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O. I. JKHPKOB, O. I1. YCATHH, O. II. ABJJEEBA, IO. I. TOPFA

YUCEJBHE JOCILI)KEHHS OBTIKAHHS COIVIOBUX PEIIITOK
3 TIOBOPOTHUMMU JIA®PAI'MAMHU

IIpencrasneni pe3yIbTaTH YHCENHFHOTO JOCIIDKEHHS IIIOCKOr0 OOTIKAaHHS COILIOBOI PENITKH 3 HOBOPOTHOIO AiadparMolo, BUKOHAHO HOPiB-
HSIHHSI pe3yJIbTaTiB PO3PAaXyHKIB 3 €KCIICPHMEHTAIBHUMHI NaHUMHU. PO3paxyHKH BHKOHYBAJIHCS 3a JOIOMOTOIO IPOTPAMHOTO KOMIUIEKCY
Fluent (Ne kiienta 01067322). B pe3ynbraTi BAKOHAHHX PO3paxyHKiB OyJIM OTpUMaHi: KapTUHM Tedil y MDKJIONIATOYHOMY KaHalli i 3a HUM;
PO3MOLT KoedilieHTIB BTpAaTH KIHETUYHOI €Heprii Mo GpPOHTY PEIIiTKH MPU Pi3HUX CTYMIHAX BIIKPUTTS BXiJHOI YACTHHH KaHAIB COIIOBOL
PEIiTKA.

KurouoBi ciioBa: moBopoTHa aiadparma, YucenbHe AOCIIDKEHHS, KoedillieHTH BTpaT eHeprii, Terutodikariiini TypOinu, Moaemi Typ-
OyJICHTHOCTI.

A. I. JKHPKOB, A. Il. YCATBIH, E. II. AB/IEEBA, IO. H. TOPEA
YUCJIEHHOE UCCIIEAJOBAHUE OBTEKAHUSA COIIJIOBBIX PEHIETOK
C IOBOPOTHBIMU TUA®PATMAMU

IIpexacraBieHsl Pe3yIbTaThl YUCICHHOTO MCCICA0BAHHS [NIOCKOT0 OOTEKaHHs COIUIOBON PELICTKH C MOBOPOTHON AMa(parMoil, BEIIOIHEHO
CpaBHEHHE pPe3yJIbTaTOB PACUETOB C AKCIEPUMEHTAIBHBIMH JaHHBIMU. Pacdera MpoBOAMINCH ¢ IIOMOIIBIO IIPOrPaMMHOTO KoMILIekca Fluent
(Ne xymmenta 01067322) B pesysbrare BBIINOJHEHHBIX PACUETOB ObUIM IOJYYEHbI: KAPTHHBI TEYEHHUS B MEXJIONATOYHOM KaHAJle U 33 HUM;
pacrpeneneHne Ko3(pGUIHESHTOB IOTEPU KHHETHIECKOI SHEPIUH MO0 (PPOHTY PEIISTKU MPH PA3IMYHBIX CTEHEHSX OTKPBITUSI BXOAHON YacTH
KaHAaJIOB COIIJIOBOM PELIETKH.

KiioueBble ciioBa: moBopoTHasi auadyparma, YMCICHHOE HCCIeI0BaHue, K03 HIMEHTH! TOTeph SHEPIUH, TEIUIOPHUKALUOHHBIE TYp-
OMHBI, MOZIEIH TypOYJICHTHOCTH.

O. ZHYRKOV, O. USATY, O. AVDIEIEVA, Y. TORBA
NUMERICAL INVESTIGATION OF THE STREAMLINING OF NOZZLE
ARRAYS EQUIPPED WITH GRID VALVES

The purpose of one of the stages of this research is to develop the technique for the numerical investigation of the flow of the nozzle array
equipped with the grid valve for its further use for the solution of the problem relating to the optimal design of the flow passage in cogenera-
tion turbines. The development of this technique was divided into two parts, in particular the simulation of the two-dimensional or flat flow
and the simulation of the three —dimensional flow. This research paper gives some data obtained for the first part of the developed tech-
nique, i. e. the verification data obtained by the comparison of the results of numerical and experimental investigations of the two-
dimensional flow of the nozzle array with the grid valve. The Fluent software package was used for the simulation and computation of the
flow of operating fluid. Computational domains restricted by one interblade channel were constructed for a different degree of the opening of
the nozzle closure diaphragm. The grids were constructed for computational domains. The computations were performed to define the effect
of the used turbulence model on the computation results. The best coincidence with experimental data was obtained when using the k- SST
model. The computations done allowed us to obtain the flow patterns in the interblade channel and behind it and the distribution of the coef-
ficients of the loss of kinetic energy over the grid front for a different level of the opening of closure diaphragms at the inlet to the nozzle
ring. The obtained research data allow us to draw the following conclusions: the selected computation parameters enable a qualitative reflec-
tion of physical phenomena in the flow both for subsonic and supersonic flows of the cascade; the computation coefficients of the loss of
kinetic energy showed a satisfactory coincidence with experimental data and it is indicative of that the development of the technique for the
numerical investigation of the flow of nozzle arrays with grid valves is possible in principle when using the Fluent software package. The
data obtained through this research will be used for the development of the technique for the numerical investigation of the three-dimensional
flow of nozzle arrays with grid valves.
Key words: the grid valve, numerical investigation, energy loss coefficients, cogeneration turbines and turbulence models.

Beryn

Jnsa termodikamiiHux TypOiH, IO MalOTh Pery-
JIbOBaHi BiZJOOPH MapH, 4acTo 3aCTOCOBYIOTHCS COILIO-
Bl peuIiTky 3 MOBOpoTHUMH Jiadparmamu [1]. 3miHa
BUTpATH NapH 4yepe3 TypOiHy NMpH 3MIHHHX peXHUMax
JIOCSITAETHCSI IEPEKPUTTSAM Ha BXOJ1 KaHaJIIB COIJIOBO-
ro amapary (puc. 1).

Ha nmanmii MOMEHT yacy MpakTH4HO BCi JOCIIi-
JDKCHHSI XapaKTePUCTUK MOAIOHUX PELIiTOK MOJISralu
B EKCIEPUMEHTAIFHOMY BUIPOOYBaHHI IUIOCKHX pe-
mriTok. Jy’e BUCOKa BapTiCTh NPOBEACHHS MOIOHMX
SKCIIePHMEHTIB He JO3BOJIAIOT JOCIIPKYBATH BEIUKY
KUTBKICTh KOHQITYpaIliii penriTox i pexxuMiB ix poOo-

TH 3 METOI0 ONTHUMIi3amii MPOTOYHOI YACTHHH [UIA
OTPUMAaHHS MIHIMaJIbHHUX BTPAT MPHU Pi3HUX PEKAMAX
pobotu TemnodikamiftHux TypOiH. Y 3B’A3KYy 3 9UM,
pO3po0Ka METOAMKH YHCEIBHOTO MOCTIIKCHHS OOTI-
KaHHS COIUIOBHX PEIIITOK 3 MOBOPOTHHMH [iadpar-
MaMM PI3HUX KOHQIrypariif, aasi noAaibuioro ii Bu-
KOPUCTaHHA IPHU PO3B’A3aHHA 3aJady ONTUMAIbHOIO
MPOEKTYBAHHS MPOTOYHOT YACTUHH TEIIo(iKamiiHIX
TypOiH € aKTyaJbHUM 3aBAAaHHSM, IO ITiATBEPIKY-
€TBCSl Cy4yacHUMH pOOOTaMH B LIbOMY HaIpsMKy [2].
ITpn npoMy A0 METOAMKH Ipen sSBIAIOTHCS BUMOTH
BHCOKOi TOYHOCTI 1 HAIIHOCTI pO3paxyHKiB. Y
3B’S3KY 31 CKJIAJHICTIO IIBOTO €Tay poOOTH BOHA PO3-
JIiJIeHa Ha IBi YaCTUHU:

© O.T. Xupkos, O. I1. Ycaruii, O.I1. Apaeesa, O. 1. Top6a, 2020
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1o aKpymrocmic
S0 Kawarob

PasBeprymsnd paspes no conaoBbim AGHEATH
nonnoe omKpsimue xananod)

1 — niajgparma; 2 — MOBOPOTHE KiIBIIE;
3 — po3BaHTaXXyBaJbHE TiBKLIbIIE

do a

a
Puc. 2 — Po3paxyHkoBa 00J1acTh 115 mpodisito
C-9013P: a—-86=1; 6-86=0,15

— MOJIEIIOBAaHHS IUIOCKOT Teii;

— MOJIEJIIOBAHHS IIPOCTOPOBOT Teuil.

B crarTi HaBeneHi Aesiki pe3ynbTaTH Bepudikaii
METOJIUKH YHCEIBHOTO JOCIIKEHHs IIOCKOro 00Ti-
KaHHS COIUIOBOi PEUITKH, 3 MOBOPOTHOIO miadpar-
Mol10, Ha 0a3i mporpaMHoOro KomIuiekcy Fluent.

O0’ekT HoCaimKeHHs

Juis Bepuikarlii METOANWKH, IO PO3POOIIAETHCA,
MOPIBHIOBAIKCS JaHI PO3PaxXyHKOBUX 1 €KCHEPHUMEH-
TAJIBHHUX JIOCII/DKEHb COIUIOBUX pelITOK. Bemukuid
00CsT eKCepUMEHTAIBHUX JaHUX 3 OLIHKU e()eKTHB-
HOCTI COIUIOBHX PEIIITOK 3 MOBOPOTHUMH Hiadparma-
MH oTpuMaHo cBoro yacy B MEI min xepiBHHITBOM
Heitua M.E. [3].

B skocti 00’ekTa gocimimpkeHb OyB oOpaHuUit
npodins C-9013P [3]. Koedinientn Brpar eHeprii € B
wiockiid pewitui 3 npodinie C-9013P orpumani Bu-
npoOyBaHHAM B clieliaNbHIM aepoanHaMivHil TpyOi
Jie poOOYMM TijIoM OyJo MOBITPs B Aianma3oHi 4yuceln
Maxa M = (0,5-1,6) npu cTymeHi BigkputTs niadpar-
mu 6 = (0,15-1,0).

Ha puc. 2, HaBeneHa po3paxyHkoBa 001acTh Ka-
Hairy, yrBopeHoro npodimamu C-9013P.

a . . . .
Tyt 8 =— — crymiHb BIAKPUTTS BXiJHOI 4Yac-
a

TUHH KaHAJTIB COTUIOBOI PEIIiTKH.
CiTka B po3paxyHKoBiii 00acTi

OcHoBHa BUMOTa JI0 PO3PaXyHKOBOI CITKH — SIKi-
CHMH omuc (DI3MYHUX SBUIL, 10 MAIOTh MICIE B PO3-
paxyHKOBil o0macti. 3 omHOrO OOKy CiTKa MOBUHHA
3a0e31euyBaTH MOJACTIOBAHHS SBUIL B IPHTPAHMYHO-
My mapi, B obnacti 01M3bKOI [0 CTIHKH. 3 IHIIOTO
OOKy, SIBHII B MIPOTOYHIA YAaCTHHI KaHAIIB PEUIITKH, 1
3a 1l MeXaMH, 10 BUHUKAIOTh MPHU TPAHC3BYKOBUX 1
HQ/I3BYKOBUX MIBHIKOCTAX Tedii MOTOKY (CTpHOKH
VIIIJTbHEHHS, BiAPWB TOTOKY, 3aKPOMKOBI CIAHM Ta
inme). e BUMarae yuiinbHEHHs CITKH B 3a3HAYCHHX
o0acTsAX. 3 IHIIOrO0 — PO3MIp €JIEMEHTIB CiTKH 1 X
KUJIbKICTh MOBHHHI OyTH 0OMEXeHi 3 TOUYKH 30py 4acy,
KU OyJie BATpaueHO Ha MTPOBEICHHS 00YHCIICHb.

Bimomuii To# ¢akT, 1m0 MacmTadu CITKUA MOBHH-
Hi BiJIIOBigaTH MaciitabaM Tedii, 110 PO3paxOBYEThCS
[4], ToOTO XapakTepHHUM po3MipaMu 00acTeil MOTOKY
3 ICTOTHHMH TrpajiieHTaMu mapamerpis Tedii. Tak, s
TPUBHUMIPHOI Tedii B OHOMY MIKJIOMAaTKOBOMY KaHa-
Ji, IPH BUKOPHCTAHHI Pi3HHIEBOTO METOXLY IPYroro
MOPSAKY HEOOXiTHO BUKOPHCTOBYBATH TOCUTH JIPiOHI
CITKH 3 KilbKiCTIO eeMeHTiB nopsaky 107...108.

Po3paxyHkoBa 00JacTh NpencTaBisia Co0O00
OIMH MDKJIOIMATKOBUN KaHaJl, OOMEXEHUH CIMHKOIO
OJTHI€T COTUIOBOT JIONIATKK 3 OJTHOTO OOKY 1 KOpUTIEM
CYCIIHBOI JIOTIaTKH 3 Jipyroro 6oky. Tak sk mapamer-
pH MOTOKY 3MIHIOKOTBCS Ha JISIKOMY BiJITalICHHI, 5K
Ha BXOJi, TaK 1 HAa BUXOJi 3 PEIIiTKH, PO3paXyHKOBa
oOmacte Oyna 30iMbIICHA: Ha BXOMl B PEIIITKY Ha Be-
mmanHy 0,45, Ha Buxoni Ha Bemmuuny 0,50, ne b —
xopaa mpo¢irro permriTkd. IS TOJIMIIEHHS YMOB
moOyTOBH CITKM Ha BUXOJ 3 PEIIITKH, TaK SK IpoQisb
C-9013P wmae pagmiyc BHXITHOI KpPOMKH BCBHOTO
0,18 MM, Mexi 00MacTi Ha BHXOJl 3 PEUIITKH OyIu
no0y0BaHi 3 YMOBOIO MOALUTY JYT'M BHXITHOI KDOMKH
Ha PIBHI YaCTHHH.

3 omAy Ha BCe BUIIE CKa3zaHe, NMPH MOOYIOBi
CITKM B pO3pPaxyHKOBii 00iacTi, OyB 3aCTOCOBaHHI
HacTynmHuU miaxin. Tak sk momoXxeHHS B KaHawi i 3a
HHUM, CTPHOKIB YIIiJIbHEHb, BIAPHBIB MOTOKY 1 1HIIMX
aepoJMHAMIYHHX SIBHI HEBIZOME, TO CiTKa OymyBaia-
sl 3 yMOBH 3abe3redeHHs nokasunka y*~ < 1 B obmacri
6ym3pkoi 0 criaku. [Ipubnn3Ha ToBIIMHA HAWOMIK-
9Oro eleMeHTa CiTKH (Ay) 10 CTIHKH po3paxoByBaia-
cs 3a GOpMYJIOH0:

B
Ay =by*JT4Re 14, (1)
Jge b —xoppa jgomaTku, M;

Re — uncno Peitnonbaca.

ToBmMHA PUTrPaHUYHOTO IIApy B MEPHIOMY Ha-
OJIMKeHHI OIiHIOBaIacs 3a GOpMyIIor:
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1
0=0,035bRe 7. 2)
OTpuMaHi BeTHYUHH OKPYTJIOBATUCS, Ay B Me-
HIIIy CTOPOHY, O B Ouibiny. TOBIIMHA IPUTPAHUYHOTO
nrapy pos0ouBayacs Ha 25 miAmapis 3 TOBIIMHOK Haii-
OJIMKYOrO eJIEMEHTY CITKH JI0 CTiHKU Ay, 3 Koedirie-
HTOM 30inblIeHHs eneMeHTiB 1,2. Po3Mip peruru citku
BCTAHOBIIIOBABCS] PIBHUM PO3MIpY €JIEMEHTY B OCTaH-
HBOMY HiJIIapi.
B pe3ynbraTi 9nMCHI0 €IeMEHTIB CITKA CTAaHOBUIJIO
Bix 1,8:10° 10 2,4-10° B 3aI€XHOCTI Bifl CTYIICHS BiIK-
purTs d.

YucenabHe T0CTiIKEeHHSA

Jis po3paxyHKy Tedwii Oysia BHKOpUCTaHa MO-
JIeNTb TBOBUMIpPHOI Tedii B’SI3KOT0 ra3y HpOTrpaMHOTO
KoMIyiekcy Fluent 3 BHUKOPHCTAHHAM Ppi3HHIIEBOTO
METOAYy ApYroro nopsaky. Poboue Tino — B’A3kuif ras,
110 CTHCKAETHCS — TOBITPsL. B SIKOCTI rpaHUYHKUX YMOB
Ha BXOJIi B PO3PaxyHKOBY 00JIaCTh BUKOPHUCTOBYBAJIH-
csl:

— mapaMeTpH raibMyBaHHs: TUCK (Po’) Ta Temre-
patypa (To") noBiTps;

— HaNpPSIMOK TIOTOKY IOBITPSL;

— IHTEHCUBHICTb TYPOYJIEHTHOCTI;

— riipaBiiuyHKUi TiameTp.

I'paHn4HOI0 YMOBOIO Ha BHXO/I1 3 PO3PaxyHKOBOT
o0uacTi 3a1aBaBcst THCK NOBITPs (P)).

Ha mneprmomy erami po3poOKHM METOAMKH JUIS
OLIIHKY BIUIMBY MOJeJ TypOyJeHTHOCTI, [0 BUKOPH-
CTOBYBAJIaCsl Ha PEe3yJbTATH PO3PAXYHKIB Oy BHKO-
HaHi MOPIBHsJIBHI po3paxyHku, npu m=0,7;0,5 Ta
8=1, B SKMX MOJEIIOBAHHA TYpOYJICHTHUX SBHIL

0,5 T T
+ Spalarta—Allmarasa
0,4 1_ ! = Realizable k-¢
%'._ 4 k-w SST

0,3 4=
i
"
0,2 | 4m

» 95
(1
M o, L.

0 0005 001 0015 0,02 0025 0,03
t
Puc. 4 — Po3noin xoedilieHTa BTpar y310BxK QpOHTY
PELITKY AT Pi3HUX Moesel TypOyJIeHTHOCTI

mpun=0,715=1

3 CHIOBANIOCS IO 4ep3i MOAENAMH TypOyJIeHTHOCTI,
SIKi 3aKJTaJieHi B IpOrpaMHOMY KoMIutekci Fluent:

— Spalart-Allmaras (Cnanapra-Ammapaca) [5];

— Realizable k—¢ [6];

— k—o SST (Monens MenTtepa) [7].

Po3paxyHKu IpoBOAMIINCS HAa OAHAKOBHX CITKaX.
Pe3ynbpraTi NOPIBHSUIBHUX PO3paxyHKIB IpeCTaBICH]
B Ta0. 1 Ta Ha puc. 3-5.

Tabmunst 1 —Po3paxyHKOBI BeIMYHHH BTPATH CHEPTil

Mognens TypOy- | Spalart- | Realizable | k-
JICHTHOCTI Allmaras k— ssT | ™
Brparu eneprii, 2,36 3,83 2,29 | 0,7
G % 2,39 - 2,24 1 0,5

“
\!

X
N

1.2e+0C
1.1e+0C
9.4e-01

8.3e-01

1.2e+0C
1.1e+0C
9.4e-01
8.3e-01
7.1e-01
5.9e-01
4.7e-01
3.5e-01

2.4e-01
1.2e-01

4.56-05 [\
a 0

Puc. 3 — [3ominii yrcen Maxy B po3paxyHKOBIil
o0acTi mpH pi3HUX MOJEISAX TypOYIEHTHOCTI
npun=0,716=1:

a — Spalart-Allmaras; 6 — k—» SST

7.1e-01
5.9e-01
4.7e-01
3.5e-01
24e-01
1.2e-01
6.3e-05

0,5 T T T T
+ Spalarta—Allmarasa
0,4 —
4 k-w SST
0,3
02 Ju& s
~ 0,1 1 §
0
-0,1 > g
0.2 g\.gflf
-0,3

0 0005 0,01 0015 0,02 0,025 0,03

t
Puc. 5 — Posnozin xoediuieHTa BTpart y310BX GpOHTY
PELIITKY I Pi3HUX Moaenei TypOyJIeHTHOCTI
npun=0,516=1

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepis: Enepeemuuni
ma meniomexniuHi npoyecu u ycmamxysaums, Ne 2(4) 2020 7




ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

1.12e+
I 1.01e+(
8.95e-01

7.83e-01
6.71e-01
5.59e-01
4.48e-01
3.36e-01
224801
1.12e-01
2.20e-01

a o
. 6 — Xapakrep Teuii B po3paxyHKOBIii o0JacTi.
[305iHii uncen Maxy:
a-1=0518=1; 6-1=0,5i8=0,5

0,8
_______ ® Pacver
“on
07 ~85=015 T~ = = = 3KcnepuMeHT
e
0,6 e
... .
0,5 5=03 * B P
il T ®
~04 s 5
03 e
5=05
02 e
e~ __.-- -
0’1 6=1 : - ..../
0 U a2 o
0,4 0,6 0,8 1 1,2 1,4 1,6
M

Puc. 7 — Po3paxyHKOBi Ta eKCIIEpPUMEHTAIBHI
KOeQIIIEHTH BTPAT €Heprii penriTKu
npodinis C-9013P

SNWROOON

NOOOO000000 s m a2 m 22N
©

Puc. 9 — Teuis B po3paxyHKkoBiit obnacri. [30miHil un-
cenn Maxympun=0,316=0,3

Po3paxyHkoBi 3Ha4deHHs Koe(illi€HTiB BTpaT
eHeprii st mMogneneit TypOysientHocti Cnoamapra-
Annmapaca 1 MenTtepa BinpizHseTses Ha 2,9 %1 6,3 %
it ©=0,7 i ©=0,5 BignoBigHo. Mouenb TypOysIeHT-
HOCTi Realizable k—e moka3zana BigMiHy Bia Mozesen
Cnanapra-Amnmapaca i Mentepa 38,4 % 1 40,2 % Bin-
noBigHo mpu m=0,7. [ns mogambliux po3paxyHKIiB
Oyna oOpaHa Monenb TypOyjieHTHOCTi k—m SS7, sika
HaHOIIBII YacTO BHKOPHCTOBYEThCA IJISI PO3PAXyHKIiB
Takoro tumy [7].

Ha mpyromy erami mpoBOIMIKCS PO3PAXyHKH Te-
4ii npu mapametpax © = 0,7; 0,5; 0,316 =1;0,5; 0,3;
0,15. BukoHyBaBCsl «4OpPHOBHI» pO3paxyHOK Tedii, 3
BUKOpUCTaHHAM ytwinith FMG (Full-Approximation
Storage (FAS) Multigrid). Ytunita FMG BUKOpUCTO-
Bye TexHonorito ANSYS FLUENT FAS Multigrid ta
JIO3BOJISIE BUKOHATH PO3PaxyHOK HA HAOOPi MOCIiI0B-
HO BKJIAJIEHUX CITOK.

0,80 :
em=0.7
0,70 *\ = =05
Am=0.3
0,60 A\
0,50 \:
0,30 \
0,20 \K
0,10 \
0,00 !
0 0,2 0,4 0,6 0,8 1 1,2
G/GO

Puc. 8 — 3anexHicTb po3paxyHKOBHX
KOe(QiIieHTIB BTPaT BiJ BiTHOCHOI BUTPATH Yepe3
pemritky npodinis C-9013P

CONNWANONROANWRNDN®O©
W WOWWOWoOoN

00000000000 aaaaaaa
o

Puc. 10 — Teuis B po3paxyHKOBii obxacrti. [3omiHii
gucen Maxy mpu t=0,316=0,3
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NOSNWRAUIODNNOWO  SNWATIONNOO N

NOOOOCOOOOOO0O- A3 32—NNN
D POTWN= IO

Puc. 11 — 3oHa Teuii B kaHaJi PELIiTKA
3a IOBOPOTHOIO Aiadparmoro. [3oumiHii yncen Maxy
mpun=0,310=0,3

Po3paxyHOK nounHaeThesl Ha HaHOLIBII TPYOilt ciTii 1
B Mipy HOTO BCTaHOBIJICHHS PE3YJIbTATH IHTEPIOJIIO-
IOTHCSL Ha HACTYITHY, OUThII NpiOHY, ciTKy. SIK mpaBH-
70, BCi «YOPHOBI» PO3PAaXyHKH, JUIA JOCSTHEHHS Be-
amunH Hew’si30k 10°°, Bumaramm He Oimpme 1000—
2000 itepariii. 3a pe3yapTaTaMH «IOPHOBOTO» PO3pa-
XYHKY TPOBOAMJIACS aJanTallisi CITKH B MICIX BEJIH-
KX TPaji€HTIB PO3PaxyHKOBUX MapaMeTpiB Uil 3a-
Oesneuenns ymoBu y < 1. B pesymbrari amamrarii
BUXOJIMJIA CITKA 3 MiIBIIICHUMH BY3JIaMH.

JIsl «<4UCTOBHX» PO3pPaxyHKiB, B 3aJIEKHOCTI BiJ
BeIM4nH yncia Maxy M 1 cTyneHst BiIKpUTTS BXif-
HHUX YaCTHHH KaHAJy COIIOBOi PEUIiTKH O, KiIbKICTh
itepariit cranoBmia 20000-33000 mit. 30iXHICTE po-
3paXxyHKy OLHIOBAJacsl 3a BCTAHOBJICHHAM piBHOCTI
BHUTPAT HAa BXOJi i BUXOJI 3 PO3pPaxyHKOBOI 00MacTi i
3a BCTAHOBJICHHSM HEB’S30K Koe(imieHTa BTpaT KiHe-
TUYHOI eHeprii.

PesynbTaTi po3paxyHkis

Ha puc. 6 npencrasieHi po3paxyHKOBi i30JiHil
yucen Maxy quist pemtitku npoginis C-9013P npu &t =
0,510 =1; 0,5 Anaiz KapTUHH Teuii MMOKa3ye, 10
3aCTOCOBaHAa METOAMKA PO3PaxXyHKy aJeKBAaTHO OIH-
cye (i3uyHi SBUIA B OTOI: PO3TAllyBaHHS CTPUOKIB
VIIUIBHEHHSI, HAsBHICTh KPOMKOBOTO CIity 1 iX B3ae-
MOJIii.

[MopiBHSHHS KOE(Ili€HTIB, OTPUMaHUX PO3paxXy-
HKOBHM 1 €KCIIEpUMEHTAJIbHUMH HIISIXaMH JUIS Pelli-
Tku podinis C-9013P, mpencraBneno Ha puc. 7.

3 puc. 7 BUIUIMBAE, OI0 PO3PAXyHKOBI 3HAYCHHS
KOe(IIliEHTIB BTPAT CHEPTii 3aJ0BIIBHO Y3TOKYIOTh-
campu t=0,7; 0,518 =1; 0,5, mo BignoOBigae 103BY-
KOBOMY 1 TPaHC3BYKOBOMY OOTiKaHHIO TIPOQLIIB ITO-
TokoM moBiTps. [Ipu © = 0,3, mo BixmoBimae HaA3BY-

KOBOMY OOTiKaHHIO, pO3paxyHKOBI KoeillieHTH BTpaT
TPOXH 3aHW)KEHI INOJO0 CKCIEePUMEHTAIbHUX HpH
6=1;0,5; 1 3aBumeni npu 6 = 0,3; 0,15. IIpu upomy
XapakTep 3MiHN PO3pPaxyHKOBUX KOeQilli€eHTIB BTpaTH
EHeprii Bi pexxuMy T 30iraeTbecsi 3 eKCIIepUMEHTANb-
HUMU JaHHMH.

Ha puc. 8 mpencraBieHa 3aiexHicTh pO3paxyH-
KOBUX KOEQIIieHTiB BTpaT BiJ BIZHOCHOI BHTpATH
4yepe3 PeulriTky.

Ha pucynkax 9 i 10 nokasaHni i3o:iHii uncna Ma-
Xy B po3paxyHKoBii obmacti mpu ©=0,3 16 =0,3. Ha
puc. 9 xapTrHa Tedii OTpUMaHa PO3PaxyHKOM 3 BUKO-
PHUCTaHHSIM MOJEN TypOyIeHTHOCTI k—m SST, Kijib-
KicTh eneMeHTiB ciTku 230000 mT. Sk BUIHO Ha 30-
OpakeHHi, B 001aCTi MPUJICTITIN 10 KOPHUTIIS JIOTATKH,
TIOTIK Ma€ CKIagHy CTPYKTypy. [ mepeBipku oTpu-
MaHOI KapTHHHU Tedil OyJIM BUKOHaHI JIOJAaTKOBI J0C-
JIJOKEHHS, Ha HOBIH CITII — KIJIBKICTH €JIEMEHTIB
63000 T, pr ymoBi " < 30, 3 BUKOPHCTAHHAM MO-
neni TypOysieHTHOCTI Reynolds Stress. Otpumana po-
3paxyHKOBa KapTHHA Teuil OJu3bka 10 KapTHHU
OTPHUMaHOI NPH PO3PaXyHKY 3 BUKOPUCTAHHIM MOJEI1
TypOynenTHocti k—o SST i npencrasiena Ha puc. 10.
Takox moniOHa KapTHHA Tedii XapakTepHa ISl PeXH-
My npu 1 6=0,15. B kaHanax pemiTKu 4iTKO BUIHI
BUXPOBI Ta HaI3BYKOBi 30HU. HasBHiCT Takoro xapa-
KTepy Tedii 0e3yMOBHO MOTpeOye MONANBIIOTO JeTa-
JIBHOTO JOCTI[DKeHHSI, SIK IIPHYHH iX IOSIBU, TaK i MO-
JKITMBUX METOXIB 1X 3MEHILICHHS.

Ha puc. 11 mokazana BHXpoBa Ta HaA3BYKOBa
30HA Teyil B KaHANI PENIiTKA y 301IbIIEHOMY MacIITa-
0i.

BucHoBkHu

3a pesynbTaTaMyd MPOBEIACHOT POOOTH MOXKHA
3pOOHTH HACTYIHI BUCHOBKH:

— HalOLTbII TIPUJIATHOIO MOJEIUII0 TYpOYJIeHT-
HOCTI JJISl YMCEJIFHOTO JOCII/DKEHHS TUIOCKOTO OO0Ti-
KaHHS COIUIOBHX PEIIITOK 3 MOBOPOTHHMH Iiadpar-
MaMH B INPOrpaMHOMY KomIuiekci Fluent € Moxnenb
k- SST;

— BUOpaHi mapamMeTpu PO3paxyHKY IO3BOJSIOTH
SKICHO BimoOpakaTu (i3W4Hi SBUIIA B IMOTOL, SIK MIPH
JIO3BYKOBOMY, TaK 1 NIpH HAA3BYKOBOMY OOTiKaHHI
pewritku poQinis;

— 3aJI0BIJIbHE Y3TOJDKEHHSI PO3PaXyHKOBHX KoOe-
(inieHTIB BTpaTH KIHETMYHOT €HEprii 3 eKCIepHMeH-
TIFHUMHU JIAHUMH TOBOPSITH TPO NPHHIMIIOBY MOX-
JIMBICTh PO3POOKH METOJUKH YUCEIBHOTO JIOCHIKEH-
HSl OOTIKaHHSI COIUIOBHMX PELIITOK 3 TOBOPOTHUMH i-
aparMamMy 3a JIOIIOMOTOIO IIPOTPAMHOT0 KOMIUIEKCY
Fluent.

Jnst 6inbIn geTanbHOTO BUBYESHHS CKIIQIHOT Kap-
TUHHU Tedii, oTpumManoi ripu i 6 = 0,3; 0,15 Oyne npo-
BEJICHO JOJIAaTKOBE YHCEIIbHE JTOCIIKSHHS.

PesynbraTn, oTpuMmani B maHiii poOoTi, OyayTh
BUKOPHCTaHI U1 PO3POOKH METOJUKH YHUCEITHHOTO

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepis: Enepeemuuni
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JOCTIKEHHST TIPOCTOPOBOTO OOTIKAaHHS COIUIOBHX
PEIIiTOK 3 MOBOPOTHUMU JiadyparMaMu.
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B. B. JOHYEHKO, B. I. THECIH, /1. B. KO/IOJA’KHA, 1. ®. KPABYEHKO, O. B. IIETPOB

MMPOTHO3YBAHHS ®JIATEPA JIOMATKOBOT'O BIHIISI BEHTHJISITOPA
ABIAIIITHOT O JBUTYHA

Ha mifcraBi aHamizy cy4acHOro cTaHy IIpOOIEMH aepOIpY KHOCTI TypOOMANINH i ICHYI0OUHX METOJIIB IPOTHO3yBaHHS (h1aTepa MOXKHA 3p00OH-
TH BHCHOBOK, III0 HAHOUIBII NEPCIIEKTUBHUM ITIIXOJIOM Yy JOCIIDKEHHI aepOIpYKHOI HOBEAIHKH JIOIIATKOBOTO BiHII TYpOOMAIIMHH € MiAXix,
3aCHOBAHMI Ha TPUBUMIPHIH MOJEINi HECTALIOHAPHOI aepOJMHAMIKM Ta MOJAJIbHOMY aHali3i pyXy JIOHAaTKH (METOJ BUPILIEHHS 3B’S3aHOT
aeporpyxHoi 3axadi). Lleit MeTox pieHHS 3B's13aHOI 3a/1a4i HECTALIIOHAPHOI aCPOAMHAMIKH Ta MPYKHUX KOJIMUBAHb JIONATOK JO3BOJISIE MPO-
THO3YBaTH aMILTITY{HO-9aCTOTHHH CIIEKTP KOJIMBAHb JIONATOK B TPHBUMIPHOMY HOTOL ra3y, BKJIIOYalOUd BUMYIICHI KOJIMUBAHHS, CaM0o30ya-
Hi KOJIMBAHHA 3 METOIO IiIBUINEHHS HAAIIHOCTI JJONAaTKOBUX alapaTiB TypOOMAaIInH.

Kuro4oBi ci1oBa: 3B’s3aHa 3aa4da, METO/ [IPOTHO3YBaHHs (uiatepa, HECTal[lOHAPHE HABAaHTAXXCHHS, BlIacHa (opMa, TPUBUMIPHA MO-
JeJb Tedii.

B. B. JOHYEHKO, B. U. THECHH, JI. B. KOJIOJA’KHAA, H. ®. KPABYEHKO, A. B. IIETPOB
IMPOIHO3UPOBAHUE ®JATTEPA JIOITATOYHOI'O BEHIIA BEHTUJIATOPA
ABUAIIMOHHOT' O JBUT'ATEJIA

Ha ocHOBaHWM aHaNMM3a COBPEMEHHOT'O COCTOSIHHS NPOOJIEMBI a9pOYNPYTOCTH TYpOOMAIINH H CYIIECTBYIOIINX METOIOB NPOTHO3UPOBAHUS
(naTTepa MOXKHO 3aKJIIOYMTh, YTO HAMOOJIEE MEPCIEKTHBHBIM MOJIXO0A0M B HCCIEIOBAaHHU a3pOYIPYroro IOBEJACHHUs JIONATOYHOIO BEHIA
TYpOOMAIINHBI SIBISETCS MOAXOM, OCHOBAHHBIIl HA TPEXMEPHON MOJEIN HECTALHOHAPHON a’spOAHMHAMUKA M MOJAIBHOM aHAIN3E JBUKCHUS
JIOTATKU (METOJ PEIIeHHs CBI3aHHOM adpoynpyroii 3aaun). JlaHHEI METO peLIeHNs CBSI3aHHOM 3a/1adyl HeCTallIOHAPHON adpOIMHAMUKH U
YIpYrux KosieGaHuil IONaToK MO3BOJIUT IPOTHO3UPOBATh AMILIMTYAHO-YACTOTHBIH CHEKTpP KoseOaHMH JIONATOK B TPEXMEPHOM MOTOKE rasa,
BKJIIOYAs BEIHYKICHHBIE, CAMOBO30YKIAIOIIHECs KOIeOaHHs C IIeJIbIO TIOBBIICHHUS HAAeKHOCTH JIONATOYHBIX allapaToB TypOOMAIINH.

KiioueBble c10Ba: cBsi3aHHAs 3ajada, METOJ NIPOTHO3UPOBAaHMs (IaTTepa, HeCTAllMOHApHAs Harpys3ka, COOCTBeHHast opma, Tpex-
MepHasi MOZIeIIb TTOTOKA.

V. DONCHENKO, V. GNESIN, L. KOLODYAZHNAYA, 1. KRAVCHENKO, A. PETROV
PREDICTING THE FLUTTER OF THE FAN ROW IN THE AIRCRAFT ENGINE

The aeroelasticity of the cascades of blades is considered to be the most burning and important problem, because it effects the reliability of
the flow channels of turbine machines. The main complexity of the investigation of aeroelastic phenomena that occur in turbine machines
consists in the need of the simulation of the interaction of the two physical environments (liquid and elastic). One of the approaches to the
computation of aeroelastic phenomena (the flutter) is the nonstationary aerodynamic analysis that studies nonstationary flows in turbine
machines independently of their origin and over the past decades it covered the way from the linear theory to the solution of Navier -Stokes
equations. The second approach to the investigation of the aeroelasticity of the cascades of blades of turbine machines is related to the studies
of the motion of blades under the action of aerodynamic forces induced by the nonuniformity of the main flow and independent of the motion
of the blades. These approaches ignore the influence of vibrating blades on the main gas flow. Within the framework of individual problems
considered in scientific papers the problem of self-excited vibrations (the flutter) that are the most complicated and least studied phenomena
falls out of consideration. Based on the analysis of the contemporary state of the problem dealing with the turbine machine aeroelasticity and
available methods of the flutter prediction we can draw a conclusion that the most promising approach to the investigation of the aeroelastic
behavior of the blade row of the turbine machine is the approach that is based on the three-dimensional model of the nonstationary dynamics
and the modal analysis of the blade motion ( the method of the solution of the coupled aeroelastic problem). This method of the solution of
the coupled problem of the nonstationary aerodynamics and elastic vibrations of the blades will enable the prediction of the amplitude-&-
frequency spectrum of blade vibrations in the three-dimensional gas flow, including forced self-excited vibrations in order to increase the
reliability of the cascades of blades of turbine machines. Using the developed numerical method, we analyzed the aeroelastic behavior of the
fan row of the aircraft engine in different modes. The computation data confirmed the appearance of nonstationary modes in the fan opera-
tion. The research done allows us to give recommendations on the elimination of the aeroelastic phenomena, i.e. the flutter (by changing the
fan blade geometry).
Key words: coupled problem, flutter prediction method, nonstationary loading, natural mode and three-dimensional flow model.

Beryn

Onmiero 3 HAWOUTBIN CKIAmHUX MpobIeM mpu
MPOEKTYBaHHI TYpOOMAIIIMHH € POTHO3YBAaHHS BTOM-
HUX HamnpyXeHb B pobOoumx nomarkax. Lli Hampyru
BUHHMKAIOTh NPU KOJMBAHHSAX JIOMATOK 3 YaCTOTaMH
OMM3BPKUMH 10 YacTOT BIacHUX (opM, IO 3IIHCHIO-
FOTHCS i/ Ji€f0 30BHINTHIX 30ypeHb (BUMYIICHI KOJIH-
BaHHS) 1 B pe3yJbTaTi caMo30ymkeHHs (dhaarep).

PexxyM KoJIMBaHb BU3HAYAETLCS CIIIBBIJHOIIEH-
HSIM CHJI, IO OOYPIOIOTBCS 1 CHJI MEXaHIYHOIO JIEMII-
¢yBaHHA i aeposemndyBanHs. SIKIIO MPHU KOJTMBAHHIX

JIONIATOK €HEprisi OCHOBHOTO IOTOKY MiZBOANUTHCS 1O
JIONaTOK, BiZOYBA€THCS 3pOCTaHHS CaMO30YAHUX KO-
TUBaHb (¢uatep).

ToMy BaXJHBO NMPOTHO3YBATH ACPOIPYKHY I10-
BEJIHKY JIOMATKOBOTO BIHIA, II00 BHUKIFOYHATH MOX-
JUBICTH TIPOSIBY aepOMpPYKHOI HECTIMKOCTI, Takoi sIK
¢marep [1, 2].

MopenmoBaHHS aepoNpPYKHUX SBHII 3aCHOBaHE
Ha MapIIoBiil 32 4aCOM CXeMi, 1[0 BKIIOYA€E IHTETPY-
BaHHS PIBHAHb AaepOAMHAMIKH i AMHAMIKH INPYXKHUX
KOJIMBaHb (3B’A3aHa 3a7ada MOTOKY 1 MPY>KHOI CHUCTe-
M) [3, 4].

© B. B. Jlonuenko, B. I. T'necin, JI. B. Konomspkaa, 1. @. Kpauenko, O. B. Tlerpos, 2020
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Ha mincraBi po3B’si3aHHS 3B’s13aHOT 3a1adi aepo-
JUHAMIKH HECTAaI[ilOHAPHOTO TIOTOKY ra3y i JUHAMIKH
KOJIMBHUX JIONIATOK MOKHA NPOTHO3YBAaTH aMILTITYA-
HO-YaCTOTHHH CIEKTP KOJIMBaHb JIONATOK B TPUBUMI-
PHOMY TIOTOIL ra3y, BKJIIOYAalOYM BHMYIICHI, camo3-
OyIHI KOJMBAHHS 3 METO MiJBUINCHHS HaIIHHOCTI
JIONAaTKOBHX anapariB TypoomaruH [4—8].

Merta podotu

OcHOBHa MeTa — MiJIBUIICHHS HAIIHHOCTI 1 mMpo-
JIOBKEHHSI pecypcy JiomaTtkoBux amapatiB ['TJI mois-
XOM IIPOTHO3YBAaHHS Ta 3MCHIICHHS HECTalliOHAPHUX
HAaBAHTAXKEHb 1 aMIUTITY/ KOJMBaHb JIOMATKOBUX ama-
pariB Ha TiacTaBi po3B’s3aHHA 3B’s3aHOI 33134l aepo-
JMHAMIKH 1 IPY)KHUX KOJIMBaHb JIONATOK B TPUBUMIp-
HOMY TIOTOIII ieanpHOoro rasy [4-8].

IHocTaHoBKa aeponpy kHoi 3aa4i

TpuBMMipHa HecTallioHapHA TPaHC3BYKOBA TEYis
iZIeaIbHOTO a3y 4epe3 00epTOBHH BiHELb BEHTHIIATO-
pa I'T/] 3 24 xonMBHUMU JIONATKAMHU OMHCYETHCS MO-
BHOIO CHCTEMOIO piBHsHBb Eiinepa, mpeacraBieHoi B
iHTerpambHOl (Qopmi 3aKkoHIB 30epekeHHS [5-9]. 3
OMISIy HAa HEMEPiOAWYHICTH MOTOKY B KOJIOBOMY Ha-
MPSMKY, B PO3PaxXyHKOBY OOJIACTh CIiJl BKJIIOYATH BCi
JIONAaTKU pPOTOpA.

Ha puc. 1 mokaszana pisHuneBa H—H citka mns
MDKJIONIATKOBOTO KaHaly BEHTWJISATOPA B TaHTEHIla-
JIbHIN TUIOLMHI ISl CepeAHbOro nepeTuHy. KibKicTh
CITKOBHUX BY3JIiB B KO)KHOMY MDKJIOIIATKOBOMY KaHalli
—32x41x70 = 91840.

0.15 —
¥ (M) o
0.10 —

I I I 1
-0.10 0.00 O. IO7 > 0.20
Puc. 1 — TanrenuianeHa pisauneBa H—H citka

B CepeHbOMY MEPETHHI

T
-0.20

[TocraHOBKA TpaHWMYHKUX YMOB Ha BXOJi 1 BHXOII
3aCHOBaHA Ha OIHOBUMIpHIN Teopii XapaKTepHCTHK
[5-8] i mpencraBieHa y BUTIIAII:

— Ha BXOJi — TUCK 1 TeMIlepaTypa 3araibMOBaHO-
O MOTOKY,

— MEpiANOHATBHUN 1 TAHTEHIIANIbHUN KyTH IIO-
TOKY 3aJIaHi;

— Ha BHUXOJIi — CTATHYHUI THCK 3a pOOOYMM BiH-
LEeM.

I'pannuHi yMOBH JONOBHIOIOTHCS ~CITIBBiJHO-
IICHHSMH Ha XapaKTePHCTHUKaX y BXIAHOMY 1 BHXia-
HOMY TIEpETHHAX PO3PaXyHKOBOI OOJIACT.

Hnst uncenbHoi iHTerpanii piBHsHb Eitnepa 3a-
CTOCOBYETBCSI pi3HHIIEBa cxema I omyHoBa-Konrana
2-ro MOpSAAKY TOYHOCTI 110 KOOpAMHATAX 1 yaci, y3ara-
JbHEHa Ha BHITIAJIOK JIOBUJIBHOI MIPOCTOPOBOI Pi3HHUIIE-
BOI ciTKH, 110 Aedopmyerhbes [3, 10].

[IpyxHa Mozenb JIONMATKH, IO KOJHMBAETHCS,
OIUCYETHCSI 3 BUKOPUCTaHHSIM MOZIAJIBHOTO IAXOMY
[4-8].

Pimenns aepomnpy>kHOI 3B’s3aHOi 3a/1a4i 3aCHO-
BaHO Ha IOCTIJIOBHOMY 3a YacOM iHTETPyBaHHI piB-
HSHb Ta30JMHAMIKH 1 PIBHSAHP KOJIWBaHb JIOMATOK 3
0OMiHOM iH(pOpMaIIi€0 Ha KOXKHOMY KpOIIi iTepartii.

YucennLHMit aHATI3

YucenbHe AOCIIIKEHHS NPOBEICHO IS Jiomar-
KOBOTO  BIHILS ~ BEHTWIATOpa IS PEXUMY
n=13610 06/xB npu pizHux 3HaueHHsAX MJIDOK (Mixk-
JIONaTKOBUH (ha30BUi KyT).

I'pannyHi yMOBY NPUIHSATI:

— 3MIHHHMH 10 pajiycy THCK 1 TeMIieparypa 3ara-
JIbMOBAHOTO MIOTOKY nepen BEHTUJIATOPOM
Py=100515...100428 Tla; Tp = 288° K;

— KyTH TIOTOKY B KOJIOBOMY (0.) 1 pamiaJbHOMY
(y) HampsiMax 3amaHi;

— 3MIHHM{A TI0 pajiiyCy CTaTHYHHH THCK 32 BEH-
TunsTopoM P, = 99850...111370 Ila;

— yunco 06eptiB poropa n = 3610 06/xB.

VYV po3paxyHKax BpaxOBYBAJIUCS IT'ATh BJIACHUX
¢dopM, BiacHI 4YacTOTH KOXHIH 3 (opM INpuBeneHi
HIDKYE.

Howmep BrnacHoi popmu 1 2 3 4 5
Yacrora, v;, I'g 91 212 393 454 635

Y po0oTi mpHBeneHI pe3ylbTaTH YUCEITHHOTO
aHaJli3y HECTAI[lOHAPHUX AaCpPOJUHAMIYHHX XapakTe-
puctuk Bentuiaropa I'T/I.

Ha nepmiomy erami BUKOHaHI aepoJHHAMIYHI PO-
3paxyHKH JIONIATKOBOTO BIHISI BEHTWJISTOPA IIPU 3a]a-
HOMY 3aKOHI KOJIUBaHb JiomaTok. Bci 24 momatku
3IIHCHIOIOTh TapMOHIMHI KOJMBAaHHS IO KOXHIN 3
BJIACHHUX (hOPM IO OJHOMY 1 TOMY K 3aKOHY 3 ITOCTIMH-
HHUM KyTOoM 3pyieHHs ¢a3 & (MJIDOY = 0°, 180°, £90°
3 BpaxyBaHHSIM B3aeMOJIi I’ITH BIacHUX (Hopm):

q;; =qiosin[2nv; t+(j—1)8], (H
JIe ¢jj — MOJAIbHUN KOeQilieHT; i — HOMEp BIACHOI
(hopmu; j — HOMep JIONATKH; ¢io — aMIUTITY1a KOJHBAaHb
i-oi BmacHOi (OopMH; V; — BIacHa 9acToTa; O — MIXKIIO-
MATKOBHU KyT 3pyIICHHS 1O ()a3i KOJIHMBaHB CYCITHIX
JIOTIaTOK.

AeponpyskHa CTIHKICTh CHCTEMH «IIOTIiK MOBITPS
— JIONATKOBUH BiHeub» 0e3 BpaxyBaHHS MEXaHIYHOTO
JeMIipyBaHHS BU3HAYAETHCS aePOIMHAMIYHUM Koedi
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MWDK (rpagyc)

Puc. 2 — 3anexHicTh ycepeTHEHOTO 110 BUCOTI
Jonatky KoedinieHTa aepoaemyBaHHs
Bim MJI®K st 1-5 B1acHUX (hopM KOJIHBaHb

mieHToM AeMiipyBaHHSA D, piBHUM y35TOMY i3 3HAKOM
«MiHyC» KoedimlieHTy pobotu W, 3milicHIOBaHUM ae-
POOMHAMIYHMM HABaHTAXCHHSAM 32 OIHMH MEpion KO-
muBaHb [5-8]. 3Hak «MiHyc» cymapHOi poboTh
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0.066 0.099 0.132
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0.032

8

(D > 0) BiamoBimae aepomeMIihyBaHHIO, 3HAK ILTIOC)
— camo30ymxeHHro Jormatku (D < 0).

Xapakrep 0OMiHY €HEpTi€r0 MiXK TOTOKOM IOBi-
Tps 1 JlOmaTkamH, 10 KOJHMBAIOThCS, MOKa3aHHH Ha
puc. 2 (BIUIMB MDKIIONATKOBOTO KyTa 3pYLICHHS MO
(a3l KOJIMBaHb JIONATOK Ha YCEPEIHEHUI 10 JOBXKHUHI
KoediIieHT aepoaeMiyyBaHHs”).

MakcumainbHe aepoaeMI(yBaHHS Ma€ MIiCTO TIPH
KOJIMBaHHAX 13 3pymeHHsM ¢a3 MIIOK = 180°,
MIJI®OK =90° rpax, MiHiMaibHE 3HAY€HHA — MpU
MJI®K = 0°, MJI®K =-90°.

OcTaTouHy OLIHKY aepoNpy>KHOI MOBEIIHKH JIO-
MATKOBOTO BIHISI MOXHAa OTPHMATH TIPH PpilIeHHI
3B’s13aHOT 3a7a4i aepOINHAMIKH 1 IPYKHUX KOJIMBAHb.
B mpomy BUNaAKy peakmis JIONATOK 3aleXaTHMe He
JIUIIE BiJ TAPMOHIMHHUX KOJIMBaHb, ajie 1 BiJ aepomu-
HaMi4HOI B3a€EMOZIi i 0OMiHy eHepriero MiX HecTario-
HapHUM TIOTOKOM 1 JJONAaTKaMH, III0 KOJIUBAIOTHCS.

Jpyruii eran po3paxyHKy — IpOBE/IEHI aepoiu-
HaMi4YHI pO3paxyHKH JIOIATKOBOTO BIHIS BEHTUIIATO-
pa, o O00epTaETbCs, B IOBITPSIHOMY IIOTOLI IPH
3B’s13aHUX KOJIUBaHHSIX.

200

ASAD A

A0=0.058

AMIUITY 12
=
=

-
2
o

g.0

4.0

0.0
u] 100 200 300 400
HacroTra, I
9]
200
A0 A A0 Q016
-l
E
E_16.U
k.
<120 |
iRl
40 i
on
0 100 200 300 400
HacTtoTa, LI
et

Puc. 3 — 3mina Mmozpaneroro Koedirienta (MJIOK = 0):
a — MoJanbHUi KoedinieHT i 1-01 BIacHOi GOpMU; 6 — aMIIITYTHO-YaCTOTHHH CIIEKTP
st 1-01 BnacHOi popMu; 6 — MOJTANIBHUN KoedinieHT u1st 2-01 BiacHoi (popmu;
2 — aMIUNTYTHO-4aCTOTHUH CTIEKTp U1 2-0i BiacHoi hopmu
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Puc. 4 — 3mina HecranioHapHOT aepOAMHAMIYHOT CHITH, Ail0401 Ha nepudepiitHnii map JonaTku
BeHTmisiTopa (MJIOK = 0 rpax): a — B KOIoBOMY Hanpsimi; 6 — aMILIITy THO-4aCTOTHHH CIICKTP;
6 — B OCbOBOMY HaIIpsIMi; 2 —aMILTITy JHO-4aCTOTHHUH CIIEKTP; 0 — MOMEHT BiJIHOCHO IIEHTpa TSTH;
€ — aMIUTITY/IHO-9aCTOTHUH CIIEKTP
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Puc. 5- I[Nepemimenns nepudepiitHoro nmepetury pododoi somatku BeHTHIsATOpa (MJIDK = 0 rpam)
a — B KOJIOBOMY HAIIPsIMi; 6 — aMIDTITyTHO-9YaCTOTHHUH CIIEKTP; 6 — B OCKOBOMY HaIpsiMi;
2 — aMIUTITy THO-4aCTOTHHH CIEKTP; O — KyT IIOBOPOTY BITHOCHO LCHTPY TSOKIHHS;
€ — aMIUTITY{HO-4aCTOTHHH CIIEKTp
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Ha puc. 3a— npuBeneni rpadiku 3MiHH B 4aci
MOJIalbHUX KoediuieHTiB 1-0f 1 2-0i BnacHux GpopM g;
(i — momep popmu) s MJIOK = 0 rpag i ix ammiTy-
JTHO-YaCTOTHI XapaKTePUCTHKH (poTsArom 1-ro mepi-
ony t=0...0,033 cex 3aiCHIOIOTHCS TapMOHINHI KO-
nuBaHHs, mnoumHaroun 3 ¢=0,033...0,132 cex -
3B’s13aHi KOJIMBaHHS).

KonuBanHs 1o Beix opmax 30yDKYIOTECS 3 Ya-
CTOTaMH OJIM3BKMMU JI0 YacTOTH 1-0i B1acHOi hopmu.

KonuBaHHS JTONAaTOK NPHBOIATH A0 TOSIBU He-
CTalliOHAPHUX AacpONUHAMIYHUX HAaBaHTAXXEHB, SKi
0T Ha JomaTkd. [loYMHAaKO4M 3 MOMEHTY uyacy
t=0,033 cex (cTapTOBHIA PEKUM 3B'I3aHUX KOJIMBAHB)
MOAANBIINHA PyX JIONATOK BU3HAYAETHCS HECTaliOHAp-
HUMH CHJIaMH, IO Ji0OTh Ha JIOMATKH, SIKi, Y CBOIO
Yyepry, 3ajexaTrh BiJl KOJIMBaHb JIONATOK, TOOTO pyX
JIOTIATOK 1 CHJIH, Jif0Yi Ha HHUX, 3HAXOMATHCS 3 PIllICH-
Hl 3B'A3aHOI 3a/1a4i.

Ha puc. 4 npuseneHi rpadiku HecTallioHapHUX
aepoJMHAMIYHHUX HaBaHTaXEHb (KOJIOBA, OChOBA CHJIA
1 aepoIMHAMIYHUI MOMEHT), 110 AilOTh y Nepudepii-
HOMY IIapi, a TAKOX IX aMIUTITYZHO-4aCTOTHI CIIEKTPH
(MJI®K =0 rpan., BiamosigHoro HaiibOuiemomy 30y-
JOKCHHIO).

0.5
hy (vm)
0.0

P

3L

-1.5

2.0 \ \ w w \ \
0.000 0.033 0.066 0.099 0.132 0.165 0.198
t (cek)
Puc. 6 — I[epemituenns nepudepiiHOro nepeTuHy
po60YOi TOTaTKK B KOJIOBOMY HampsMi
(1-5 dpopm; MJIDOK=0;
1-a BnacHa yactoTa nopisHtoe 135 I'm)

BucHoBkH

1 MeTtoq pimeHHs 3B’s3aHO{ 3a[a4i HECTAIliOHA-
pHOI Ta30AMHAMIKA 1 TPYXKHUX KOJMBaHb JIOMATOK
JIO3BOJISIE PO3PAXOBYBAaTH KOJIMBAHHS, M0 CaMo030y-
JUKYIOTBCSI, BKIIFOUAIOYM BUMYILICHI KOJIMBAHHS, BH-
KIIMKaHi B3a€MHUM OOMIHOM €HEPTi€i0 MK HecTaIlio-
HApHUM TIOTOKOM ra3y 1 JIOmaTkaMu, 10 KOJHMBAIOTh-
col.

Ha puc. 5 nmpuseneni rpadiku KoJMBaHb IEpH-
(hepiifHOTO TIEpETHHY JOMATKH B KOJOBOMY HAIPSMI,
OCBOBOMY 1 TOBOPOT BiHOCHO LEHTPY TSITH IS
MIJI®K = 0 rpax 3 BpaxyBaHHSIM B3a€EMOJI IT’SITH BJIa-
cHUX (popm KonmBaHb. Haitbimpmunii BKIIag B HECTAai-
OHApHI CKJAIOBi KOJHMBAaHb B KOJOBOMY HampsMi
BHOCHUTBH 4acToTa OiM3bKa 10 4acTOTH 1-0i BJIacHOI
dhopmu (100 I'ir), B 0cbOBOMY HAIPsIMi — YacTOTa OJIH-
3bKa 110 4yacTotu 1-o0i BiaacHoi hopmu (100 I'm).

Bci pexumu  XapakTepu3yloThcs 30yIKESHHIM
KoymBaHb ((aarep).

s OLIHKK aepOJUHAMIYHOI CTIMKOCTI KOJH-
BaHb JIONATOK BEHTHJISTOpA OYB MPOBEACHUH YUCEIb-
HHUH aHali3 BIUIMBY YacTOTH 1-0i BiacHOi ¢opMu Ha
pexxuM konuBaHb Jonatok npu MJIOK = 0° 3 Bpaxy-
BaHHAM B3a€EMOJIi I'ATH BIacHUX ¢opm (puc. 6, 7).
Iloxa3aHo, 110 MMABMINEHHS BJIACHOI YacTOTH 1-01
(opMu TPUBOAUTE IO 30UIBIICHHS aepoIUHAMIYHOI
CTIHKOCTI KoJHMBaHb jomnaTok (mpu gactorax 135 I'm,
152 T’y BinOyBaeThes aepoemiyBaHHs).

TakuM dYWMHOM, MWIiIBHIICHHS aepoIUHAMIYHOI
CTIMKOCTI KOJIMBAaHb JIONATKOBOTO BIiHII BEHTUIISTOPA
MO BiIHOIICHHIO 0 (praTepy MoB’s3aHE 3 IiABHIICH-
HSM BJIACHOI YacTOTH KOJHMBaHb, TOOTO >KOPCTKOCTI
JIONaTOK.
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Puc. 7 — Ilepemimenss nepruepiiHOro NEPeTHHY
po60YOi TOTaTKK B KOJIOBOMY Hampsimi
(1-5 dopm; MJIOK = 0;
1-a BnacHa yacrora fopiBHioe 152 I'm)

2 [IpoBeneHunit yncenbHUHA aHaJI3 aepoNpyKHUAX
XapaKTEePUCTHUK JIOMIATKOBOTO BIHI BEHTHIIATOpPA IS
pexxuMy excruryatanii (n =3610 06/xB). Uncnen-aui
aHaJi3 3B’S3aHUX KOJHMBAaHb IMIATBEPIAHMB UIS JAHOTO
pEeKHUMYy CcaM030y/PKEHHSI KOJIMBaHb JIOIATOK BEHTH-
nstopa (dhaarep) mo 1-iif BmacHii gopmi, O TpHUBO-
JUTH 710 3pOCTaHHS aMIUTITY/ KOJIMBAaHb 11O BCIiX BJIAC-
HUX (hopMax 3 4acTOTOIO, ONM3BKOIO 10 BIACHOI Hac-
ToTH 1-01 hopmm.
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II. IT. TOHTAPOBCBhKHH, H. I. TAPMALII, A. O. ITIA/JA

AHAJII3 KOJINBAHB BIAITOBIJAJIBHUX EJTEMEHTIB EHEPI'OBJIOKY IMOTYKHICTIO
200 MBt ITPU KIHEMATHYHUX HABAHTAKEHHAX

3abesneueHHs] HAAIHOCTI €HEPreTHYHOro oOllaJHAHHS Ha BCIX peXHMax POOOTH € BaXIMBHM 1 aKTyalbHHM 3aBJaHHAM. BusHaueHi
XapaKTEePUCTHKY BiOPOHABAHTa)KEHOCTI BiJNOBINAIBHUX €IEMEHTIB eHeprotyioky noryxHictio 200 MBT mpu nepexifHuX KONMBaIbHAX
mpolecax, BHKIMKAaHHX CEHCMIYHUM HaBaHTaKeHHsAM. [l MOCIHIDKEHHS KOJNMBaHb BHKOPHCTOBYIOTBCS PO3POOJICHI pO3paxyHKOBa
MeTozuKa i mporpamue 3ab6e3nedeHns. OTpUMaHi pe3yabTaTH HOKa3alll, 0 HepeMillleHHs. POTOPIB BITHOCHO KOPILyCiB IIIIHAPIB, BEPXHBOL
(yHIAMEHTHOI IUINTH BiJHOCHO HIDKHBOI B PO3IVITHYTOMY BHIIQJKy HE INEpPEBHIIYIOTH JOIyCTUMUX 3HaueHb. Pe3ysbTaTh NpOBENSHUX
JIOCITIIKEHb MOXKYTh OyTH BUKOPHCTAHI IIPY OLHII CEHCMOCTIMKOCTI TypOoarperariB pi3HOT MOTYKHOCTI.

KuarouoBi ciioBa: typboarperat, GyHIaMeHT, KiIHEMaTHYHE 30ypeHHSI, CEHCMIYHEe HABAHTAXKEHHS, IPYKHO-IEeMII(EpH] elIeMEeHTH.

II. IT. TOHTAPOBCKHH, H. I'. TAPMAIII, A. A. T/TIA1A
AHAJIN3 KOJEBAHUI OTBETCTBEHHBIX 2JIEMEHTOB SHEPTOBJIOKA
MOIIIHOCTBIO 200 MBt ITPU KWHEMATHYECKHUX HAT'PY KEHUAX

ObecmeueHne HANEKHOCTU HHEPIETUUECKOr0 OOOPYNOBaHHS HA BCEX DPEXHMax pabOTHI SBISETCS BaXKHOM U aKTyalbHOW 3amadei.
OmpenienieHbl XapaKTePHCTUKH BHOPOHATPYKEHHOCTH OTBETCTBEHHBIX JJIEMEHTOB dHeproomoka MormHocThio 200 MBT npu mepexomHbIx
KoJyieOaTeNIbHbIX Mpoleccax, BbI3BAHHBIX celicMUYecKol Harpys3koi. [l uccrnenoBaHus KosieOaHMH HCIOJNB3YIOTCS pa3paboTaHHbIE
pacdeTHasi METOAMKA W IpOrpaMMHOe obecredeHue. IlomydeHHBIE pe3yibTaThl MOKA3ald, YTO NEPEMEIICHHE POTOPOB OTHOCHTEIBHO
KOPITyCOB IJIMHIPOB, BepXHEH (yHIaMEHTHOU IUIMTHI OTHOCHUTEIBHO HIDKHEH B PACCMOTPEHHOM Cydae HE IPEBBIIIAIOT JOIYCTHMBIX
3HaYCHHH. Pe3ysbTaThl NPOBEICHHBIX HCCIICAOBAHUI MOI'YT OBITh HCIIOIb30BAHBI IPU OLICHKE CEHCMOCTOMKOCTH TypOoarperaTtoB pa3indHon
MOIIHOCTH.

KiioueBble ciioBa: TypOoarperar, (yHIaMeHT, KHHEMaTHYeCKOe BO3MYLICHHE, CeliCMHYecKash Harpyska, yIpyro-aeMmigepHsle
3JIEMEHTBI.

P. GONTAROVSKIY, N. GARMASH, A. GLYADYA
ANALYZING THE VIBRATIONS OF THE CRITICAL COMPONENTS IN THE POWER
GENERATING UNIT OF 200MW UNDER KINEMATIC LOADINGS

An important problem that should be resolved during the power plant operation is related to the reliability control for all modes of operation
including extreme external dynamic effects of a natural character, in particular the earthquakes. The vibrations of the elements of power
equipment exposed to seismic forces occur due to kinematic perturbations that are transmitted from the ground to the bottom base plate. In
this connection, the following requirements are set up to the seismic stability of the power equipment of power plants that include its
strength, impermeability and its serviceability when exposed to seismic forces. The loading of the fasteners of the turbine generating unit of
200MW arranged on the base was analyzed in the case of exposure to seismic forces. Calculation methods and the software were used that
were developed using the finite element method. The computational model of the dynamic system, in particular the turbine generating unit-
bed and base consisted of arbitrary- oriented rods and lumped masses that are rigidly interconnected with each other or these can also be
interconnected by linear and nonlinear elastically-damped elements. The rod finite elements with distributed parameters allow us to take into
consideration all the types of deformations that occur during rod vibrations. The computational method allows us to take into consideration
the structural peculiarities of the system and the peculiarities of its behavior during possible earthquakes. The kinematic perturbation that
simulates the seismic action transmitted from the ground to the bottom bed plate is assigned by the accelerogram that includes acceleration in
three mutually perpendicular directions. The computations were done for the synthesized seismogram of the earthquake of wind force 7 that
results in the broadest spectrum of the loading in comparison with other real seismograms. The analysis of the computational data obtained
for the seismic stability of the turbine generating unit of 200MW showed that the displacement of rotors towards the turbine generating unit
axis relatively the cylinder bodies and the displacement of the upper bed plate relatively the bottom bed plate is lower than permissible val-
ues in the case of the earthquake of wind force 7.The keyed joints are the most loaded system assemblies though the strains that arise in them
during the kinematic perturbations in question also fail to attain permissible values. The obtained research data are of practical importance
and can be used for the assessment of the seismic stability of turbine generating units of a different power.
Key words: turbine generating unit, base, kinematic perturbation, seismic load and elastically-damped elements.

Beryn

HeoOximHiCTh MiIBUIIEHHS OS3MEKH eKCILTyaTa-
il eHepreTHIHOTo 00NMaaHaHHs [1, 2] BUMarae Bu3Ha-
YeHHA XapaKTEPUCTHK BiOpO-HAIPYKEHOCTI HECYdHX
€JIEMEHTIB KOHCTPYKLiA TypOOMAaIllMH TpH Iepexina-
HUX KOJHMBaJBHHX Tpolecax, Mo o0yMOBIEHI pamTo-
BUM KIHEMAaTUYHHUM Ta CHJIOBHUM HaBaHTa)KEHHSIM.
OriHka BiOpOHABAHTAKEHOCTI BIAMOBINAIBHUX €le-
MEHTIB KOHCTPYKIII TO3BOJISIE 3MEHIIMTH KiJIbKICTh
M03aIUIaHOBUX PEMOHTIB TYpOIHHOIO 00JIaHAHHS, IO

NOTPeOYIOTh 3HAYHHUX MaTepialbHUX 3aTpar.

BukopucTtaHHs NpH TNPOEKTYBaHHI Cy4YaCHHX
MoJieJield Ta METOJIiB, SIKi J03BOJISIIOTH ypaxOBYBaTH
peasbHi YMOBH HaBaHTA)XEHHS, OCOOJIMBOCTI OOy 10-
B CKJIAJHUX KOHCTPYKLIH 1 BigoOpa)karoTh BIUIUB
HECTaIliOHAPHUX IPOIECiB HA XapaKTEPUCTHKHU BiOpa-
IiffHOI MIITHOCTiI €JEeMEHTIB EHEPreTHYHOTro O0Iaj-
HaHHS JIO3BOJIAE TIPOBOIUTH PO3PaxXyHKOBI JIOCIHi-
JOKEHHSI, pe3yJIbTaTh SIKUX MOXYTh OYTH YCHIIIHO
3aCTOCOBaHI Ha mpakTui [3—7].

Eneprernune oOnajHaHHS MOBHHHE 3aJI0BOJIb-

© I1. I1. TonTapoBeskuid, H. I'. M'apmam, A. O. T'sas, 2020
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HATH yMOBaM ceiicMocriiikocti [8—10], ToOTO 30epe-
JKeHHS MIIHOCTI Ta IMPane3JaTHOCTI MPH MOXIIUBUX
ceiicMiyHMX BIUTMBaxX. Po3B's3aHHS mpobGiiemu 3a0e3-
MIEYCHHSI CEHCMOCTIMKOCTI €HEeproycTaTKyBaHHS BH-
Marae JeTajJbHOrO aHali3y IOBEIIHKA KOHCTPYKIT
i BIUTMBOM Pi3HUX JAMHAMIYHUX HABAHTAXKCHb, IO
MOJIETIIOIOTh ceiicMiuHi nii. JocmipkeHHs BiOpoHaBa-
HT2XEHOCTI  cHCTeMH  TypOoarperar-pyHIamMeHT-
ocHoBa (T®O) 3 BUKOpPHCTaHHSIM Cy4YacHHX Marema-
THUYHHUX MOJIEJICH T03BOJISIE BU3HAYUTH KOHCTPYKTHBHI
eJIeMEHTH W 3'€IHaHHS, SKI 3a3HAIOTh HAMOUIBLINX
BIUIMBIB NPH MOXJIMBHX 3eMJIETpyCax, Ta ITiJBHIIUTH
3araybHy HaJiWHICTP i paIe3aaTHICTh YCTaTKyBaHHS.

VY poborti ans omiaku KonmuBaHb cuctemu TPO
Typboarperata notyxHictio 200 MBT i3 BUKOpHCTaH-
HSIM PO3PaxyHKOBUX MOJIENIel Pi3HOTO PIiBHS CKIJa-
HOCTI IIPH CEHCMIYHHUX 30ypPEHHSX Pi3HOT IHTCHCHBHO-
CTi 3aCTOCOBaHa po3po0JIeHAa HA OCHOBI METOIY CKiH-
yenHux enemeHTiB (MCE) pospaxyHkoBa MeToanka
OLIIHKM CEHCMOCTIHKOCTI €JIeMEHTIB KOHCTPYKIIH
[3,6].

Merta podotn

Po3paxyHKkoBa OlliHKa KOJMBaHb Ta XapaKTepUC-
TUK BiOpPOHANPYKEHOCTI BiAMOBITaIbHUX CICMCHTIB
eHepro6yoky noryxHictio 200 MBT nipu nepeximamx
KOJIMBAJIBHUX TMPOIECcax, MO0 OOyMOBIEHI PanTOBUM
KiHEMaTHYHUM HaBaHTA)KCHHSM.

ITocranoBka 3agaui

Po3B’s3aHHs 3anmaui 3a0e3rnevyeHHs CeHcMOCTii-
KOCTi TypOoarperariB 1oB’s13aHO 3 aHATI30M TOBEIiH-
ku cucremn TOO mpu guHAMIYHMX BIUIMBaxX pi3HOT
IHTEHCHBHOCTI JIUI1 BUSBJIECHHS HaBaHTa)KEHOCTI 1 Bij-
CYTHOCTI 3a4illaHHs €JICMCHTIB Ta IIiIBUIIICHHS HaTil-
HOCTI cuctemu [8].

OO0’eKTOM J[OCIHIIKEHHA KOJWBAaHL €EJIIEMEHTIB
cucreMu TOO mpu KiHEMaTHYHUX 30ypPEHHSX SBIIS-
erbes eneproomok K-200-130 JIM3. Typboarperar,
SIKUW BKJTFOYAE IMITIHIPH BUCOKOTO, CEPETHHOTO 1 HU-
3BKOTO THCKIB Ta enekTporeHepatop TI'B-200, 3moH-
TOBaHM Ha paMHOMY (pyHIaMeHTI.

Jns nocnimkenHs: konuBanb cucteMu TOO npu
CeliCMIYHOMY HaBaHTAKEHHI, SIKE MOJIEIIOETHCS TIPUC-
KOPEHHSIMH IPYHTY y TPhOX INEPHEHIUKYJIIPHUX Ha-
IpsSIMKaX, BUKOPUCTOBYIOTBCSI PO3pOOJICHI PO3paxyH-
KOBa METOJIMKA Ta MporpamHe 3a0e3nedyeHHs [3].

PiBusnHA pyxy cuctemn TPO iHTErpyIOThCS Me-
TogoM HploMapka i3 3a1aHMM KpOKOM 3a 4acoM Af B
cHCTeMi KOOpAMHAT, IO TIOB’s3aHa 3 IPyHTOM. Pam-
HUHA (QyHIAMEHT, KOPITyCH HiIMIMIHMKIB 1 IMITIHAPIB
TypOoarperara, a TakoX BaJIONPOBiJ, MOJIECIIOIOTHCS
CTEP’)KHEBUMH EIIEMEHTAMH 1 30CEpEKEHIMH Maca-
MH, TI0 3 €IHYIOThCA MK CO00I0 JKOPCTKO abo 3a 10-
ITOMOT OO MPYXKHO-AEMII(PEPHHUX eIEMEHTIB (puc. 1).

Po3paxynku kojuBaHb cuctemu TPO 3miiicHIO-
10Thes 3a jporomoroto MCE y nmekaproBiii cucremi
koopauHat XYZ, ne Bick X HarpaBjieHa BEPTUKAIBLHO
yropy, Bick Z — B37I0BX oci TypOoarperara, Bicb ¥ —y
MONIEpEeYHOMY HampsIMKy 710 oci Typboarperara. Cre-
PKHEBI CKIHYEHHI €JIEMEHTH BPaxoBYIOTh Jedopmartii
3CYBY 1 iHEpIii MOBOPOTY MOMEPEYHUX MEPETHHIB Oe3
30UTBIIICHHS KIJTBKOCTI BY3JIOBHX HEBIJOMUX B CHCTEMI
po3paxynkoBux piBHsH MCE.

Puc.1 — Po3paxynkoBa Mozens TypOoarperara

KinemaTiane 30ypeHHS BiJl IPYHTY IIepPEIAEThCS
Ha HIDKHIO (yHIaMeHTHy mmTy. [lpn mpomy nonart-
JMBICTH IPYHTY BPAXOBYETHCS 4Yepe3 NPYKHY MOJIEIb
Binknepa.

Pe3yabTaTn po3paxyHKOBHX J0CTiIKeHb
KOJIMBaHb ejieMeHTiB cucteMu TOO

Hnst cuctemu TOO npoBeeHO po3paxyHKH Bila-
CHMX 4acToT i Qopm konuBaHb. CIijfi 3a3HAYNUTH, IO
BJIACHI YaCTOTH KOJIMBaHb 3HAXOMATHCS OJIM3BKO OIHA
Bix oxHOl (y miamaszoni mo 12 I'm 20 gacrot) i popmu
KOJIMBaHb Iy>Ke ckianni. Ha puc. 2 300paxkeHo mepury
¢dopmy BracHUX KonmuBaHb cucteMu TOO.

Puc 2 — Ilepmra ¢popma konuBans cuctemu TOO

CeiicMiYHUI BIUTUB XapaKTEPU3y€eThCs KOJIHMBAH-
HSIM TPYHTY IPH 3€MIIETPYCI, 10 BUKJIMKAE KiHEMaTH-
4yHe 30yIDKEHHsI KOJIMBAaHb JIOCIIJDKYBaHOTO 00’ €KTa.
[Tpn upoMy celicMiUHMI BIUIMB y 3arajlbHOMY BHIA-
Ky IpEACTaBISETHCS TPUKOMIIOHEHTHHMH aKCellepo-
rpamMamMi (3amicaMi 3MiHHM TIPHUCKOPEHHSI 32 4acoM)
JUIS IBOX TOPM30HTAIBHUX 1 BEPTUKAIFHOTO HAIPSIM-
kiB [11].

AxceneporpaMu MOXYTbh HPEICTAaBIATHCS abo
IHCTpYMEHTAJIbHUMH 3allCaMU PEATbHUX 3EMIICTPY-
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ciB (TIpUPOAHUX 1 MITYYHUX, TPHUBAJICTIO Bix 5 ¢ A0
30 ¢), a0 cuHTEe30BaHMMHU (DYHKIISIMH, 10 Yy3araib-
HIOIOTB y CO01 CHEKTpasibHi BIACTHBOCTI peabHUX
3eMJICTPYCIB.

ITpu ceiicmiuniit aii Ha cuctemy TPO BrumBa-
I0Th BCl TPU KOMIIOHEHTH akcejeporpamu. BcraHos-
JICHO, II0 TOPU3OHTAJIBHI MPUCKOPEHHS y OLIBIIOCTI
BUIIAJIKIB NTEPEBUILYIOTh BEPTUKAIIBHI.

Buxigaumy naHumu I po3paxyHKy Ha ceiiMo-
ctitikicte cucremun TDO e: OaNBHICTh i MaKCUMAITBHI
PiBHI TIPHCKOPEHHS aKkceneporpaMu. Y po3paxyHKax
BHKOPHCTOBYBaJIaCh CHHTE30BaHa akceneporpama [1],
sKa TIPENICTaBIIsE COO0I0 TICEBIOTAPMOHIYHUN TPOIIEC
3 0e3mepepBHO 3POCTAIOUOI0 YACTOTOK 1 3MIHHOIO
ammutitynoto. s akceneporpama y mopiBHSHHI 3 pea-
JHHUMH Ma€ 3Ha4YHO MEHINy TpuBaiicTh (Oinst 4,35 ¢) i
y3arajbHIO€ y cO01 OCHOBHI BJIIACTHBOCTI 1 0COOIMBOC-
Ti IIHCHOrO CEHCMIYHOTO BIUIMBY Ha BEJIMYHMHY Ji-
HamiuHOT peakirii cuctemu TPO. OmiHka cefiCMOCTii-
KOCTI CHCTEMHU IPOBOJIMIIACH MPH CEMHOAILHOMY 3€M-
nerpyci (3a JOMOMOrow MacimTaOHUX KOoeQil[iEHTIB
aKkceJjieporpaMa IpuBe/ieHa JI0 03HAYSHOro PiBHS 3eM-
JeTpycy).

JlocimimKeHHsT BIUIMBY CEHCMIYHOTO HaBaHTa-
JKeHHA Ha exeMmeHTH cuctemu TDO Typboarperara K-
200-130 JIM3 mpoBOIMIKCH 32 AOMOMOTOI0 aHANTi3y
MaKCUMAaJIbHUX TIePEeMIlIeHb, MIBHAKOCTI 1 IPUCKO-
PEHHs y XapaKTepHUX TOYKAaX BEPXHbOI IIUTH (PyH-
JaMEHTy, KOPITyCiB HITIHAPIB TypOoarperarta, reHe-
paropa Ta BUHOCHUX IIiJIIUITHUKIB, BAJIONPOBOIY Ta
KoH7eHcaTopa (Tab. 1).

OIHIOBAIKCH 3YCHUIA 1 THCK Ha KOJIOJKH YIIOp-
HOTO MiINIMITHAKA, 3yCWIIS 1 HANpYXEeHHS B MICIIIX
KpIIJIEHHs eJleMeHTIiB TypOoarperara Ha QyHIaMeHTi.
Lli enemMeHTH KOHCTPYKUIl € HaWOUIbII BiIMOBIAIb-
HUMH 32 HajilHicTh pobotu cuctemu TPO mpu ceiic-
MIYHUX HaBaHTAXKECHHSIX.

3a JOMOMOTOI CTBOPEHOTO TrpadivHOTO iHTEp-
(eificy mporpamuoro 3abecriedeHHS [3] PO3TISTHYTO
pyx Typboarperata i ¢yHmaMeHTy, a TakoX rpadiku
3MIHH 32 9acoM TIepeMiIlleHb, MIBUAKOCTEH 1 IPUCKO-
PEHb XapaKTePHUX TOYOK Ta rpadiky 3MiHH 3yCHIb B
eJIeMEeHTax KpIIICHHA KOpPHycCiB Typboarperara Ha
(dbyHnameHTi.

MakcumanbHi MEepeMIIICHHST HIKHBOI (yHIame-
HTHOI IUIMTH CIOCTEpPIraloThCsi B MOINEPEYHOMY Ha-
MpSMKY 1 He mnepeBuulyoTh 2,4 mm. Jlomycrtume me-
peMilieHHs! BepXHboi (PyHAaMEHTHOI IUIUTH BiTHOCHO
HIDKHBOI B3/IOBXK OCI TypOoarperara cTaHoBUTh 50 MM
[1], a B po3risiHyTOMY BHIIAJIKy MEPEMILICHHS JOCSTaE
3HAYCHb, MCHIINX 24,4 MM.

[epeminieHHst pOTOpPIB Y HAaNIPSIMKY Oci Typooar-
perata BiTHOCHO KOPIYCiB IMTIHAPIB BiAMIOBIAHO
CTAaHOBJIATh: JUIA IHJIHIpPA BHCOKOTO THCKY — 1 MM,

JUTSL IAUTIHAPA CePEeIHbOro THCKY — 1,1 MM, [ust musi-
HApa HU3BKOTO THUCKYy — 1,2 MM, AJs reHeparopa —
5,1 mm. TIpy 1pOMy HOpMaTHBHI 3HA4eHHS IeEpeMi-
IIeHb JJISI IUIIHIpa BUCOKOTO THUCKY — 2 MM, HU3BKO-
ro Tucky — 5 mM. [lepemimeHHs poOTOpiB BiAHOCHO
KOPIYCIB y TOIEPEYHOMY HANpPSIMKY Ha HOPSIOK Me-
HIIII.

[lepeMimenHss KOHOEHcAaTOpa y HANPAMKY OCi
TypOoreHepaTopa €m0 NEpPEBUILYIOTh JIOMYCTHMI
(33 mm). y1 3MeHIIIeHHST TTOJIATIMBOCTI KOHIEHCATO-
pa nouiasHO Oysi0 6 BCTAaHOBUTH 0OMEXYBadi.

BaxnuBe 3HaUeHHsS MalOTh OJCpKaHI pe3yibTa-
™™ s TuX 4dacTuH cucreMd TDO, sxi HaibinbIe
BIJIMIOBIAJIbHI 33 TMpale3naTHICTh KOHCTPYKINT i
JEI0 CeMCMIYHMX 30ypeHb. Y TalOll. 2 HaBOIATHCS
3HAYEHHS] MAaKCUMAJILHHUX 3yCHJIb y TIPY)KHUX €IEeMEH-
Tax KpiluleHHs1 TypOoarperarta Ha (yHIaMeHTI.

Tabmuns | — [NepeMimmieHHs i TPUCKOPEHHS
y XapakTepHux Toukax cucremu TOO

ElleMeHT [Nepeminienns, HpI/ICKOpzeHHSI,
MM M/C

CUCTCMH Uzmax l]Zmin qmax amin
Bepxus muta 20,2 | -22,0 | 11,70 | -10,70
Ynopawii migmumank | 22,1 | -22,5 | 7,74 | -5,63
Kopmyc LIBT 21,5 | -22,0 | 7,05 | -6,07
Potop LIBT 22,1 | -22.5 | 7,48 | -6,38
Kopmryc LHCT 21,5 | -219 | 6,79 | -5,22
Potop LICT 22,2 | -22,6 | 7,60 | -5,36
Kopmrye [THT 224 | -233 | 6,16 | -528
Potop LTHT 22,2 | -22,6 | 6,10 | -538
Koprmryc reaeparopa 17,6 | -18,9 | 11,40 |-10,40
Potop reneparopa 223 | -22,7 | 8,57 | -8,03
Konpencarop 36,2 | -33,7 | 8,57 | -9,84

Tabnus 2 — MakcuManbHi 3yCHIDIS
B IIPY>KHUX €JIEMEHTAX

Hassa npy>xHoro enemenTa |Ilo3HaueHHs 3yc;1ém;1,
LHH(?HKH KOpIyCy YIIOpHO- p.max 183
T'O MiJIIHITHAKA
Hnonku koprycy IBT P 68,4
[Honka koprycy HCT P 100,2
P, 109,8
Inonku kopmycy HHHT p.ma 2122
[Inonku kopiycy revepa- Pma 41,9
Topa P 190,5
[Tpy>xHi eneMeHTH KOH/ICH- Pp,mex 2,8
caropa P 2,4
Konoxku onopHoro miamu- pomax 31
nauka [[CT " ’
Konoaxu yrnopsoro miamm- p.max 53.8
ITHHUKA
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Puc. 3 — IlepemimeHHs KOpITyCy i poTopa HUITiHApa
BHCOKOT'O THCKY
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Puc. 4 — IlepemiliieHHs KOPITYCY i pOTOpa reHeparopa
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Puc. 5 — IlepemimeHHas KoHAEHCATOpA
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Puc. 6 — 3MiHa 3a 9acoM 0CbOBOTO 3yCHILIS
Ha KOJIOJIKM YIIOPHOTO IiIIHITHUKA

Tuck Ha KOJOIKM YIMOPHOTO MiALIMITHUKA TYp-
6oarperata K-200-130 JIM3 npu cemubaapbHOMY 3eM-
nerpyci cranosuth 7,08 MIla. 3rigHo 3 [1] Mmakcuma-
JbHUI THUCK Ha KOJIOAKU YMOPHOTO MiJIIMITHUKA HE
noBuHeH nepeBuiryBatu 15 MIla. Ile no3Bomse 3po-
OWTH BHCHOBOK, III0 y PO3IJSIHYTOMY BHIAIKy 3a0e3-
MEYYETHCSl MILHICTh MOKPUTTS YIIOPHOTO MiJLIHITHH-
Ka.

Ha puc. 3-5 nokazano 3MiHy 3a 4acoM IepeMi-
meHb Koprycy i poropa LIBT, xoprmycy i poropa re-
Heparopa, KOHJIEHCcaTopa y HampsMKy oci TypOoarpe-
rara, sKi BUKJIHKaHI JI€I0 CEHCMIYHOIO HABAHTa>KEH-
HL.

Ha pwuc. 6 moka3aHo 3MiHYy 3a 4acoM OCHOBOTO
3yCHUIA Ha KOJIOJKW YIOPHOTO ITiIIMITHUKA BiX Ki-
HEMAaTHYHOTO 30yPEHHs, BUKJIHMKAHOTO 3€MJIETPYCOM.

BucHoBku

AmHani3 pe3ynbTaTiB TPOBEACHUX pPO3PaXyHKIiB
ceiicMocrtiiikocti  TypbOoarperara  K-200-130 JIM3
MOKa3ae, M0 TMEPEMINICHHS POTOPIB Y HAMpPSIMKY OCI
TypOoarperara BiJIHOCHO KOPITyCiB LIMJIIHIpIB, Hepe-
MIIIIEHHS. BEepPXHBOi (PYHAaMEHTHOI IUTUTH BiTHOCHO
HIDKHBOT MEHIII 32 JOMYCTHMI 3HAYCHHS.

OcpOBi 3ycHiuIsl Ha KOJIOJKH YITOPHOTO MiAMINTI-
HUKa HE TEPeBHINYIOTH 54 TC, a THUCK Ha KOJOIKU
YHOOpPHOTO TimmmmHuKa cTaHoBUTH 7,08 Mlla, mro
Maibke BABOE MEHIIIE IOIYCTHMOTO 3HAYCHHSI.

PesynbraTi po3paxyHKIB CBim4arh, IO HaiiOi-
JbIlIE HABaHTAXXEHHUMM dYacTHHaMu cuctemu TDO e
IITOHOYHI 3'€IHAHHS, ajie HANpYXEHHs, SIKI BUHHKa-
I0Th y HHX M Yac PO3MIIHYTHX KiHEMaTUYHHX 30Y-
pEHb, II0 MOJENMIOIOTH CEeMHUOAJBHUIA 3eMJIETPYC, HE
JIOCSITAIOTh JOIYCTUMHX 3HA4Y€Hb 1 IIMOHOYHI eleMe-
HTH MalOTh 3Ha4Hi 3aracy 0 MillHOCTI.

OpnepxaHi pe3ysIbTaTH NPOBEICHUX JOCHIPKEHb
MOXYTbh OYTH BHKOPHCTaHi IIpM OLIHII CeHcMOCTIH-
KOCTi TypOoarperariB pi3HOi HOTY>KHOCTI.
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A. YEROFIEIEVA, V. ARTEMCHUK, N. MUKHINA, O. KARASOV

OPTIMIZATION OF NON-STATIONARY ELECTRIC FIELD PARAMETERS
IN ORDER TO INCREASE THE EFFICIENCY OF CHAMBER FURNACES

Topicality. The presented work is devoted to the urgent task of increasing the energy efficiency of chamber furnaces.The purpose is to solve
the problem connected with optimizing the parameters of the non-stationary mode of the applied electric field in order to increase the effi-
ciency of the chamber furnaces. Methodology. According to well-known methods of experiment planning, we obtained a set of Pareto-
incomparable solutions of the chamber furnace, taking into account the voltage between the burner and the metal charge, which is the basis
of the algorithm. Findings. The work proposes an innovative system acting the process of metal heating in a chamber furnace. The result is a
developed chamber furnace control system, in which the optimal values of control actions at each step of the heating cycle are determined
according to the created algorithm. The proposed control system is universal, because after miscalculations it produces the dynamics, accord-
ing to which one needs to change the value of direct-current voltage and gas supply with a step in time to perform any given mode of metal
heat treatment. The experimental studies conducted on a real chamber furnace with a bogie hearth at Zaporozhye Titanium and Magnesium
Combine confirmed this. The analysis of the obtained metal annealing temperature curve showed that the implementation of the optimal
values of the control actions, obtained using the developed algorithm, provides a high uniformity and better quality heating of the metal. The
dynamics of gas consumption by the chamber furnace during the heating cycle in the basic mode, without voltage supply, and under the
condition of its use in accordance with the performed optimization testify to the possibility of significant energy efficiency improvement of
the considered furnaces. Conclusions. For the first time we proved the possibility and efficiency of using a non-stationary electric field in the
furnace chamber as a control action, which confirms the originality of the obtained results. The practical value of the research is that the
developed control algorithm is universal in terms of metal heat treatment and can be used in chamber furnaces of any industrial enterprise,
while one heating cycle reduces the consumption of natural gas by more than 10 %.
Key words: electric field, experiment matrix, optimal control actions, optimization, set, functionals.

A. A. EPODEEBA, B. B. APTEMYYK, H. A. MYXIHA, O. II. KAPACbOB
ONITUMIBAIIA MNAPAMETPIB HECTAIHIOHAPHOI'O EJIEKTPHYHOI'O ITOJISL
3 METOIO NIJIBUIIEHHSI ECEKTUBHOCTI POBOTU KAMEPHMX ITEYEN

Brepure 10ka3aH0 MOMKIMBICTD 1 €(pEKTHBHICT BUKOPUCTAHHS Y SIKOCTI KEPYIOYOro BIUIUBY HECTAL[IOHAPHOTO eJIEKTPUYHOTO MOJIS B Kamepi
redi, o HiITBEP/PKY€E HAyKOBY HOBU3HY OTPHUMAaHUX pe3yJsibTaTiB. [IpakTHuHe 3HAa4€HHS IOCIIDKEHb IOJATae y TOMY, IO PO3pOOICHUI
QIrOPHUTM YIPABIIHHA € YHIBEPCAIBHUM 3 TOYKH 30py PEXKUMIB TepMiuHOi 00pOOKH METally Ta MOXE 3aCTOCOBYBATHCh Y KAMEPHHUX IleYax
OyIb-AKOro MPOMHCIIOBOTO HiJANPUEMCTBA, NIPH LIbOMY 32 OJJMH LUKJI HAarpiBaHHs 3MEHIIYEThCS CIIOKMBAHHS HPUPOAHOTO rasy OLIbILI HiK Ha
10 %.

Kurro4oBi ciioBa: eekTpuyHe Mojie, MaTpHLsl eKCIICPUMEHTY, ONITHMAaJbHI KepYroUi BIUIMBH, OITHMI3allis, MHOXXHHA, (YHKIIOHAIIH.

A. A. EPO®EEBA, B. B. APTEMYYK, H. A. MYXHHA, A. II. KAPACEB
ONITUMM3AIUS TAPAMETPOB HECTAITMOHAPHOI'O DJIEKTPHYECKOI'O ITOJISA
C IEJBIO TOBBIIIEHUS D®PEKTUBHOCTH PABOTHI KAMEPHBIX ITEYEN

BrepBble 10Ka3aHO BO3MOXKHOCTE U 3()(EeKTHBHOCTh HCIIOIb30BAHUS B KauecTBE YNPaBILIIOMIET0 BO3AEHCTBUS HECTallHOHAPHOTO JIIEKTPH-
YECKOTO OIS B KaMepe 1e4H, OATBEPKAaeT HayUYHYI0 HOBU3HY MOJIyYCHHBIX pe3ysbTaToB. [IpakTuueckoe 3Ha4eHHE HCCIICI0BaHUIT 3aKITIO-
YaeTcsi B TOM, YTO Pa3pabOTaHHBIH aIrOPUTM YIPABICHUS SBISCTCS YHHBEPCAIBHBIM C TOYKH 3PCHHS PEXHMOB TEPMHUYECKOH 00pabOTKI
MeTaia ¥ MOXKET IIPUMEHSTHCS B KAMEPHBIX IIeYax JIDOOro IPOMBINIICHHOTO HPEAIPUSITHS, IIPH 3TOM 33 OJMH LIUKJI HA'PEBa YMCHBIIACTCS
noTpedieHne npupogHoro rasa dosee yem Ha 10 %.

KinioueBble €J10Ba: 3JIEKTPUYECKOE MOJIE, MATPHI[A SKCIEPHMEHTA, ONTHMANbHBIC YIIPABISIOIINE BO3ACHCTBHUS, ONTHUMU3ALMS, MHO-
JKECTBO, (HYHKIIMOHAIBL.

Introduction

Currently, one of the priorities in Ukrainian in-
dustry is to increase production efficiency, due to the
need to be competitive in the international arena. The
issue of modernization is especially acute in metallur-
gical production. For many years, industrial enterpris-
es have not actually undergone modernization, fixed
assets are mostly obsolete, specific energy consump-
tion is much higher (up to 7 times) than in the coun-
tries-producers of similar products. This situation
leads to the fact that Ukraine has to sell either raw
materials, which are extremely unprofitable in the
strategic perspective, or low-quality and therefore
low-cost products. That is, the existing problem can be

divided into two parts: outdated equipment and tech-
nology and low energy efficiency of production pro-
cesses. Of course, such problems need a comprehen-
sive solution and indeed, much work is devoted to the
modernization of metallurgical production [1-4].
However, as mentioned above, no less important
is the problem of improving the energy efficiency of
technological processes. This is based on the fact that
metallurgy widely uses chamber heating furnaces that
operate consuming natural gas. Such furnaces have
become widespread due to the simplicity of design
and operation, their versatility in terms of heating ob-
jects, the ability to regulate the temperature in the
heating chamber. At the same time, they are not effi-
cient in terms of flue gas recovery. Thus, according to
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[5] the heat losses associated with the emission of
high-temperature flue gases into the atmosphere may
exceed 50 % of the total heat capacity of the furnace.
It is not possible to replace such furnaces with more
modern ones and especially at all the enterprises sim-
ultaneously. Deep modernization of such furnaces
requires large investments, but its economic feasibility
is questionable. An important factor is that changing
the position of the hoods and especially the burners
may not always be effective in terms of the location of
the charges, as the latter are not constant in size, and
therefore the aerodynamics will change and heat flux-
es will carry different heat energy to the object.

Another area of technology improvement in the
metallurgical industry is the use of additional factors,
such as heating of the incoming air mixture, the use of
recuperators, and so on. In our opinion, one of the
most promising areas is the use of electric fields. This
assumption is confirmed by both foreign researchers
and our own research. It should be noted that the use
of electric fields requires little investment and has a
convenient management system. Thus, the task of
improving the chamber furnace efficiency through the
use of electric fields is relevant.

When determining the initial parameters required
for further research, it is necessary to take into account
that the operation of chamber furnaces is periodic.

Purpose of the work

The purpose of this work is to solve the problem
of optimizing the parameters of the non-stationary
mode of the applied electric field in order to increase
the efficiency of the chamber furnaces.

The object of research is the process of heating
the metal in the chamber furnace.

The subject of the study is an energy-saving con-
trol system for the metal heating process in a chamber
furnace.

Presentation of the main research material

Problem statement. According to the problem,
we have a given temperature of the metal at a certain
time, andt is the time of its heating according to the
temperature-time mode. The latter are regulated by
technology in all phases of the heat treatment process
in order to achieve the necessary thermo-physical
transformations. Permissible temperature deviations
are up to 50 °C and 20 °C for special conditions. Then
the optimization task is to calculate the values of con-
trol actions to achieve the given dynamics of tempera-
ture changes with a minimum consumption of natural
gas, for which it is necessary to develop appropriate
parameters of the non-stationary electric field.

As control actions, it is proposed to use the volt-
age between the burner and the charge U in some
range and the volume of gas supply at each step over

time. After calculating the optimal ratios of control
actions according to the created algorithm, the control
system must implement the sequence of changes in
voltage and natural gas consumption to perform a giv-
en technological mode of heating.

Numerous scientific studies aimed to increase the
energy efficiency of chamber furnaces relate to the
definition and implementation in time of such temper-
ature modes that provide the technologically necessary
rate of metal heating.

The problem of using optimal energy-saving
heating modes in chamber furnaces is considered in
the work [6]. This paper proposes a heating mode in
which the intensification of the process occurs at its
final stage, which reduces the cost of thermal energy
for maintaining a higher temperature of the workpiece.
This approach allows to reduce not only the heat loss,
but also the metal oxidation loss. However, in real
production conditions, the recommended technologi-
cal mode of heating is difficult to implement due to
the problems associated with the need to take into
account various design and technological constraints.
In addition, to ensure energy-saving mode of metal
processing, it is necessary not only to change the fur-
nace hearth design, but also to be sure to have an op-
erational forecast of the total hearth time of each
workpiece.

In [7] it is proposed to change the position of the
burners and draft hood openings, as well as to regulate
the gas supply, trying to concentrate most of the ther-
mal energy in the furnace chamber around the work-
piece. From the point of view of problem statement
and the control algorithm for gas supply in the furnace
chamber developed by the author [7], the offered solu-
tion is interesting and logical. However, from the
point of view of practical implementation it is quite
difficult. Also, the proposed algorithm requires con-
stant adjustments and refinements depending on the
volumes and grades of steel billets, which complicates
the process.

An interesting development is the technology by
which gas is supplied to the furnace chamber in pulses
[8]. This approach, according to the authors, has a
number of advantages, namely gas savings, uniform
heating of workpieces, increased productivity of the
furnace. At the same time, there are significant disad-
vantages: there is no universal method for calculating
the duration of fuel pulse, as well as its absence,
which does not allow at the design stage to select the
necessary burners and automatic control system for a
particular unit; available burners installed on heating
units, as a rule, cannot work under such modes and
realize the specified heating. The literature [9] pre-
sents only some information on the practical imple-
mentation of such modes and cannot be considered
universal.

As already mentioned, it is logical to try to use
the heat of combustion products to heat the air and the
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fuel itself. Such devices can be heat exchangers of
regenerative or recuperative type. But regenerative
heat exchangers are actually impractical to use due to
irrational fuel loss that occurs during the valve shift,
which is peculiar for the use of regenerators. The use
of recuperators would be more promising, but the
problem is the variety of designs of industrial gas fur-
naces, which complicates the widespread use of recu-
perators. Besides, the efficiency of recuperators de-
pends on the dimensions.

One of the options for using the heat of furnace
gases is the use of regenerative burners, which accord-
ing to the authors [10] can reduce fuel consumption by
up to 30%. The main disadvantage of this method is
the uneven heating of the metal with a hot flame, both
on the metal surface and on the cross section of the
heated products, which occurs due to increased heat
flux on the metal surface from the flame side. At such
combustion of fuel with high-temperature air one can
also observe local overheating and even melting of
metal with a hot flame in the furnaces [5]. So all these
disadvantages are associated with too concentrated
source of energy.

This work is a development of the research done
by the author in previous works [11-14]. These works
discuss the perspective direction of use of the addi-
tional influencing factor, namely an electric field. It
has been proposed to use a stationary electric field,
which is quite easy to use, but it is not always advisa-
ble to use an electric field throughout the heat treat-
ment process of workpieces, and as our research
shows, there are reserves for energy savings.

As for the mathematical apparatus, a lot of theo-
retical research is devoted to determining the optimal
modes of operation of heating furnaces. In this work
[15], authors numerically study the volumetric com-
bustion and influences of small- and large-scale recir-
culation ratios of furnace gases, the influence of tem-
perature fluctuation on the regenerator nozzle, and the
working parameters at the starting phase and reverse.
There is still a lot of theoretical research on solving
optimization problems [16, 17]. However, it should be
noted that most of them are devoted to the tasks of
optimal combustion of gas mixtures or the structure of
the furnaces themselves. Thus, a natural question aris-
es about the search for rational algorithms for control-
ling the electric field as an additional influencing fac-
tor.

Theoretical part. As it is known, the flame con-
tains charged particles in fairly large concentrations.
This means that the electrophysical action can be car-
ried out in two ways: by applying of electric, magnetic
and combined fields to the flame or the introduction of
charged particles from the outside to the latter. That is,
various mechanisms of ion formation in the flame are
possible and it is known that the mechanism of chemi-
cal ionization is responsible for the high concentration
of ions in it. The main idea of using an electric field is

that in case of the formation of an electric field be-
tween, for example, a burner and a workpiece, the heat
flux will be closer to the latter. This will be due to the
fact that the electrified particles of combustion prod-
ucts will approach the specified surface and create an
additional temperature zone near it, increasing the rate
of its heating [11-13]. That is, the mechanism of pos-
sible influence of the electric field on the propagation
of heat flux assumes that ions and electrons, acquiring
sufficient energy of translational motion, in the pro-
cess of inelastic collisions with each other and with
the heating surface will create new active centers in
the form of free atoms, radicals, new charged or excit-
ed particles. In other words, the electric field, acting
on the ionized particles, can form a thermal barrier
that allows to adjust the heat fluxes and thus affect the
temperature of the workpiece. However, the complexi-
ty of this problem is the need to develop a rational
algorithm for controlling the electric field in case of its
non-stationarity. This follows from the conditions
requiring to comply with the established technological
parameters, in particular regarding the workpiece tem-
perature in the chamber at a certain point in time. Pre-
vious studies have experimentally proven the savings
in gas consumption by 11 % by applying an electric
field [14]. Then it related to the use of a stationary
electric field with an operating voltage of 1000 V and
the operation of the unit throughout the operating cy-
cle without cooling, i.e. heating and holding. The use
of non-stationary modes involves the development of
appropriate control algorithms, or voltage parameters,
and so on.

We selected several variants in the set of the
conducted theoretical research to compare and under-
stand the general trends in solving the problems. The
developed forms of pulses are given in Fig. 1. In the
course of theoretical researches it was necessary to
determine the optimal parameters of the presented
pulses according to the criterion of minimum energy
consumption while maintaining the temperature
modes set by the technology and to compare them
with the stationary mode.

As Fig. 1 shows, the pulse consists of two com-
ponents:

L=t +l

The initial pulse 7; aims to maximally affect the

ionized charged particles of the gas mixture combus-
tion products. That is, in the initial time, for example,
for the first variant (tl-1 =1s) the ionized particles,

including the most distant ones, under the action of
electric field force, are attracted to the object (work-
piece). In other words, in the initial period 7, we can

observe the attraction, concentration and retention of
ionized particles.

Under the action of part of the pulse during the
time ¢, the ionized particles continue to be held near
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the workpiece, some of them are lost, the part falls
into the zone of electric field and is attracted to the
object. That is, in fact, the main function of the second
phase of the pulse is the retention of charged particles.

As for the pause 7,, it does not make physical

sense, but is needed only in terms of saving electricity.
When conducting the relevant research, one of the

U,BA
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tasks of optimization was to understand the allowable
value of the pause time.

To solve this problem, let each possible variant
be determined by the list of predictors
Q=[wi, o, ..., ®,], selected at the stage of structural
modeling, and each predictor ®; can take some values
Ei={0a, 05, ..., 0}, i=Ln, indicating a possible
mode of operation (Fig. 2).
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Fig. 1 — Shape of pulses for creation of non-stationary electric field in the furnace chamber:
t; — initial pulse; #; —main pulse; 7, — pause; T — period
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Fig. 2 — Set of all possible selectors
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Definition. The list

Y= H‘Du 9111]’ [“’2’ 92/‘21--» [‘”n’ enjn]]

will be called the selector .

The set of all possible selectors will be denoted
as I' set, in which the number of elements can be de-
termined by the formula:

n
|F | =11% .
i-1
where k; — is the number of possible values 6,; of
o, predictor.
In the future, any selector y e I will be charac-

terized by two indicators: F, (y) ,and F, (y)

The desire to make the consumption of electrici-
ty and natural gas as little as possible, leads us to the
problem of vector optimization, which has the form:

(Fl(v)] L min.

£ (Y)
where Fl(y), F, (y) are the electricity and natural gas

consumption values, respectively.
The solution of the vector optimization problem
is a set I < T in which any two selectors y% and vi
are Pareto-incomparable in relation to each other.
Thus we will consider that two selectors vy, and

Y, are Pareto-equal in relation to each other (we will

symbolically write them down in the form vy, Py, ), if

Fl(vl,m)ﬁﬂ(vz,fn)]
Ey (v, m)<Fy(yy,m))’

while one of the inequalities is performed strictly.
If the set of predictors Q and the set of possible

71Pv, 9[

values E,,i=1n are finite, then the solution of the

problem exists.

We should note that by defining a set of rational
selectors and having information about the state of the
object under study, we get the opportunity to rational-
ly influence the state of the object, going to the nearest
selector for the optimal solution of the problem.

Among the many calculated variants for exam-
ple, we give a fragment of the 10 possible and most
acceptable variants (Table 1).

In this case, among the 10 possible variants pre-
sented (Table 1) for further study, we leave only three,
because the total costs in any other modes of operation
exceed the costs of variant5 (stationary mode, the
average voltage was 1000 V), with which we compare
other variants. So, let us consider the first, fourth and
eighth variants.

Table 1 — Parameters of non-stationary electric field mode in the furnace chamber

Var. Ui " Uy b |1 U, G Electricij[y Gas Electricity Total

No. V’ s’ V’ s’ ; i v ’ . /c;/cle consumption,|  costs, costs, costs,

kWh UAH UAH UAH
1 1100 1 900 3 | 2| 633.33 467.58 12.67 2520.24 37.24 2557.48
2 1200 1 900 3 | 2| 650.00 473.22 13.00 2550.66 38.22 2588.88
3 1100 1 950 3 | 2| 658.33 470.38 13.17 2535.36 38.71 2574.07
4 1200 1 800 3 | 2| 600.00 469.72 12.00 2531.80 35.28 2567.08
5 1000 | — | 1000 | — | O | 1000.0 466.03 20.00 2511.74 58.80 2570.54
6 1000 1 900 3 |2 616.67 487.30 12.33 2626.55 36.26 2662.81
7 1000 1 800 3 | 2| 566.67 478.58 11.33 2579.53 33.32 2612.85
8 1200 | 0.5 ]| 800 | 3.5| 2 | 566.67 469.84 11.33 2532.45 33.32 2565.77
9 1100 1 900 4 | 2| 470.00 496.78 9.40 2677.65 27.64 2705.29
10 1000 1 900 3 |2 616.67 474.51 12.33 2557.59 36.26 2593.85

As we can see, they are all Pareto-incomparable,
so they are the solution of the vector optimization
problem by two indicators. But since the first variant
has the lowest total cost, it can be recommended for
future use.

Experimental part. To conduct the necessary ex-
perimental studies aimed at assessment of the impact
of the developed modes of the controlled non-
stationary electric field on the distribution of heat
fluxes in the heating chamber, we used a special de-
signed furnace unit (Fig. 3).

The results of experiments using a non-stationary
electric field were compared with the results obtained
at steady state, i.e. when applying a constant electric

field, whose device circuit diagram is shown in Fig. 4.

The working chamber of the furnace with inter-
nal dimensions of 0.192x0.192x1.1 m is lined with
lightweight refractory bricks. Natural gas was used as
a fuel, thanks to which a maximum heat output of
77 kW was achieved with the help of a standard burn-
er. Natural gas and air consumption were measured
with the Gallus 2000 G4 type gas meter /5 and the
standard measuring diaphragm 76, respectively. The
electrical part of the experimental unit allows to
change the operating direct voltage of a given polarity
applied to the electrodes 5 and the burner 2, in the
range of 0...1100 V. To avoid measurement errors
associated with the effect of applying voltage to the
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thermocouple elements, we chose a non-contact meth-
od using laser pyrometers, which allowed to obtain
reliable temperature values in the required places of
the chamber. Remote access to the latter was carried

out through special holes made of refractory glass. For
all the experiments, the specific consumption of natu-
ral gas was 0.04 m*/min.

g 2 17 3

natural gas=
e

240
: 14
I
1 1
- — .
! =
1
1 7
! 18
'ﬁ _—
I
1 -
: 5 = |3
=
I /_
[=a)
=
13 flue gazes i

Fig. 3 — Schematic diagram of the experimental unit:
1 —heat-insulated furnace chamber; 2 — burner; 3 — electrospark igniter;
4 — moving plate under voltage; 5 — electrodes; 6 — blower; 7 — smoke exhauster;
8—14 — combustion process regulation fittings; /5 — gas meter; /6 — measuring diaphragm;
17 — auxiliary chamber; /8 — temperature measuring device, non-contact; /9 — voltage source
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Fig. 4 — Diagram of electrical device for obtaining constant voltage with ability
to change its value in the range of 0...1100 V: L3 — pole-plate; L/ — burner
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Fig. 5 — Set of Pareto optimization problem solutions:
E — Electricity consumption (kWh); G — Natural gas consumption (cub. m);
dots — experiment; line — approximation
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Fig. 6 — Set of Pareto optimization problem solutions (three-dimensional)
in view of the total cost of energy resources

Results and discussion

Based on the conducted theoretical and experi-
mental researches we obtained the results determining
the optimization of voltage impulse parameters ac-
cording to which the resulting dependence of Pareto
infinite solutions was constructed (Fig. 5, 6).

The analysis of the above results shows that the
obtained dependences of the optimization problem
solutions by the minimum energy consumption crite-
rion are Pareto-incomparable. However, taking into
account the total cost indicator among the presented
variants, we would propose to adopt the first one (Ta-
ble 1). Also in the course of the research it was found
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that increasing the pause for more than 2 seconds is
impractical. It can be assumed that due to the high
turbulence in the furnace chamber and the intense
movement of heat fluxes, there is a decrease in the
concentration of charged particles near the object, and
as a result, gas consumption increases. Herewith, elec-
tricity savings are insignificant and do not actually
affect the total savings. That is, it is appropriate to
propose to set the maximum pause time for no more
than 2 seconds, during which, due to the process iner-
tia, most of the charged particles remain around the
workpiece. After the pause, there is again a shock ac-
tion on the ionized particles, the process is repeated.
The maximum values of the pulses were selected for
the same reasons, namely the most effective effect on
the particles, approach and retention near the object.

Conclusions

On the basis of the conducted researches it is
possible to draw a conclusion that application of a
non-stationary electric field is expedient from the
point of view of energy efficiency. According to the
set task, we developed the workpiece heating mode
with the use of non-stationary electric field, which
allows to increase the energy efficiency of the process
of heat treatment of objects. In comparison with the
stationary mode, the proposed technology allows to
save 33% of electricity at almost the same gas con-
sumption, which is attributable to the peculiarities of
thermophysical processes in the furnace chamber.
Another advantageous feature of the developed tech-
nology is the possibility of a more rapid effect on the
workpiece temperature (up to 8 %), which was dis-
covered during the experiments and requires further
research. The disadvantage of the proposed technolo-
gy is the more complex electrical equipment. Howev-
er, given the modern development of power electron-
ics, this issue is not a problem.

The originality of the obtained results: for the
first time we developed and substantiated the optimal
control of a non-stationary electric field in the work-
ing chamber of the furnaces, which allows to increase
their energy efficiency.

The practical value of this work is the ability to
respond more quickly and influence the current tem-
perature of the object.
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B. A. BEJKAH, B. M. JKHTAPEHKO

MOJEJIOBAHHS TA AHAJII3 TAPAMETPIB EHEPTOE®EKTUBHOCTI KOTJIIB
CEPEJHBOI'O TUCKY ITPU BUKOPUCTAHHI CYMIIII NPUPOJHOI'O
TA JOMEHHOI'O I'A3IB 3 YPAXYBAHHSIM ITPUCOCIB ITOBITPA

OO6’€KTOM JTaHOTO IOCHTIIXKEHHS € TEIUIOBI Ta SHepreTHYHi XapaKTepUCTHUKH KOTHiB cepemuboro Tucky TEII-1, worumpm xormm LIKTHU-
75/39®-2-4 Ta na xoru TII-150-2. Bei KOTIM npaiio0Th Ha 3arajibHUi napoBuid Kojaekrop 32 atM, 420 °C. [TanuBo — cyMiml JOMEHHOTO i
MIPUPOAHOTO Ta3iB B cmiBBigHOmeHHi 0,7-0,9 06’eMHHX 9acTOK. XapaKTepUCTHKU JOMEHHOTO ra3y HEIOCTiiHi: iCTOTHO 3MIiHIOEThCS eleMe-
HTapHHMIl CKJIaJ], BOJIOTICTb i 3alMIICHICTh JOMEHHOTO Tra3y. Byio po3po0ieHo anropuT™ KOMILIEKCHOTO PO3paxyHKy XapaKTepUCTUK KOTJIa Ta
MaTeMaTHYHa MOJEINb ISl ONTUMAJIbHOTO PO3IOJIUTYy HaBaHTaXeHb. byl po3paxoBaHi TEOPETUYHI OOCSATH MPOAYKTIB 3TOPSHHS, BU3HAYEHO
KKJI xoT/1a Ta BUTpATH IaJIMBa, PO3PaXOBAHO OCHOBHI eeMEHTH (TOIKOBa KaMmepa, pecTOoHH, aporeperpisay), CHiIbHUNH pO3paxyHOK XBOC-
TOBHX IIOBEPXOHb HarpiBy (BOISHHN eKOHOMai3ep 1 MimirpiBau MOBITPs) 3 YTOYHEHHSM TEMIEPAaTypH BiAXiIHHX ra3iB Ta BH3HAYCHO
HEB 53Ky TEIUIOBOro OanaHCy KoTioarperary. byino po3paxoBaHo BIUIMB HA/UIMIIKIB MOBITPS Y BUXITHUX ra3ax BiJl HABAaHTa)KEHHS.

Ki104oBi cj10Ba: TEIUIOCHEPreTHYHA CHCTEMA, KOTJIH CEPEAHBOr0 THUCKY, IPUCOCH MOBITPsI, BTPATH TEIUIA, PO3PAXyHOK HAUTHIIKIB
HOBITpSI.

B. A. BEJKAH, B. M. /KHTAPEHKO

MOJAEJIUPOBAHUE U AHAJIN3 ITAPAMETPOB QHEPI'O®®EKTUBHOCTHU KOTJIOB
CPEJHEI'O JABJIEHUA TP UCITOJIB30BAHUHN CMECHU TPUPOJHOI'O

N TOMEHHOI'O I'A30B C YYETOM ITPUCOCOB BO3YXA

OOBEKTOM JTaHHOTO HCCIIECIOBAHUS SBISIOTCS TEIUIOBBIC M DHEPreTHYECKHEe XapaKTePUCTHKU KOTJIOB cpexHero namienus TOILI-1, geTsipe
xorina HKTU-75/39®-2-4 u nBa xotna TII-150-2. Bee komisl paboTaroT Ha obumuii mapoBoii komwiekTop 32 at™, 420 °C. TommmBo — cMech
JIOMEHHOT'0 Y IIPUPOAHOTO ra3oB B cooTHoueHuu 0,7-0,9 00beMHBIX Joeil. XapakTepuCTHKH JOMEHHOTO Ta3a HEMOCTOSHHBL: CYIIECTBEHHO
MEHSIETCS DIEMEHTapHbINH COCTaB, BIAXHOCTh H 3allbUICHHOCTb JOMEHHOIO rasa. Beut pa3paboTaH aliroput™ KOMIUIEKCHOTO pacyera Xapak-
TEPUCTUK KOTJIA K MaTEMaTHYECKasi MOJIENb [UIsl ONTHMAIBHOTO PACIPE/IeICHHUS Harpy30K. b paccynTaHbl TEOPETHIECKHE 00BEMBI IPO-
IyKTOB cropanus, onpeznenens! KI1J{ koTina i pacxosa TOIUIMBA, pPaCCUMTaHBI OCHOBHEIC 2JICMEHTHI (TONOYHAsI KaMepa, (heCTOHEI, aporepe-
rpeBarelb), 00N pacyeT XBOCTOBBIX MOBEPXHOCTEH HarpeBa (BOJSHON SKOHOMaI3ep M MOA0rpeBaTesb BO3/AyXa) C YTOYHEHHEM TeMIIepa-
TYPBI OTXOSIINX Ta30B U ONPE/IENICHbI HEBSI3KY TEIIOBOro OanaHca KoTioarperara. Bblto pacCuMTaHO BIIMSHUE M3JIMIIKOB BO3IyXa B yXO-
JUIIIUX ra3ax OT HAarPy3KH.

KinioueBble cJ10Ba: TEIUIOHEPreTUYECKAs CHCTEMa, KOTJIBI CPEHEr0 AaBICHUS, IPHCOCHI BO3/yXa, IOTEPH TEIIa, PACUET U3IIHIIKOB
BO3ZyXa.

V. BEZHAN, V. ZHITARENKO

MODELING AND ANALYSIS OF ENERGY EFFICIENCY PARAMETERS OF MEDIUM
PRESSURE BOILERS USING A MIXTURE OF NATURAL AND BLAST FURNACE GASES
TAKING INTO ACCOUNT AIR INTAKES

The object of this study are the thermal and energy characteristics of medium pressure boilers CHP-1, four boilers CCTI-75/39F-2-4 and two
boilers TP-150-2. All boilers operate on a common steam collector 32 atm, 420 °C. Fuel is a mixture of blast furnace and natural gases in a
ratio of 0.7-0.9 by volume. The characteristics of blast furnace gas are not constant: the elemental composition, humidity and dustiness of
blast furnace gas change significantly. An algorithm for complex calculation of boiler characteristics and a mathematical model for optimal
load distribution were developed. Theoretical volumes of combustion products were calculated, boiler efficiency and fuel consumption were
determined, basic elements (furnace chamber, scallops, superheater) were calculated, joint calculation of tail heating surfaces (water econo-
mizer and air heater) with specification of exhaust gas temperature was determined and thermal balance was determined. The effect of excess
air in the exhaust gases from the load was calculated. As a result of the analysis, the temperature of the exhaust gases was calculated, an
indicator that characterizes the reliability and efficiency of the boiler, and the temperature at the outlet of the furnace, which characterizes the
reliability of the superheater. The efficiency of the boilers was calculated and the value of the efficiency for the considered boilers was ad-
justed.
Key words: thermal power system, medium pressure boilers, air suction, heat loss, calculation of excess air.

Beryn

Po3pobuisitoun  BHCOKOE(pEKTHBHY EHEProcucTe-
My, (axiBli Bce IIMpIIE 3aCTOCOBYIOTH IOTYXHI Ce-
pEIOBHIa MOJEIIOBaHHS Yy pealbHOMYy abo MPHCKO-
peHoMy dYaci Taki. Lli cucteMn H03BOIISTIOTH BU3HAUH-
TH HaHCHEePrOe(PEKTUBHINI PEKUMH EIEMEHTIB CHC-
TEeMH, TapaMeTpu poOOTH, BPaxyBaTH BIUIMB Pi3HUX
30BHINIHIX (pakTOpiB y TepMiHOBOMY po3pi3i. Cucre-
MH MOJENIOBaHHS y pealbHOMY 4aci JO3BOJIIOTH Y

MOBHIil Mipi BpaxyBaTH CHCTEMHHU e(eKT, SIKUil He-
BiIMIHHO BUHHKAE MPH B3aEMOJIii OaraThOX €JICMCHTIB
cucreMu. DaKTHYHO, JKOJICH CUCTEMHUI KOMIIOHEHT,
HaBiTh HalleeKTHBHININI, HE MOXXE CaMOCTIHHO BH-
3Ha4aTH e(PeKTHUBHICTH POOOTH BCi€l CHCTEMH MepeT-
BopeHHs eHeprii. Konu cucrema ckiamaeThes 3 BEH-
KOi KiJTIbKOCTI €JIEMEHTIB, [0 MalOTh MEBHI IMKOBI IMO-
Ka3HUKH, HEOOXITHHUHM ORI CHCTEMHMH, KOMIIIEKC-
HUHM TiAXix 10 eeKTHBHOCTI, SKHA MiCTUTHh ONTHMIi-
3amito ol cuctemu. OCHOBOKO OYyIb-SIKOTO IUIAHY
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ontuMizamii € mobpe po3poOiieHa cucTemHa iHpa-
CTPYKTYpa, sika BU3Ha4Yae e(DEeKTHBHICTh BCI€i cucTe-
MH, Ta 3[eOUIBIIOr0 HE CIIBIA/Ia€ ONTUMAIBHUM (Y-
HKI[IOHYBaHHSM OKpPEMHUX CKJIaJOBUX. BukopucranHs
CHCTEMHOTO MiAX0Jy JONoMarae iHXeHepam He JIUIe
BUOMpaTH HEOOXiTHI KOMIIOHEHTH CHUCTEMH, aje M
BU3HAYaTH OCOOJHMBOCTI BIIACTHBOCTEH CHCTEMU B
MOTPIOHMI Yac — B3a€MOJISI CHCTEMHHX €JIEMEHTIB Ta
M0sIBA HOBUX BJIACTHBOCTEH, SIKIi MOXYTh OyTH OTpH-
MaHI 3 CHCTEMH B ormepariiiHomy mporeci. Lle Bce
CTOCYETBCSI 1 TEINIOCHEPTETHYHHX CHCTEM, SIK BEJTHKUX
LWITYy4YHUX cucteM [1, 2].

JlnHaMigHiI BIaCTUBOCTI CHEPTETHYHHUX CHUCTEM 3
TOYKH 30py BUMOTH IIBHIKOTO i 3HAYHOTO 3MiHW Ha-
BAaHTa)XEHHS, IO € HEOOXiTHOI0 YMOBOIO y4YacTi B
peryJIroBaHHI MOTY)XKHOCTI €HEPrOCHCTEMHM, BH3HAYa-
IOTBCS TOJIOBHMM YMHOM AWHAMIYHUMH BJIACTHBOCTSI-
MU KoTioarperaty. Koren aBnse coboro CkiagHy au-
HaMIiYHy CHCTEMY, IO CKJIAJa€ThCsl 3 €EMEHTIB, 110
PO3PI3HAIOTHECA MK COOOIO 3a MPHU3HAYCHHSM, KOHC-
TPYKTHBHUM BHKOHaHHSM, CTaHOM pOo0OOYOro Tijia i T.
n. Haii6inpm mommpeni xotm 3 mpupoxHoro (Oapa-
6aHHi) 1 MprMycoBOi (IIPSIMOTOYHI) LUPKYIIALIELO.

[Moninstroun mporiec BUpOOHUIITBA 1 CIIOKMBAHHS
rmapa Ha MPOCTi CKIAA0Bi (IIATOTOBKA i MOPIIOHYBaH-
Hs MOJaYi MaNnBa; CIIATIOBAHHA; Iepeiada Terma Ko-
TeNBHIN BOJI Yepe3 CTIHKH TpyO, BHIa4a mapa 3 mup-
KyJsmidHOi cucTeMu B OapabaH KOTia; aKyMYyJIALis
TeIUIa B KOTENBHIN BOII, mapi i MeTalli; BUada mapa
Ha TypOiHy). HallOlnbpInuii BIUIMB Ha TEII0AKyMYIIIO-
104y 3[]aTHICTh KOTJIAa HaJa€ TEIIOBMIcT Boau. Brums
Macu MeTaly CTaHOBUTh On3bko 22-35 %. JluHamiu-
Hi BJIAaCTHBOCTI NMPOMDKHHMX JUISHOK BiJl MaJHBOIIO-
JIAOYMX MPUCTPOIB J0 EKpPaHHOI CHCTEMHU 3ajexaTh
BiZl iX KOHCTPYKLIi 1 BUAY MalMBa, IO CHATIOETHCS.
[HepriiiHiCTh 1 3ami3HIOBaHHS, IO BHUHUKAIOTH IPU
TPaHCIIOPTYBaHHI NaJMBa 10 IMaJIbHUKIB, HEOOXiITHO
BpaxoBYBaTH, SKIIO MaJMBO MOAAETHCS 3 MIAXTHUX
MJIFHIB 200 3 MPOMDKHHUX OYHKEpiB 3a JOITIOMOTOIO
MMAIOKUBIIbHUKIB. [IpH cramroBaHHI PiKWX 1 ra3o-
MONIOHMX TMAHB T0Jada MaJINBa B TONKY BiIOYBa€Th-
s Bigpa3y X CIIZOM 3a IEePEMIMEHHSIM PETYII0I0Y0Tr0
oprany. 3ami3HEHHS MO0 BHTpATi ab0 THUCKY MapH, II0
BpaxoBYy€ IIpOLECH CIaJIOBaHHS TaluBa, Iepenadi
TeIyia KOTEeNbHIM BOAI 4epe3 CTIHKM TpyO 1 BHAaui
nmapa 3 IMPKYJAIIHOT cucTeMu B OapabaH KOTia, B
MOPIBHSHHI 3 3aIli3HEHHSM I10/1a4i MaJIBa B KOTEI €
HECYTTEBHM. Y 3B'SI3Ky 3 yciMa BUKJIaJAEHHUMH (aKTO-
py po3poOka MaTeMaTHYHOI MOJEN KOTJIa JO3BOJIUTh
OIIIHUTH OCOOJMBOCTI TEIUIOOOMIHY B TOMIII MPHU CIIa-
JFOBaHHI TOMEHHOI'O Ta3y, a TAKOXK PealibHi XapakTe-
PHUCTHKH KOTJIIB Ha OCHOBI IPOBEJICHUX CKCIICPHMEH-
TiB.

Meta poboTu

Jlns mpuBelleHHsS pO3paxyHKOBOT MaTeMaTUYHOI
MOJIeTl KOTJIa Yy BIAMOBIAHICTH 3 MapaMeTpaMu Ipa-

IIOI0YOr0 OOJIaZHAHHS HEOOXIMHO BH3HAYHTU PSII
MIONIPAaBOYHUX KOe(illieHTIB Ha MiJICTaBi pe3ysbTaTiB
TEIUIOTEXHIYHUX BUMIPIOBaHb 1 BUIIPOOYBaHb KOTJIA.

Mertoro naHoi poOOTH €:

— pO3paxyHOK €HEpreTHYHHUX XapaKTEPHCTHK KO-
TJIa Ta IPUCOCIB TOBITPS;

— PO3paxyHOK MPUCOCIB B TA30BUI TPAKT Hapo-
reHeparopa;

— pOo3po0Ka anropuTMy NPOBEICHHS PO3PaXyHKY
Ta peamizanig moaeni g korina LIKTU-75/39.

XapakTepuCTHKH KOT/I0arperaTis

brok cepemHporo THCKY BKiIo4ae 4 KoTia
HKTU-75/39D-2-4 i 2 korna TII-150-2. Bcei koTin
MPALIOIOTh Ha 3arajlbHUM MapoBUI KONeKTop 32 aTM,
420 °C. TlamuBo — cyMilll JOMEHHOTO 1 MPHUPOIHOTO
ra3is B cmiBBigHomieHHi 0,7-0,9 00’€MHHUX YacTOK.
XapaKTepuCTUKU JOMEHHOTO ra3y HEMOCTIHHI: iCTOT-
HO 3MIHIOEThCSA EJIEMEHTApHUI CKJaJ, BOJIOTICTH 1
3aIMJICHICTh JOMEHHOTO Tasy.

CrneungiuanM ymoBaMH poOOTH KOTIIB cepe-
HBOrO THCKY B yMoBax TELI-1 xpiM mepepaxoBaHHX
BUIIE €:

— pobota kormiB Ne 7-10 Ha iHOUBiAyanbHI IH-
MOBi TpyOH, a n1Box TII-150-2 — Ha 3aranbHy TpyOYy;

— HasBHICTH B TerwioBil cxemi TELI[-1 mepemyck-
Hoi TypOinu mpotutrcky P-12 i mapanensHO BKITIOUe-
Hux pe3sepBHux BPOY Mik mapomnpoBogamMu rocTporo
mapa 100 at™ i 32 atm;

—Ha kommax IIKTU-75/39®-2-4 i TII-150-2
BCTAaHOBJICHI OJHOTHITHI IIPSIMOTOYHI ITOCKO(aKenbHi
NagbHUKK (110 7Bi), HE3BaXKAalOYM Ha Te, L0 MPOJIYK-
THUBHOCTI 1 00CSATH TOTIOK PO3Pi3HAIOTHCS CYTTEBO.
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Puc. 1 — 3MiHa HaBaHTa)KEHHSI KOTJIIB IPOTSATOM J00U
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Koren Ne 10 B maHmii wac peKOHCTpYHOBaHUH
3aMIiHOIO BCIX MOBEPXOHb HAarpiBy, 0OMYpPOBKH, MpH-
nagaiB i aBToMaTuku. Lle M103BOJIsSIE MOKIMBICTh BCTa-
HOBUTH XapakTep 3MiHM EKCIUTyaTal[lfHUX XapakTe-
PHCTHK KOTJIa B Mipy 3a0pyJHEHHS 1 3HOCY TIOBEpXOHb
HarpiBy.

Ha puc. 1 noka3zasi 3MiHM IPOAYKTHBHOCTI KOX-
HOro 3 KoTiiB. Xapakrepuuid mist kot IKTU 1 TIT
3araJbHUI XapakTep 3MiHM HAaBaHT)XXEHHS IIPOTITOM
00U, TIOB’SI3aHUN 31 3MIHHOIO POOOTOI0. 3araibHUA
IHTepBaI 3MiHA TPOMYKTHBHOCTI BCIX KOTJIIB CTaHO-
BuTh 30 T/TO, TOOTO 1Ie TOH cepenHiii pecypc B Me-
Kax SKOTO MOXIIMBO IIEPEPO3MOAIT HaBaHTaKCHHS
MIDXK KOTIaMH.

Po3pobnena maremaTnyHa MOAETHh KOTIIB cepe-
JHBOTO THCKY 0a3yeThcs HAa HOPMATHUBHIA METOJHIII
tewioBoro [3] i aepoauHamMiuHOTO [4] PO3paxyHKIB.
Bona mobynoBaHa 3a GJIOKOBUM MPHHIIAIIOM 3 JBOMA
BKJIaJJICHUMH IMKJIaMHy. [lepimii, BHyTpiIIHIA WK —
OJIMH TIPOTIH MOAENI — J03BOJISIE PO3PaxOBYBaTH BCi
napaMeTpu poOOTH KOTIIa MPH 33laHUX BHUXITHHX Ja-
HUX. Jpyruii, IpOMDKHUH LUK — JJ03BOJISIE PO3paxo-
BYBaTH CITKy PEXHMIB poOOTH i BU3HAYaTH ONTHMa-
JBHI TapaMeTpH.

Po3paxyHOK eHepreTHYHUX XapaKTepUCTHK
KOTJIA Ta NPHCOCIB NMOBITPs

EnepreTnyHa XxapakTepucTuka OyIb-KOro KOTia
y Bunsigi oro 3anexHocti KK Bix excrutyarartiii-
HUX Ta KOHCTPYKLIMHUX MapameTpiB Moxke OyTH BH-
3Ha4eHa JeKiJIbKoMa Coco0amu:

1 AHanmiTHYHUM, B SIKUX BUKOPHUCTOBYIOTHCS Ma-
TEMAaTHYHI 3QJIC)KHOCTI, M0 OMUCYIOTH (i3muHi Tpo-
I[ecH y KOTJIax: TeI000MiH, TiIpo- Ta aepoArHaAMIKY
TOIIO.

2 [onyeMmipuYHUM — SIKi U OMUCY YaCTKU
CKJIATHHUX 3aJISKHOCTEH BHKOPHCTOBYIOTH €MITipHYHI
3aJIeKHOCTI.

3 EmmipuaHi, sIKi TIOBHICTIO allpOKCUMYIOTH pe-
3YJIbTAaTH AHATITUYHUX OOYUCIICHh a00 HATYPHHUX BH-
npoOyBaHb 00IaTHAHHS.

Nep =100-¢5 =93 —q4 — g5, (H

Je ¢, — BIpaTa TEIUIOTH 3 a3aMM, IO BIIXOAATH;

¢y — BTpaTa TEIUIOTH 3 XIMIYHMM HEJONaICHHIM;

qa— BTpaTa TCIUIOTH 3 MexaHi‘iHl/IM HCIOIIAJICHHAM,
g5 — BTpaTa TeIUIOTH y HABKOJMIIHE CEPENOBHILE.

3 oxHoro OOKy BenmudmHa ¢, B Mexax 40 %-oi

3MIHM HaBaHTa)KEHHs 3MiHIOeThCs Ha 3—4 %, a Benu-
9HHA g5 BH3HAUAETHCS 5K g5 =g, = f(D,), mo Bix-
noBifae abcomoTHiH 3MiHi BTpar Ha 0,4-0,8 %. IIpak-
TUYHO B YCiX BUMAAKaX MPH HOPMAJIBHIA eKCIUTyaTartii
1 CBO€YACHHUX HalagKaxX BEIWYMHA BTPAT 3 XIMIYHUM
HEIOTAJICHHAM He3Ha4yHa abo OJIM3bKa J0 HYJIS, TOMY
y Bupasi (1) BBaxaroTh ¢; = 0 B yCiX BUIaaKax.

Takum gnnom, KKJI xotia 3mintoerbes Ha 0,2 %
B aOcomoTHHX oxuHHIAX. lIpore pe3ynmpraTé dmc-
JICHHUX BUIPOOYBaHb JAlOTh IHTEPBAJ 3HAYCHb 3MIiHH
KKJI 2-3 % B niamazoni 40 %-0i 3MiHH HaBaHTAXKCH-
HS BIHOCHO HOMiHaibHOTO. [le He Moke OyTH mosic-
HEHO OLUTBII ICTOTHUM BIUTMBOM MPHCOCIB 10 KOTJIA.
BenuunHa BTpar Temiia 3 ra3aMu, IO BiIXOAATh
MOKe OyTH BU3HAYCHA!
I, —o, 1
g, = % , )
H

ne [ w €HTAaJbIIiA Ta3iB, 0 BiIXoniTh; /,, — eHTa-

JBITiSL XOJIOJHOTO MOBiTPst; OF — TemioTa 3ropaHHs
najuBa.

Takox a1 BU3HAUCHHs BTpAT TeIlla 3 ra3aMu,
110 BiAXOMASATH, BUKOPUCTOBYIOTh EMITIpHYHY (GopMyITy
ITexkepa [5]:

q, = (Kocyxo +C|t

Olyx0lxs0 -
o~ [k 107,(3)

O(yxo

re CK, 4,Ky,B eMIIpUYHI  KOoe]illieHTH;

O yy0> Lyx0s Lxgo — HOPMATUBHI KOE(ILIEHT HAIUTUIIKY

yx0° “yx0> “xB0
MOBITPS y Tra3aX, TeMIEepaTypH Ta3iB, MO BIIXOISTH,
Ta XOJIOAHOTO HOBITPAL.

SIKIIO TIHMB PEXUMIB poOOTH KOTIIA Ha TeMIIepa-
Typy ra3siB, IO BiIXOAATH, MOXHA OOYHCIHUTH 3a J10-
MIOMOTOI0 MaTeMaTHYHOI MOJIENi KOTJa, TO BpaxyBaTH
BIUIMB IIPHUCOCIB MOBITPS QyXe CKIagHO 3-3a Oe3midi
HEBU3HAYEHOCTEH.

[Ipo6iieMa MOTipUIy€eTHCS TUM, IO PO3MIpP HILTHH
y OOMypIBIIi Ta THUCK Yy Ta3oxomax NocTiiiHo OCHOB-
HUMH eKCIUTyaTallifHUMU YAHHUKAMH, 10 BIUIMBAIOTh
Ha MPUCOCH XOJIOJHOTO TOBITPSl B MapOBUIH KOTEN €
HaBaHTaXEHHS KOTJIa 1 HOro aepoIMHAMIYHUI PEKHM.
B ymoBax ekcruryaranii koTiiB, Harpukiag, TEL me-
TaXypPTriifHAX 3aBOJIB, KOJIU CIIATIOETHCS KiIbKa BUJIIB
TajgBa — OCHOBHE NMAJIMBO JOMEHHHUH ra3, a MpHPOA-
HUl — OydepHe, acponuHAMIYHHNA PEXHM KOTIIB B
ICTOTHIM Mipi 3aNeXxuTh Bix OanacTHHX CKIAIOBHX
cymimni ra3ziB. IIpucocn XOIOTHOTO TOBITPS B KOTEI
3aJIe)KaTh TIIBKU BiJ HaBaHTa)XEHHA KOT/IA 1 MOro ae-
POAMHAMIYHOTO PEXUMY. AHAII3 JOCHIIIKEHb B LIbO-
MY HarnpsiIMKy BCTAaHOBHB 3arajbHy 3aKOHOMIPHICTb: 31
3pOCTaHHSIM HaBaHTA)XEHHS KOTJIa MPUCOCH 3MEHINY-
I0ThCAL.

HenocrarHs miibHICTE KOTIIA € OJHIEIO 3 TOJOB-
HUX TPUYUH HOTO HU3BKOT HAIIMHOCTI 1 EKOHOMIYHOC-
Ti. Uepe3 HEMIUTFHOCTI B TOIKOBIH KaMepi 1 ra3oxonax
KOTJIa, IO TIPAIIOE i PO3PIIHKSHASM, TiICMOKTYETH-
csl XonoaHe NoBiTps. [IpakTHka moka3sye, 10, B 3ale-
JKHOCTI BiJl TUIY KOTJa Ta CKJIaIy CyMillli majuB, 30i-
JBIIEHHS MIPUCOCIB MOBITPs B TONKy Ha 20 % 3HMXKY€
KK/l xotna Oinbir Hix Ha 1 %, a 30UIbIIEHHS TIPHCO-
CiB MOBITPA B KOHBEKTHBHY HIaxTy Komia Ha 10 %
3amkye foro KKJI mpubimsno Ha 0,6 %.

Bicnux Hayionanvnoco mexuniunoeo ynisepcumemy «XI1ly. Cepis: Enepeemuuni
34 ma meniomexuiuni npoyecu ti ycmamxysauns, Ne 2(4)°2020



ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

KoedirmieHT HaIMUIIKy MOBITPS Y BUXIAHUAX Ta-
3aX 3aJEXKHUTh BiJ MPHCOCIB B TONKY, KOHBEKTUBHY
IIAXTY KOTJA 1 IpUIHATA Y BUTIIAIL:

Oy =0 + Ao, + A, @)

Je O, — Koe]ili€HT HaUIUIIKY MOBITPS B NAJbHUKAX;

Ao, — mpucocH MOBITpA B TONKY; Aq, — IpHCOCH

MOBITPS] B KOHBEKTHUBHY ILIAXTY.

[pucocu B TONKY Ipw 3MiHI HABaHTAKCHHS I1a-
POBOTO KOTJIa PEKOMEHIYETHCS OMUCYBATH (HOPMYJIIO0
BUay [6, 11]:

Ao

= A(}'T.HOM ;)OM > (5)

— MPHUCOCH B TONKY IPH HOMIHAJIHLHOMY

T

ne Ao

T.HOM
HaBaHTaXeHH D, .

[Tpucocu B KOHBEKTUBHY IIaXTy MPU 3MiHI HaBa-
HTa)XEHHsI KOTJIa PEKOMEHAYEThCS OIUCYBaTH (GOpMYy-
noro Buay [3, 6]:

D
— HOM
Aa]{ - AaK.HOM b (6)
D
ac A(XK'HOM — IIPUCOCH B KOHBEKTUBHY MIAXTYy IIPHU
HOMiHaJ’ILHOMy HaBaHTaKEHH1 DHOM; AOLK — Ipucocu

B KOHBEKTHBHY IIaXTy IPH HaBaHTaKeHHi D.
®opmyina (4) 3 ypaxyBanusam (5) Ta (6):

DH M
K.HOM DO * (7)
Ta Ao

Oy =0, +Aa 1M 1 Ao

T.HOM

Jns BuzHadueHHT Ao MOJKHA

T.HOM K.HOM
CKOPHCTATHUCS PE3yJIbTaTaMU BUIIPOOYBaHb.

Hasenemo HeBenukuil IMpUKIAL CKIAJAaHHS €M-
MIPUYHUX 3aJIEKHOCTEH, SKI BpaxOBYIOTh peaibHi
MPUCOCH y TApPOBHI KOTeI. Y NpPUKIazi Oyiu BUKOPH-
CTaHi pe3yJbTaTH BUNPOOYBaHb MApOBHX KOTIIB Ce-
peanboro THcky mnomupeHoro tumy LIKTH-75-39D2
(E-75-40) Ta xotmu TII-150-2 (E-150-10), sixi nparto-
Bamn y cknaai TEL] metanypriitHoro komGiHaty[7].

Kotenpamii arperar LIKTU-75-3902 omrobapa-
OaHHWII, BEPTHKATBHO-BOJOTPYOHHI 3 TPUPOTHOIO
LUPKYJSIIIEI0 COIPOEKTOBAHMH JUTS CIIAIIOBAHHS TBEP-
moro manuBa. KommonyBamus xotia L[KTH-75/39
BUKOHaHO 3a [I-1omi0HOI0 CXeMOI0, Ma€ Bl CTYIICHI
eKOHOMai3epa Ta JBI CTymeHI MOBITpsMiJirpiBaya.
Tonka KOT/Ia YaCTKOBO 3alllMTa METAJIEBUM JIHCTOM.
[lizyac BuUMPOOYBaHb KOTJIM BUPOOJISUIM TEPETPITY
napy 3 THUCKOM 35-36 krc/cm?, Temmeparyporo 430—
435 °C, npoIyKTUBHICTh Ha JIOMEHHO-NIPUPOJIHIN Cy-
mimi (93 %/7 %) He nepeBuiyBana 55 T/ron.

VY Ttabn. | HaBenmeHi cepenHi 3HaueHHS Aol

T.HOM

Ta AO yon A1 KOTIIB Ne 1-4 32 ymoBH, o o =1.

K.HO
Hns xorna Ne 10 pesynbraty OanaHCOBHX BH-
poOyBaHb BiJICYTHI, TOMY

Gy = 1,0+O,16E+0,19‘/E . ®)
D D

Tabmus | — ExciepuMeHTanbHi i po3paxyHKOBi
MIPUCOCH TOBITPSI B TOIIKY 1| KOHBEKTHBHY MAXTy

Tomka Ta KonBekTnBHa
Koren raporeperpiBad 11axra
AGyyon | Ho[6] | Adyyon | Mo [6]
Ne 1 0,121 0,17 0,574 0,14
Ne 2 0,176 0,17 0,38 0,14
Ne 3 0,21 0,17 0,66 0,14
Ne 4 — 0,17 — 0,14

Tabmuns 2 — 3anexHicTb KoeilieHTa Ha UTUILIKY
MOBITPS 32 TUMOCOCOM 1 TEMITEPaTypPH BiIXiTHUX
rasiB BiJl HAaBaHTAXEHHS 1 TEIUIOBOI YaCTKH
JOMEHHOTO0 rasy (3a pe3yJjbTaTaMu
TEIUIOTEXHIYHUX BUIpoOyBaHb KoTia Ne 7)

Koed.
Tennosa
HaBanraxen- HaamMmky | Temmepary-
JacTka . N
HS KOTJIa, MOBITPs 3@ | pa BiAXiA-
JIOMEHHO- )
D, 1/ron. JMMOCO- | HUX Ta3iB, fyx
o rasy, q
COM, Olyx
40 0,755 2,07 174
40 0,491 1,89 161
40 0,198 1,67 148
50 0,710 2,12 178
50 0,647 1,98 176
50 0,327 1,80 148
60 0,644 1,89 185
59 0,599 1,87 181
60 0,389 1,66 157
24
&
g 22 ]
a 20 3___.
o
? 1%
s [
B o
B 1é
=

14
35 40 45 50 55 80 65 YO0 75
Harpyera o
Puc. 2 — 3anexHicTh HAUTHIIKY MOBITPS

y BUXIJHHX a3ax Bijl HABaHTaXeHHs D 11 KoTia
Ne 1 npm pi3HHX J0ISX JOMEHHOTO rasy ¢q

PesynbraTél TEIIOBMX BHUNPOOYBaHb BKAa3ylOTh,
0 HaJUIAIIOK MOBITPsl y BHXIHUX Ta3ax iCTOTHO 3a-
JIEKUTH BiJl HABAHTAKEHHS 1 TEIJIOBOI YaCTKH JIOMEH-
HOTO ra3y B cyMimii naaus (1adi. 2).
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3anmexxHOCTI, TMMOOYHOBaHI 3a pe3ylbTaTaMu
Tabm. 2 MeromoMm 0aratoakTOpHOTO perpeciiHoro
aHaJi3y Ma€ BUTIILL

oLy, =1,76 - 0,009D +0,00004D” +0,785¢ . (9)

Ha puc. 2 nokasaHi 3a71eXHOCTI HaIJINIIKY TOBi-
TPs y BUXIJHHX ra3ax BiJl HaBaHT@XEHHS JUI KOTJa
Ne 1 IKTU-75/39D2 npu pi3HHX yacTKax JOMEHHOTO
razy. CyuinpHi JiHIT BiAnoBinaroTh piBHAHHIM (9), a
NPSIMOKYTHUKAMHU BiJ[3HAYECHI PEXUMH 3 OalaHCOBHX
BUIIPOOYBaHb.

Po3paxyHok nmpucociB B razoBuii
TPaKT NaporeHeparopa

[pucocyu B ra3oBuid TpakT HMaporeHepaTropa, 1o
MpaLIoe M PO3pSIKEHHSI, OOyMOBIEHI HASBHICTIO
HEIIIIFHOCTI B 0OMYpOBII, JIOKax Ta iH. Benmnumna
MPUCOCIB HE € TMOCTIIHOI, a 3aJIeKHUTh BiJ| HABaHTa-
KEHHsI KOTJIa, CKJIay MajivBa i IHIIMX YMHHHKIB. Bu-
3HA4YEHHS TOYHOT'O 3HAYEHHS MPHCOCIB ICTOTHO BILIH-
Ba€ Ha TOYHICTh BCHOTO TEILUIOBOTO PO3PAaxXyHKY MaTe-
MaTu4yHOi Mojeii. 3aCTOCOBYBaHa B MaTeMaTHYHOI
MOJIeJIi METOJMKa PO3paxyHKy € YHiBepCalbHOIO: 3a-
CTOCOBYBaHI 3aJIE)KHOCTI HE 3aJIe)KaTh BiJl pOAy HajH-
Ba, 1[0 CHIAIIOETHCS 1 TUITy KOoTia. MeToauka 3acHo-
BaHa Ha MEXaHi3Mi YTBOPEHHS MPUCOCIB: pyci MOBITPs
Kpi3b HEIIUTHHOCTI B Ta30X0/1aX.

Bupas s po3paxyHKy IPHCOCIB HOBITpS:

F, |2
A(XA:M -

1

Pr
-pi+C,—
VOB P, Paru ~ Pi-1 C.y 4\ F

T

OTpumMaHuii BUpa3 ISl PO3paxyHKy € PIBHSHHA B
HESIBHOMY BHIVISAIL, TAK SIK IIyKaHa BEJIMYMHA BXOJIUThH
B O0OM/BI YacTHHU BHpa3zy. AHaJi3 PIBHSAHHS IPUBO-
JIUTH J10 BUCHOBKIB, 1110 IIPUCOCH 3aJI€XKAaTh BiJl:

— TEeMIEPATYPHOTO TOJIS i OISl TUCKY B KOTII;

— XIMIYHOTO CKITay MaynBa;

— HaBaHTa)XCHHS KOTJIOArperary;

— F€OMETPUYHHX [apaMeTpiB KOTIIa;

— po3mipy i hopMHu OTBOPIB B OOMYPOBIIi.

BukopucranHs 6e3mocepeJH0 OTPUMAHOTO PiB-
HSIHHS Ba)KKO 4epe3 BEJMKY KUIBKICTh HEBIJOMHX
(Tiepiir 3a Bce po3Mipy OTBOPIB IS POTIKAHHS MOBIT-
ps) [8, 9]. Skmmo npu TemIoBUX BUIIPOOYBaHHAX KOT-
Jla po3paxyBaTH MPUCOCH MOBITPS, IPOMIPSITH PO3IIO-
JIUT TeMIepaTyp i THUCKIB MO Ta30BOMY TpPaKTy, CTa€
MOXIIMBHM pPO3paxyBaTH BEIMUUHY XapaKTepU3ye
PO3MipH OTBOPIB JUIS MPOTOKY IMOBITPsI, TOOYTOK KOe-
(itieHTa BUTPATH HA IUIOILY HELIIJIbHOCTEH (p_FO )l. .

Jlist 1pOro 3 MEeBHMMU 32 pe3yJibTaTaMU TeIlIo-
BUX BHUIPOOYBaHb BEIMYMHAMH IPUCOCIB A, Mpo-
BOJIUTHCS TIOBHHUH TEIUIOBOi Ta acpOJUHAMIYHHNA PO3-
paxyHOK KOTJIOArperaty 3 METOI 3HaXO/DKEHHS pO3-
MOJUTy TeMIepaTyp 1 THCKIB MO Ta30BOMY TPaKTy
(po3mozin Temmepatyp i THCKiB MOXe OyTH OTpUMaHO
1 ekciepuMeHTansHO) [10].

BenuuuHy HEUIbHOCTI (MFo)i BU3HAUUMO 3a

(hopmyoro:

) =08 [P,
2 Parm ~ Pog

OTpuMaHi BeTUINHU (]J.Fo)i BUKOPHUCTOBYIOTHCS

(an

JUIL PO3paxyHKy IIPUCOCIB MpH OyAb-sIKMX CKJaxax
majuBa Ha 6y[l])-§IKI/IX HaBaHTAXCHHX.

ITpu Bimomiit BennumHi (],LFO)i pO3paxyHOK Be-
JIETHCSI METOIOM ITOCIIIJOBHUX HAOIMKEHb.

1 3anaemocs BennuuHamMu Ao, (BH3HaYalOThCs

3a pe3yibTaTaMu BHIIPOOYBaHb) Ta HPOBOJMMO IOB-
HUH TEIUIOBOi Ta aepoJMHAMIYHHH pPO3paxyHOK KOT-

B iy +273Y
273

2

O+ 1,016((1[1 -1 +ﬂjV° (10)
2

Jloarperary 3 METO BH3HAYEHHS PO3IOALLY TeMIepa-
TYyp 1 THCKIB IO Ta30BOMY TPaKTYy.

2 Po3paxoByemo npucocu 1o (10).

3 IIpoBoauMO 3HOBY MOBHHII TEMJIOBOi Ta aepo-
JUHAMIYHUHA pPO3PaxyHOK 3 YTOYHEHHSM BEIUYUHU
Ao,; 1o THX mip, IOKHM HeoOXinHe HaOmmxeHHs Oyne

JIOCATHYTO
Aocf.‘_l —Aocf»‘ <eg,

Jie € — TOUHICTb OOUMCIEHHS Ad,; .

Po3podka anropurmy npoBegeHHs1 pO3paxXyHKY

Po3paxyHOK BHMKOHYETBCS METOJIOM TOCIIiIOB-
HUX HaOmmwkeHb. [lopaaok po3paxyHKy MaTeMaTHIHOT
MoJIeNi HAaCTymHUH (puc. 3).

a) BBonaTbes ani mpo KOTIHM, MAMBO Ta PEXKHU-
MH.

0) Po3paxoByroTbcsl TEOpETHYHI 0OCATH MPOIYK-
TiB 3TOPSIHHS.

B) [lomepenHp0 3amatoThCs 3HAYEHHSA TeMIIepa-
TypHW BiOXiOHHUX Ta3iB, rapgdoro IMOBITPs, MPUCOCIB B
MOBEPXHSX HArpiBy.

r) Busznavaerscs KK/ koTna, BuTpara naiusa.

1) Po3paxoByeTbcsi TomkoBa kamepa, (ecTOHH,
naporieperpisaya.

e) Ha mincraBi jaHnx, oTpuMaHuX IpU po3paxy-
HKY ITaporeperpiBada, BU3HAYAETHCS TETIOCTIPHAHST-
TS ITAPOOXOJIOKyBaya abo TeMmeparypa mneperpisy.

k) Po3paxyHOK KOHBEKTHBHOTO ITy4Ka /sl KOTJIa
TII-150.

3) CiTbHUHN PO3paxyHOK XBOCTOBHX IOBEPXOHB
HarpiBy (BOASHUI eKOHOMAif3ep i miIirpiBad MOBITpPS)
3 YTOYHEHHSIM TeMIepaTypH BIIXITHHUX ra3is.

1) 3HaXOMUTHhCA HEB’sI3Ka TEIUIOBOTO OaslaHCcy
KoTioarperary. [Ipu gocsTHeHHI HEeB’S3Ki TEIUIOBOTO
OajaHCy BEJIMYMHM MEHIIOI 33/1aHOi TOYHOCTI (Ha-
npukian 0,5 %) TerIoBoi po3paxyHOK 3aKiHIYETHCS.
B iHmOMy BHUMaAKy 3 YTOYHEHHMMH 3HAYCHHSMH
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( IMouaTox )

h 4

BBoa BXiAHUX 1AHMX: KOHCTPYKTHBHI
XAPAKTEPHCTUKI, PeXKUMHI napaMeTpu,
CKJ1a/, manuBa

A 4

Po3paxyHOK ropiHHs TaNNBa, TIPHCOCIB,
00'eMiB NPOAYKTIB FOPiHHA Ta NOBITPA

. |

i

<Jagl<03 >

Temnosuit bananc, pospaxynox KKJ{

Ta BUTPATH Nanusa

L 2

TTosipounuit po3paxyHOK
TerI000MiHY B TOTII

L 2
| | Pospaxynok decTona | |

PospaxyHOK 2-1 cTyneHl maponeperpisada

PospaxyHok 1-i cTyneni maponeperpisaua

Busnauenns
TeI I.\[OCIJpH]‘;{ MaHHsI
TapooX0oNoKyBata
|

S v

Pospaxynok
TEMIEPATYPH
neperpiBy

A 4

CrijibHe BUDilUEHHS PiBHAHB JUIS XBOCTOBHX NOBEPXOHb.
Busnauenda TeMuepaTypu Biaxianux rasis

h 4

| Po3paxyHok HeB'3KH Q) |

-

y

| | AepoaUHAMIUHHIA PO3PAXYHOK | |

| | VYTOUYHHHS BEAHUHHH TIPUCOCIB | |

/ Busoz pesynbTatis pospaxyHky /

L 2

C

Kinei )

Puc. 3 — Bnok-cxema MmaremaTuaHoi Mojienm koTiaiB LIKTU-75/39D-2-4 u TII-150-2

TEeMIepaTyp Ta3iB i Tapsdoro MOBITPS PO3paxyHOK
MOBTOPIOETHCS 3 MYHKTY (T).

K) IIpoBoauThCs aepomuHAMIYHHNA PO3PAXyHOK
KOTJIA.

1) YTOYHIOEThCSI 3HAUEHHSI MPUCOCIB IMOBITPS B
ra3oBuii TpakT kotia. ll{o crocyeTbcsi BigXuieHHsS
MIPUCOCIB Bl MPUHHATOTO 3HAYEHHS PO3PAXyHOK I10-
BTOPIOETHCA 3 IIYHKTY T).

M) Po3paxyHOK €KOHOMIYHHX IMOKa3HHKIB po0O-
TH KOTJIA i BUBE/ICHHS Pe3yJIbTaTiB.

IIporpama «KoMmiekcHHUI pPO3pPaXyHOK KOTIa»
BHUPOOJISIE TIEPEeBIPOYHUN PO3PaXyHOK KOKHOI MOBEp-
XHI HarpiBaHHS Ha IJCTaBi PIlIEHHS CHUCTEMH HEMi-
HIHUX PIBHSHb MaTepialbHOTO, TETUIOBOTO Ta Tiapa-
BJIIYHOTrO OaslaHCiB, B sIKi 3aKiIacHi KOe(DIllIEHTH OIH-
CYIOTh peajibHi TEIUIOBI MOTOKH, acpOAMHAMIYHI OIip
10 Ta30BOMY TPAaKTy 1 pyX IOBITps Yepe3 OropoKy-
BaJIbHI TIOBepxHi koTia. Li naHi BU3HAYCHI HA OCHOBI

TEIUIOBUX OallaHCOBUX BHIPOOYBaHb KOTIIB, iHIWBI-
IyaJbHi UIsI KOKHOTO arperary i 3akjiajieHi B mporpa-
MY PO3paxyHKY.

MareMaTidHa MOJENb peali30BaHa Y BHIIAIL
nporpamu B cepenoBumi «MatLaby. [y monermenHs
poboTH 3 OOYMCIIOBAJIBHUM SAPOM MaTeMaTHYHOI
MOJIeTi po3po0sIeHO rpadiuHUN KOPUCTYBAIbHUIIBKUN
inTepdeiic. BUCHOBOK pO3paxyHKOBHUX JaHUX 1 pe-
3yJIBTATIB PO3PaXyHKY NPOBOAMTLCS B ./tml Gopmari i
MOXe OyTH TMeperiIsHyTHH 3a JONOMOror Beb-
Opay3epa.

Peadgizauis moaeuni ais koriaa IIKTHU-75/39

Ha erami peamizamii MmaTematnaHoi Mojeni 6e3
JIOJTATKOBOI aianTarii 10 JIF0Y0T0 YCTaTKyBaHHS MO-
JKHA PO3TILTHYTH SIKICHI 3aJIE)KHOCTI OTHHUX PEXUMHUX
napameTpiB BiJl IHIIHX.
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Puc. 4 — 3anexnicte KKJI xotia ITKTH-75/39
BiJl HABAHTAXEHHA 1 TEIUIOBUM YaCTKHA
JIOMEHHOT'O ra3y

TeMnepaTypa rasis Ha BHXOII 3 TOIKH

A
\

1

Terwt. 7o7s. 10M. Taza

40

Puc. 6 — 3anexHicTb TEeMIepaTypH rasis
Ha BUXOJI 3 TOIIKHU BiJ HaBaHTa)KEHHS
1 TCTJIOBUH YaCTKH JOMEHHOTO Ta3y

40

Temwn. I014. OM. Taza

Puc. 8 — 3anexHiCTh Ha/UIMILIKY MOBITPS Y BUXIIHUX
rasax s korna IIKTU-75/39 Big HaBaHTa)KEHHS
1 TEIJIOBUH YaCTKH JJOMEHHOT'O ra3y

Mertoto OyIb-IKOTO TEIUIOBOTO PO3PaxyHKy Ma-
poreneparopa € BusHaueHHs1 oro KKJI. KK/ xorna
HKTH-75/39, mo mparroe Ha CyMinn JOMEHHOTO Ta

TemmepaTypa BiIXiIHHX rasis

240
220 -
180

& 160
140 .

120

100 -

0 Temt. goms. JOM. Ta3a

Puc. 5 — 3anexnicts g kotina [IKTHU-75/39
TeMIepaTypH BiIXiTHHUX ra3iB BiJ] HABAHTAKCHHS
1 TETUIOBHH YaCTKU JOMEHHOTO ra3y

Temmeparypa rapsdoro moBiTpsa

a0,
350
® 3m

250~

200
B5

Temn. Toms. OM. ra3a

40 0

Puc. 7 — Banexuicts amsa kotna LIKTHU-75/39
TEeMIIepaTypH Tapsiuoro MOBITPs Bl HABAHTAKECHHS
1 TEIJIOBUHM YaCTKH JJOMEHHOT'O rasy

MPUPOJHOTO Ta3iB, JOCSATa€ MAaKCUMAaJbHUX 3HA4YEHb
pu poOOTI TIMBKY HA PUPOTHOMY Ta3i.

SIk BUIHO 3 puC. 4, IPU CHAITIOBaHHI TOMEHHOTO
razy KKJI 3HIKYyeTbCS 1 3MIHIOETBCS B Jialla3oHi
n=7891 %.

Temmeparypa BiAXiZHHUX Ta3iB — BAXIUBHHA IO-
Ka3HHK, 10 XapakTepu3ye HAOiHICTh 1 eKOHOMIid-
HICTh poOOTH KOTIOArperaty (puc. 5), a Temmeparypa
Ha BUXO/i 3 TONIKH — HAAIHHICTh poOOTH Taporeperpi-
Baua (puc. 6).

KoedimieHT HaTUIIIKY MOBITPSI HA BUXO/I 3 KOT-
JIa 3pOCTa€ 31 3MCHIIICHHAM HaBaHTaXeHHs (puc. 7, 8),
TaKk SK B IHUX peXHMax oOCSAT MPOAYKTIB 3TOPSHHS
HaliMEHIIWH, a BIAMOBIJHO BITHOCHE 3HAYEHHS IPH-
COCIB BeJIUKE.

BucHoBknu
PesynpraTé aHAMi3y aHATITHYHHX 3aJIC)KHOCTEH

KK/I Bix pesxumiB poOOTH KOTIIA MTOKA3aIH, 110 HE BCi
3aJIe)KHOCTI 3 TOCTATHIM CTYIEHEM TOYHOCTI MOXKYTb

Bicnux Hayionanvnoco mexuniunoeo ynisepcumemy «XI1ly. Cepis: Enepeemuuni
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OyTH ommcaHi OIFOYAMHU aHATITHIHUMH METOAMKAMU.
Po36ixHOCTI OCOOIMBO 3pOCTAIOTh HpH 30UTBIICHHI
HEBU3HAUEHOCTI pexxuMmy pobotu. lle mosicHroeTbes
BIUIMBOM OaJlaCTHUX CKJIaJJOBUX Tra3iB Ha MPOMEHUC-
THH, KOHBEKTUBHUH TETJIOOOMIH 1 aepOJUHAMIKY KOT-
JIB 32 paXyHOK 3MIHM NPUCOCIB MOBITPs. TemnoTexHi-
YHI BUNPOOYBaHHS MOKA3aJIM, [0 HAJUTUIIOK MOBITPS
y BHUXIIHUX I'a3aX iCTOTHO 3aJI€)KUTh B/l HAaBaHTaKEeH-
HS Ta CKJIaJy IajinBa.

JIns mirourx KOTENMBHHUX arperaTiB CIIifi BpaXxoBY-
BaTH OCOOJNMBOCTI BIUIMBY HABAHTAXXCHHS KOTIIB Ha
BEJIMYMHY TPHUCOCIB B TOIM 1| KOHBEKTHWBHIM IIaXTi.
EmmipryHi 3a1€KHOCTI JO3BOJISIFOTh BPaxyBaTH 0CO0-
JMBOCTI YMOB €KCIUTyaTallil KOTJIiB Ta 3 OUIBIION0 [10-
JIET0 BIPOTiIZHOCTI BHpaxXyBaTH BEIHYUHY IPHUCOCIB
MOBITPS Ta MIJBUIIATH e()EKTUBHICTh YCTaTKyBaHHS.

Poz6ixnicts KK/ cranoButs +2,95 %...—0,57 %
1 MoB'A3aHO Ounbllle 3 OCOOJHBOCTSAMH DPO3PaXyHKY
KK/ 3rigHo 3i CIpoIIeHOI0 METOIUKOIO, SIKa 3aCTOCO-
BY€ThCS ITpH 00poO1Lli JaHUX BUNpoOyBaHb. [ paHnyHe
BIJIXMJICHHS TEMIIEPATypPH BiIXiMHUX Tra3iB CTAHOBUTH

+20 °C...-11,6 °C.
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I0. A. OJIEHHHK, C. A. CAITPBIKHH, C. IT. HAYMEHKO

ONPEAEJEHHME PACXOJA TOIIJIMBHOI'O I'A3A B I'A3OIIEPEKAUYNBAIOIIEM
AT'PETATE C TA3OTYPBMHHBIM ITPUBOJOM U HEHTPOBEKHBIM HAT'HETATEJIEM

Pa3spaboTan anropuT™ pacdeTa pacxoja TOIUIMBHOTO Ta3a Ha rasonepekaunBaiomeM arperare (I'TIA) ¢ razoryp6unnsiv npusogom (I'TII) n
neHTpobexHeIM HarHerareneM (LIBH). B anroputMe yuutsiBatotcst orpanudenus napamerpos I'TIA: MuHMManbHbIH pacxon rasa B 1IBH,
MuHHMaibHas MoiHocts ['TTI, MakcumanbHas Temneparypa u creneHb cxkatus rasa B LIBH. JlononHurensHo pa3paboTaH alroputM omnpe-
nenenust yucna pabounx I'TIA npu 3aaHnu 001Iero pacxoa MepeKauuBaeMoro rasa Juis n ogHOTHITHBIX [ TIA.

KuioueBble c10Ba: pacxoy rasa, ra3onepeKaduBaoIii arperat, KOMIPeccop, IPUBOJ, EHTPOOEKHBIH HarHeTaTelNb.

0. A. OJITHHHK, C. 0. CAIIPHKIH, C. I1. HAYMEHKO
BU3HAYEHHSA PO3XOY ITAJIMBHOI'O I'A3Y B 'ABOIIEPEKAUYBAJIBHOMY AI'PET'ATI
3T'A3OTYPBIHHUM ITPUBO/JOM TA BIIHEHTPOBUM HATHITAYEM

Po3po06iieHo anroput™ po3paxyHKy po3Xoy IMAIMBHOTO ra3y Ha rasonepekadyBaibHoMy arperati (I'TIA) ¢ razotyp6inanm npusogom (I'TIT)
Ta BiaueHtposuM HarditadeM (BL[H). B anroputme BpaxoBaHno oomexenHs napamerpiB I'TIA: miniManbHu# po3xin rasy B LIBH, miniMansHa
notyxHicts I'TII, MakcHMalibHa TeMIeparypa Ta CTyHiHb cTHCHeHHs rasy B LIBH. JloqaTkoBO po3po6IIeHO auropuTM BH3HAYEHHS 4YHCIIA
npamrorounx I'TIA npu 3aBgaHHi 3arajIbHOTO PO3XOJY NepeKadyBaIbHOTO ra3y mis n oqHotunHux I TIA.

KumrouoBi ciioBa: posxin rasy, rasonepekadyBajbHHIl arperar, IPHUBIJ, BIALEHTPOBUI HATHITaY.

YU. OLEYNIK, S. SAPRYKIN, S. NAUMENKO
DETERMINATION OF FUEL GAS FLOW RATE IN GAS PUMPING UNIT WITH GAS
TURBINE DRIVE AND CENTRIFUGAL SUPERCHARGER

An algorithm for calculating the flow rate of fuel natural gas in a gas pumping unit (GPU) (GPU drive) and for several identical gas pumping
units operating together in compressor shop or compressor station. The flow calculation model takes into account thermal characteristics,
operating modes and limitations of GPU parameters. Main task when determining consumption fuel gas is the calculation of the capacity of
compressor shops and GPU. Power calculation takes into account compression ratio and flow rate of gas pumped by compressors. After
calculation of GPA working capacity GPA drives efficiency factor is determined and fuel gas flow rate in GPU (GPU drive) is calculated.
Exact values and limitations of thermal parameters (allowable pressures, temperatures, pumped gas flow rates, efficiency factors of compres-
sors and drives). At the same time, the parameters of the GPU will depend on its operating mode of the GAP. The algorithm takes into ac-
count four limitations of GPU parameters: minimum flow rate of pumped gas in GPU compressor, minimum drive power of the GPU com-
pressor, maximum gas temperature at the outlet of the GPA compressor, maximum gas compression ratio in the compressor. Without taking
into account these restrictions, the calculation of fuel gas may be incorrect, since the impossible operation mode of the GPU will be taken
into account. Developed algorithm takes into account all necessary characteristics and limitations of GPU parameters, simulates real robot
modes of existing and designed GPU.
Key words: gas flow rate, gas transfer unit, compressor, drive, centrifugal supercharger.

BBenenue

Jlns aHanM3a peXMMOB PabOTHI CYIIECTBYIOIINX
rasonepexaunBatonmx arperatoB (I'TIA) u momemmpo-
BaHUS PEKUMOB Pa0OTHI CYIIECTBYIOLIHUX, MOJICPHU3H-
pyembix u mepcrekTuBHBIX [TIA, HeoOXommumo ompe-
JIETISITh PacxXo/] TOIUIMBHOTO MpUpoAHoro rasa B I'TIA.

Paccmorpum pabory I'TIA ¢ ra3oTypOMHHBIM
npuBogoM (I'TII) u 1EeHTpOOEKHBIM HarHeTaTenem
(IBH). [na ompeneneHust pacxoAa TOIUIMBHOTO Tra3a
(Tr") B I'TII (I'TTA) HEoOX0AMMO 3HATH ITapaMeTPhI
raza, nepekauuBaeMoro IIBH: pacxon, naeneHue,
TeMIepaTypa, IIIOTHOCTh MPHU CTAaHAAPTHBIX YCIIOBH-
X, KoappunueHT aguadaTsl. s pacdyeTa MOITHOCTH,
3aTpaunBaemord B I[bH, HeoOxomumo 3amaBaTh WM
PacCUHTHIBATh MOJUTPONHBIN K03 (HUIMEHT 1oJIe3HO-
ro geticteus (KIIHA) LIBH [1-3]. dns pacuera KII/]
I'TII weoOxomumo yuuThBaTh HOMUHANBHBIA KI1J]
I'TII u3 TexHuueckoi gokymeHTanmu [ 1, 2].

B I'TTA cymecTBy:OT OrpaHH4eHHUs] MapaMeTpoB
IBH u I'TII [1, 2]: MUHEMAIBHBIA pacXxof NepeKadn-
BaeMoro rasa (Hemomymenne nomnaxka B [IBH), mak-

cuMalbHasl CTeneHb cxxarus rasa B LIBH, makcumans-
Has TeMmueparypa rasa Ha Bbixone u3 LIbH, munm-
MmanbHass MomrHocTh I'TII. OOBIMHO y4MTHIBaeTCS
TOJIBKO OJTHO orpaHWueHme [1, 2], a B cTaThe pacyeTs
pacxona TI" n mapamerpoB I'TIA OGyayt npoBoanThCS
KOMIUIEKCHO, C YYETOM BCEX OTPAaHWYCHUH IapamMer-
pos I'TTA (I'TIT u BH). [dns aToro Heo6xoanMo pas-
paboTaTh MaTeMaTHYECKyI0 MOJENb M aJTOPHTM pac-
gera TT" B I'TIA.

Leas padoThI
Pazpaborars anroputm pacuera pacxoxa TI B
I'TIA ¢ y4eToM KOMIUIEKCHBIX OTPaHUYEHUMN MapameT-
poB I'TTA (MurMManbHBIH pacxox raza B LIBH, Munn-
ManbsHas MomHocTs I'TTI, MakcuManbHas TeMmepary-
pa 1 MaKCHUMaJbHAs CTETIeHb ckaThs ra3a B LIBH).

H30xeHnEe OCHOBHOTO MaTepuaJjia

Hns onpenenenus pacxoga TI' B I'TIA rimaBHOI
3agauelt sBugercs onpeneneHue mourHoctu ['TIT I'TIA

© 10. A. Oneiinuk, C. A. Canpsikun, C. I1. Haymenko, 2020
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[1]. 3arem ompenensercs 3arpy3ka u KIIJ I'TII, no-
cie yero MoxkHo paccuutath pacxon TT B I'TIA [1, 2].

OO6mmit anroput™ pacuera pacxoma TI mokazax
Ha puc. 1.

W3 anroputma puc. | pazpabotan anroputm pac-
yeta pacxoga TI' ¢ yuyeToM OCHOBHBIX IapaMmeTpPOB
I'TIA (puc.?2). BxomHble M pacueTHBIE MapaMeTpHl,
HEOOXOAMMBIE Ul PacueToB 110 aJrOPUTMY pHC. 2,
mokaszausl B Tabi. 1 [1, 3].

Ha omuom I'TIA moxer 6b1Th OT 1 10 2 IIBH, pa-
6otatommx ot oxguoro I'TII. Ha puc. 2 pu, pa, T,
Nnoni — 9TO N30BITOYHOE JaBJIEHHE ra3a Ha BXOJE U
BeIxoJe i-ro 1IBH, Temneparypa raza Ha BXoJe U MHO-
sutponusiid KI1/ i-ro LBH.

[Ipu pacuere mapamerpoB I'TIA mo anroputmy
puc. 2 HEOOXOANMO YUYHUTHIBATh OTPAHUYCHUS MO MU-
HUMaJIBHOMY pacXofy MEepeKauynBaeMoro rasza (Hemo-
nymenne nponecca mommnaxa) B LIBH (Omin) ¥ 1o
MuHUMaTbHONH MOITHOCTH ['TIT (Nmin), 9TO MOKa3aHO B
anropuT™Me puc. 3.

Mommnocts I'TIT (NVyp Ha puc. 3) MOXKHO yBEIH-
YUBAaTh 3a CYET YBENWYCHHUS (e WIM TIOBBIIICHUS
creneneil cxxarus raza B LIBH (g; = pai/p1y).

Ha puc. 4 nokazansl rpadguku u3menenus K [1]
B 3aBUCUMOCTH OT K TIpH Pa3HBIX 3HAYCHHSX O.

B nuteparype [1] 3Hauenue o pasHo 0,75. U3
pacueToB Oy ¥ CPABHEHUS WX C MPAKTHYCCKUMU JIaH-
HBIMH JIJIS1 (0 TIOJTy4€HBl 3HaueHus B npenaenax 0,5-0,9,
YTO 3aBHCHUT OT THMNa U pexxuma pabotsl I'TIA, Hapa-
6otku ['TIT u UBH (puc. 4). PeanpHplc pakTHYecKue
3Ha4YCHUSA © I KoHKpeTHOTOo THMa [ TIA HEeobxommumo
HCCIICIOBATh B 3aBUCUMOCTH OT PEKUMOB PaOOTHL.

PaccmoTprM paboTy # OMHOTHITHEIX (OAWHAKOBEIX)
ITIA (Ha KOMIpPECCOpHOM CTaHLMH, KOMIIPECCOPHOM
mexe W T. IL.), KyJa Tmojaercs Tra3 ¢ pacxogoMm O,
(Oy > Oma). VI3BeCTHBI (MM MOKHO PACCUUTATh) JaBIIe-
HUSl U TEMIIEpaTyphl ra3a Ha BxoJe U Beixoje [ TIA.

Bragane Heob6xoaumo onpenenuts Kipa — KOJH-
gectBO pabounx ['TIA (tabi. 2), koTopbie obecrevar
HE00X0MMOe CXKaThe ra3a ¢ pacxonoM (,, 9TO MOKa-
3aHO Ha puc. 5.

Tabmuua 1 — ITapametps! I'TIA ns onpenenenus pacxoga TI' B I'TII

HaunmenoBanue napameTpa
YCHUA

O6o3Ha- | Pazmep-
HOCTh

IIpumeuanue

Bxoouvie napamemput

Mexannueckmii KITJ] II6H I'TTIA M - [Mpurnmaercs 0,97-0,98
Homunanesnast momrHocts I'TTT Niou MBT .
Homunansusiii KT TTIT (pi Nyow) M — CoracHO TeXHHYECKOH JOKyMEHTAlHH,

= . = H pesxuMoB paboTel [TIA, uccnenoBanuii no
Homuponnsnii KITJ IIEH (i-ro IIBH) ure —

skcrryaraiuu [TIA

JaBnenue raza Ha Bxoze u Bbixoge HBH pi, p2 | ar, 6ap
T'azopunamuyeckuit KIT IIBH Nrx — [Mpunumaercs 0,97 [3]
Pacxon nepexaunBaeMoro rasa Ha 0 MIH M°
oguoM pabouem I'TIA e CYTKH
Koagdunmenr tumna, pexxuma padotst ITIA [0) - ITpunumaercs 0,75 [3] wiu B npenenax 0,5-0,9
Koaddumment onrumaneHoit 3arpy3ku ['TIT| K, — [Mpurnumaercs 0,85-0,95
Koappuuuenr annadarsl nepekadnbaec- k B Tpnamvactes 1,28-1,3
MOTO IPUPOIHOTO ra3a
Hwusmras termora cropanus 1 ctanmaapT- .. M231>1< Tarmme w3 Ta6opaTOpHHA

HOT'O M3 TOINIMBHOT'O IIPUPOAHOT'O I'a3a

Pacuemmnoie napamempbul

Crenenb cxxarus raza B LIBH €

e= P2 +1 31 UsbbiTouHOE faBienue (pi, p2)

p+1 U3MepseTCs B aT Wik 6ap
0,004 k o
Moutrocts I'TIT (puBona T'TIA) Nrp MBr | Ny, =— 1 Z\T| g™ ~110,,, [3]
nMnm -
Ny
Koadpdumment 3arpysku ['TIT K, - K, = N [1]
HOM
K, =———— cpeanee 3nadenue 0,75 [1]
Koaddumment pacuera KITJ] I'TIT K; - o+ l-o
K3
KIIJT ['TI (npusoma I'TIA) Np — | Map =K Myou [1]

PacxoJ TOIIMBHOTO Ta3a 0
B ['TII (B ognoM pabouem I'TIA) ”

1 Nup
0, =24:60:60-——2 [1]

p ™

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepis: Enepeemuuni
ma meniomexniuHi npoyecu u ycmamxysaums, Ne 2(4) 2020 41




ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

3HaueHus pacxoda, JaBJICHHI
u Temneparyp ra3a B LIbH

v
Howmu- Pacuer 3HaueHus
HanmpHas || MomaocTn I'TIT MEXAHUYECKOTO
MOIIHOCTh v Y TIOJINTPOITHOTO
I'TII Pacuer K TIbH
Homu- KIATTH | TennorsopHas
HAJIbHbIH Y CII0cO6HOCTD
KI1JQ Pacuer T—F
T'TII pacxoga TT"

Puc. 1 — OOmwmit anroput™ pacuera
pacxoga TI' B I'TIA (I'TII I'TIA)

k, Nm
P1li, p2i,
T1i3 Nnoni

Kp ®
v
Nup Nuom

Puc. 3 — Anroputm pacuera pacxoma TT'
B I'TIA ¢ yaeToM Qmin ¥ Nmin

P1li, p2i,
T, Nnoni

r ®=0,9 [ ——=
0.9 | ""__—___—;//
B "
o
09/ < W
Kp o0ss /,/ /, | 0=0,75
0 d
8 v et
0.75 Kp:w+1_w u
A 005 o
] PR
705 055 06 065 07 075 0.8 B85 mojrglﬂgr 1
Ks K,

Puc. 4 — 3amenenue Kp B 3aBUCUMOCTH OT K

Q” NKLI Pli, p2i,
T1i, Noni
ke

Puc. 5 — Anroputm pacdeta Kina ¥ Orna

Tabnuna 2 — PacueTHble mapaMeTpsl i onpeaesaeHust O, TPU U3BECTHOM O,

O603Ha- | Pazmep-
HanmenoBanue napamerpa IIpumeuanue
YEHHS | HOCTh
MuH M3
Pacxon nepexaunBaemoro rasa qis n I'TTA O p— JlaHHbIe O mepekayke rasa
MomnocTs (cymmaphas) n I'TIA k-1
(ecmm Ha T'TIA 2 wmm 3 koMmpeccopa, To 0,004 k& N o
N, MBt | Ny = —Z 1| ¢ -1 O
MOZICTABIIACM Tnos KOMIPECCOPA NNy k=1
MIEPBO CTYTIEHH CHKATUSA (Nuon1))
N 3naueHns K
_ KI[
KommuectBo pabounx ['TIA Kina — K = KN OKpPYIJISIEM B
037" HoM 0OJBIIYI0 CTOPOHY
Pacxon nepexaurBaeMoro rasa Ha OJHOM MuH M3 0. = 9,
ana rma
pabouem I'TIA CYTKH K

Bicnux Hayionanvnoco mexuniunoeo ynisepcumemy «XI1ly. Cepis: Enepeemuuni
42 ma meniomexuiuni npoyecu ti ycmamxysauns, Ne 2(4)°2020




ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

Pacuer konmuecTBa
pabounx I'TIA mpu
3aJlaHU U TTapaMeTPOB

nepeKaunBaeMoro
rasa mis n I'TTA

AHAH3 Nuoni- [ Ty, Nuow
Onpenenenue
U aHaJ3 €;

Pli, P2i,

4—| Eimax |

VYMeHbIICHHE €;
3a cueT U3MEHEHUS
3HAYEeHUH p1;, p2i, T1i

YBenuuceHue K3 4-| Nuom |
QOrna win
BCIIMYCHHUC
Y
Ei
4

A

€imax

JlonosHuTEIBHAS
CTYTI€Hb CXKATHS

rasa, oIeHKa
3HAYCHUHN

Pli, P2i, &

v

Puc. 6 — Anroputy™ pacuera TT B I'TIA u gt n T'TIA ¢ yuetoM Omin, Nmin, Tmax

Bnauane Heo6xoaumo onpenenutb Ky, — KOJIU-
yecTBo padounx ['TIA (tabum. 2), koTopbie obecrieyaT
HEo0X0MMOe CKaTHe ra3a ¢ pacxonoM (J,, 4To MoKa-
3aHO Ha puc. 5.

Onpenenus K, HaxoauM QOrma (puc. 5, Tadu. 2)
u panee QO (puc. 3, Tabn. 1). PacuerHsie mapameTpsl
Ut onpeneneHust Orna IPU U3BECTHOM (), TIOKA3aHBI B
tabmn. 2. [{nsa pacxonga TI' s n pabounx ['TIA, paBHO-
10 Qrrn, 3QITUIIIEM:

QT]' n = Kl‘HaQTI‘ °

Kpome orpannuenuit Omin 1 Npin, B I'TIA cymie-
CTBYIOT OTPAaHUYEHUS 10 MAKCUMaJIbHOW TEMIIEPATYPE
rasa Ha Beixoze [IbH:

kel
T2i = Tligiknmm < Tmax ’
rae 1>, —3TO TeMmeparypa raza Ha Beixoze i-ro LIbH;

Tnax — MAKCUMAJIbHOE 3HAUEHUE 75;.

Kax yuuThIBaTh BCE€ TpU OrpaHUYEHHUS MMOKA3aHO
B YCOBEPIIEHCTBOBAaHHOM aJrOpUTME Ha puc. 6, rue

JIOTIOJIHUTEIFHO TOKAa3aH aJrOpUTM IS OIpeeeHHs
Orma ecnu 3amaerca O, (IOMOJHUTENBHBINA aNTOPUTM
BEIJICIICH KOPHUYHEBBIM ITYHKTHPOM). KpacHbIM myHK-
TUPOM Ha pucC. 6 BBEpXY MOKa3aHbl NEPEXOAbl OT MHa-
pametpoB n I'TIA k mapamerpam oxnomy I'TIA (ot O,
K Orna), @ BHU3Y TIEPEX0]] OT mapameTpoB oxHoro ['TIA
k mapametpam 7 [ TIA (0T Owr K Oxr ).

Ecmn MopmenmpyroTcss HOBBIE PEXHUMBI PabOTHI
I'TIA, To orpanu4eHust (Omin, Nmin, Tmax) 003aTEIBHO
JIOJDKHBI yUUTHIBATHCA (puC. 6).

Ecnu nipu ycnoBun 72; < Tiax HEB3SI YMEHBIIUTH
€i, 1 T1;, TO Hy)KHa JTOTIOJIHUTENIbHAS CTYNEHb CXKATUA
raza (momonuutenbHbId [IBH wnu momomHUTENnbHBIM
I'TIA) (puc. 6).

B amropurme puc. 6 NOMONHUTENBHO YYTEHO
4EeTBEPTOE OrPAaHUYEHUE MAaKCHUMAJbHBIX CTEIEeHEN
cxarus ra3za B LIBH (&imax), T. k. IBH umeer orpanu-
YeHHBIE OOOPOTHI M OMPEACICHHOE YHCIO CTYIICHEH
(paboumx Koxec).
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Tabmmnua 3 — Pacuer mapamerpoB I'TIA u pacxoma TT" mist Tpex ogHoTHIHBIX [TIA

O6o3Ha- | Pazmep-
HaumMeHoBaHnue napamerpa 3HaueHus
YeHUsl | HOCTh
Bxoouvie napamempul
— 1 pesicum pabomwi 2 pedxrxcum pabomoi
Pacxoj nepexkaunBaeMoro rasa Tpems 0 MJIH M> 53 41
I'TIA (craBmapTHbIe M) § CYTKH ’ ’
Hwuzmias tertora cropanus 1 ctanmaapT- MJlx
3 Hiy 3 35,1 35,8
HOI'0 M” TOINIMBHOI'O IPUPOIHOIO a3y M
JlaBnenue (M30bITOY- | OJJHA CTYIIEHb p1 ar 6,0 4,3
HOE) CKaTUsA D2 ar 18,5 18,5
S i L :
Tewmmeparypa mepexkaunBacMoro T oC 20 20 40
rasa Ha Bxoze B [IbH (IIBH 1) | (IIBH 2)
Mexannuaeckuit KI1J] IIBH MNu — 0,98
HomwunanpHas MomHoCTh puBoaa ['TIA Nuon MBT 6,3
Homwunanersni KITJ mpuBoma I'TTA MNuom — 0,30
IMommponnsnii KITJI komnpeccopa Nuox — 0,76 0,76 | 0,70
KoadpdunmeHnT onTruManpHOM 3arpy3Ku K B 0,95
I'TIH
MunanmansHasg momHocTs ['TTIT Nmin MBT 3,0
MaxkcumanbHas Temreparypa rasa Tnax °C 150
MakcumainbHas cTenenb cxatus [IBH Emax — 2,9
KoadpdummenT agmnadaTs! mpupoIHOTO k B 13
raza ’
Pacuemmnvie napamempul
— 1 pesicum pabomwi 2 pedxxcum pabomoi
Mommsocts n I'TIA N, MBt 10,974 10,540
Komnuectso I'TIA, obecrieunBaromux N, Kina — 2 2
Pacxoj nepekaunBaeMoro raza Ha OJIHOM MIH M>
I'TIA Orna CYTKH 2.9 2,05
OAHa CTYHCHD g - 2,786 3,679
CrerneHb C)KaTHs ra3a | CXKaTHs
B komnpeccope I'TIA | aBe crymnenu cxa- B B 2,642 1,500
i &1, &2 (IIBH 1) | (IIBH 2)
OJTHA CTYyIIEHb T oC 127 162
Temneparypa CKaTHs
rasa Ha Beixoze LIBH | nBe ctynenu cxa- T T oC B 121 85
THSI 2 12 (LIH 1) | (LIBH 2)
Morunocts ['TTI Nip MBT 5,487 5,270 (3,646 + 1,624)
Koaddurment 3arpysku I'TII K, - 0,871 0,837
Ilfﬁzzquunem THIIA U PEXKUMa PabOTHI ® B 070 | 0,75 | 0.80 | 070 | 0.75 | 0.80
Koappuuument pacuera KITJ] I'TIT K, — 0,957 1 0,964 | 0,971 | 0,945 | 0,953 | 0,962
KIIJ mpuBoxa I'TIA Nup — 0,287 | 0,289 | 0,291 | 0,283 | 0,286 | 0,289
Pacxo TOIMBHOIO ra3a B OJHOM M/gac | 1959 | 1945|1931 | 1870 | 1853 | 1836
pabouem I'TIA Ou m3/cyTiu |47 022 |46 688 |46 355| 44 882 |44 46844 054
m3/cytkn |94 044193 376192 710 |89 764 | 88 936 | 88 108
Pacxon tornusHOro rasa B s K 3
paGounx [TIA Or % 34,326 |34,082 33,839 (32,764 | 32,462 | 32,159
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Ecmu pacxon mepexkaunBaeMoro rasa B KaxIoM i-
oM I'TIA He onuHAKOBBIN, PaBHBIN Orna i, TO OLECHUBA-
eM U paccuuThiBaeM (ra; (OTHOCHTEIBHO CPEIHEro
3Ha4eHUA QOrma = Ow/Kina) € yYETOM  BBITIOJIHEHUS
YCIIOBUSL:

Krna

Qn = Zanai >
i=1

nocye 4ero paccuuteiaeM Oy g kaxiporo I'TIA mo
anropuT™My pHc. 6 ot Qrna 10 Ohr.

CornacHo aJropuTMOB pHC. 6, TIPOBEJICH pacyeT
napametrpoB ['TIA u pacxona TI' nist onHOTO U ABYX
onuoTunHbIX [TIA (nBa paboumx M OJUH pe3epBHBIH)
¢ I'TTI momrHOCTRIO 6,3 MBT 1 0tHEM LIBH (Tabm. 3).

B 1-m pexxume paboTsl paccmarpuBaeMbix ['TIA
IBH cxumaer ra3 or 6,0 mo 18,5 ar, O, paBHO
5,80 mumH. M*/cyTkH (Tabu. 3).

Bo 2-m pexume uccrnenyercs pabora I'TIA de-
pe3 TpH rofa ¢ MPOrHO30M TaJCHUs AABICHUSA U JO-
ObIYM Ta3a Ha MECTOPOXKICHHU: pi YMEHBIIUTCS 10
4,3 ar, O, ymenbmaerca 10 4,1 mun. M3/cytku, Hy
yBennuutes (tadi. 3). Bo 2-M pexxume poOOTHI 1pu
cxatuu raza ot 4,3 no 18,5 ar nonyuum € = 3,679,
4TO OOJIBIIC Emax = 2,9 (Tabx. 3). Kpome Toro, mpu
£=3,679, T, =162 °C, uro Oomubiie T, = 150 °C
(Tabmn. 3). UtoObl yMEHBIIUTH CTENCHBb CXKATHA U
TeMIeparypy, HeoOXOoanWMa JIOTOJIHUTEIbHAS CTy-
MeHb cxaTust (puc. 6), KOTOPYI 00ECIEUYHT OTOI-
HutenbHbll [[BH, uro Oymer momepHm3armueit I'TIA
JUTSL OCYIIECTBJICHHS 2-TO pexXuMa poOOTH (cxema
I'TII-UBH1-IIBH2 BMecTo CyIIECTBYIOIIEH CXEMBI
I'TII-IIBH). ng ABYXCTyHmEHYaTOTo CXaTHs Trasa
(IBHI1-IBH2) Ny, ompenensiercd Kak CyMMa MOII-
HOCTeU ayis mepBoit (g = 2,642, cxxumaeM ras ot 4,3
mo 13,0 ar) u BrOopo#t (g2 = 1,500, cxxumaem ra3 or
12,0 at (motepu 1,0 aT Ha OXJIaXJCHHE Taza MOCIE
mepBo# ctynenn) 1o 18,5 ar) crymeHed mpu onuHa-
KOBOM pacxojie Ta3a O, (TabI. 3).

MapameTtpsl Qi U QOmn PACCUUTAHBI C yUCTOM
pa3HBIX 3HAYCHUH ©® W HpU CpaBHEHUH Orm 3a TOX
XOpOIIO BUJIHO, Kak u3MeHsercs pacxon TI' B 3aBu-
CUMOCTH OT U3MEHEHHUH ® (Tab. 3).

O0cyxneHue pe3yJbTaTOB

[onmywen amroputm ompemenenms TI° B ITIA
(I'TII T'TIA). JlomomHMUTENBHO pa3paboTaH aJroOpUTM
ompenencHus yncia padounx ['TIA npu ucciaemoBaHuu
n opHoTHNHBIX [TIA (Tabm. 2). AJrOpUTMBI yYHUTHIBA-
toT MouHoctu ['TII I'TIA, yro mo3BOJNIAET Yy4eCTh MaK-
CHMYM IapaMeTpoB skciutyatupyemsix ['TIA (puc. 6).

B anroputmax yurens! Bce mapamerpsl ['TIA un
orpannyenus napametpoB LIBH u I'TII (Omin, Tmax,
€max, Nmin), YTO TIO3BOJISIET HCCIIEIOBATh U MOJEIUPO-
BaTh pa3IM4YHbIe peKUMBI paboTel ['TIA.

IIpoBenensl mpakTuueckue pacueTsl pacxona TT"
st KL ¢ tpems I'TIA (mommocTs mpuBoga 6,3 MBT)
(Tabm. 3). B pacuerax mokazaHO Kak H3MEHSIOTCS
KII[ u pacxox TI' B 3aBHCUMOCTHU OT pexXuma padoThI
I'TIA (mapametp ® B Tabm1. 3).

BoiBoabl

PaspaboTtan anroputm onpezencuus pacxona TT
s TTIA ¢ yuerom paboueit momuoctr ['TIT 1 yeThI-
pex orpannuenuit mapamerpoB ['TII u IUBH (Nmin,
Qmin, Tmax, 8max) (pI/IC- 6)
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