)—(9). As an example, we cite Tab. 2 correspon-

dence of emission classes of burners for natural gas compositions specified
in Tab. 1.

Table 2
Limit values of pollutants for gas burners at K, Vo, 3%

Ere CO limit value NO, limit value

of burners mg/m’ mg/m’

acc. to [3] mg/(kW-h) 1 > 5 7 mg/(kW-h) ] 5 = A
1* 120 112 | 117 | 111 | 108 170 158 | 165 | 158 | 153
2nd 80 74 | 78 | 74 | 72 120 112 | 117 | 111 | 108
3
(Low-NO,) 60 56 | 58 | 56 | 54 80 74 78 74 72

It should be noted once again that according to [3] the indicated limit values
relate to dry exhaust gases reduced to normal physical conditions, with a relative
humidity of 1 % (10 g/kg) and an oxygen content of 3 % (excess coefficient
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of air 1.167). In current standards [1] relative air humidity is not mentioned at
all, and the coefficient of excess air when calculating emission standards for
boiler plants with a capacity of more than 0.1 MW is indicated as 1.4 (oxygen
content in flue gases 6 %) — p. 10.1.3 [1]. Thus, the conversion factor from 3 %
oxygen to 6 %, calculated by the formula (6), will be

K0 =(VS, —6)/(Vs, —3)=0.833, (10)

Then, taking into account, as already mentioned, the relevance of standardi-
zation for CO, gas burners of the corresponding emission class will have NO,
limit values for the composition of natural gases indicated in Tab. 1 recalculated

taking into account the coefficient Kg/f) 6%

Table 3
Compliance of the NO, limit values for gas burners with a capacity of more than 0.1 MW
with current standards according to [1] for boiler plants of the corresponding capacity

0,=6% 3
- NO:? mg/m
Emission class x , Mg

of burners Calculation The rate of heat output, MW
acc. to [3]
1 2 3 4 0.1-0.3 [0.3-2.0| 2.0-25 | 25-50 |50-100| 100<
1 132 | 137 | 132 | 127
nd

2 - 93 o7 22 %0 80 100 120 140 100 100
3]'
(Low-NO,) 72|68 | 72| 74

The 1* emission class of burners is not suitable for the limiting emission in-
dicators according to environmental standards of almost all countries, including
Belarus. As can be seen from the Tab. 3, burners of the 2™ emission class (they
are often called: class “standard”) are not suitable for use in boilers with
a capacity of 0.1-0.3 MW.

It should be noted that in some cases environmental standards are referred
to as stoichiometric parameters, i. e¢. to theoretically necessary air volume.
For example, in p. 10.1.2 [1] — these are the regulation rules for boiler plants
with a capacity of up to 0.1 MW. In world practice, for example, in the descrip-
tion of the Building Research Establishment Environmental Assessment Method
(BREEAM) developed by the British organization BRE Global [27]; for the
conversion of thermal emission units into volumetric units, it is indicated that
to determine the emission class devices for the combustion of fossil fuels,
the values of NO, concentration are determined for dry flue gas in the absence
of oxygen in the exhaust flue gas. For these cases, the calculation is carried out
according to the same above method, but with an excess of oxygen KV02 =0 %.

Table 1 shows the corresponding calculated values for the selected examples
of the composition of natural gases. The corresponding emission limit values for
gas burners by emission classes for this case are shown in Tab. 4.
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Table 4
Compliance of the NO, limit values for gas burners with forced combustion air supply
with a power of less than 0.1 MW to the current standards according to [1]
for boiler plants of the corresponding rated power

o NOSZZO%, mg/m’
Emission class
of burners Calculation Wferica
acc. to [3] acc. to [1]
1 2 3 4
I 197 196 187 182
ond 139 138 132 128 150
3rd
(Low-NO,) 93 92 88 86

As it can be seen from Tab. 4 and for boiler plants with a capacity of less
than 0.1 MW, the first emission class of burners is not suitable for limiting emis-
sion indicators according to environmental standards [1].

Now, having clarified the correspondence of the emission classes of the
burners, it is necessary to determine what, in fact, is measured by standard gas
analyzers, which are mainly used by specialists when setting up and determining
the concentration of components in the combustion products. As a rule, the in-
struments are used for these purposes, the operating principle of which is based
on physical analysis methods, including auxiliary physicochemical processes
(thermochemical, electrochemical, photoionization, photocolorimetric, chroma-
tographic, etc.). To determine the concentration of NO, in combustion products,
the most common electrochemical gas analyzers with the determination of mass
concentrations of components in a mixture of gases, which are flue gases.
An electrochemical sensor is used as a sensitive element. The analyzed gas me-
dium is passed through a selective filter and a hydrophobic membrane and dif-
fuses onto the measuring electrode. In this case, the released electrons passing
through the electrolyte and the reference electrode form a direct current signal in
the external circuit, the value of which is proportional to the concentration
of the analyzed gas. Selective filters have a limited life. As a result, with each
measurement, its time increases and the sensitivity of the sensor decreases.
In addition, heating the sensor leads to an increase in the readings of the mea-
sured concentration, because temperature, according to Boltzmann’s law, is only
a statistical expression of the kinetic energy, and, consequently, the mean square
velocity of the molecules. As a result, additional electrons can be released —
the current in the circuit will increase and, as a result, the instrumental readings
of the gas concentration will increase at its really constant value. Thus, to obtain
instrumental readings corresponding to the actual concentration of the analyzed
gas, a number of conditions must be observed: one is to use selective filters and
sensors for a limited number of measurements, to prevent the sensor from hea-
ting, carry out measurements only when the combustion mode is steady, to take
samples only at a specific point at the outlet from the combustion chamber in
the absence of excess pressure. Not exact observance of each of these rules will
lead to overestimated readings of the device, but, given the rigidity of modern
limit concentration standards, to instrumental (but not always real) excess
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of these standards as well. The concentration of the analyzed gas, gas analyzers
measure directly in quantitative units [ppm] (parts per million), i. e. in parts of
the analyzed gas per one million parts of the test gas mixture. For these units,
recalculation into volume units adopted in [1] is carried out directly in the ana-
lytical program embedded in the device and is practically unambiguous. Calcu-
lations are made for normal physical conditions at 0 °C and 101325 Pa [33].
Thus, the recount is carried out according to the well-known formula [34]

X [mg/m’] = (Y [ppm]) - (molar mass) /(22.4 [liter]), (11)

where 22.4 — volume value in liters of 1 mole of ideal gas accepted in the calcu-
lations (more accurate value: 22.413996 [34]); Y — measured value of the con-
centration of the analyzed gas, ppm; X — calculated value of the concentration
of the analyzed gas, mg/m’.

The result is the following conversion factors for normalized pollutants accu-
rate to the fourth digit (0.01 %):

— the molar mass of CO = 28.01 g/mol, then for CO

CO [mg/m’] = (CO [ppm]) - (28.01/22.414) = CO [ppm] - 1.2497; (12)
— the molar mass of NO, = 46.0055 g/mol, then for NO,
NO, [mg/m’] = (NO, [ppm]) - (46.0055/22.414) = NO, [ppm] - 2.0525; (13)
— the molar mass NO = 30.0061 g/mol, then for NO
NO [mg/m’] = (NO [ppm]) - (30.0061/22.414) = NO [ppm] - 1.3387. (14)

However, according to the Gay — Lussac law [35], at constant pressure, the
volume of the constant mass of gas is proportional to the absolute temperatu-
re: V;/T, =V,/T,. Those conversion factors will change at the operating tempe-

rature for determining the concentration of the analyzed gas. Thus, it is neces-
sary to compensate for the temperature factor during measurements. In gas
analyzers used in practice, an integral resistance with a negative temperatu-
re coefficient serves to compensate for the effect of temperature, which ensures
the stability of the sensor regardless of temperature [26]. But how much does the
law of change in the integrated integral resistance of the gas analyzer coincide
with the real law of the dependence of the density of the analyzed gas on tem-
perature? The question remains open, because with increasing temperature and
concentration of the analyzed gas, the deviation from the calculation law for an
ideal gas will increase (and not linearly). This is especially significant at tempe-
ratures close to the dew point temperature with a high concentration of the ana-
lyzed gas. For example, the use of the Van der Waals equation [36] as an esti-
mated equation allows an error of up to ~10 %, the Diterichi equation [37] up
to ~7 %, the Berthelot equation [38] up to ~5 %, the Redlich — Kwong equation
(modifications of Soave) [39] — up to ~(3—4) %. As a result, the value indicated
by the device in [mg/m’] will be a little overestimated.

It should also be taken into account that the so-called “field” gas analyzers,
as a rule, do not have an installed NO, sensor, and the measured amount of NO
is determining the total amount of NO, in flue gases. Moreover, the amount
of NO,, as a rule, is not calculated at all [40]. Recalculation, as a rule, is carried
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out only on the total amount of all nitrogen oxides, i. €. on NO,, according to the
following programmed formulas:

NO, [ppm] = NO [ppm] - 1.05 (without installed NO, sensor) [40]

or NO, [ppm] = NO [ppm] - (100/97) (without an installed NO, sensor) [26];

NO, [ppm] = NO [ppm] + NO, [ppm] (with pre-installed NO, sensor).

According to the conditions adopted in [1], NO, emissions are normalized
in terms of NO,. As a result, to determine the amount of emissions [in mg/m’],
the obtained value for NO, [in ppm] is programmatically multiplied by the con-
version factor for NO,, despite the fact that the main amount of NO, emissions
is NO. It was determined that the entire volume of NO in the exhaust gases is
oxidized to NO,. And although this reaction is generally reversible, for the re-
verse action (NO decomposition), sufficiently high temperatures are needed —
more than 700 °C [41]. The probability of a reverse process at operating tempe-
ratures of flue gases ((120-150) °C) is extremely small and can be reasonably
neglected if the process is not carried out in high-temperature thermal furnaces.
As it was shown above, under normal physical conditions, this coefficient
is 2.0525 accurate to the fourth digit. In gas analyzers with integrated resistance,
to compensate for the influence of temperature, this coefficient is programmed
with different, but rather high, accuracy from 2.05 [26] to 2.053 [40]. To recal-
culate the measured values by gas analyzers of “direct” action, i. e. with an indi-
cation of emissions in [ppm], with an excess of oxygen KV02= 3 % and for nor-

mal physical conditions, a coefficient of 2.056 is proposed [5]. Moreover,
for normal technical conditions (20 °C and 101325 Pa), the volume in liters
of 1 mole of the analyzed gas is more than 7 % different from the value for nor-
mal physical conditions, i. e. with an increase in temperature from 0 to 20 °C,
the volume of 1 mole will increase from 22.4140 to 24.0551 liters. Then, accor-
ding to (13), the conversion factor for NO, will decrease from 2.0525 to 1.9125.

The above mechanisms of the formation of pollutant emissions and methodo-
logical aspects of determining their magnitude relate exclusively to burner de-
vices. However, important factors affecting the concentration of pollutants in
flue gases, primarily nitrogen oxides, are the gas-dynamic and geometric charac-
teristics of the combustion chamber, as well as the conditions for the exit of ga-
ses into the chimneys. To determine these dependencies it is necessary to con-
sider several external aspects: the influence of the types of the combustion
chamber and their geometry; thermal volumetric load; aerodynamic resistan-
ce. Thus, the calculated values of pollutant emissions in flue gases cannot be
uniquely determined by the emission class of burner devices. For this, it is ne-
cessary to consider the combined system “fuel + burner + combustion chamber +
+ chimney”.

CONCLUSIONS

1. The mechanisms of formation of pollutants during the combustion of natu-
ral gas are considered. It was shown that the formation of NO in boiler furnaces
is most significantly affected by the Zeldovich thermal mechanism. The most
effective methods and engineering solutions for the design of low emission class
burners have been determined.
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2. A methodology has been developed for calculating nitrogen oxide emis-
sions depending on the measurement conditions, the emission class of the burn-
ers, and the composition of the gas burned. Coefficients are obtained for con-
verting the values of pollutant emissions from specific energy units (generated
thermal energy) into specific volume units (flue gas volume).

3. The emission classes of burner devices are determined that correspond to
current environmental standards, depending on the capacity of boiler plants.

4. The necessity of taking into account the design of the combustion chamber
when calculating the emission of pollutants is shown.
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Abstract. In the first part of the paper the theory of infrared radiation and the use of non-
destructive measurement of electrical devices by means of thermovision are under analysis. In the
second part of paper basic principles and application of non-contact temperature measurement are
examined. In the third part of paper thermal processes in distribution oil transformer — temperature
in dependence on height of oil transformer and temperature distribution in sectional plan of oil
transformer — are considered. In the fourth part of paper, by means of the experimental measure-
ments and subsequent analysis, practical thermal imaging and contact thermal measurements by
optical detectors for the diagnosis of distribution oil transformers in the field of mechanical
strength of windings are shown. In this paper, we wanted to show out the possibility of using
thermal measurements in this field of analysis and detection of quality of winding for distribution
oil transformer. It is possible to use these methods to localize places of faults, and they are also
applicable for the diagnosis and detection of disorders of the quality of materials and other anoma-
lies during operation of the equipment. By means of the experimental measurements followed by
diagnostic analysis the practical use of thermovision and optical sensors for diagnostics of power
oil transformers in field mechanical strength and quality of winding is demonstrated.
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B 3aBHCHUMOCTH OT €r0 BBICOTHI M PaCIpEleNICHHE TEMIIEPATyPhl B CEKIIMOHHOM IUIaHE MACIISTHOTO
TpaHchopmaTopa. PaccMOTpeHbI SKCIEPUMEHTAIbHbBIC TEINIOBU3HOHHOE U KOHTAKTHBIC TEILUIOBbIC
WU3MEpEHHs] ONTHYCCKHMH [ETEKTOpaMHU Ul JMarHOCTUKH MEXaHHYECKOW MPOYHOCTH OOMOTOK
CHJIOBBIX MaciLIHBIX TpaHcdopmaropoB. Tarke MmokazaHa BO3MOJKHOCTH HCIOJBb30BAHHS TEILIO-
BBIX HM3MEpPEHHWIl AJs aHalu3a M OMNpEIeNieHHs: KauecTBa OOMOTKM MACIsSHOTO Tpancdopmaro-
pa. OTH MeTOIbl TO3BOJSIOT JIOKAIM30BaTh MECTa HEHCIPABHOCTEH M MOTYT HCIIOJIB30BATHCS
JUIS. TUaTHOCTHUKU W BBISABJICHUS HApYNICHUI KauecTBa MATEpPHAJOB M JPYTHX aHOMAIHA B XOJE
JKCILTyaTalui 000opynoBaHus. [lyTeM 3KCIepUMEHTABHBIX U3MEPEHHH C MOCIEAYIOIUM aHAIHU-
30M OIPEENICHO MPAKTHIECKOE MPHUMEHEHUE TEIUIOBH3HOHHBIX U ONTHYECKUAX JTATUYUKOB JUIS JTHa-
THOCTHKH CHJIOBBIX MAaCIISTHBIX TPAaHC(OPMATOPOB B YaCTH MEXAHUYECKOH MPOYHOCTH M Ka4ecTBa
00MOTOK.

KnwueBbie ciaoBa: TEPMOBUJCHUC, H3JIydaTCIIbHas CHOCO6HOCTL, U3JIyUCHUE, TEMIIEparypa,
JUAarHoCTHKa, Tpchq)opMaTop

Jas uutupoBanus: Kopenunak, JI. TernoBoe uaMepeHne U ero NpuMeHEHHE Al JTUArHOCTUKU
pacrpeneauTenabHbIX MacisHbiX TpaHchopmaropoB / JI. Kopenumak, M. Cebok, M. T'yrren //
Onepeemuxa. H36. svicut. yueb. 3asedenuti u snepe. ooveounenuti CHI. 2019. T. 62, Ne 6. C. 583-594.
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Introduction

Basic diagnostics for a non-destructive measurement of electrical devices
using thermovision is the opportunity to record infrared radiation in the form
of real thermal pictures of measured objects, and, on the basis of overheating
of certain surround, for a detection of a fault (defect).

With non-contact measurement it is possible to verify the temperature distri-
bution on the surface of measured objects using sensitivity measuring of a few
Kelvin (or °C) decimal [1].

Infrared radiation is generated as a result of various physical processes that
take place in the object of radiation; vibration in crystal lattice, moving atoms,
molecules and transition of electrons from one energy level to another. The basic
source of infrared radiation is elevated temperature of the radiation source.

Radiation of thermal sources acts like (in respect of ambient conditions) vi-
sual light. For thermovision, it is important to identify materials used for ele-
ments of visualization systems, the size of values that are derived from
the wavelength of material radiation, and, also, sensitivity of sensors for recor-
ding the signal.

Precision of thermal measurement for thermovision diagnostics is impacted
by following factors:

e incorrect determination of emissivity — a radiation coefficient of measured
object (A, 7);

o low current load of measured electric equipment because current load plays
a relevant role for assessment of warming being measured; influence of other
hot objects close to objects being measured and inaccurate determination
of surrounding temperature can cause changes of an emission coefficient;

« incorrectly interpretation of values of warming being measured,

« various surfaces (the surface may be chromatic ones, oxidized surfaces and
peeled paint on materials) may cause wrong evaluation of results.

For diagnostics of infrared radiation by thermovision of internal transmission
and distribution of electric power, it is necessary to take into account many rele-
vant factors affecting the measurement accuracy [2].
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Fundamental for a non-destructive diagnostics of electrical devices using
thermovision systems is the ability to record and to work infrared radiate-
on (thermal radiation) to the form of real thermal images (Fig. 1), of measured
objects, and on the basis of overheating of certain parts diagnosed objects,
to detect a fault (defect).

The analysis demonstrates that the method based on recognition of thermal
images may be profitable for technical engineers [3].

Fig. 1. Thermograms of electrical equipments

The theory of infrared radiation

The surface of the object being measured in a state of thermodynamic equi-
librium emits electromagnetic radiation, and the radiated power depends on the
thermodynamic temperature and properties of the object surface. Radiation po-
wer (intensity) H(A, 7) is the only parameter that is measured by infrared recei-
ver and is a function for an emission coefficient € (A, T) and temperature T
of radiation source [4]

H(\, T)=ecT". (1)

This uncertainty (the value of one parameter is the subject of another para-
meter) is one of the problems of measuring the infrared radiation. An emission
coefficient are too much dependent on the direction from which the radiation
is recorded, on the temperature and, also, on the surface of material.

Heating is defined by the relationship a/e, where o is an absorption coeffi-
cient of energy and € is an emission coefficient (emissivity) of the body being
measured [5].

Fig. 2 presents the dependence of spectral density — intensity of radiation
to wavelength.

Ratio of intensity radiation of the actual body and the ideal black body at
the same temperature is defined by a spectral emissivity coefficient [6].

H, (A,T)

g NT)= H, (X,T)'

@
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Fig. 2. Dependence of spectral density — intensity of radiation to wavelength

A coefficient of spectral emissivity is equal to a spectral absorption coeffi-
cient. The research on issues of radiation of solid bodies is based on the
knowledge of absolute black body; an object which is able to fully absorb
the full spectrum of radiated energy. According to Kirchhoff’s law the black
body is an ideal emitter. Plank defines the spectrum of black body radiation

dH(\L,T) 2mhc™)”
d}\, he

eMT 1

; 3)

where dH(A, T) is spectral radiant flux density surface, i. e. radiated power,
which is emitted by a unit surface of the black body in an interval of wave
length; & = 6.625 - 10>* J-s is the Planck constant; k = 1.38054 - 10> J.K' —
Boltzmann constant; ¢ — speed of light; 7 is absolute temperature of black bo-
dy, K [7].

Plank’s law is a function of spectral distribution of values

AHOT) _ f ), @)

Real objects generally do not behave as black bodies. No-black bodies ab-
sorb only a part of a(A)D (incident radiation), a part of the reflected radiation
g(A)D and a part ©(A)D (transient radiation). Coefficients ou(2), &(A), T(A) are se-
lective and depend on the wavelength.

If the system is in thermodynamic equilibrium (Fig. 3), according to the law
of conservation of energy, the reflected and transient energy is equal to the ab-
sorbed energy.

Emissivity €(A) (coefficient of radiation) compensates absorption coefficient
a(A) when g(A) = a(A).
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Fig. 3. Distribution of the incident radiation

It follows that

eV +p(M)+1(A) =1, )

where 1(1)=0, g)+p(l)=1 — non-transparent materials; p(A)— high and
g(L) >0 — reflective materials; e(A)=1, 1(A)=0, p(A)=0- black body;
g(\) = const, p(L) = const — black body.

Spectral radiant flux density of any object is bound to spectral radiant flux
density of black body; therefore [7]

dH (L, T)

dH,, (\.T)
d ’

7y (6)

j )
AL

Radiated power in the range AL\ of the body surface with area S at a tempera-
ture 7T is defined as

dH,, (\,T)
H = [ e()Z2ee " g, (7)
ij dn

An object’s own radiation is defined by its temperature. Deriving the Planck
equation

OdH(\T)/d\)  hee™™  6H(\,T)

or ()
AT\ -1

®)

The result of an object’s temperature measurement 7,, which is registered
in the spectral range of wavelengths AA (surface density of radiant flux), is the
registered radiant flux density /., [8]

H,pp = [ p,[AHOT) AN dh+ [ ©, ()] dH (0T, d) .+
Ak

AL (9)
+ j gy (M) [dH (A, Ty )dAJdA.
AN
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We need to gather the values of the first two parts of the equation and emis-
sivity g(A). When an object is transparent, T(A) = 0 and if 7, is much larger
than T,, the first part of the equation is very small. In this case the task is easier,
and it is essential to know the value of gy(A).

Difficulties arise when the body is surrounded by other objects, which have
high temperature, and these temperatures are higher than that of the examined
object [9].

In this case, its own radiation depends on the 7, and g, is affected by reflec-
ted radiation error caused by parasitic (surrounding) objects with a temperature
T, and emissivity ¢, (Fig. 4). If the reflection coefficient is measured as p, — radi-
ation error, then the part characterizing the error is proportional to T,, €,
and p,, 7.

] d
:4- ........... ’
Parasite object | — € I, I Mea§ured
T,¢ object
es Ge (1—80) £,
TeBo To, €0, Bo
€, T,
T, €
—1
Thermovision
system I:I

Fig. 4. Influence of other radiating objects

Thermovision addition in diagnostics of power transformers

The temperature measurement by means of a contact (invasive) method is
in many cases very difficult to fulfill, and — because of working and safety rea-
sons — is nearly impossible. For this reason, it is necessary to aim at such mea-
suring equipment and methods of temperature measurements which do not
require the direct contact with the equipment to be measured. Diagnostics of the
equipments satisfying these conditions are based on the radiated infrared energy
scanning. Thus, infrared techniques find their application wherever a physical
quantity such as temperature gives us information about the technical condition
of the equipment in question or about some part of it. An infrared thermograph
is a contactless (non-invasive) tool of temperature distribution measurement
on the surface of the object being scanned in the infrared area (1-13 pum) of
the electromagnetic spectrum.

Infrared measurements can be realized quickly and economically, sparing
the minimum time and work as they do not require any adaptations or turning-
out of measured equipment. Thermovision techniques are used at the transfor-
mers control in order to find out whether the temperature of its some parts does
not raise (Fig. 5). Also, the transformer’s bushings, thermal field distribution on
oil transformer tanks are tested, etc.
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Fig. 5. Real transformer temperature pictures

Thermal processes in distribution oil transformer

Electric energy lost in transformer in conversion of alternating current is
converted into heat in winding, magnetic circuit and in other parts of the trans-
former. At the same time transformer heats up and the temperature of its indi-
vidual parts can greatly exceed the ambient temperature. With increasing load
and with emerging losses, the temperature of the transformer rises, and all these
processes depends on cooling winding, magnetic circuit and other heated parts.

As for the temperature, transformer is inhomogeneous element. Sheets of
magnetic circuit are characterized by high thermal conductivity and relatively
low thermal capacity. They are taking turns with layers of insulation (lacquer
etc.), whose thermal conductivity is not large. Similarly, the winding of the
transformer is a complex configuration of copper or aluminum, which has high
thermal conductivity with insulating material. It consists of electrical insulation
as well as thermal insulation.

In oil transformers, magnetic circuit and windings are sprayed by transformer
oil, where the level is considerably higher than in the highest part of the magnet-
ic circuit. Oil particles (Fig. 6) tangential to the warm surface of the winding and
the magnetic circuit are heated, soar up and transfer their heat through the walls
and the lid of the container into the surrounding area. Cooled oil particles fall
down and leave the space clear for other warmer particles. In this case the share
of heat is due to convection. Between winding and magnetic circuit on one side
and oil on the other side, a temperature difference is stabilized. However, the oil
temperature and the temperature of the other parts of the transformer tank at dif-
ferent heights are different. Fig. 6 shows a typical waveform of temperature
changes due to height of the transformer.

Heat passes through the transformer tank wall. Transfer of heat from the sur-
face of the tank is caused by convection, i. e. by the movement of the hot mo-
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ving particles as well as by radiation of heat. The temperature difference
between the tank and the ambient air can reach several dozen of degrees. Typi-
cal distribution of temperatures in horizontal cut of oil transformer is shown

in Fig. 7 [10].
] jf“‘

winding

w17

I

45 65 85 9, °C

Fig. 6. Typical temperature course depending on height of oil transformer:
1 — oil temperature; 2 — wall of tank temperature; 3 — winding temperature; 4 — core temperature

LV HV Surface
Core winding winding  of tank

50+

Temperature

407 of air

35 /

Fig. 7. Typical temperature distribution in sectional plan of oil transformer

Description of experimental measurement

As an example of analysis of thermal processes in transformer by using
thermovision and the method of monitoring of cooling curves by optical detec-
tors experimental measurement with distribution oil transformer 30 kV-A, 22/0.4
kV equipped with cooling natural system (Fig. 8) was used. The transformer is
located in the Laboratory of electrical machine diagnostics of the University
of Zilina.
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Fig. 8. View of the measured transformer and the NEOPTIX T system

For contact thermal measurement of the transformer winding two optical de-
tectors made of fibers were used. They were led out by a special duct to the top
part of the transformer tank and mounted on the middle winding at its top and
middle part, and from there they were led to the NEOPTIX T measuring system
(in which the measured temperature of the transformer winding was analy-
zed [11]) via two optical fibers (Fig. 8).

Transformer contacts, bushings and tank were monitored by the FLUKE
thermovision camera. In Fig. 9 in its right part vertical decrease of temperature
for monitoring transformer winding in top (W1) and middle (W2) part of the coil
is shown.

According to [12, 13], thermal deformation is the greatest in the top area
of the transformer. Thermal influence of core on surrounding areas of transfor-
mer (winding, oil, the tank) is plotted in Fig. 10.

According to Fig. 6, we can assume that temperature difference between
the tank and the winding top of the oil transformer reaches about 50 %.

After several months of continuous operation of the transformer at a load of
approximately 30 %, the measured temperature values were analyzed as a func-
tion of the time when it was suddenly disconnected at the phase of the measured
winding.

Yertical decrease of temperature
40+

35+ Wi

Nvgz\
| ~—~—

20 T T T T T T 1
0 10 20 30 40 50 e0 7O

Vertical length of transformer tank, cm

Fig. 9. Decomposition temperature of monitored transformer 22/0.4 kV — 30 % load
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Fig. 10. Thermal influence of core on surrounding areas of distribution transformer

It is necessary to mention that in the oil tank the top and the middle part of
the winding reacts differently on sudden changes. Thereby we observed possible
behavior differences at two winding parts during cooling process after cutting
the device off. Levels of cooling decrease may include the level of winding me-
chanical strength, insulation quality and viscosity of oil in the transformer tank.

Fig. 11 shows the comparison of measured windings temperature values in
dependency on the time after cutting the device off. The temperature decrease to
48 °C in the top part of the windings (W1) took 75 s, and in the middle part
(W2) — only 50 s. That corresponds to the expected oil temperature distribution
after cutting the transformer off.

The temperature of oil in the transformer tank increases from certain mini-
mum value at the bottom of the tank to the maximum value — approximately to
the height of the windings top edge. This maximum temperature is more or less
maintained in the whole mass of oil under the top cover of the transformer.
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Fig. 11. Dependence of measured values of winding temperature on time

Discussion of the measured data

Some conclusions were made on the base of comparing the measured cooling
curves on the top part (W1) and on the middle part (W2) of the same winding
phase by optical detectors and thermovision of the transformer tank.
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The measured parts of windings showed different dependency of cooling
curves. It is mainly caused by the level of distribution of the oil temperature rise
and by the winding surface with respect to the ambient along the height of the
measured transformer. According Fig. 9, it is temperature difference about 2 °C
between optical sensors W1 and W2, that was measured on the surface of the
tank by a thermovision camera.

When decreasing the selected measured temperature 3 = 48 °C, which repre-
sents approximately 60 % of the amount of exponential refrigerating curve,
it was determined (from the graph plotted in Fig. 11.) that the cooling time for
the W1 ¢, =75 s and for the W2 £, =50 s.

By comparing these determined values using the equations (10) and others
by [11] it was discovered that on the top part of the windings (W1) possible
stress of the mechanical strength caused by temperature shocks (short-circuit
currents) is up to 1.5 times higher than on the middle part of the windings (W2).
That is also proved by the following equation [14]

4 .t 75

a=l=2-2_15 10
4, 1t 50 (10

where a — multiple of short-circuit strength; 4,, 4, — damping coefficients at
cooling process; #;, t, — cooling time.

It is obvious that the top part of the windings would be the most heavily
stressed by the effects of temperature degradation caused by operation or by
short-circuit currents.

CONCLUSIONS

1. A very important problem relating both to electrical engineering and other
industries is the identification of a fault, when it is still unnecessary to dismantle
the equipment (diagnostics without dismantling). In this paper, we wanted to
show out the possibility of using thermal measurements in this field of analysis
and detection of quality of winding of the distribution oil transformer. These
methods make it possible to localize places of faults and can also serve for
the diagnosis and detection of disorders in material quality and other anomalies
during operation of the equipment.

2. By the experimental measurements followed by diagnostic analysis the
practical use of thermovision and optical sensors for diagnostics of power oil
transformers in the field of mechanical strength and quality of winding was
demonstrated. It is obvious that the total mechanical degradation of coil material
is determined by several factors, viz. the grade of the winding mechanical
strength, the insulation quality of coil, and, also, the oil conductivity and viscosi-
ty in the transformer tank.

3. In conclusion important facts are demonstrated, that is, transformers with
a large number of short circuits must be analyzed throughout the time interval
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of the short-circuit currents, to prevent unpredictable fault during operation.
It is necessary to choose the suitable diagnostics, which could foresee such
a condition.
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