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Onucano MoO0eniosants CmMayioHapHux i OUHAMIYHUX DPEXNCUMIE (DYHKYIOHYSAHHS MYPOIHHUX NIYUTbHUKIG
easy. Ilpedcmasnena memoouxa po3paxyHKy wacmomu 06epmanus mypoinKu 3 6PAXYEAHHAM CUT Mmepnis
Ha ii oci | MemoOuKa U3HaAYeHHs CUCTIEMAMUYHOT NOXUOKU iYUNIbHUKA 8i0 00 €EMHOI gumpamu 2a3y.
Kniouogi cnosa: mypoinnuil aivunvnux, CFD—-moodenoeanns, uacmoma obepmants, noxuoxa.

Onucano mooeruposanue CMAYUOHAPHBIX U OUHAMUYECKUX PENCUMO8 (DYHKYUOHUPOBAHUS MYPOUHHBIX
cuemuuxiog 2aza. Ilpedcmasnena memoouxka pacuema yYacmomvl 8paujeHuUss MypOUHKU C VYemOM CUll
MpeHUss Ha ee oce U MemoOuKd ONpeoeleHUs CUCMEMAMUYEeCKOU NOZPEUHOCIU CYemYUuKa om 00beMHOl

3ampanivl 2casda.

Knioueswvie crosa: mypounnuiii cuemuux, CFD-modenuposanue, wacmoma 8paujeHust, no2peutHoCcme.

The modeling of stationary and dynamic modes of turbine gas meters functioning were conducted. The
method of turbin rotation frequency calculation taking into account friction forces on its wasp, and method
of systematic inaccuracy determination of meter from volume gas flow were developed.

Keywords: turbine meter, CFD—modeling, rotation frequency, inaccuracy.

B ymoBax gmedinuTy 1 TMEepMaHEHTHOIO
JOpPO’KYaHHSI EHEepPropecypciB X JOCTOBIpHUH 1
TOYHMH  OONIK  TpW  TpPaHCIOPTYBaHHI 1
BUKOPUCTOBYBaHHI Ma€ BEIWKEC 3HAYCHHS IS
eexTuBHOrO (PyHKIIOHYBaHHS €KOHOMIKH. TiTbKH
32 HASBHOCTI TOYHOTO OOJNIKY MOXIIMBA OIliHKa
eeKTUBHOCTI 1 JOIUILHOCT BIPOBAKCHHS PI3HUX
eHepro30epiraloynx TEXHOJIOrH 1 opraHizaliiHuX
3ax0iB. OMHUM 3 HAHBaXKIIUBIIINX JDKEPET SHEprii
Ha JIaHWil 4Yac € NPUPOXHMI ras, mo 3abesnedye
q)yHKmOHyBaHH;I 1 PO3BUTOK CHEPIeTHKH OaraTbox
KpaiH cBity. ToMy NiIBUINCHHS TOYHOCTI OOIIKY
HaBITh Ha JiecTi 00 COTi YaCTKH BiICOTKA TIpUHECE
MiAPHEMCTBAM, KOMYHAJIbHOMY CEKTOpY 1 KpaiHi B
[JIOMY iCTOTHY €KOHOMiI0 (hiHAHCOBUX PecypciB, i

Oyle ICTOTHHM CTHMYJOM JI0 BIPOBaKCHHS
KOMILIEKCY Cy4acHHX eHeproz0epirarounx
TEXHOJIOT'1H.

He onuBmsiunce Ha Te, 10 B YKpaiHi
eKCIUTyaTyeTbcss Oumbiie 50 THIMIB JHYUIBHUKIB
ra3y, BHeceHUX J0 [lep:kaBHOrO peecTpy, 3HAYHY
pOJIb TIPU BUMIPIOBAHHI B PO3MOJUILHUX Mepexax
3aliMaroTh TypOiHHI JTIUMIBHUKK Ta3y [1-3]. Bonu
00nikoBytoTh 60—70% BCHOTO CIIOXKHBAHOTO Ta3zy.
B OCHOBHOMY TypOiHHI JYUITBHUKA
BUKOPUCTOBYIOTh 332 YMOB 3HAauYHOI 1 CEpeaHbOI

KUTBKOCTI CIIOKMBaHHS Taszy. BepxHs TPaHHULA
BHMIPIOBaHHS HUMH CTaHOBHTH 8—10 THC. M /ro;[
3a peaJlbHUX yMOB BHUMIpioBaHHS abo, 3
YPaxyBaHHsAM THCKY Ta3sy, SIKHH MOXKe CsraTd
50 Gap i Bume, 10 0,5 MIIH. M’/TOJI. 3a CTAHAAPTHUX
YMOB.

OmHuUMHE 3 OCHOBHHMX TIPHYMH BHHUKHEHHS
HEraTMBHOTO  OaJlaHCy MK  TIOCTaBKOIO 1
CIIOXKMBaHHSIM Ta3zy € HeNoNiKd Horo oOIiKy,
30KpeMa,  CHCTEMaTH4YHi  MOXUOKM  3aco0iB
BUMiptoBaHHs [3—4]| MiHIMaNbHUX BHUTpatax. Kpim
OCHOBHOI CHCTEMaTHUYIHOI IMOXHOKH, sIKa
BHU3HAYAETHCS MPH X METPOJIOTIYHINA aTecTarii, A
TypOIHHUX JYMIBHUKIB XapaKTepHi 1 JOJaTKOBI
MMOXUOKH, SIKI 3yMOBJICHI TAKUMU (haKTOpaMHU:

- BIJIMIHHICTIO METPOJIOTTYHOT
XapaKTePUCTUKH, KA OTPHMaHa TPU TpajyloBaHHI
3  BHKOPHUCTaHHSM TIOBITpS  SIK  po0OYOro
CepeloBHINa, 1 METPONOTIYHOI XapaKTEepUCTHKH,
gKa  OTPHUMYEThCS  NpH  KaniOpyBaHHI  Ha
MPUPOJAHOMY Tasi;

- SKICTIO MOHTXy JIYHJIbHHKA (HAsSBHICThH
CKCIICHTPUCHUTETY, BHCTYMAIOYMX MPOKIAJOK Ha
(draHIeBUX 3'€MHAHHIX, OBAIBHICTIO MIABIIHHX
TpyO 1 BiIMIHHICTIO TXHBOTO HiameTpa 3 BXiTHUM
JliaMeTpoM KOpIycCy JIYMIbHUKA);
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- HEpIBHOMIpPHICTIO MOTOKY Ta3y IO JiaMeTpy
TPYOOIIPOBOAY 1 3aKPYYEHHSM IIOTOKY B HOMY.

JIJis yCyHEHHS BILUTMBY OCTaHHBOI'O 3 I[UX SIBHUIII
BimnoBimHO 10 pekomenmanidi PTB (HiMmeuuunna)
[5] mepem MIYMIBHUKOM CIIiJi BCTaHOBJIIOBATH

npsMy JIUISHKY, a B JIGIKMX BHNQAKax 1
CTPYMEHEBUTPSIMIISY.

He  nmuBnasuMch Ha  BENUKY — KUIBKICTB
myOmiKariii, MIPUCBSYCHUX MMATAHHIM
MPOEKTYBAHHH, BHUBYCHHIO XapaKTepUCTHK
TypOIHHUX  JYWIBHUKIB (B JiTeparypi I
JMYMIBHUKA ~ 4YacTO  HAa3WBalOTh  TypOIHHUMH

BUTpaTOMipaMH) B PI3HHX YMOBaxX eKcIUTyaTarlii
MPHUCBSYCHO TMOPIBHSHO Malo yBaru, a OaraTo
aCIeKTiB TpoOJieMH HE 3HAWIUTA BHYEPITHOTO

pitieHHs. Jlo TemepimHBOrO dYacy HE ICHYE
JOCKOHAIIUX METOJIiB MPOrHO3YBaHHS
METPOJNIOTTYHUX  XapaKTePUCTUK  JIYWIbHUKIB,
30KpeMa, Ha CTajii iX IPOCKTyBaHHS.

Bimomi KjmacuM4HI TEOpPETHYHI Momemi Jyis
JOCITIKCHHS (GyHKIIOHYBaHHS TypOIHHUX

BUTPATOMIPIB 1 JIYHJIBHUKIB TIa3y CTOCYHOTbCS
PO3paxyHKy i BUOOPY KOHCTPYKTHBHHX T1apaMeTpiB
aKCialbHMX TypOIHOK i, 30KpeMa, KiIbKOCTI,
TCOMETPUYHAX PO3MIpPIB 1 YCTAHOBOYHOTO KyTa
jonaTtedl MO BIMTHOIIEHHIO 1O oci TypOiHku [2].
BoHu Takox peani3yloTh OOYHCIICHHS MOMECHTIB
OIopy 00epTaHHIO TYPOIHKHU 1 OOYIOBY CTaTHUHUX
XapaKTepUCTUK TYypOIHHUX BHUTpaToMipiB [6] Ha
OCHOBI OCHOBHHUX 3aKOHIB TEOPETHYHOI MEXaHIKH 3
BUKOpUCTaHHSM piBHAHHS Eitnmepa abo meroxy
migiiManeHux cuia. OnHak MMoJaHI y BKa3aHHX
JDKEpeNax MOJIENi HOCATh 33 CBOEIO CYTTIO YHUCTO
TEOPETUYHUH  XapakTep 1 HE BpPaxoOBYIOTh
0COOJIMBOCTEH Tedii TOTOKY rasy.

B poGori [7] posrismaeThcs MaTeMaTH4YHA
MOJIEJIb IIBUJIKOCTEH MOTOKY B KUIBI[EBOMY CIYCHHI
TypOiHHOTO JIIYMIIbHHUKA Ta3y, B sIKiH BCTaHOBJICHI
OCHOBHI ~ 3aJIOKHOCTI  Julsi  MOOYAOBU  emropu
LIBHIKOCTEHi TOTOKY. BojHouac 1ti Jocii/DkeH s He
BCTAHOBJIIOIOTE  3aIEKHOCTI  MDK  yMOBaMH
q)yHKmOHyBaHH;I TypOIHHHX TIEpETBOPIOBAYiB 1 1X
METPOJIOTTYHUMH XapaKTEPUCTUKAMH.

JocmimkeHHs TypOIHHMX JIIYMJIBHUKIB TaKOX
MPOBOAMIIOCS SIK B EKCIIEPUMEHTaJbHOMY, TaK 1
TeopeTHuHOMY HamnpsMax [8]. Teopernunuii anamis
B OCHOBHOMY IPYHTYBaBCS Ha CIIPOIIICHUX MOJICISIX
13 30CepemKEeHIMHU napameTpamMu [2, 9-12]. 3a nux
YMOB OUIBINICTE MOJENCH He B TOBHIH Mipi
BpaxoBy€ BCl iCTOTHI YMHHHMKMA 1 KOHCTPYKTHUBHI
0COOJIMBOCTI, a Y PsAi BUITAJIKIB IM BjIaCTHBA 3aliBa
CTYNIHB 1eai3amii (pi3uIHUX IPOIIECIB.

3anpornoHoBaHi B [3] yAOCKOHAJEHHS MOJIEINI
(GYyHKIIOHYBaHHS TYypOIHHMX JIYWJIBHUKIB XO4Ya 1
CTOCYIOTbCS ~ BIUIMBY  TapameTpiB  pobodoro
cepenoBHila Ha (YHKIIOHYBaHHS TYpOIHHHUX
JMYMIBHUKIB 1 BUTPATOMIpIB, OJHAK BPaXOBYIOTh

TMepI 3a Bce 3MiHy pobouoro jianas3ony i nepenamy
THCKY Ha YYTJIMBOMY €JIEMEHTI BKa3aHHX 3ac00iB
BHUMIpPIOBaHHSI.

Bkazani Moaeni B IIJioMy He 0a3yroTbcsi Ha
3actocyBaHHi komi'totepHux CFD (Computatlonal
Fluid Dynamics) — TexHonoriii i He MOXYTh
BpPaxoOBYBAaTH BIUMB (i3UKO—XIMIYHUX IapaMerpiB
poboyoro cepemoBHINa 33 YMOB  CYTTEBOTO
Jiara3ony X 3MiHH.

B omgnomy i3 HOBiTHIX nmociimkens [13], sike
MIPHUCBSYEHE BHUBYEHHIO (GyHKIIOHYBaHHS
TypOIHHOTO  BUMIPIOBAIBHOTO  TEpPETBOpIOBaYa,
BUKOPHUCTaHI Cy4acHi KOMI'FOTEPHI TEXHOJIOTii, 110
CTOCYIOTBCS TIEPIII 32 BCE MOJICIIOBAHHS TYpOIHOK 3
TiIPOANHAMIYHIM  BPIBHOBXCHHSM  YYTIHBOTO
elleMeHTa 1 CHpsSMOBaHI Ha iX KOHCTPYIOBaHHS
3TiIH0 KOMIUIEKCHOTO KpPHUTEpil0 ONTHMi3alii 3
METOI0 YJOCKOHAJICHHSI TONEepeHhO0 BHOpPaHUX
TEeOMETPUYHUX TapaMeTpiB mepeTBoproBada. B mii
poboTi  BiACYTHI )Z[OCJ'Ii)Z[)KeHHSI OJI0  BIUIUBY
(isnKO—XIMIYHNX NApaMETPiB NPHPOIHOIO rasy Ha
METPOJIOTi4HI ~ XapaKTEePUCTHKU  JIYHIBHUKIB I
BUTPATOMIpIB.

B naHuii Wac icCHYIOTH PO3paxyHKOBI METOAH

IPOrHO3YBAHHS  METPOJOTIYHUX  XapaKTCPUCTUK
BUTPATOMIpiB, IO  BPaxoBYIOTh  JIOKAJIbHI
ocoOmMBOCTI  1X  MPOCTOPOBOI  KOHCTPYKINT 1
B3a€EMOJIII0 3 BUMIpIOBaHUM cepenoBuieM. OmHak
iX MOXIMBOCTI, BHXOAIYM 3 OOMEKEHOCTI
Jiarazony 3aJaHHS IPaHUYHHUX YMOB
(GyHKIIOHYBaHHS, napamerpis pobouoro
cepemoBHINa 1  TEXHIYHUX  XapaKTEPUCTHUK
JYUITBHUKIB, TIyxKe 00OMEXEeHI. Amnaniz

JMTepaTypHUX JDKEpeNn I0Ka3ye, M0 TMPaKTHIHO
BiZICYTHI poOOTH, SIKi 3aCHOBaHI Ha 3aCTOCYBaHHI 10
Teopii TypOIHHMX BHTPATOMIpPIB 1 JIIYMJIHUKIB
cydqacHux komm'torepaux CFD rtexnomoriid. Tum
4acoM came IIi MOJeNi 1 TEXHONOTrii J03BOJSIOTH
JIOCTaTHBO IOBHO 1 JETajbHO aHaIi3yBaTH IO
THCKY, IIBUIAKOCTEH 1 TeMIIepaTyp, MOCIiKyBaTH

CTaTU4HI i JMHAMIYHI XapaKTePUCTUKH
BUTPATOMIpiB 1  JIYMJIBHHKIB,  ONTUMI3yBaTH
napaMerpu  HpWIAdiB 1 NpOrHO3yBatd  iX

METPOJIOT1YHI XapaKTEePUCTUKH.

Crorogni CFD-rtexHomnorii TIpyHTYIOThCS Ha
CTBOpPEHHI, SIK TPaBWJIO, TPUBUMIPHOI IHPpPOBOT
CITKOBOI ~ MoOjeni BHUTpaToMipa, ommci Horo
B3a€MOJIi1 3 BUMIPIOBAHUM PYXOMHM CEpPEOBUIIIEM
(razoMm abo pIIUHOIO) 3 BUKOPUCTAHHSM IOBHOI
cucreMH qudepeHiianbHuX piBHsIHb Ha'e—Crokca.
3a 1MX YMOB MOJIC/b JIOMIOBHIOETHCS DPIBHIHHIMM
CTaHy ra3y, IOYaTKOBUMHU 1 TpaHUYHIMH YMOBaMH 1
CHCTEMOIO PIBHSHB, IO BPAXOBYIOTh TypOYJICHTHI
BIIACTUBOCTI cepenoBuiia. [licns po3B'si3ky piBHSHB
Cy4acHHUMH arpoOOBaHUMHU YHCIIOBHMH METOJAMH
(MeTro ~ KOHTpPOJBHOTO  00'€My)  OTPUMYIOTH
TPUBHMIPHY KOJILOPOBY Bi3yali3allifo pe3yibTaTiB 3
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MOXIIUBICTIO OOEpTaHHA 1 MaclmTaOyBaHHS SIK
o0'ekTa B IIOMY, TaK 1 OKPEMHX HOTO YacTHH, IIO
iKaBJIATh jpociigauka. Tomy CFD-rtexHomorii €
aKTyaJIbHUMH HE TUTBKH JUISL TEOPETHYHOTO, aie i B
NPAaKTHYHOMY acreKkTax JIOCITiT>K CHHST
BUTPATOMIPIB 1 JIIYUIILHHKIB.

Meroo poboth € To0yaoBa TPUBUMIPHOT
KOMH'}OTepHo'l' CFD—MOZIein Typ6iHHoro
BUTPAaTOMipa—II4MIIbHIAKA Ta3y i NOCIIUKCHHS 3a i

JIOIIOMOT'OF0 CTaTHYHUX, JMHAMIYHIX i
METPOJIOTTYHUX XapaKTEePUCTHUK BKa3aHUX
MPHJIAIIB.

I[Ipu MopaenmoBaHHI TYypOIHHME  JTIYMIBHUK
(puc. 1) yMOBHO pO3AUICHMM Ha TpU OCHOBHI
YaCTUHM: BXIJIHUH KaHall, 30HY OOepTaHHs

TypOiHKHM 1 BUXigHHH KaHal. ['eomerpuuHi po3mipu
JYMIBHUKA BUOpaHi TAKUMHU:

— IOB)KHAHA BXIOHOIO 1
0,04 wm;

— BHYTpilHii paniyc xanainis 0,036 m;

— 30BHIIIHINA paxiyc kaHamiB 0,051m;

— rcora (toBumHa) TypOinku 0,014 w;

— KUIBKICTh  JIONATOK B PO0OOYOMYy  KoJeci
TypOinku 16;

— maca Typ6inku 0,16 kr.

OCKITbKY TEOMETpis 3a/ladi € 0CECUMETPUIHOIO
1 MepioMYHOK B TaHTCHIIAIbHOMY HAampsAMi, TO
pO3TIIAaBCs JIMIIE ONUH CEKTOp, piBHuMMA 22,5°.
OcCKinbKH npu MO/JIEITIOBaHH1 OCHOBOIO
JNOCTIDKEHHS. € aepoIMHAMI4HI IPOIECH, TO
po3B's3yBanacs  i30TepMivuHa  3agava. Y MOBH
MOJIENIOBAHHS  CTOCYBAIIUCS mojadi  Ha  BXifg
BUTpaTOMipa po0OYOro cepeloBHIa 3 TaKHMH
(1)13I/ILIHI/IMI/I BJIaCTHBOCTAMH: I'yCTHHA — 1,225 kr/ve’,
JMHAMiuHa B'3KicTh — 1,789-107° kr/(M-c).

BUXIJHOIO KaHaiB

Pucynox 1 — 3oBHinHiil BUTIg4 reoMeTpU4HOI
YACTHHH MOAeJi 3 BXIIHUM i BUXiTHIM
KaHaJIaMH i JJonaTKaMu TYpOiHKH

[lpu MopnenmoBaHHI BHKOPHUCTOBYBajaci k—¢
MOJIENb Typ6yneHTHOCT1 APYroro MOpsiKy [14].
Hns  noOymoBu  CITKM 1 pillleHHS — 3ajadi
BukopucropyBanacsi CFD-niporpama FLUENT, mist

SKOT YHCIIO PO3PaXyHKOBUX IEMEHTIB MOJeli
CITKH cKJ1agano npuoanstao 50000.

Jns  MopemroBaHHA — mporecy — oOepTaHHS
TypOIHKM BHKOPHUCTOBYBajacs pyxoma CiTKa, IO
YMOBHO po3MilieHa B 30HI obepraHHS TypOiHKU. B
OCHOBI PO3paxXyHKy 4aCTOTH 0OepTaHHs TypOiHKA y
byHkIii Bl)j[ BUTPATH TOKIIA/ICHO plBH;IHH;I 10
BHpaxae plBHlCTb MOMeHTIB CHII, ):[HO‘II/IX Ha
Jomnatky [2]:

do
1 m —m 1
dt * e M
abo
2 do
R E:R@-(FX—FW), )

ne [ — MoMeHT iHepuii TypOinku; M,, F, — MOMEHT i
pe3yabTyloUa TiApOJMHAMIYHA CHJIA TUCKY ITOTOKY
Ha JIOMATKy, IO 00epTaeThcs MiJ €0 BXiJHOTO
HOTOKY, BiamoBinHO; M,, F,, — MOMEHT i cuia
TepTss B  00EpTOBUX  EIIEMEHTaX MeEXaHi3My
BUTpATOMipa, sIKi MPHUMAJAl0Th HA OJAHY JIOMATKY,
BI/IMIOB1JTHO; /M1, — IPUBEIEHAa Maca CeKTOpa YaCTUH
BUTPATOMIpa, 110 00ePTAKOThCS 3 JIOMATKOK; Rey —
edexTuBHA Bl}Z[CTaHI) LEHTpy Baru 06epT0131/1x
YacTUH BHUTpPATOMipa 3 JIOMATKOK JI0  OCi
o0epTaHHs; T — Yac.

3naueHHs cuiu F, y Oy/lb—sSKHii MOMEHT 4acy T
MoxxHa Bu3zHaunTH 3acobamu FLUENT, ockinbku y
Oy/Ib—SIKMii MOMEHT Yacy pO3paxOBYEThCS THUCK Ha
BCili TIOBEpXHi JonaTku (B OYyAb—SIKOMY OCEpENKY
JIOTIATKH ), @ TAKOXK BiJIOMI TUIOIIA 1 BEKTOP HOpMaTi

KO)KHOTO OoCepenKy  JIOmaTKu (BOynoBaHi
moximBocti FLUENT 103BOJIAI0OTE BU3HAYUTH I
3HAYCHHS).

Cuna Ttepra F,, Moxe OyTu OTpHMaHa IpH
CKCIICPUMEHTAIBHOMY JOCII/DKCHHI KOHKDETHOrO
BI/ITpaTOMlpa—JII‘II/UII)HI/IKa Benuunna i
3MIHIOETBCSl 3QJIGKHO BiJI YacTOTH OOepTaHHs
TypOIHKM 1 TpPHUKIAA TakKol XapaKTePUCTHKH
TIOIaHui Ha puC. 2.

Ha mpaktumi asi KOHKPETHOTO BUTpaToMipa B
CTalliOHAPHUX PEeXKHMaxX Horo podOTH MpH 3aJaHUX
MOCTIHUX BUTpATax ra3dy BUMIPIOETBCS 4acTOTa
obepTaHHs TypOiHKH, TOOTO € BiJOMOIO 3aJISKHICTh
® = fG), ne G - wmacoBa Burpara. J[ns
cTalioHapHOro pexumy (o = const) piBHsHHS (1)
MEPETBOPUTHCS Y PIBHICTE:

F.=F,,. 3)

PiBHicte (3) o3HaYae, 110, BUKOPHCTOBYIOUH
eKCIepuMeHTaNIbHI AaHi criibHO 3 CFD — Monemtio
3aj1adi, MOXHA JJIS KOHKPETHOrO BHUTpaToMipa
3HAUTH 3aJICKHICTh:
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Pucynok 2 — 3ane:xkHicTb cuIM TepTa TypOiHn
Bil yacToTH 00epTaHHSA

[pomec 3Haxo/pKEHHs 3aleXHOCTI (4) MOXHA
HA3BaTH HACTPOHKOIO MOJIENI 1 aITOPUTM 11 mossirae
Y HaCTYITHOMY:

— U1 KOXKHOTO TpajyloBajbHOrO 3HAYCHHS
Butpatu razy G;, (1 = , N), 3a momomororo
HOGyﬂOBaHo'f KOMH'}OTepHo'i CFD—wmopeni
PO3B'SI3YEThCS TMOCIIOBHICTh CTAI[IOHAPHUX 3a1a4
JUIS BHU3HAYCHHS YacTOT OOEpTaHHA @;, SKi
BIIIOB11al0Th BUTpaTtaM Gi;

—y pe3ynbTari MOCHIAOBHOrO pimieHHs N
TaKuX 3a7a4 00UMCIIOeThCsa N 3HaUeHb cuiu F,, sAKi
JUIA CTalllOHApHOTO Tmporecy Ha miacTaBl (3)
JOPiBHIOIOTh 3HAY€HHSIM cuiu F),, a Ie, Yy CBOIO
4yepry, 03Havae, 1o JjIs KOHKPETHOI'O BUTpaTOMIpa
MOJKe OyTH 3Haii/ieHa IIyKaHa 3aJIKHICTD (4).

I3 cniBBigHOMmIEeHHs (1), 3amMcaHOrO y BUTIISI
KIHIIEBUX PI3HMIIb BIAHOCHO O, JUIS A—TO MOMEHTY
4acy Ty, 4Yacrora oOepTaHHS @y BH3HAYAETHCS
TaKKM YHHOM:

F,(0)-Fp()
mR

Onmcana MeToJuKa J03BOIISIE PO3PAaXOBYBATH
qactoTy oOepraHHS TYpOIHKH B CTal[iOHApPHUX
peXUMax JUIs PI3HUX BUTpAT Ta3y. 3HaIOUH
3alIeXKHICTh  F,,(®) 1 BpaxoByro4yH T€, IO B
CTalliOHAPHOMY PEKUMI BUKOHYEThCS PIiBHICTH (3),
JUIs 33a7aHO0l BHTPAaTH INDISIXOM PIlIGHHS PSRy
CTalllOHApHUX  3ajJay, MigOupar4d  3HAYCHHS
4acTOTH OOEpTaHHS, MOXKHA JIOCSTTH BHKOHAHHS

= F(®). VY pesynbraTi peamizarii

(v —ta).

O‘)k :O‘)k—l +

ymoBu F,. =F

X mp
[FOTO AITOPUTMY MTOOYI0BaHA 3aJIEKHICTh YaCTOTH
o0epTaHHS BiJl BUTpATH Ta3y, sika MpejicTaBicHa Ha
puc. 3. Ilg 3anexHicTh A CTAI[iOHAPHOTO
MPOIIECY, OKPIM 00JIaCTI HU3bKUX BUTPAT, OJIM3bKa
IO JIIHIMHOI.

2000
= 1500 ~
= /
‘2 1000 /
= 500

0 T I T

000 002 004 006 0,08

G, xr/c

Pucynok 3 — 3ane:xknictb yacToTn 00epTanHs
TypOiHu JiYMIbHUKA Bil MACOBOI BUTPATH B
CTAl[iOHAPHUX pesKuMax

Pospobniena Meroauka JociiJKeHHS  Oyna
peanizoBana B mporpami FLUENT vy Burmsai
CHemiaabHOl J0AaTKOBOT (PyHKII, sika Ha KOXKHOMY
KpOIli 32 4acoM OOYHCIIOE YacTOTy oOepTaHHS Mo
dopmyni  (5). 3asHaummo, WO 1 (bopMyJIa
pearizoBaHa B SIBHOMY BI/IFJBI)Z[] TOOTO F 1 Fyp
KOXXHOMY 4YaCOBOMY KpOIli 3 BPaxyBaHHSAM Bn60py
Ha 0a3i MonepeIHbOro KPOKY 3a YaCOM.

v TPUBE/ICHUX PO3PAXyHKAX Oyiu BUKOPHCTaHI
SK JIHIHA Saﬂe)KHICTL CHIIH TepTs BiJl 4acTOTH

Fp(0)=0,0025- 107w, TaK i HENiHIiHA,
ampOKCHMMOBAHA MOJIHOMOM JPYrOro CTENeHs, sKa
UTIOCTPY€EThCS pHC. 2.

MeTpoJoriuHi  XapaKTepHCTHUKH BHTPATOMIpA,

MpH JTOCHI/PKEHHI METPOJIOTIUHUX XapaKTepPHCTHK

TypOiHHOrO  BHUTpaToMipa WOro mMOXHOKY O
MOB'SDKEMO 3 mapamMerpoM 7/  HACTYITHOKO
3aJIeKHICTIO!
n n n
o= ——| — — , (6)
o o), /o),
ne (n/Q), — cepelHE B MeXKax [iama3oHy

BUMIpIOBAHHSA (Qyin ~ Oax) 3HAUCHHS 1/Q.

Bupimyroun 3BOpOoTHY 3amady i KOXKHOI
BHUTPATH 1 BU3HAYAIOYH BIAMIOBIIHY IS HEl 4aCTOTY
3 BpaxyBaHHSM 3aJICKHOCTI CUJIM TePTS BiJ 4YaCTOTH
(puc. 2), oTpuMaHa 3aJI€KHICTh 3MiHM TTOXUOKH Bijl
Butpati (puc. 4). li xapakrep € ONM3BKHM J0
BiZIOMHX eKCIIepUMEHTAIILHO BHU3HAYYBaHHUX
KPUBHX MTOXHOOK TYpOIHHUX JIYMIBHUKIB [2, 3], 110
MiATBEP/UKYE aJeKBATHICTh PO3POOJICHOI MOJEIi.
TyT KOHKPETU3YEMO TaKOXK, L0 Il OO BUIAJKY
3MiHa CHJIM TepTs Oynia MPEICTaBICHA HACTYITHOIO
(YHKIIOHATBHOO 3aJISKHICTIO

F,, =107n" +2:10'n - 5107, (7)

Jie n — 4acToTa o0epTaHHs B 00/XB, n=21-60/w®.
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PucyHnok 4 — 3ajie;kHicTb CHCTEMATHYHOI
NoXuOKM BUTpaTOMipa Bix 00’€MHOI BUTpaTH

JluHaMi4uHi ~ XapaKTepUCTUKA  BUTPATOMIPIB
MOB’s3aHI 13 HeCTal[lOHApHUMH TpolecaMyu B
TpyOONpoBOIaX, OCHAIICHUX JIYUIbHUKAMHU Ta3zy,
HampuKiIan, 3MiHa  yMOB  (DYHKI[IOHYBaHHS
TEXHOJIOTTYHUX TPHUCTPOIB, & caMe: KOMIIPECOPIB,
BEHTHJIATOPIB, HACOCIB, ra30TypOIHHMX YCTaHOBOK,
IO MepeKavyIoTh ra3, MePeXon 3 OAHOTO PEKUMY
poOOTH Ha 1HIIIH, a TAKOXK IMYCKH 1 3yMTUHKH TOIIIO.

Jns  MOAeNioBaHHA  TEPEXiTHHX  PEKUMIB
posrisiaanacst HecTalioHapHa 3aj1a4a
aeponuHaMiku. [Ipy IbOMY Ha BXOJli Y BHTPATOMIp
3ajaBanacs 3MiHHa y 4Yaci BUTpaTa Tasy, IO
3MIHIOETBCS 3TIMHO 3aIEKHOCTI, HaBeAeHOI Ha

puc. 5.
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Pucynok 5 — 3ane:xknicTh 3MiHN BUTPATH razy Ha
BXOJi JiYMJIbLHUKA BiJ yacy

Ha migcraBi omucaHol BUIINE METOIMKH OyIIH
3HalIeH] 3aIeKHOCTI [Tl OKPEMHX CHII, JIFOUMX Ha
TypOiHKY B TepexiiHux pexumax (puc. 6). Sk
BHJIHO 3 pHUC 6, TIApOAMHAMIYHA CHJIAa THCKY TIOTOKY
F, na obeproBy momatky 1 cuia iHepmii F;

3MIHIOIOTbCS CHHXPOHHO i3 3MIHOIO BUTpaTH 1 Ha
erami pO3roHy JOCHTh ONHM3bKI 3a aOCONIIOTHUM
3Ha4YeHHSM. B Tol ke "ac cuiia TepTs 3MIHIOEThCS
HabaraTo IUIaBHiIIe 1 i1 aOCOJIFOTHI 3HAYCHHS JIMIIIC
ACUMITOTHMYHO  HAOMWKAOTBCA ~ 3HU3Y  JO
ripoguHaMiuHOl CHJIM B KIHII IEPEXiTHOro
MPOIIECy.
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Pucynoxk 6 — 3ane:kHocti Ail0unx Ha TypOiHKY
CIJI Bi yacy (ToBcTA JiHisl — rixpoguHamMiuHa
cuwia Tucky F, moToxky Ha JIONATKY, 110
00epTaeTbes; - - - cuia TepTs Fi,; TOHKA JIiHis
— cuuia inepuii F,,,)

Ha erami ranmbmyBaHHS (3MEHIICHHSI BHTPATH)
riipogMHaMiuHa Ccujaa THCKY TOTOKY F, Ha
00EpTOBY JIOMATKy MOHOTOHHO 3MIHIOETHCS ICTOTHO
MOBUIBbHINIE Y TOPIBHSAHHI 3 PI3KIIIMM MaiHHIM
CHJIM iHEpIIii, ACHMITOTUYHO TIParHy4yu 10 HyJS B
KiHIII TepeximHoro mpomecy. Yac pemakcamii 10
KBa3iCTAI[lOHAPHUX 3HAYEHb OKPEMHUX CHJI ICTOTHO
OLIBIINIA 32 Yac Jii 30ypeHHs (3MIHH BUTPATH).

Ha ocHOBI  po3po0OiieHOi  METOIUKH 32
JIONIOMOT'OI0  KOMITFOTEPHOI ~ MOAEIl  3HaiieHa
3aJIeKHICTh YaCTOTH OOEpTaHHS TYpOIHKH BiJ| 4acy
JUIsl TIEpEXiIHUX PEKHMIB BHTpATH Tazy (puc. 7).
Pe3ynbrati po3paxyHKIB MOKa3yloOTh, 110 MOXHOKa
BHU3HAYEHHS BUTPATH B IEPEXiTHUX peKHMax Oe3
ypaxyBaHHsS CWiI iHepuii Moxe csratd jgo 100 %
(puc. 8).

[IpoBeaeHi TakoX YHCEIbHI JAOCITIHKCHHS
JTMHAMIYHUX XapaKTEepUCTUK TypOiHHOTO
TMYUIBHUKA, 30KpeMa, BIUTMBH DPO3TOHY 1 BHOIrY
TypOIHKM TIpW 3MiHI BUTpaTH Tra3y B yaci. 3a muXx
YMOB PO3TJISIAIACS BHIIQJAKH SIK  CHUMETPHYHOI
(puc. 5), Tak 1 HECUMETPUYHOI B Yaci 3aJeKHOCTI
po3roHy i BUOIrY.

Pe3synbratu MonentoBaHHs (pHC. 7) MOKa3ylOTh,
0 HaBiTh Ui CHMETPUYHOI B Yaci 3aJIeKHOCTI
3MiHU BHTpaTH (puc. 5) moxubka BHU3HAYCHHS
KUTBKOCTI ra3y, 10 MPOMIIOB Yepe3 JIIYMIBbHUK, Ha
IIUX eTanax He KOMIIEHCYEThCS.
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Pucynoxk 7 — 3mina yacroTu odepTaHHs
TYpOIHKM )i CHMETPUYHOI 3aJ1€5KHOCTI 3MiHU
BUTpPaTH (puc. 6) 3 ypaxXyBaHHAIM cHJI iHepuii
(ToBcTa JiHis) i 0e3 IX ypaxyBaHHsA (TOHKA JIiHifA)
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Pucynok 8 — 3ane:kHicTh BigxXuaeHHs 4acTOTH
o0epTaHHs TYpOiHKHM B HecTaliOHAPHOMY
pexuMi BUMIPIOBAHHS O Bil 4aCTOTH 00epTaHHSHA
)y, 0iep:kaHol Ha 0a3i rpagyOBaJbLHOI KPUBOL
(puc. 3) 3a ymoB BuOpaHoi B yaci (puc. 5)
3aJ1€KHOCTI 3MiHM BUTPATH ra3y Ha BXoji
JiYUJIBHAKA

[Ipotsarom vacy 3MeHIIEHHsI BUTpaTH (IIOXHUOKa
MO3UTUBHA)  Yacrora  oOepTaHHS  TYpOiHKH
3MIHIOETBCS Ha0arato TUIABHINE Yy TOPIBHSHHI 3
IHTCHCHBHIIIMM 30UTBIICHHSIM YacTOTH OOepTaHHS
TypOIHKM [POTAroM 4acy 30UIBLICHHS BUTPAaTH
(moxmbka Big'emHa). Pi3HHIA MDK TepmM
PO3TOHOM 1 CHMETPHYHUM HOMy JPYrdUM CHaioM
(puc. 7) cxmagae 160 %, a MDK Jpyrum
30UTBIIEHHSIM BHTPAaTH 1 BIANOBIAHUM  HOMY
MEpIINM CITaJI0oM BUTpaTH CTaHOBUTH 72 %. ToOTO
MPH JOCUTh MOBUILHUX HECTAI[IOHAPHUX IMpoIecax
cymMapHa mnoxuOka, 3HalJeHa IO TpaJayrOBabHIH
kpuBiii (puc. 3), Ha eramax 30UIBIICHHS 1
MOJANIBIIOT0 3MEHIICHHS BUTpPaTH TIO3UTHBHA 1
MOJKE TIEPEBUIIYBATH peasibHy BUTpaTy B 2,6 pasu
JUIs  JOCHi/pKyBaHOro JiuwnbHuka. Ha puc. 8
IOKa3aHa JAWHAMIKA 3MIHM TakKol NOXWOKM B 4aci
U BUOpaHOi (pHC. 5) 3aJIeKHOCTI 3MIHH BUTPATH
ra3y y JiYHJIbHUKY.

Ak BumgHo 3 puc. 8,
TypOiHKM, a 3HA4UTh |1

JacToTa O0epTaHHs
BU3HAYEH] 3HAYEHHSA

BUTPaTH, B HECTalllOHAPHOMY IIPOIeCi ICTOTHO
BIJIPI3HSIOTHCSL  BiJl BUTPATH, OJEPKAHOI IO
rpajyroBaJibHIil  KpHBiH Buay puc. 2 uis
CTalliOHAPHOTO peXUMY (GyHKIIOHYBaHHS
JYUITBHUKA.

IurencuBHICTE 30UIBHIEHHS a00 3MEHIICHHS
MOXUOKH 3aJIOKUTh BIJ aMIUNITYId BiIXUJICHHS
BUTpPATH BiJI YCTaJeHOro 3HAYEHHS 1 I MoxuOka
KOPENIIOE 3 IepiofamMu 30LIBIICHHS | 3MCHILCHHSL.
LI1 Bl}Z[XI/IJ'IeHHSI pu BII[OMI/IX XapaKTePUCTUKAX
JYUIBGHUKIB 1 BI/ITpaTOMlplB B INPaKTHYHHUX
acCIeKTaxX MO)KHAa BPaxOBYBaTH 1 KOMIICHCYBaTH 3a
JIOTIOMOT'00 KOPEKTOPIB.

BUCHOBKH

3a pesymbraTamMH JOCHI/DKEHb PO3pOOIIeHa
MCTOJMKA BU3HAYCHHs CHJI TePTs Ul TYpOiHKH
JMYWIbHUKAa a00 BHTpaToOMipa B CTaTUYHHX 1
MEepexXiJHUX  peXuMax, sKka  0a3yerbcs  Ha
CKCIIEPUMEHTAIIbHO—PO3PaXyYHKOBOMY ~ METONi 3
BukopuctanusM CFD—rexHomorii.

OnepxaHa 3aleKHICTh YacTOTH OOEpTaHHs
TypOIHKM BiJi BUTPATH VISl CTAI[IOHAPHOTO PEKUMY
JYMITBHUKA BUTPATOMIpA.

3anponoHoBaHa METOANKA PO3PAXYHKY YacTOTH
o0epTaHHs TYypOIHKM B TEPEXiJHUX PEKUMAaxX, Ha
OCHOBI SKOI oOJep)KaHI 3aJeKHOCTI YaCTOTH
o6epTaHH;1 TypOIHKH BiJ qacy s MepexiIHUX
pexumiB. OfepxaHi 3aleKHOCTI UL PO3PaXyHKY

cwi, SKi Jil0Th Ha TYpOIHKY B TepexiJIHuX
peKUMaXx.

[TpoBenene MOJICITIOBAHHS JTMHAMIYHUX
peKMMIB  pOOOTH  TYpOIHHMX — JIMHIBHHKIB i

BUTPATOMIPIB I10Ka3aJI0, 10 Yac PO3TOHY TypPOIHKH
BHUTpaTOMipa (3p00TaHH$[ BUTpaTH) 1 BHOIry
(TomaNbIIOro 3MEHIICHHSI BUTPATH JI0 TIEPBUHHOTO
3HA4YCHHS) MOXYTh CYTTEBO BiAPI3HATHCA 1 1A
BIAMIHHICTE MOXE ocarat 25 % 1 OuiblIe.

BcranoBieHo, mo aAuHaMiKa po3roHy i BHOIrY
TypOIHKM JYMIIBHUKA — BUTPATOMIpa 3aJISKUTH BiJ
BHILy (DYHKI[IOHAJILHOI 3aJI&KHOCT] 3MIHM BUTPATH B
Yaci, Py I[bOMY JOJATHS TMOXHUOKAa BHMIpIOBaHHS
BUTpaTH Moxke focarata 160 %.

3a pe3ynbraTaMyd BHKOHAHHMX JOCIHIHKEHb LIS
KOHKPETHUX THIIOPO3MIPIB TYpOIHHUX JTIYMIILHUKIB
1 BuTpaToMipiB rasy Ha ocHoBi CFD mozentoBaHHS
MOXYTb Oyt oJlepxaHi (yHKLIOHANBHI
3QJICKHOCTI, SIKi € aKTyalbHHMH TPH CTBOPCHHI
ABTOMATHYHUX EIEKTPOHHHUX KOPEKTOPIB MOXHOOK
BHUMIPIOBaHb BHUTPATH, TOB'I3aHUX 3 KOIWBAHHIMH
BUTPATH B Ta30TPAHCIIOPTHUX MEpEkKax.
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