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Hncmumym mexnuueckoti mennogpusuxu HAH Yrpaunsi, e. Kues, Yxpauna

3KCEPTETUYECKUE IIOTEPU B BO3JYXOHATPEBATEJIE TEIIOY TUJIM3ALIMOHHOM
CUCTEMBI KOTEJIbHOW YCTAHOBKHU

OHHOﬁ U3 MpUYIUH CHHUIKCHUSA 3(1)(1)6KI‘I/IBHOCTI/I TCIUIOYTHUJIM3AIIMOHHBIX CUCTEM U HUX OTACIIBHBIX JJIEMCHTOB ABJIAKOTCA NOTCPHU
3Kceprer14quK0171 MOITHOCTH. Takue NOTEPU CBA3aHbI C THAPOAUHAMUYICCKUM COIIPOTUBICHUEM MIPU JABUKCHUN TeHJ’IOHOCHTeJ'Ieﬁ, C
HeOGpaTI/IMBIMI/I mnmponeccaMu npu Ter1000MeHe MEXKAY TCIJIOHOCUTEIIAIMHU, C NpOoHECCaMU TCIIIOIIPOBOAHOCTHU. CHIKeHHE NOTEPH
3Kceprer14quK0171 MOIITHOCTHU Aac€T BO3MOYKHOCTH ITOBBICUTH 3(1)(1)6KI‘I/IBHOCTB TCIUIOYTHUJIU3AalIMOHHBIX CUCTEM. Oto onpeaesiCT aKTy-
aJIbHOCTb pa60T, TMOCBALICHHBIX PEHICHUIO yKa3aHHOﬁ HpOGJ’IeMBI, IIJ'ISI pacucra norepb 3Kceprer14quK0171 MOIIHOCTU B TCIUIOYTUIIN-
3allMOHHBIX CUCTEMAX U UX OTACJIBHBIX 3JICMCHTaX pa3pa60TaHa KOMIUICKCHAasA METOANKA, COYECTAroIasl SKCEPreTUICCKUC METOABI C
METOoAaMH, MOCTPOCHHBIMU HAa pacCuCTEC AUCCUIIATOPOB 3KCEPruu. Pa3pa60TaHHa51 METOJAWKA IO3BOJIACT pa3ACINTh IMOTEPU SKCEPre-
THUYECKOW MOIIHOCTH T10 npuYruHaM U 00J1aCTSIM UX JIOKaJIM3alluu U BBIABUTH YCJIOBHUS, IIPU KOTOPBIX 3THU IMOTEPU 6yIIyT MHHHUMAJIb-
HbIMH. OCHOBHBIE 3TaITbI MCTOJUKH BKIIHOYAKOT pa3pa60TKy MaTeMaTUIECKOW MOEIN HCCICAYCMBIX MPOLECCCOB HA OCHOBE ypaBHE-
HUS 3KCEPruu, ypaBHeHI/Iﬁ OaJtaHcoB OHTPOIIMU U 3KCEPruu, ypaBHCHUA HCPA3PbLIBHOCTHU, YPABHCHUSA IJISL BHyTpeHHeﬁ OHCPruu. B
paMKax pa3pa60TaHH0171 MaTEMaTUIECKOU MOJIEINN TIOJTY4YC€HbBL nnq)q)epeHuMaanbIe YpaBHCHUS SHTPONHU U SKCEPTHUU U (pOpMyJ'IBI
AT pacd€Ta AUCCUIIATOPOB J3KCEPruH, XapaKTCPUIYIOMIUX TUAPOAWMHAMUYECKUE NOTEPU U IOTEPU 3KC€pFe’I‘H‘IeCKOﬁ MOIIHOCTHU
BCJICACTBHUC HEPABHOBECHOI'O Termioo0MeHa MEXKAY TCIUIOHOCUTCIISIMU. OHpeIIeJ'IeHBI 3HA4YCHHUS JUCCUIIATOPOB DKCEPruu IJIs IjIac-
THUHYATOr'0 BO3AYXOHArpeBaTeist TeIIJ'IOyI'I/IJ'II/I?)aHI/IOHHOﬁ CHCTEMBI KOTEITEHOU YCTAaHOBKH IIPU PA3JIMYHBIX PEKUMaX paGOTBI KOTJ1a.
YcraHOBIEH BKJIQ KaXKI0TO BUIA NOTEPb B CYMMAPHBIC TOTCPU 3Kceprer14quK0171 MOIITHOCTHU B BO3AYXOHArpeBaTeiiC U OIPEACIICHA
00J1aCTh MaKCUMAaJIbHBIX NoTephb 9TOW MOIIHOCTH.

KuioueBsble ciioBa: TCIUIOYTUIN3allMOHHBIC CUCTEMBI; ITIOTCPU 3KC€pFe’I‘H‘IeCKOﬁ MOIIHOCTH; JUCCUNIATOPBI DKCEPIrUun.

BBeuel-me. Heorpemuemoii 9acThio O6HICI>1 HpO6J’ICMBI TEpU CBA3aHbI C TUAPOANMHAMHUYCCKUM COHNPOTHUBJICHUCM

sHeprocOepexeHs B YKpanHe sBisieTcss pa3paboTka Tex-
HOJIOTUM YTUJIM3alUHU TEIUIOTHI OTXOJSIIUX ra30B JHEpre-
TUYECKUX YCTAaHOBOK. BHenpeHne Takux TEXHOJOrui IMo3-
BOJISIET ITOBBIIIATH KOAPOUIMEHT UCIIONb30BAHUS TEIIIIOTHI
TOIUIMBA YCTAHOBOK IPH YAOBIICTBOPEHHU IOTPEOHOCTH
XWIMIIHOW ¥ KOMMYHQJIBHOH cdep B TEIUIOBOWH SHEPIHU.
Co3anne ykazaHHBIX TEXHOJIOTHH JIODKHO 0a3MpoBaThCS
HA HCHOIb30BAHUN COBPEMEHHBIX KOMIUIEKCHBIX MOAXOI0B
K aHanu3y 3QQEKTUBHOCTH U ONTHMHU3AINH TEIUIOYTUIN3A-
LIMOHHOTO 00opynoBaHus. OmHOW M3 NPUYMH CHHKCHUS
3G PEKTUBHOCTH  TEIIOYTHIIN3AIMOHHOTO  000PYAOBaHUS
SIBIIIFOTCSL TOTEPH IKCEPreTUUECKON MOIIHOCTH. Takue mo-

IHpopmauis npo asTopis:

IIPU ABMKEHUH TEINIOHOCHUTENEH B DHEPTeTHYECKHX YCTa-
HOBKaX, C HEOOpAaTMMBIMH TPOLIECCAMH IIPH TEINIOOOMEHE
MEXy TEIIOHOCUTENIMU, C IPOLECCAMU TEIUIONPOBOA-
HocTH. KomrutekcHbIi monxon kK aHannusy 3¢(exkTHBHOCTH
TEIUIOYTHIIN3AIIMOHHOTO 000pYyJOBaHMSI Ha OCHOBE JKcep-
TeTUYECKUX METOZI0OB M METOJOB TEPMOJMHAMHMKN HEoOpa-
TUMBIX INPOLECCOB MO3BOISAET Pa3fesuTh IMOTEPU dKCepre-
TUYECKON MOIITHOCTH I10 IIPUYHHAM U 00JaCTSIM MX JIOKAJIH-
3allM ¥ BBIABUTH YCIJIOBUS, NPH KOTOPBIX 3TH MOTEpH OYy-
JyT MUHAMAJIBHBIMU. B CBSI3U C BBIIEU3IIOKEHHBIM HCCIIE-
JIOBaHUs!, MOCBALICHHBIE TaHHOMY BOIPOCY, SIBISIIOTCSA aK-
TyaJbHBIMHU.
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AHaIn3 JUTePATYPHBIX AAHHBIX M TOCTAHOBKA
npodaemMbl. OCHOBHBIE DKCEPTETUYECKUE XapaKTEPUCTHKA
SHEPreTUYEeCKUX YCTAHOBOK JOCTATOYHO YYBCTBHUTEIBHBI K
N3MEHEHHIO MX KOHCTPYKTHBHBIX U PEKUMHBIX N1apaMeTPOB
W ISl ICCTIeIOBAaHMS TePMOANHAMIYECKOH 3¢ pekTHBHOCTH
9THX ycTaHoBOK (Sahin, 2014; Tsatsaronis & Morosuk,
2012; Morosuk & Tsatsaronis, 2008; Fialko et al., 2018)
HCIIOJIB3YIOTCS METOJIBI IKCEPTETHUECKOTO aHAIH3A.

B cymecTByronmx auTepaTypHBIX UCTOYHHUKAX, HAIIPH-
Mmep (Sahin, 2014), ormeuaercs, 4To MpH pazpabOTKe dHEp-
TOTEXHOJIOTHH 1EJIeCO00Pa3HO C MOMOIIBIO METO/I0B IKCEp-
TeTUYECKOTO aHAJIN3a ONPEAEISTh T€ CTaJUM TEXHOJIOTH-
YEeCKOro Hpolecca, Ha KOTOPHIX BO3MOXKHBI TEXHHYECKHUE
yrnyamenns. B pabore (Tsatsaronis & Morosuk, 2012) yka-
3aHO, YTO OTCYTCTBHE COOTBETCTBYIOIIEH (popMaibHOM
MIPOLEAYPHI UCTIONB30BAHMS PE3YIHTATOB IKCEPIeTHUECKO-
rO aHaJINM3a 3HAYNTEIbHO OrPaHUYMBAET IIMPOTY €ro NpH-
MEHEHUSL.

OpHako MCTIONb30BaHKME s aHanm3a 3(dexTuBHOCTH
SHEPreTUYEeCKUX YCTAHOBOK TOJBKO METOZIOB JKCEPreTH-
YEeCKOTro aHan3a 0e3 MPUMEHEHHS KOMIUIEKCHBIX ITOX0/10B
HE TIO3BOJISIET MCCIIEAOBAaTh pabOTy MaHHBIX YCTAaHOBOK B
TEXHOJIOTHYECKOM, TEIIOPU3MIECKOM, SKOHOMUYECKOM M
JIPYTUX aCIMeKTaX, YTO OIPaHWYHMBACT ITOJHOTY BBITOIHS-
eMoro aHanusa. [IpuMepamu uccieqoBaHul, 6a3UpPyIONIIHX-
s Ha MCIIOJIb30BaHNH KOMILIEKCHBIX TOAXO0I0B, MOTYT CITy-
*UTh padoTel (Morosuk & Tsatsaronis, 2008; Fialko et al.,
2018).

Tak, B pabote (Morosuk & Tsatsaronis, 2008) komruiek-
CHBI DKCEPro3KOHOMHYECKHH ITOJXOJ HCIIOIb30BAH IS
WCCIIEIOBaHUS TEXHOJIOTHYECKOTO TPOLIECCca B AIIEKTPOCTaH-
IIMA ¢ KOMOMHMPOBAHHBIM IMKIOM. AHAIM3UpPYETCs Ypo-
BEHb YCTPaHJIEMBIX JKCEPTEeTHYECKUX IOTEepbh, YTO obecte-
YMBaeT OIEHKY ITOTEHLMAa JUISl TTOBBIIICHUS] TEpMOANHA-
MU4YecKoi 3P PEeKTHBHOCTH KOMIIOHEHTOB cHcTeMBI. B pabo-
te (Fialko et al., 2018) mnsa mccnenoBanus MoTeps dKcepre-
TUYECKOW MOIIHOCTH B YTHIM3ATOpE TEIJIOYTHIIM3AI[HOH-
HOH CHCTEMBI KOTEJIbHOW YCTaHOBKY MCIIOJIb30BaHA METOIH-
Ka pacuera, IOITyYeHHasi Ha OCHOBE KOMIUIEKCHOTO ITOX0/1a
C IPUMEHEHNEM METOJIOB SKCEPTreTHUECKOro aHAIN3a.

BeImoHeHHBIH 0030p JTUTEPAaTYPHBIX NCTOYHUKOB CBH-
JIETEIECTBYET O TOM, YTO JUIsi aHauu3a d(PQEKTUBHOCTH U
OINITUMM3AIMY SHEPIeTHYECKNX YCTAaHOBOK HEOOXOIMMO HC-
MOJIb30BaHNE KOMIUIEKCHBIX ITOIXO/I0B M pa3pabOTaHHBIX
Ha WX OCHOBE METOAMK C IIPUMEHEHHEM METO/OB dKCepre-
TH4ecKoro aHanmza. OJHAaKO, PacCMOTPEHHBIC KOMILIEK-
CHBIE TIOAXO/bI HE ITO3BOJISIIOT Pa3/IeIUTh MTOTEPH dKCepre-
TUYECKON MOIIHOCTH B YCTaHOBKE IT0 NPUYMHAM M 0bJac-
TSM HUX JoKanu3anuu. llemecoobpaszHo pa3zpaboTaTte KOM-
IUIEKCHYIO METOJMKY, C MOMOIIBI0 KOTOPOH MOXHO pasjie-
JISITH 9KCEPreTUUECKHE TTOTEPH C IIETbI0 YCTAHOBIICHUS 00-
JlacTel MX MaKCUMAaJIbHBIX 3HAYEHUH OCPEACTBOM H3MEHe-
HUS TEMIO(PU3NUECKHX, PEKUMHBIX W KOHCTPYKIIMOHHBIX
MapaMeTpoB TEIIOYTHIIM3AMOHHONW yCTaHOBKH.

L]env pabomul — pa3paboTaTh METOANKY pacdera IoTephb
9KCEPTeTHYECKOH MOIIHOCTH B  TEIUIOYTHUJIM3AIMOHHBIX
cHUCTEeMax HAa OCHOBE KOMIUIEKCHOTO MOAXOAAd, BKIIIOYA-
IOIIET0 METOBI SKCEPIeTHYECKOTo aHaJIN3a U METOJ, MOC-
TPOCHHBI Ha pacyere IHUCCHUIIATOPOB JKCEPrHH. Y CTaHO-
BUTH BKJIQJl AUCCUIIATOPOB DKCEPTHH, CBSI3aHHBIX C THIPO-
JUHAMHYECKUMH TOTEPSIMH, TEIUIOOTAA4eil M TerIonpo-
BOJIHOCTBIO, B CyMMapHbIe IIOTEPH HKCEPreTUIECKON MOII-
HOCTH B BO3yXOHarpeBareje TeIUIOyTHIIN3AIMOHHON cuc-
temsl uisa koriia BK-21-M2 (KCBa-2,0T).

Memoowt uccaedosanuii. ViccnemoBancs IIacTHHYATHIA
BO3yXOTPEHHBIA TEIUIOYTIIIH3ATOP (BO3yXOHATPEBATEIb)
C TIPOTUBOTOYHBIM JBIKCHUEM TEILIOHOCUTENEH, KOTOPBIN
BXOJIWT B CHCTEMY TEIUIOYTIIJIM3AIUHN OTOIMUTEIHFHOTO KOT-
na BK-21-M2 (KCBa-2,0I'), npexHa3sHa4eHHYIO JUIs [10JI0T-
peBa JayTheBoro Bo3ayxa (puc. 1).
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Puc. 1. [IpyHnumuansHas cxeMa KOTEIBHOH YCTaHOBKY C CHCTEMON
TEIUIOYyTHIM3AINH OTXO/SIIMX Ia30B KOTJIA: 1) OTOMUTEINBHEIH KO-
Ten; 2) BO3MyXOHArpeBarellb; 3) KOHIEHCaTOCOOPHHK; 4) ra3omno-
JIoTrpeBaTenb; 5) IpIMoBas Tpyoa; 6) mmubep; 7) BEHTHISATOD; 8) IbI-
MOCOC

HpOBe,HeHI/Ie I/ICCJ'IC,HOBaHI/Iﬁ MOTEPb 3KCCpFeTH‘leCKOﬁ
MOMIIHOCTH B JAHHOM BO3AYyXOHArpeBaTcjic OCHOBBIBAJIOCH
Ha pa3pa60TaHH01‘/'1 MCTOAMKE pacyeTa AUCCHUIIATOPOB OK-
CCpruu, CBA3AHHBIX C TUAPOJUHAMHUYCCKUMHU IIOTCPAMU U
NOTEepsAMHU  BCJICACTBUEC HCPABHOBCCHOT'O TEII000MeHa.
I[aHHaH METOAUKA 6a3HpOBaJ'IaCI) Ha TPHUMCHCHHUU KOM-
IUICKCHOI'O IMOAX0/4d, COYCTAIOUICTO SKCEPIrETUICCKUC METO-
Abl C MCTOAAMH TCPMOJUHAMUKN HeO6paTI/IMI>IX IIPOLECCCOB.

PesynbTaTsl nccinegoBanuii

Pa3paborka KOMILIEKCHOI METOAMKH pacdeTa U Io-
JIydYeHHe BbIPAKEHUI Il JUCCUIIATOPOB IKCeprun. J{us
OIpeNIeIeHUs] OTEPh IKCEPreTUUECKON MOIHOCTH B BO3-
JyXOrpEeHHOM IUIACTMHYATOM TEIUIOYTHIIN3AaTOPE HCIONb-
30BaHa KOMIUIEKCHAs METOJAUKA, COUYETAIoUIasl dKCEPreTH-
YECKHE METOJbI U METOJ, MOCTPOCHHBIA HA pacueTe AUCCH-
MaTOPOB 3Kcepruu. MeToauka Mo3BOISAET pPa3AeiuTh MOTe-
PH DKCEPTeTHYECKON MOIIHOCTH IO MPUYMHAM U 00J1acTsIM
UX JIOKAJIU3alKU U BBIIBUTH YCIIOBHS, IPU KOTOPBIX 3TU I110-
Tepu OyayT MUHUMAJIGHBIMH.

OCHOBHBIE 3TaIlbl METOAUKH CIICIYIOLIHE:

® pa3paboTaTh MaTeMaTHIECKYIO MOJIENb HCCIIEAYyEeMBIX MpoIec-

COB, KOTOpasi BKIIHOYACT YPaBHCHUA OaslaHCOB OKCEpruu U 3H-
TpOIINY, YPaBHECHHUEC HEPA3PBIBHOCTH, YPABHCHUC IJId BHYTPCH-
HCHU SHEPrum;
NOTy4HTh AU dhepeHIranbHbIe ypaBHEHHS OaTaHCOB SHTPOIINH
" 3KCEPruu, KOTOPbIEC MOr'yT OBITH KCIIOIB30BAHEI JJIL pacdueTa
OKCEPreTUICCKUX NMOTEPL B TCIUIOYTWIN3ALIMOHHBIX CUCTEMAX
® [OJIy4YHUTh (pOpMyJ'IBI JUIA pacdyeTa JUCCUTIaTOPOB 3KCEPIrum:

— JAUCCUIIATOPOB, XapaKTCPU3YIOIUX NOTEPU 3KCCpFCTH‘ICCKOI7I
MOIIHOCTH BCJICACTBUEC HEPABHOBECHOI'O TEIJI000MeHa MEXAY
TCIVIOHOCUTECIISIMU

— JAUCCUIIATOPOB, CBA3AaHHBIX C H€O6paTI/IMI>IMI/I II0TEPsSIMU SKCEpre-
THYECKOM MOITHOCTH TEIUIOHOCUTEJICH BCIIEICTBHE UX BSI3KOCTH
(FI/LHpO,HI/IHaMI/I‘ICCKI/IMI/I HOTCpSIMI/I);

paccuuTaTh CyMMapHbI€ IOTEPU IKCEPreTUIECKON MOIHOCTH B
BO3lyXOHarpeBaTelie, XapakTepu3yoye IIIpoAUHaMUYECKUe
MIOTEPU ¥ TOTEpPH BCIEICTBUE HEPABHOBECHOTO TEINIOOOMEHa
MEKly TEITIOHOCUTEIISIMY, U OIPEICIUTh OTHOCUTEIIBHBIN BKIIA]L
Ka)JI0r0 U3 JUCCUIIATOPOB YKCEPrHU B CyMMapHbIE II0TEpY;

paccuuTaTh OOIIME TOTEPH IKCEPreTHIECKONH MOITHOCTH B BO3-
JyXOHarpeareie ¢ IMOMOIIBI0 OAaHCOBBIX METOJOB 3KCepre-

Haykoswuit BicHMK HNTY YKpaiHu, 2019, 1. 29, N2 3

Scientific Bulletin of UNFU, 2019, vol. 29, no 3 77



THYCCKOI'0 aHallu3a U CPaBHUTH UX C CYMMAapHbIMHU IOTEPAMHU,
CBA3aHHBIMU C TUAPOAUHAMHUYCCKUMHU MOTEPAMU U IMOTEPAMU
BCJICACTBHE HEPABHOBECHOI'O TEII000MeHa MEXKAY TCIUIOHOCH-
TCIIAMMU.
Jli1s pa3paboTKM yKa3aHHOH METOJHMKH HCIIOIb30BAINCH
CIEIYIOIHE OPEASIIOIHIE COOTHOIICHUS:
de =di — Tyds, di = du + d(pv),
du = Tds — pdv, ds = ds°+ ds’,
de =di — Tyds® — Tods' = de* — Tyds' = de® — de', €))
rae: de’— W3MCHEHHEe JKCEPruH, CBSI3aHHOE C MPOLIECCOM
00paTHMOro TEMI006MEHa MEXKTy TEIIOHOCHTENSAMHE; de' —
N3MEHEHHE SKCEPTHHU BCIIEICTBHE HEOOPATUMBIX BHYTPEH-
HUX IPOLIECCOB B CUCTEME.
Ha ocnoBanuu ypaBHenuii (1), ypaBHEHUsI Hepa3phIB-
HOCTH W YpaBHEHMS ISl BHYTPEHHEH SHEpTHH IOIYy4eHO
muddepeHmansHOe ypaBHEHHE SHTPOTINH:

ds -1 . Ou; . (q 1 _ oy
— =—| divg — Bj— |=—div| = |+ qgradT'+=PF,—. (2
Pa~ 1\ e, I(Tj 78 T 'ax, @
3neck: pds/dt = 0(ps)/ot + div(psu),
Br=n| 24 2 5 i |+ cydivu
’ 6xl,- ox; 3 ° ’

W3 dopmyn (1), (2) caenyer nuddepenuaibHoe ypas-
HEHHE ISl 3KCEPTHH:

de . Ou; To 1 dp
— =—div(1q)+ F; 1+— |-Tog - grad—+—, 3
P (va) Jﬁx‘,( Tj vg-grad o, G)
TJIc BBIPKCHUE:
2
, Ou; _"n %+%—28ﬁdivu +§(dl'vu)2

v an 2 an Eix,- 3

HMMEET CMBICH YAENbHOW JUCCUNALMU KHHETHYECKON JHEp-
THH.

B npaBoii wactu ypasaenus (3) TpeTbe ciaraeMoe omnpe-
JIeNseT yAEeIbHbBIE JKCEPTeTUUECKUE TOTEPH BCIECICTBHUE HE-
PaBHOBECHOTO TEIUIOOOMEHAa MEXKIY TEIJIOHOCHUTEISIMH, a
claraeMoe, BKIIIOUYAIollee TEH30p BA3KUX HaNpsDKEHUH, xa-
paKkTepu3yeT UCCUIIATHBHBIC TIIOTEPH, OOYCIIOBJICHHBIE
BHYTPEHHHM TpeHHeM (TUIpOoAMHaAMHUUYecKHe noTepHn). [uc-
CUIIATOP SKCEPTrUuM MOTOKA, COOTBETCTBYIOIUI 3TUM IBYM
THUIIaM HEOOPATHMBIX IOTEPh, MOXKHO IPEICTAaBUTH B BUJIE
X CYMMBI, YTO OOYCJIOBJICHO aJAWTHBHOCTBIO 3KCEPTeTH-
YECKHUX XapaKTEPUCTHK:

R™=R,+Rg.

VY4uTeIBas, YTO NPOLECC TEIIONEPEAAYU B BO3AYXOHAT-
peBarene TEIUIOYTHIU3ALMOHHOM CUCTEMBI KOTEIBHOM YC-
TAHOBKH COCTOUT U3 TEIUIOOOMEHA MEKTY ABIMOBBIMH I'a3a-
MU U CTE€HKOH, Impolecca TEIIONPOBOJHOCTU B CTEHKE U
TEII000MeHa MEXIy CTEHKOW M BO3/yXOM, OOIIUHA JHCCH-
MaTOp KCEPruM, XapaKTePHU3YIOIUN IKCEPreTUIECKHUE MO-
TEpU BCJEJCTBHE HEPABHOBECHOTO TEIJIOOOMEHA MEXIY
TEIUIOHOCUTEISIMH, MOXHO MPEICTABUTH B BUJIE!

Ry =Ry, + Ry +R

I[I/ICCI/IHaTOp, XapaKTepI/IBYIOHII/Iﬁ noTepu, O6YCJ'IOBJ'IGH-
HbIC BHYTPCHHUM TPCHUCM (FI/IHPOHI/IHaMI/I‘ICCKI/Ie HOTepI/I)I

RG = RG,,‘, + RG

603 *

QAo *

Jis onpenenenus auccunaTopa R, BHITOIHUM MHTETPH-
poBaHue 1O 00BEMY BBIPAXKCHUS, BXOAIIECTO B YPAaBHCHUU
(3) u onpenensIOMIEro yACTbHBIE SKCEPTETHICCKHUE TIOTEPU
BCJIC/ICTBHEC HEPABHOBECHOT'O TEIUIOOOMEHA MEXIY TEILIO-
HOCHUTEJISIMU. B CBSI3U € TeM, 4To nepenaj TeMIEparyp Tem-

JIOHOCHUTECIICH Ha BXOJC U BBIXOJC B TEILIO0OMEHHUK ropas-
JA0 MCHbLIC Ieperiaga TEMIICPATYp MCKAY TCIJIOHOCUTCIIA-
MU, 6y,ueM YYUTBIBATH TOJIBKO BKJIa[ NOIMCPEUHOI'O0 KOHAYK-
THBHOTO TEIIJI000MEHA:

Ry=Tofq i(ijdv - _T0F<q>”i(ljdy @
1 b 7 dy\T dy\T ’
hdl
Te <(¢>— YCPECOHCHHBIA IO ITOBEPXHOCTH TEIUIOOOMEHA
TEIJIOBOM IIOTOK.

[Ipu BEMUHUCICHNH WHTErpana (4) WCHONB3yeM ypaBHe-
HUSA I TUIOTHOCTH TEIJIOBOI'O ITOTOKA OT JBIMOBBIX T'a30B
K CTEHKE U OT CTEHKU K BO3IYyXY, a TaKKE ypaBHEHUE IS
IUTIOTHOCTH TETUIOBOTO TIOTOKA, 00YCIOBICHHOTO TEILIONPO-
BOAHOCTBIO Yepe3 CTEHKY. Toraa BeIpaKeHHs ISl AUCCUTIA-
TOPOB JKCEPIUH, XapaKTEPU3YIOIIHUX dKCEPreTUYECKUE I10-
TEepPH BCJICJACTBHC HEPABHOBECHOT'O TEINIOOOMEHAa MEXIY
TENJIOHOCUTEIAMU R, ,R;, R HAMEIOT CIEIYIOMIMNA BUI;

__ o’ . 106 % (5)
Qo> — s - 9 P gos T :
’ a{)zF T()zTcml Z{rmF Tcmchm2 aK()'jF T, 303T(3m2

W3 ¢dopmynsr (3) cnenyer, 4To AMCCHIIATOP AKCEPTUH
Rg, cBs3aHHBIN ¢ HEOOPATUMBIMH ITOTEPSIMHU HKCEPTHU TEIl-
JIOHOCHTENEH (THAPOAMHAMUYECKHMHU MOTEPSIMH) BCIIEA-
CTBHE BSI3KOCTH, IMEET BUJI:

Aso3

514,-

5xl j

Rgzﬁj'Pi,- av =
TV

2
_Toq|nf O Oy 25 i |+ c(divi? v
T v 2 an 5x,- 3"

I[J'IH pacucTa 3KCEPIreTUICCKUX IMOTECPh B TEII000MEH-
HHUKAaX, CBA3aHHbIX C NAJACHUCM JIaBJICHUA BCICACTBUC TUAPO-
JAUHAMHWYCCKOI'0 COIMPOTHUBIICHUA ITPU TCYCHHUH TCIIJIOHOCUTC-
J'Ieﬁ, MOXKHO HUCITOJIb30BAThH TAKKC CIICAYIOIINC (bOpMyJ'H)I:

2
L= ©)

ToAS =

B stom crydac JUCCHUIIATOPBI SKCCPIrUH, CBA3AHHBIC C
TUAPOANHAMUYICCKUMU IOTCPAMU, 6y,HyT HUMCTHh BU/:

3 3
G,. Wi Geos ) Eeosli
RGr)z = J&%sRGem = é; 0 PR (7)
2Tr)z(pr)z) (F r)z) Znox(peox) (F 303)

YcraHoBJeHHE BKIIaJAA KAXKA0r0 THIA MOTEPb B CyM-
MapHbIe MOTEPH IKCEPreTHYECKO MOIIHOCTH B BO3JY-
XOHArpeBaTesie M ompeaejieHHe 00JaCTH MaKCHMAJb-
HBIX MOTepb. [{JIs UCCIenyeMOoro OTOMHUTEIBHOIO KOTJa C
CHCTEMOM TEIIOYTHUIIN3ALUH OTXO/SIIMX [a30B PacCMaTpu-
BaJIOCh CEMb PEIKMMOB PabOTHI B MOCJIENOBATEILHOCTH OT
€ro MaKCHMAJIBHOM /10 MUHUMaJIbHOW HAarpy3Kd B TCUCHHE
OTOIHTEIBHOTO Mepuona. [Ipx 3TOM YYHTBIBAJIOCH, YTO IO
pEriaMeHTy, €CJIHM TEIUIOBas Harpy3ka KOTJIOB COCTABIISCT
50 % OT HOMHHAJIBHOM, OCYIIECTBIISETCS IEPEBOJ] COOTBET-
CTBYIOLIETO YHCJIA KOTJIOB B HOMHHAJIBHBIH DPEXUM HpH
YMEHBLICHHH O0IIET0 KOJIMYECTBA PabOTAOIINX KOTJIOB.

BrIpakeHne Uisi CyMMAapHOTO AWCCHUIIATOpA JKCEPTHH,
XapaKTePHU3YIOIIEro THAPOJMHAMUYECKUE TIOTEPU U IKCEp-
TeTHYECKHE MOTEPH BCIISICTBHE HEPABHOBECHOTO TEIIO00-
MEHa MKy TEINIOHOCUTEISIMH, IMEET BUIL:

R =% Ri =Ry, +R;+ Ry, + R, +Rq,, - (®)
i
OTHOCHTENBHBI BKIA] KaXIOr0 W3 PACCUATAHHBIX
JIMCCHUTIATOPOB YKCEPTHH B CyMMAapHbIE IMOTEPH SKCEPTETH-
YeCKOW  MOIIHOCTH  ompemesisuics 1o dopmyiie
K; = R100%/ R (tabnuua, puc. 2).
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Taomauna. Pe3y1bTaThl pacueToB OTHOCHTEJILHOI0 BKJIAAA
JUCCHIIATOPOB IKCEPruld B CYMMAapHbIe 10TEpU
JKCEPreTHYeCKoi MOIHOCTH B BO3yXOHAarpeBartesie

Pesxxumel 1 2 3 4 5 6 7
O,kBr | 71,5 | 59,1 | 46,3 35,4 | 52,9 | 39,5 | 23,8
Krone, % | 34,6 | 35,8 | 35,8 36,9 | 34,3 [35,25| 36,7

Ky, %o 6,1 | 5,8 5,1 4,5 59 | 53 | 43
Kropos, Yo | 53,5 1 53,0 | 54,0 | 53,7 | 50,2 | 49,9 | 50,4
Krgar, %0 | 3,6 | 3,5 3,2 3,0 59 | 58 | 52
Krgsos, 70 | 2,0 | 1,9 1,9 1,8 3,6 | 3,7 | 33

R xBr| 143|106 | 7,5 5,0 8,3 5,3 2,5
ECw xBr| 16,0 | 11,9 | 9,0 5,6 9,0 5,7 2,6
R(;ﬂr RGBO3 R Rc;ur Rggo}

Ru JIr 2 R«Hl‘

RaBO'}
b

Puc. 2. OtHOCUTENBHBIH BKIIA]] IUCCHIIATOPOB SKCEPTUH R; B CyM-
MapHbI€ MOTEPH IKCEPreTHIeckoi Momuoct R™™: a) Q = 71,5 kBr
(pexmm 1); 6) Q =23,8 kBt (pexnm 7)

Pacuer o0mmx moTeph SKCEPTETUUECKONW MOITHOCTH B
BO3JyXOHarpeBareie ES0y IPOBOAWIICS C ITOMOIIBIO Oa-
JIAHCOBBIX METOJ0B DKCEPreTUYECKOI0 aHaIU3a:

Téx R 6x
Er[l,)gt’;f = Gr)a C()e(wa - gflx) =T.| co In - _7111& -
e & T6vix ) 8bIX
02 Hoe DPo:
661X R peb;x (9)
_Gem Cem( gg;x - ggx) =T c| Csos In K:; - In 2 )

8X
803 ﬂﬁ&? pKOlf

O0cy:xaenne pe3yJbTATOB HCCJENOBAHUS JKcepre-
THYEeCKHX MOTeph B BO3JAyXOHarpeBartejie TeILIOyTHJIU-
3alIMOHHOI CHCTEMBI KOTEJBHOH yCTaHOBKH. Pa3pabo-
TaHHAs! KOMIUIEKCHAsI METOAMKA, BKIIIOYAIOIIAsi METO/BI 3K-
CepreTHYecKoro aHajin3a U METo[I, IIOCTPOCHHBII Ha pacye-
T€ JWCCHUIIATOPOB DKCEPTHH, B OTIMYMU OT aJbTEPHATHB-
HBIX (cM. (3, 4)), NO3BOJISIET Pa3ACIUTh NOTEPH IKCEPTETH-
YeCKOH MOIIHOCTH T10 IIPUYMHAM M 00JIACTSIM HX JIOKAJIH3a-
. MeToMKa MCIoNb30BaHa Jyisl aHaiIu3a 3(¢peKTHBHOC-
TH BO3IYyXOHArpeBaTeisl TeMJIOYTHJIN3aIMOHHOH CHCTEMBI
kotenbHOM yctaHoBkn BK-21-M2 (KCBa-2,0T"). Boinene-
HBI DKCEPreTUUECKHUE IOTEPH, CBSI3aHHBIC C TEIJIOOTAAYECH,
TEIUIONPOBOAHOCTHIO U ¢ HEOOPATHMBIMH TOTEPSIMH JKCEp-
TeTUYECKOM MOIIHOCTH TEIUIOHOCHUTENICH BCIIEICTBHE HX
BS3KOCTH (THAPOJUHAMUYECKUMH TIOTEPSMH). 3HAYCHUS
JIMCCUIIATOPOB AKCEPTHH ITOJMYYEHBI B PE3YJIbTaTe COBMEC-
THOTO pemeHns ¢ HepeHInaIbHOTO0 YpaBHEHUS SKCEPTHU
W YpaBHEHUH TEIUIOOTIAa4H, TEIUIONPOBOIHOCTH U ypaBHE-
HUH 17151 TEYEHUS TEIIOHOCUTENICH.

Kak BuaHO U3 Tabmuubl U puc. 2, HAHOONBIINE TOTEPH
9KCEPTreTHIECKON MOITHOCTH B BO3yXOHArpeBaTesie Tero-
YTUIM3ALMOHHON CHCTEMBI U COOTBETCTBEHHO HAHOOJIbIIHI
BKJIaJl B OOIIME OTEPHU CBA3AHBI C TEIUIOOTIAYECH OT CTEHKH
K BO3/1yXy, HAUMEHbIIINE IOTEPH U BKJIAJ CBS3aHbI C THIPO-
JMHAMHYECKAMHU MTOTEPSIMH IIPU IBMKEHUN Bo3yxa. OTHO-
CHUTEJBHBIN BKJIaJ KaXKIOTO M3 AWCCHUIIATOPOB 3KCEPTHU B
CyMMapHbIe TIOTEPH SKCEPreTHIECKONH MOIIHOCTH B BO3IY-
XOHarpeBaresie OCTaeTcsl MIPUMEPHO MOCTOSHHBIM IIpH U3-
MEHEHHH TEIUIONpOn3BOANTEIbHOCTH (). CpaBHHUTEIBHBIHN
aHaJIM3 CyMMapHbIX IOTEPb, CBS3aHHBIX C IIPOIECCAMH TE-
Jonepenaul U TUAPOAUHAMUYECKUMU IOTEepAMU R U

paccunTaHHbIX 110 Gopmye (8), n o0muX MoTeps B BO3 Y-
XOHArpeBaresie Egod , paCCIUTAHHBIX C TOMOIIBIO GalaHCO-

BBIX METOJIOB IKCEPTeTUICCKOTO aHAN3a B COOTBETCTBHH C
(dhopmynoii (9), TO3BONHIT BEIICIUTH TAKKE TOTEPH, ITPUXO-
IIIAecs Ha CHUCTEMY COCAMHUTEIBHBIX TPYOOIPOBOIOB
Epp = ES24 — RO (o1 4 110 10 %).

Takum 00pa3oM, ycTaHOBJICHA O0JIACTh MaKCHMAJTBHBIX
MOTEPh IKCEPreTHUCCKON MOITHOCTH B BO3JIyXOHarpeBaTe-
JIe — ATO MOTEPH, CBA3aHHBIC C TEIIOOTIAYCH OT CTEHKHU K
BOo3yxy. Hamboiee 3¢(hekTHBHBIM /IS OOIIETO CHIKCHUS
MOTEPh IKCEPreTHUCCKONH MOITHOCTH B BO3JIyXOHarpeBaTe-
Jie SIBJSICTCSl CHMDKCHHE TOTEPh MMEHHO B ITOH 00IacTH.
B03MOXXHOCTH MX CHIDKCHUS CBSI3aHBI C U3MCHCHHEM TEII-
TOPU3MYECKUX W KOHCTPYKIIMOHHBIX XapaKTePUCTUK TUIAC-
THUH BO3yXOHATPEBATENSA U C PETYIUPOBAHUEM PEKUMHBIX
mapaMeTpoB YCTAaHOBKU. B HacTosIee BpeMs Py U3TOTOB-
JICHUW TTAKETOB TUIACTHH TEIIOYTHIIM3aTOPOB HAPSTY C Tpa-
JUIIMOHHO UCTIONE3YEMBIMU MaTepHajJaMu, HalpuMep, Hep-
JKABEIOIEH CTabi0, YCHENTHO MPUMEHSIOTCS TTOJUMEPHBIC
MUKPO- U HAHOKOMIIO3HTHI, OOJaNAIONIAe ITHPOKUM CITCK-
TPOM TEIIOYUZHICCKUX XaPAKTCPUCTHK.

PasBurne JaHHOTO WCCIEAOBAHHUS MOXET WATH B HAIl-
PaBJICHUH OMpPEICIICHUS OCHOBHBIX TEIUIO(PU3UICCKUX Xa-
PAKTEpUCTHK BO3yXOHATPEBATEINS, 00CCIICUYNBAOIIIE MU-
HUMAITEHBIN YPOBEHbB IMOTEPh IKCEPTETUUCCKON MOIITHOCTH.

BoiBoasI:

1. ing ompeneneHust NOTEPh SKCEPreTUUECKON MOIIHOCTU B
TEIJIOYTHIN3ALUOHHBIX CUCTEMAX U UX OTAENbHBIX dlle-
MEHTaX pa3pa0doTaHa KOMIUIEKCHAs METOAWKa, COdeTa-
Iollas SKCEPreTUYecKue METOAbl ¢ METOAAMHM, IOCTPOEH-
HBIMM Ha pacdeTe IUCCUIATOpoB skcepruu. Ilomyuensl
(bopMyITBI JUIS pacdeTa AHUCCHIIATOPOB IKCEPTHH, XapaKTe-
PU3YIOIUX THIPOJIUHAMUYECKUE OTEPH U MOTEPU IKCEpP-
FeTHYECKOM MOIIHOCTH BCJIEACTBHE HEPABHOBECHOI'O TeEIl-
J1000MEHa MEXY TEIIOHOCHTETSIMHL.

2. OnpeneneHsl 3Hau€HUs! JUCCUIIATOPOB KCEPTUM IS BO3-
JlyXOHarpepares TEIUIOYTUIM3alMOHHOM CHCTEMBI KO-
TenbpHOH ycraHoBkH BK-21-M2 (KCBa-2,0T") npu pa3mid-
HBIX peXHMax paboThI KOTIIA.

3. YcraHOBIIEH BKJIAJ KaXJIOro TUIA IIOTEPh B CyMMAapHBIE
HOTEPH IKCEPIeTUYECKOI MOIHOCTU B BO3AyXOHAarpeBare-
JIe ¥ ompeziesieHa 00JIacTh MaKCHMAIBHBIX MOTEPh IKcepre-
TUYECKOH MOIIIHOCTH.

O0o3HavyeHus:
¢, — u300apHas TemnoemMkocTs, kJ[x/kr K; E — skcepreTu-
Yyeckask MOITHOCTh, KBT; e — ynenmbHas skceprus, kJ[x/kr;
F — mnomans GOKOBOI MOBEPXHOCTH, M2; G — MaccoBBIH
pacxol TEIUIOHOCHUTENS, KI/c; i{— YyAenbHAs SHTANbITU,
kJx/Kr; P;; — TeH30p BA3KMX HanpsbkeHuid, klla; p — nasne-
uue, klla; O — TeroBas MOIIHOCTH, KBT; ¢ — TEI0BOI TT0-
TOK, K,Z[)K/M2 ¢; s — yaenpHas 3HTponws, Kx/kr; T — Temre-
parypa, K, °C; T,,1 (T.n2) — TEMIIEPATYpa CTEHKH CO CTOPO-
HBI JBIMOBBIX Ta30B (Bo3myxa), K; ¢#— Bpewms, c¢; u — cko-
POCTB, M/C; V — yIeNbHEIH 06BeM, M/KT; ¢y — KOd((HIMEHT
TEIJIOOTAYM OT JBIMOBBIX Ta30B K cTeHke, KBT/M” K; ap —
K0>(GHIHMEHT TEMIO0T/IauN OT CTEHKE K BO3yXy, KBT/M
K; 6 — Tommmua crenku, M; ¢ - K03 duUEeHT 00beMHON
BSA3KOCTH, KI/M’ C; ] - KOd((QHIHMEHT CABUIOBOH BA3KOCTH,
kr/M” ¢; A — kodduImenT TemnonposogHocTH, KBT/M-K; &
— KOX(QUIMEHT TUAPABIMYECKOTO CONPOTUBICHUST;, L —
IUIOTHOCT, KI/M°. MHIEKCHI BEDXHHE: 6X, 6bIX — BXOJ, BbI-
X0m; 0buy — obommii. IHIEKChl HIDKHUE: 02 — JIBIMOBEIC Ta-
3BI; 6030 — BO3IYX; nom — MOTEPH; 0 — OKPYKAIOMIask Cpeaa.
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ITncmumym mexuiunoi mennogizuxu HAH YVpainu, m. Kuis, Ykpaina

EKCEPTETUYHI BTPATH B IOBITPOHATPIBAYI TEIJIOY TUII3ALIHHOI CACTEMH KOTEJIbHOI
YCTAHOBKH

OpHi€l0 3 IPUYMH 3HIDKCHHS €(peKTHBHOCTI TEIUIOYTWIII3AIIMHIX CHCTEM Ta iX OKPEMHX EJIEMCHTIB € BTPAaTH eKCepreTHIHOL
MOTYKHOCTI. Taki BTpaTd MOB'I3aHi 3 TiAPOAMHAMIYHMM ONOpPOM IIPU PYCi TEIUIOHOCIIB, 3 HE3BOPOTHHMH IIPOLECAaMH IIPH
TEIIOOOMiHI MDK TEIUIOHOCISIMH, 3 TIPOIECaMH TEIUIONPOBIAHOCTI. 3HIKEHHS BTPaT CKCEPreTHYHOI MOTYXHOCTI Ja€ 3MOry
MiABUIIUTH eeKTUBHICTH TEIUIOyTHIi3aliiHuX cucteM. lle BU3HaUae akTyalbHICTH POOIT, NPHCBSUCHUX BHPIIMIEHHIO 3a3HAYEHOL
npobnemu. [l po3paxyHKy BTpaT €KCepPreTHYHOI MOTYKHOCTI B TEIUIOYTWII3AIiMHUX CHCTEMax Ta IX OKpPEeMHX elleMeHTax
PO3pOOIICHO KOMITIEKCHY METOIUKY, SIKa ITOEAHYE €KCePreTHYHI METOAU 3 METOAAMH, NMOOYJOBaHUMH Ha PO3PaxyHKY JUCHIIATOPIiB
ekceprii. Po3pobnena meroanka mae 3MOry pO3AUIMTH BTPaTH €KCEPreTHYHOI MOTYXKHOCTI 3TiHO 3 NPHYMHAMHU Ta 30HAMH iX
JOKaJi3amii i BUSIBUTH YMOBH, 3a SKUX I BTpaTH OyayTb MiHiManepHMMH. OCHOBHI €Tamy METOIMKH BKIIOYAIOTh PO3POOKY
MaTeMaTHYHOI MOAEN JOCIiIKyBaHHX MPOIECIB HAa OCHOBI PIBHAHHS €Kceprii, piBHAHb OanaHCIB €HTpomii i exceprii, piBHIHHSI
HEpPO3PUBHOCTI, PIBHSHHS UL BHYTPIIIHBOI eHeprii. Y Mexkax po3po0ieH0l MaTeMaTHYHOI MOJelNi OTPUMAaHO AW(epeHIanbHi
PIBHSHHS eHTpormil Ta exceprii i GopMynmu I po3paxyHKy AUCHIIATOPIB €KCeprii, 0 XapaKTepU3yIOTh TipOANHAMIYHI BTPATH i
BTPaTH EKCEPreTHYHOI IIOTY)KHOCTI BHACHIJOK HEPIBHOBAXXHOIO TEIUIOOOMIHY MDXK TEIUIOHOCIAMH. Bu3HaueHO 3HaueHHS
JIICUIIATOPIB eKCeprii uId IUIACTUHYACTOrO MOBITpOHArpiBada TEIIOYTHII3aLiHOI CHCTEMH KOTEIBHOI YCTAaHOBKM 3a DI3HHX
PeXUMIB poOOTH KOTJIA. BCTAaHOBIEHO BHECOK KOXKHOTO BHAY BTpPAaT y CYMapHi BTPaTH €KCEPreTUYHOI IOTYXKHOCTI Yy
MOBITpOHArpiBayi i BU3HAUYCHO 00J1aCTh MAKCUMAIBHHUX BTPAT Li€l MOTYXHOCTI.

Kniouosi cnosa: TemnoyTUi3zaliiHi CHCTEMH; BTPATH €KCePreTHYHOI HOTYXKHOCT1; JUCHIIATOPH €KCePrii.

N. N. Fialko, A. I. Stepanova, R. A. Navrodskaya, S. 1. Shevchuk, G. A. Gnedash
Institute of Engineering Thermophysic, NAS Ukraine, Kyiv, Ukraine

EXERGETIC LOSSES IN THE AIR HEATER OF THE HEAT-RECOVER SYSTEM OF THE BOILER PLANT

The creation of effective heat-recover technologies should be based on the application of modern complex approaches to the
analysis of efficiency and optimization of heat-recovery equipment. One of the reasons for the decrease in the efficiency of heat-
recovery equipment is the loss of exergy power. Such losses are associated with hydrodynamic resistance during the movement of
heat-transfer agents, with irreversible processes during heat transfer between the heat-transfer agents, with processes of heat-
conductivity. A complex approach based on exergy methods and thermodynamic methods of irreversible processes allows separating
the exergy power losses for reasons and areas of their localization and to identify the conditions under which these losses will be
minimal. To determine the loss of exergic power in heat-recovery systems and their individual elements, in particular, in lamellar air
heaters, a complex technique has been developed combining exergy methods with methods based on the calculation of exergy
dissipators. The methodology is based on a mathematical model of the processes under study, which includes the equations of
exergy, equations of entropy and exergy balances, equations of continuity, and equations for internal energy. Using the developed
mathematical model, differential equations of entropy and exergy and formulas for calculating exergy dissipators, which characterize
hydrodynamic losses and exergy power losses due to non-equilibrium heat transfer between heat carriers, are obtained. Investigations
of exergy power losses in a lamellar air heater of a heat-recover system were performed. Using the formulas obtained for the
investigated air heater, the specified exergy dissipators and total losses were calculated, and the relative contribution of each exergy
dissipators to the total losses was determined. The greatest exergy power losses in the air heater of the heat-recovery system and,
accordingly, the largest contribution to the total losses are associated with heat transfer from the wall to the air. The smallest losses
and contribution are associated with hydrodynamic losses during air movement. Using balance methods of exergy analysis, the total
losses of exergy power in the air heater were calculated and compared with their total losses. The analysis also allowed identifying
losses attributable to the system of connecting pipelines, which ranges from 4 % to 10 %. The area of maximum exergy power losses
in the air heater is established — these are losses associated with heat transfer from the wall to the air.

Keywords: heat recovery systems; loss of exergy power; exergy dissipators.
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