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Y emammi 0ocniosceno ennus neizomepmiunocmi NOMOKY Ha eqheKMuHICMb NIIBKOBO20 OXONI00IHCEHHS NIIOCKOT NOBEPXHI NPU 4aACm-
KOB0OMY OIOKYBAHHI 0MBOPIE 8U0YEY 0X01002iCy8ad. [{OCIiOdceHHs BUKOHAHO 3a O0NOMO2010 YUCETbHO20 MOOENI0BANHS 8 KOMEPYIIHOMY
naxemi ANSYS CFX 2019 R2 i3 sacmocysannsm SST-wooeni mypOynenmuocmi 0ns ymos 3 napamempom neisomepmiunocmi R, = 1.8,
Wo 8ionosioac excniyamayitivum pedxcumam mpancnopmuum ma enepeemuynux I'TY (memnepamypa ocnoenozo nomoky 1100 °C,
oxonodocysaua 500 °C). Poszensanymo odianason napamempa 60ysy 6io 0.4 0o 1.0, xapakmepnuti 01 pobomu mypOinu HA 4ACMKO80-
My HasanmaicenHi, 018 Mpbox KOHizypayill: 6e3 61oKysanHsa ma 3 yacmxosum Onokysannam 25% ma 50% nonepeunozo nepepizy
0meopie 6udysy 0xon00dicyeaua. Becmarnoeneno, ujo 6 ymosax 6ucokoi neisomepmiunocmi (R, = 1.8) abcomomni snauenns eghexmusrocmi
NIIBKOB020 OXONOOJCEHHA € 606U SUWUMU NOPIGHANO 3 HusbKoOmemnepamyphumy ymosamu (R, = 1.2): npu m = 0.4 eqpexmuenicme
spocmac 3 16.8% (R, = 1.2) 0o 33.6% (R, = 1.8) ona rxougpieypayii 6es bnoxyeanns. brokysanus omeopie snudxcye egpexmusnicmo
na 13.7% npu h/d = 0.5 ma na 28.6% npu h/d = 1.0 eionocro 6azoeoi xongpieypayii 6es broxyeanna npu R, = 1.8, wo nos'azano 3
NiOBUUEHHAM WBUOKOCMI 8UOY8Y mda 3MIHOI0 Kyma uxody nomoxy. Ilonepeuna HepignomipHicmb po3nooiny niieku 30epicacmovcs 01
6CIX KOHpI2ypayiul.

The article investigates the effect of flow non-isothermality on film cooling effectiveness of a flat surface under partial blockage of
coolant injection holes. The study was performed using numerical simulations in the commercial package ANSYS CFX 2019 R2 with the
SST turbulence model for conditions with a non-isothermality parameter R, = 1.8, corresponding to operational regimes of transport
and power gas turbine units (mainstream temperature 1100 °C, coolant temperature 500 °C). The analysis considered a blowing ratio
range from 0.4 to 1.0, characteristic of partial-load turbine operation, for three configurations: no blockage and partial blockage of
25% and 50% of the coolant injection hole cross-section. It was established that under high non-isothermality conditions (R, = 1.8),
the absolute values of film cooling effectiveness are twice as high compared to low-temperature conditions (R, = 1.2): at m = 0.4,
the effectiveness increases from 16.8% (R, = 1.2) to 33.6% (R, = 1.8) for the configuration without blockage. Hole blockage reduces
effectiveness by 13.7% for h/d = 0.5 and by 28.6% for h/d = 1.0 relative to the baseline configuration without blockage at R, = 1.8,
which is attributed to increased jet velocity and changes in the jet exit angle. Transverse non-uniformity of the film distribution persists
across all configurations.

Biomn. 24, puc. 13, Tabm. 1.
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Beryn

EQeKkTuBHICTh IUTIBKOBOTO OXOJIOJDKEHHS  JIOMIATOK
ra3oBuxX TYpOiH CYTTEBO 3alieKUTh BiJl TEMIIEPATYPHUX
YMOB eKcCIUTyaTallil, 0 XapaKTepU3yIOThCS IapaMeTpoOM
ueizorepmiunocti Ry = T¢ /T2, ne Tr —  rtemnepary-
pa OCHOBHOIO TOTOKY, T2 — TemmepaTypa OXOJIOJ)KyBaua.
Jlyis peaibHUX YMOB eKCIUTyarailii ra3oTypOiHHHMX yCTa-
HoBoK (['TY), 30KpeMa TpaHCHMOPTHOTO Ta BiHICHKOBOTO
MPU3HAUCHHS, XapaKTepHi 3HAYCHHS  IPH TeMIlepaTypax
razoBoro motoky 1700-1750 °C [1] Ta Temmeparypi 0xo-
nompkyBada 500-600 °C. YKapocriiiki MaTepiaiu JIOIATOK
TypOiH, Taki SIK HiKeJeBi CyNepcCIUIaBH, MaroTh TPaHUYHY
TepMmocTiiikicte Ha piBHi 1000-1100 °C [2], mo BuMmarae

BUKOPHUCTaHHS €(EeKTUBHUX METONiB oOXonomkeHHs. Lle
ICTOTHO TEPEBHUIIYE YMOBH OLIBIIOCTI MOIEIBHUX BUIIPO-
OyBaHb, 1¢ R, 3a3Buyaiil He nepepuiye 1.2 [3], 10 cTBOproe
3HAUHY HEBU3HAYCHICTH MPH EKCTPAMOJISLil eKCIIePUMEH-
TaJbHUX AaHUX Ha peajibHi yMOBH POOOTH TYpOiHH.
BaxIMBUM acneKToM € pekuMH poOOTH TypOiHM Ha
YaCTKOBOMY HABaHTAXXEHHI, L0 XapaKTepU3YIOThCS 3HH-
JKeHUMH NapaMeTpamMu BIyBY oxoJjio/pkyBaya (m = 0.4—1.0)
ta KK/I. Taxi pesxumu Trmnosi ans excrutyaranii ['TY npu
HETMIOBHOMY HaBaHTa)KCHHi, KOJHM ABHTYH IpAllO€ HE Ha
MaKcUMaJIbHIH TOTYXHOCTI. [Ipyn 1bOMY 3MEHIIEHHS BH-
TpaTH OXOJOKyBaya MOXKE MPU3BOIUTH JIO0 3MIHU CTPYK-
TypH Tedil Ta Mepepo3Noily TErI03axXUCHOI IUIBKH, IO
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BHMarae JeTajbHOTO BUBUEHHS LUX PEXHUMIB 3 ypaxyBaH-
HSIM peaJlbHUX TeMIIepaTypHHUX YMOB.

JlomaTkoBuM (haKTOpOM, IO BIUTHBAE HA ¢()EKTUBHICTH
OXOJIO/[KEHHS JIOTIATOK B peaTbHUX (B TOMY YHCIi O0MOBHX)
YMOBAX, € YaCTKOBE OJIOKYBaHHsI OTBODPIiB BHYBY OXOJIOJI-
JKyBava BHACJIIJIOK O0Ca/DKeHHs 4acTUHOK Tuiy CaO—MgO—
Al205-Si0: [4]. Ilix yac pobOTH B yMOBax MyCTEILHUX Ta
CTEIIOBHX PETiOHIB YAaCTHHKH MPOXOIATH Yepe3 KOMIIpe-
cop, APIOHATHCS Ta HATPIBAIOTHCS, MICISI YOTO B 30HI BH-
COKHX TEMIIEpaTyp MOXYTb MEPEXOAUTH y PO3M'SAKILICHUN
cTaH, (popMyroun BiIKIaleHHS Ha BHYTPIIIHIX IMOBEPXHSIX
KaHaJiB oxonomkeHHs [5]. JocmimkeHHs MOKa3yooTh, IO
HaBiTh 32 50-200 roguH ekcruryararlii Moke BijOyBaTHCS
HAKOIMYCHHS BIJK/IAJCHb, JOCTATHE Ul YaCTKOBOTO Iepe-
KPHUTTS MIPOXiTHOTO Tiepepi3y oTBOpiB [4, 6].

BinpmiicTe HOCHIIKEHD IIIIBKOBOTO OXOJIOKEHHS BH-
KOHaHO /17151 MofenbHuX yMoB (R = 1.2) [4, 7-10], ue pos-
IJIs1/1al0Y KOMOIHOBAHMI BILUTUB BUCOKOT HEI30TePMIUYHOCTI
Ta OsokyBaHHs1 oTBOpIB [11-14]. Xoua poGora [8] moka3a-
Jla 3HIKEHHS €(PeKTUBHOCTI IUIIBKOBOTO OXOJIO/KEHHSI JI0
39.4% mnpu ONOKyBaHHI, BIUIMB TEMIIEPaTypHOro (akro-
pa 3aJMIIaeThCsi HEJOCTAaTHRO BUBYCHHUM. JlOCHIKEHHS
[15-17] minTBepmKyIOTh, 10 YacTUHKH 2-20 MKM dop-
MYIOTh BIIKJITaJIeHHsS TIepEeBaXHO Ha TIEPeAHId KpOMIN Ta
THCKOBIH CTOPOHI JIOTIATKH dYepe3 IHepIliHI 3ITKHEHHS,
[IPUYOMY TEMIIEpaTypa MOBEPXHI CYTTEBO BIUIMBAE HA TOB-
ITUHY BiJIKJIaICHb.

MeTor HOTOYHOI pOOOTH € YHCEIbHE JOCIIIKSHHS
BIUIMBY  Hei3oTepMmiuHOCTI  motoky (R = 1.8) Ha
e(EKTHBHICTbH IJTIBKOBOI'O OXOJOKEHHS TNIOCKOT MOBEPXHi
IpU YacTKOBOMY OJIOKYyBaHHI OTBOPIB BHAYBY OXOJIOJ-
KyBada B Jiama3oHi mapamerpiB BayBy m = 0.4-1.0, xa-
paxkTepHOMy AJisi poOOTH TypOiHM Ha YacTKOBIH Harpysii.
Oco0nuBy yBary MNpUAICHO MOPIBHSJIBHOMY aHamizy 3
MoJienbHUMHU yMoBaMu (R, = 1.2) Ta omiHmi momepedHoi
HEPIBHOMIPHOCTI (hOpMyBaHHS OXOJOKYBAIBHOI TUTIBKH Y
JOTHPUOTBOPHIH KOH(DIrypairii.

Marepianu i MeTOaH T0CTiTKEHD

O0'eKTOM TOCTIPKEHHSI € CHUCTeMa IUTIBKOBOTO OXO-
JIO/PKCHHS TIOCKOT TIOBEPXHI 3 OJIHUM PSIOM TIOXHIIAX KPY-
IJIMX OTBOPIB Uil BUJIYBY OXONOJKyBada. CTBOPEHO TpH
reoMeTpUYHI KoH(Irypartii: KoHdirypartis 6e3 0OJIoKyBaHHS,
a TakoXX JBi KOH(QIrypanii 3 4acTKOBUM OJIOKyBaHHAM 25%
ta 50% mepepi3y 0TBOpPY BHIYBY OXOJOMKyBava (puc. 1).

CrymiHp OIOKYBaHHS XapaKTepU3yBaBcs 0e3pO3MipHIM
rmapameTpoM h/d, me h — MakcuMaibHa BHCOTA TIOIIEpPEU-
HOTO TIEPEKPHUTTS, a d — IiaMeTp OTBOPY. 3TIAHO 3 eKCITe-

PUMEHTAILHUMU T4 YHCEILHUMH CIIOCTEPEIKCHHSIMH,
monmiOHI 3HAYCHHS OJIOKYBaHHS BiATIOBIMAIOTH XapakTep-
HAM KOHQirypamism 3a0pyqHeHHs, HaBeeHUM Y poOoTax
[4, 8-10].

T'eomeTpudHi po3Mipu MO TPYHTYBAJUCS HA THIIO-
BUX MapaMeTpax CHCTEM OXOJIO/KEHHS TYPOIHHUX JIOTIATOK
[19]. Buxigauii giaMmeTp OTBOPY CTAHOBHUB , ITOTIEPEUHUI
KpOK a KyT HaxmIy OTBOPIB BITHOCHO MmOoBepxHi — 30°.

TpuBHMipHa MOAEHI 31 3MIHHOIO T€OMETPIEI0 OJIOKY-
BaHHA Oynmu ctBOpeHi y moayim ANSY'S Geometry (puc. 2).
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Puc. 1. I'eomempuuna mooeny 4acmko6020 610Ky8aHHA
0meopie 6Udy8y 0X01004cy6aud.
Fig. 1. Geometric model of partial blockage of coolant
blowing holes:
a—h/d=0; 6—h/d=0,5; 6—h/d
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Puc. 2. I'eomempisn mooeni niisko8ozo 0xX0100)4ceHH
NIIACKOT nOGEPXHI npu 8UOY6I 0X0100)iCy8aya uepes
OOUHOYHUTL PAO 3 HOMUPLOX OMEOPIE NPU YACIKOEOMY
onokyeanni: a —h/d=0; 6 — h/d=0,5; 6 — h/d = 1,0 [7]
Fig. 2. Geometry of the film cooling model of a flat surface
with coolant blowing through a single row of four holes
under partial blockage.
a—h/d=0;0—h/d=0,5 6—-h/d=1,0][7]
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[ToTik oxomomKyBada MoaaBaBcs 3 00’ €eMy-TUICHYMY, TTiCITS
YOTO BUITYCKABCS Yepe3 MOXIIII OTBOPH Ha 30BHIIIHIO TIIO-
nuHy. Taka MOCTaHOBKA J03BOJISIE aJICKBATHO 3MOJICITIOBATH
peanpHI YMOBH Tedii BCepeInHi JOMAaTKA Ta Ha ii 30BHINTHIH
TTOBEPXHI.

3Bakaroun Ha CKJIATHUN XapaKTep B3aeMOIIi TOTOKIB
OXOJIO/KYBaua 3 OCHOBHHUM TIOTOKOM Y 30HI BHUJYBY, Y
po6OTi 3aCTOCOBAHO YNCETBHUHN MIAXI/, SKUH TO3BOJISIE OT-
pUMAaTH JIeTadbHy KapTHHY T1APOTHHAMIKH Ta TETUIOOOMiHY
B YMOBaxX 3MiHEHOI TeoMeTpii oTBOpiB. MoaemoBaHHS BU-
KoHaHO y mporpamHoMy kKomrmiekci ANSYS CFX 2019 R2,
10 ITUPOKO 3aCTOCOBYETHCS JJIS aHAJI3y TUTIBKOBOTO OXO-
JIOJKCHHS Ta IMIATBEPAWB CBOIO HAMIWHICTH Yy UMUCICHHHUX
nmocmmkeHasx [20, 21].

Jlns nuckpern3artii 00acTi 3aCTOCOBAHO TiOPUIHY He-
CTPYKTYPOBaHy CITKy 3 TETpPaeAPUYHHUMH EIIEMECHTAMH B
OCHOBHOMY IOTOIlI Ta TMPU3MATHYHUMHU IApaMH MOOIU3Y
tBepaoi moBepxHi (puc. 3). [lomiOHuit miaxin 3abe3redye
JIOCTaTHIO TOYHICTh Y 30HI IHTCHCHBHHX TPAII€HTIB TEM-
TepaTypy Ta MBUAKOCTI. KiIbKICTh eeMeHTIB Iy 6a30B01
koH(piryparii cranoBmia Omm3pko 1.1 MITH, 10 BimmoBimae
pEKOMEHIAITISM JIJTS 331349 TUTIBKOBOTO OoXoJomkeHHs [20, 7].

I'parmuHi yMOBHM Ha BXOHi 1 BHXOMI PO3PaxyHKOBOL
obracTi migiOpaHi 10 3HAUYEHB MapaMeTpa BIyBY ONH3BEKIM
o m = 04; 0,6; 0,8; 1,0.

I

Puc. 3. Hecmpykmypoeani ceomempuuni cimxku ons CFD

MOOent06anHA Y NOnePeuHoOMy HARPAMKY ma 6 OKOJi
OIIAHKU NOGEPXHI 6UOYEY 0X0100)1cysaua
(6e3 onoxysannsn) [7]
Fig. 3. Unstructured geometric meshes for CFD modeling
in the transverse direction and in the vicinity of the

coolant blowing surface area (without blockage) [7]

[IBUAKICTE OCHOBHOTO TOTOKY cTaHOBUTE 400 M/cC, 1110
BIZIITOBIZIa€ peaJlbHUM yMOBaM OOTiKaHHs Jiomatok [TV,
temrieparypa ra3zy — 1100 °C, Temmneparypa BTOPHHHOTO T10-
ToKy — 500 °C. IHTEHCHBHICTD TypOYJIEHTHOCTI OCHOBHOTO
MOTOKY 3a7aBayiach piBHOIO 1%.

TBepai rpanuili po3paxyHKoOBOi oOmacTi Oynau 3amaHi
s amiabatHoi ctinkm (§Q = 0). Ha GiyAMX MOBEPXHIX
PO3paxyHKOBOI MOJIeIi OyIIH 3a/1aHi YMOBH CHMETpii [7].

JlocmipkeHHsI IPOBOIMIIKCS 3 BUKOPUCTAHHSM OCEepe/i-
HeHnX 3a Peftnompracom piBHsSHL Hap’e-Ctokca (RANS).
JI71s1 3aMKHEHHS CHCTEMH PIBHSHB 3acTocoBaHO SST-Momenn
TypOYJICHTHOCTI, fKka 3a0e3redye JTOCTOBIPHI pPe3yIbTaTH
TIPH pO3paxyHKY IUTIBKOBOTO OXOJOMKeHHS [20].

Bepudikamis pe3yabrartiB

Bymo mpoBeneHO TMOPIBHAHHS 3aJIEKHOCTI CepeaHbOl
B TIOTIEPEYHOMY HANPSIMKy afiabaTHol e(PEeKTHBHICTIO
TJTIBKOBOTO OXOJIODKEHHS 10 JOBKWHI TUTACTHHU BHOpaHOi
CITKH 3 €KCIIEPUMEHTATbHUMH JIAHUMH JUTS TIApaMETpy BILY-
By m=1,0[21, 6]. B po3paxyHKax BUKOpHuCTOByBajgach SST
MOJIeTTh TYpPOYICHTHOCTI.

Pe3ynbraTi MoKa3yroTh, 110 BiAXUICHHS Bi pe3yIbTaTiB
[22, 7] ctanoBmIT0 9,68%, 110 € TOMTYCTUMHM BiIXUICHHIM
IIpU  KOMIT ToTepHOMY MomemoBanHi. Otxe, SST momens

0,35
¢

0,31

0,15+

0,1 ke

0,05
0

Puc. 4. Pesynomamu eepugbikayii cimxu:
1 — po3paxynox 3 euxopucmauuam cimxu 1,11 man.
enemenmie; 2 — ekcnepumenm [22, 7]
Fig. 4. Mesh verification results:
1 — calculation using a mesh with 1.11 million elements;

2 — experiment [22, 7]
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TypOyJAEHTHOCTI Y CYKyIHOCTI 3 0OpaHOI0 MOJEIITIO CITKH
JIOCTaTHBO TOYHO ONMUCYIOTHh €(PEKTUBHICTb ILTIBKOBOTO OXO-
JIOJDKEHHS [T TPaTuIliitHOT KoH]irypatii 6e3 6J0KyBaHHS
(h/d=0).[7]

PesyabraTu Ta iXx 00roBopeHHst
I30iHii e(peKTUBHOCTI MJIIBKOBOTO 0XOJI0IKEHHS

Ha pucynkax 5—8 HaBeZIeHO MO PO3IIOLTY JTOKAITEHOT
e(eKTUBHOCTI IJIIBKOBOT'O OXOJIOAXKEHHS Ha J0CIiHKyBaHil
MOBEPXH1 JAJIs1 BCIX PO3MIAHYTUX KOH(Irypauiii mpu napa-
metpax BayBy m = 0,4 (puc. 5); m = 0,6 (puc. 6); m = 0,8
(puc. 7); m = 1,0 (puc. 8). Po3paxyHku BUKOHAHO TSI yMOB,
10 HAOMIKEH1 710 pealbHUX eKCIUTyaTallifHuX apaMeTpiB
(R = 1.8) razorypOiHHMX YCTaHOBOK: TeMIIepaTypa OcC-
HOBHOro mnoToKy craHoBmia 1100 °C, oxomomxyBada —
500 °C. Anaii3 MoJiB JIOKATbHOT €(EKTHBHOCTI MOKAa3YeE,
0 XapaKTep PO3MOILTY OXOJOKyBavya 30epirae sKicHi
3aKOHOMIPHOCTI, XapaKTEPHI JUIS IUTIBKOBOTO OXOJIOJKCHHS
3 IUCKpeTHOIO mofadero. [Ipu 1ipomy abcomoTHI 3HAYCHHS
e(heKTUBHOCTI BUSABIISIOTHCS BHIIUMH ITOPIBHSIHO 3 MOJIEIb-
HUMU ymoBamu (R, =1.2) [7] 3aBasaku OinbLIiil pisHULI
TeMIeparyp Mi>k OCHOBHHUM ITOTOKOM 1 OXOJIOZKyBaueM, 1110
3a0e3nedye OUIbII IHTEeHCUBHIIIMH TETI03aXUCT MOBEPXHi.

3pocTaHHs MapamMeTpy BAYBY M 3HUXKYE ¢ESKTUBHICTb
yepe3 30UTBIIEHHS IMITYJIbCY TTOTOKY, 110 BUKIIUKAE BipHB
CTPYMEHS Ta IHTEHCUBHE TypOyJIECHTHE TIEPEMIITyBaHHS.

BrnmB mapamerpa OmoxyBaHHS //d Ha e()eKTHBHICTH
OXOIIOJKEHHS € CYTTEBUM. 301IBIIIEHHS CTYTICHS OJIOKYBaH-

3 i 1
1

SN IR0 B N D~ T

a
Puc. 5. I3oninii n1oxanvhoi epekmuenocmi niieKko8ozo

B

0X071002CeHH 0715 PI3HUX RAPDAMEMPIE O10KY6aHHs
omeopie (m = 0,4):
a—hd=0;6—-h/d=0,5 6—-hd=10
Fig. 5. Isolines of local film cooling effectiveness for
different hole blockage parameters (m = 0.4):
a—hd=0;06—-h/d=0,5 6—-hd=10

HS TIPU3BOAMTD JI0 3MIHHM TPAEKTOPIl PyXy OXOIOMKyBada:
MOTIK BUXOTUTH 13 OTBOPIB MM OLTBIINM KyTOM HaXuiIy 110
noBepxHi. lle BUKIMKae paHile BiTOKpPEMIICHHS CTpyMe-
HS BiJ| CTIHKH Ta HOTO iHTEHCHBHIIIE 3MINTyBaHHS 3 Taps-
YUM Ta30M. Pe3ynbratoM € 3HWKEHHsI JTOKaJIbHUX 3HAuCHb
e(eKTHBHOCTI MO BCiil MOBXKHHI JOCIHIKYBaHOI JUISTHKH.
Haii6inbmn BupaskeHu BIUTHB OJI0KyBaHHS CIIOCTEPITa€ThCS
B 30Hi 0e31mocepeIHbO 32 OTBOPAMH BHIYBY, 1Ie POPMYIOTh-
sl TIOYaTKOBI1 JUISHKH OXOJIOKYBaJIBHOI TUTIBKH.

=

TR T —
TEEELLEESELEELELELET

a 0 B
Puc. 6. I3oninii noKanvHoi ehekmusnocmi niieKko6ozo

0X0/100)1CeH A 0715 PI3HUX NAPAMEMpie O10KY8aAHHA
omeopis (m = 0,6):
a—h/d=0;6—-h/d=0,5 6—h/d=1,0
Fig. 6. Isolines of local film cooling effectiveness for
different hole blockage parameters (m = 0.6):
a—h/d=0;6—-h/d=0,5 6—h/d=1,0

1
1.000¢+00
I 9.47de.0

0.000e+00

a 0 B
Puc. 7. Boninii noxanvnoi epekmuenocmi niiekoeozo

0X01002#CeHHA 013 PI3HUX NAPAMEmPie O10Ky6aHHA
omeopis (m = 0,8):
a—-h/d=0;0—-h/d=05;6—-h/d=10
Fig. 7. Isolines of local film cooling effectiveness for
different hole blockage parameters (m = 0.8).
a—-h/d=0;0—-h/d=0,5;6—-h/d=1,0
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[Momepeunuil po3noaia HEPIBHOMIPHUI: MakCUMYyMHU
e(eKTHBHOCTI B3IOBXK OCEil OTBOPIB, MIHIMyMH MK HUMH
Ha BCIH JOBXXHUHI IUIACTUHH.

[MopiBHSIHHSL pe3ynbTaTiB JUIsl Pi3HUX KOH(Iryparii
OJIOKyBaHHS JI03BOJISIE KOHCTaTyBaTH, IO HaBIiTh 4YacTKO-
B€ TICPEKPUTTS OTBOPIB CIPUUYUHSE TIOMITHE TOTipIICHHS
TEIUIO3aXUCHUX XaPAaKTEPUCTHK CHUCTEMH OXOJOIKEH-
Hsi. [lpu poMy sIKicHa KapTUHA pO3MONiTYy e€(peKTHBHOCTI
3aJMIIAETHCS MOAIOHOI0, MPOTE PIBEHb 3aXHCTY MOBEPXHI
ICTOTHO 3HM)KYETBCS, IO Ma€ KPUTHYHE 3HAYCHHS JIJISI 3a-
Oe3IedyeHHs HaAIMHOCTI Ta JOBIOBIYHOCTI €JIEMEHTIB ra3o-
BHX TypOiH B YMOBaX €KCIUTyaTallil 3 MiABUIIEHUM BMICTOM
a0pa3vBHUX YaCTHHOK Y TIOBITPI.

Jlisi BU3HAYECHHS! YCEPEAHEHOI MO HIMPHHI TUIACTHHU
e(eKTHBHOCTI TUTIBKOBOTO OXOJIOIPKEHHSI BUKOPUCTOBYETHCS
3aJIe)KHICTh, IIPUBE/ICHA B po0OOTI [7].

Ha puc. 9-12 nHaBeaeHo po3moaisl ycepenHeHOl
e(eKTHBHOCTI B3JIOBX O0€3pO3MIpHOT KOOpIAMHATH X/d B
miamazoni 0 < x/d < 15 s napamerpis BayBy m = 0.4, 0.6,
0.8 Ta 1.0 BignmoBigHo. Lli 3aneKHOCTI JO3BOJNISIOTH IPOBE-
CTH JieTalbHUI aHali3 BIUIMBY SIK ITapaMeTpa BIYBY, Tak i
CTyIeHsl OJIOKYBaHHsI Ha i1HTErpasibHI XapaKTepUCTUKU CH-
CTEMH OXOJIOJDKEHHSI B YMOBAaX, HAOIMKEHUX JI0 pealbHUX
eKCIUTyaTallifHAX PeKUMIB ra30TypOIHHUX yCTaHOBOK.

[Mpu 30inbieHHi mapamerpa BayBy m Bix 0.4 1o
1.0 ycepenHeHa e(EKTHBHICTh IUIIBKOBOIO OXOJIOKCH-
HS 7] JEMOHCTpPY€ TEHAEHIII0 10 3HMWKEHHA. 30Kpema,
Uit KoHgirypaii 6e3 onokysanus (h/d = 0) npu m = 0.4
(puc. 9) mMakcuMalibHE 3HAUCHHS HA TOYATKOBIN JUISHII

a 0 B
Puc. 8. IBoninii 10xanvnoi epekmuenocmi niieko8o2o
0X0/100)1CeHHA 0715 PI3HUX NAPAMEMPI6 O10KY6AHHA
omeopie (m = 1,0):
a-h/d=0;06—-h/d=0,5;6—-h/d=1,0
Fig. 8. Isolines of local film cooling effectiveness for
different hole blockage parameters (m = 1.0):

a-h/d=0;0—-h/d=0,5;6—-h/d=1,0

(x/d = 0) mocsrae 0.54, tomi six ipu m = 1.0 (puc. 12)
BoHO 3MeHIyeTbest 1m0 0.49. lle sBume oOyMoBIcHE
30UTBIIIEHHSAM KIHETHYHOI €HEpTil OXOJIOMKYBAIBHOTO TIO-
TOKY TIpY BHUINMX 3HAYEHHSIX M, IO MPU3BOIUTH O OUTBII
IHTEHCHBHOTO NMPOHWKHEHHSI CTPYMEHS B OCHOBHHH TIOTIK,
HOTO PaHHBOTO BIAPWUBY BiIl MOBEPXHI Ta MOCHUJICHHS TYyp-
OyJIEHTHOTO TIEPEMIIIyBaHHS, MO0 B KIHIIEBOMY ITiICYMKY
3HIKYE 3aXUCHI BIIACTUBOCTI OXOJIOKYBAJIbHOT TUTIBKH.
Crynins OMOKyBaHHS BiXirpa€ BHU3HAYAILHY pPOJb Y
(dhopMyBaHHI TEIUIO3aXUCHUX XapakTepucTuk. [l Bcix
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0,5 “hd=10]
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Puc. 9. Ycepeonena no wuupuni nnacmunu
epexmueHicmo ni6KOBO20 0X0100I1CEHHA NPU OIIOKYBAHHIT
omeopis, m = 0,4
Fig. 9. Spanwise-average film cooling effectiveness
across the plate with hole blockage, m = 0.4
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Puc. 10. Ycepeonena no wiupuni naacmunu
epexmuenicmp niieKO020 0X0100I1CeHHA NPU DNOKYBAHHI
omeopis, m = 0,6
Fig. 10. Spanwise-average film cooling effectiveness
across the plate with hole blockage, m = 0.6
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TOCITIDKEHUX 3HaYeHb TapaMeTpa BAYBY KOH(DIryparrist
0e3 OnokyBanHs (h/d = 0) 3a0e3mnedye HAWBUII 3HAYCHHS
1. BIOKyBaHHs CYTTEBO 3HMKYe eheKTHBHICTh (pHc. 9-12):
mpu m = 0.4 mna h/d = 1.0 namiaas ctaHoBUTH 44%, TIpu
m=0.8 - mo 65%. XapakTepHuil pi3Kuii rpai€HT HA TISHII
0 < x/d <4 3 HacTymHOIO cTabimizamieto pu x/d > 8.

Ha mnouwarkoBiii numsnHni (0 < x/d < 4) cmocre-
piraeTbCcs PIi3KUM  TpamieHT e(EeKTHBHOCTI: 3HIKEHHS
no 38% mia h/d = 0 4epe3 IHTEHCUBHE TypOyJIE€HTHE
TIepeMIITyBaHHs B 30HI (pOPMyBaHHS TUTIBKH.

-e-h/d - 0
05 h/d=05]
--h/d=1,0
0,4 \
M3 .\\\'
l\-\n—- - ————
0,2
N 4,_0—0—%—"—*_’——/0/_4%—_*
0,1 ; ; : :
2 4 6 8 10 12 14

Puc. 11. Ycepeonena no wuupuni nnacmunu
eghekmugHicmb NAIGKOBO20 0X0N00IHCEHHA NPU
onokyeanni omeopie, m = 0,8
Fig. 11. Spanwise-average film cooling effectiveness
across the plate with hole blockage, m = 0.8
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Puc. 12. Ycepeonena no wiupuni naacmunu
eghekmugHicmb NNiGKOBO2O 0X0N00)CEHHA NPU
onokyeanni omeopis, m = 1,0
Fig. 12. Spanwise-average film cooling effectiveness

across the plate with hole blockage, m = 1.0

Ha sBigmaneniii mimaami (x/d = 8) edexTHBHICTH
TTIBKOBOTO OXOJIODKEHHsI cTalimizyeThess Ha piBHI 0.17-
0.30 3asexxHo Bix KoH(Dirypairii, IpraoMy BIUTHB OJIOKYBaH-
HS1 3aJIMIIAETHCSA TTOMITHUM TI0 BCiil TOBKHUHI.

IIpu m = 1.0 edexr OmMOKyBaHHS HAWOLTBIIT BHpa-
KEHHI: 3HIKEHHs eektuBHOCTI Ha 39% must h/d = 1.0
gepe3 KOMOIHOBaHWMA €(eKT 30UTBIIICHOTO IMITYJIBECY Ta
3MIHEHOI TeOMEeTpil BUXOY.

BaxmmBo  BiZ3HAYMTH, IO B YMOBaX BHCOKOI
Heizorepmiunocti (Ry = 1.8), mo BimmoBigaroTs pearbHIM
ekcruTyararivanM pexxumam [TV, abcomroTHi 3HAYCHHS
e(heKTUBHOCTI BUSABISIOTHCS BUITUMH TTOPIBHIHO 3 MOJICITh-
HAMH yMOBaMH [7] 3aBISKH OB pi3HUII TeMIepaTyp.
[Ipore axicHM XapakTep 3ajeKHOCTEH Ta BiTHOCHHH BILUTHB
OJIOKyBaHHS 3aJTHIIAIOTHCS MOMIOHUMH, IO ITATBEPIKYE
VHIBEPCAJTBHICT,  BHUSBICHHX  3aKOHOMIpHOCTEH  Ta
MOKJTUBICTD 1X EKCTpamojiAllii Ha pi3Hi TeMIiepaTypHi pe-
KUMH POOOTH CHCTEM TUTIBKOBOTO OXOJIO/PKEHHS.

IMopiBHAHHSA ycepeaHeHOI Mo IO MJIACTUHI
e(eKTUBHOCTI MJIIBKOBOTO 0X0JIOMKEHHSI

Ha pucynky 13 mpencraBiieHO TOPIBHSUIBHUNA aHAi3
yCepemHeHOl 10 BCIM TUIOMI AOCITIIHKYBAaHO! IIACTHHHU
e(pEKTHBHOCTI IUTIBKOBOTO OXOJIOMKEHHS (1) B 3aJIE€KHOCTI
BiJI TapaMeTpa BAYBY (71) I Pi3HUX CTYIICHIB OJIOKYBaHHS
otBopiB (h/d = 0, 0.5, 1.0). OcobaUBICTIO TAHOTO aHATI3ZY
€ CITIIBCTABIICHHS PE3YyJIbTaTiB, OTPUMAHUX JJIT MOJIEIBHUX
YMOB 3 (hakTopoM HeizorepMidHOCTI R, = 1.2 [7]Ta ymMOB,
OMM3BKAX OO0 peaTbHUX eKCIUTyaTallifHuX IapaMeTpiB
ra3oTypOiHHUX ycTaHOBOK 3 R, = 1.8,

VYcepennena 1o 1ionli epeKTUBHICT, B BH3HAYAIACH
3aJIe)KHICTIO, TIPUBEICHOIO B poboTi [7].

AHami3 TpeacTaBiIeHOl  3aJSKHOCTI  JIEMOHCTPYE,
mo 3pocTaHHs TMmapamerpa BayBy m Bim 0.4 mgo 1.0
CYIIPOBO/IKYETHCSI MOHOTOHHUM 3HIDKCHHSIM 1HTErpasIbHOT
e(PeKTUBHOCTI  TUTIBKOBOTO  OXOJIOIDKEHHS  JJIT  BCIX
nmociipkeHux KoHgiryparii. Ilpore abcomroTHI 3HAYeH-
HS 7] ICTOTHO BiAPI3HSIOTHCS 3JICKHO BiJl TEMIIEPATypHUX
YMOB MPOBEJICHHS MOJICTIOBaHHS. [l yMOB, OMM3BKUX JIO
peanbHux (R; = 1.8), npu xoH}irypauii 06e3 O10KyBaHHS
(h/d = 0) edextuBHICTS 3HIKYETHCS 3 0.336 mpu m = 0.4 10
0.289 mpu m = 1.0 , o craHOBUTH 3MeHIIeHHS Ha 14%. Jlns
koH(piryparii 3 OmoxyBanHsM h/d = 0.5 cocrepiraerbes
3amkeHas 3 0.290 10 0.199 (1a 31%), a 111 MaKCUMATBHOTO
onokyBanus h/d = 1.0-30.240 o 0.127 (ua 47%). 3ara-
JIOM Pe3yabTaTH yCEPETHEHOT TT0 BCii oMl e(eKTHBHOCTI
TJTIBKOBOTO OXOJIO/KCHHS MPEACTABIICHI B Ta0mmIIi 1.
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[Ipu R; = 1.8 edeKkTHBHICTH BABIUI BHIA MTOPIBHIHO
3 Ry = 1.2(33.6% ta 16.8% Bignosigno nnam = 0.4 6e3
omoxyBaHH:). JleTaibHI JaHi BIUTUBY OJIOKYBaHHS HAaBEICHO
B TaOiwn 1.

XapakTepHOIO  OCOOJIMBICTIO  3aJIGKHOCTEH  IJIA
pealbHUX YMOB € MEHIIAa BiJHOCHA KPyTH3HA CHaly
e(heKTUBHOCTI TIpH 3pOCTAaHHI TapaMeTpa BIYBY MOPIBHSIHO
3 MOJENbHUMH yMmMoBamH. [le cBiquuTh Tpo Te, MO MpH
BUIIUX TEMIIEPATYPHUX TPAJI€HTaX CHCTEMa IUIIBKOBOTO
OXOJIOKEHHS JEMOHCTPY€E OUTbIOTy CTaOUTBHICTH [0
3MIHH PSXUMHHUX TapaMeTpiB, Xoda aOCONIOTHHUHA DPiBEHB
e(EKTHBHOCTI 3AJIUIIAETHCS BUIIIUM. Pa3oM 3 THM, HeraTuB-
HUU BIUTUB OJIOKYBaHHS 30epirae CBOIO 3HAYYIIICTh: HABITh
YacTKOBE TEPEKPHUTTA OTBOPiB Ha 25% muomii mepepisy

0,35 : :
’ *h/d=0

T &h/d=0,5

- +h/d=1,0

5= . \

0,25 L
I\

0,2 A

=l

0,15 >

0,1

04 05 06 07 08 09
m

Puc. 13. Ycepeonena no eciii nnowi epekmuenocmi
NJ1IBK0B020 0X0100IHCEHH 3A PIZHUX 3HAUEHD
napamempy 60ygy m
Fig. 13. Area-averaged film cooling effectiveness
for different blowing ratio m

(h/d = 0.5) npu3BOAWTH IO MOMITHOTO IOTIPIIEHHS Te-
TUTO3aXMCHUX XapaKTepHUCTUK, a OnokyBaHHS Ha 50%
(h/d =1.0) cripyumHsAE KPUTHIHE SHIKEHHS €(DEKTUBHOCTI,
0COOJIMBO MPH BHCOKHX MapaMeTpax BIYBY.

HaBenena B Tabnwmi 1 mopiBHsUIIbHA XapaKTEPHCTH-
Ka yCepeaHEHOi Mo BCiif ol eeKTUBHOCTI IUTiBKOBOTO
OXOJIO/KEHHST JUIsl PI3HUX KOHQIrypariil BiIHOCHO mapa-
METpy BIYyBY Ta OJIOKyBaHHS IiITBEPIKYeE, IO (hakTop
HEI30TepPMIYHOCTI Bifirpae KIO4YOBY poib y (hopMyBaHHi
a0CONIOTHUX 3HaueHb e(peKTHBHOCTI. llpm mpomy sKicHi
3aKOHOMIPHOCTI BIUTMBY OJIOKYBaHHSI Ta Mapamerpa BIY-
By 3alUIIAIOTBCSA TMOMIOHUMH 17T 000X TeMIeparyp-
HHUX PEXHUMIB, IIO JO3BOJISIE EKCTPAINOIIOBATH BUSBICHI
TeHJeHLIi Ha IIMPOKHUU JAiana30H eKCIUTyaTalliiiHuX yMOB
ra3oTypOiHHUX yCTaHOBOK.

BucnoBkn

BukoHaHe 1oCIiKeHHS J03BOJTUIIO BCTAHOBUTH BILTUB
HEI30TEPMIYHOCTI TIOTOKY Ha e(EeKTHBHICTH IUIIBKOBOTO
OXOJIOAKEHHS [TPU YaCTKOBOMY OJIOKYBaHH1 OTBOPiB BUIYBY
OXOJIOZKYyBaua B Jliara3oni napamerpy BayBy Big 0.4 mo 1.0,
10 BIJITIOBIJJa€ YaCTKOBOMY HaBaHTakeHHIO [TV,

BceranoBneno, 1o mapaMeTrp  HEI30TEpPMIYHOCTI
BiJliTpa€ BHU3HAYaJIbHY pOJb Y (HhOpMyBaHHI aOCONIOTHUX
3HaYCHb €(PEeKTUBHOCTI TUIIBKOBOTO OXOJIOMKEHHS. B ymo-
BaX BHCOKOi HeizorepmiuHOCTi (R, = 1.8), XapakrepHoi
U pealbHUX EKCIUTyaTaliHUX PEeKUMIB TPaHCIIOPTHUX
Ta eHepreTnuHuX ['TY, epeKTUBHICTb BUSBISETHCS MpaK-
TUYHO BJIBiYi BUIIOIO MOPIBHSHO 3 MOACIBHUMH YMOBaMH
(R; = 1.2): mpu m = 0.4 mis 6a3oBoi KoHOIrypaii 6e3
OmoxyBaHHS BoHa 3pocTae 3 16.8% 10 33.6%.

Ta6n. 1. IlopiBHSIBHA XapaKTEpPUCTUKA YCEPEAHEHOI MO BCill IUIOIII €(QEeKTHBHOCTI MJIIBKOBOTO OXOJIOJKCHHS IS
pi3HHX KOH(QIrypamii BiIHOCHO mapaMeTpy BAYyBY Ta OJOKyBaHHS IPHU Pi3HUX 3HAYCHHSX MapaMeTpa Hei30TepMI4HOCTI
Tabl. 1. Comparative characteristics of area-averaged film cooling effectiveness for different configurations relative to
blowing parameter and blockage at different non-isothermal parameter values

h/d 0.5 1.0
(m = 0.4), %) 33,6 29 24

R - 1.8 (m = 0.6), % () 32,2 27,7 20,7
(m = 0.8), % (M) 24 16,3
(m = 1.0), % (D 28,9 19,9 12,7
(m = 0.4), %) 16,8 16,3 10,8

R, 12 (m=0.6), %(_ﬁ) 15,8 14,1 8,1
(m = 0.8), %) 10,2 4,9
(m = 1.0), % (M) 10,9 6 2,1

Tennogpisuka ma mennoeHepaemuka, 2026, m. 48, Ne1
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s ymoB Bucokoi Heizorepmiunocti (R = 1.8) mpu
m = 0.4 yacTkoBe OJOKYBaHHS OTBODIB HPHU3BOAWTH [0
3HIDKEHHSI YCepeTHEeHOI 1Mo Turoli eexTuBHOCTI Ha 13.7%
npu h/d = 0.5 ta Ha 28.6% npu h/d = 1.0 BigzHOCHO
0a3oBoi KoH(piryparii. Pi3UYHUI MeXaHi3M IHOTO BILIH-
By € KOMIUIEKCHUM: OJIOKYBaHHS Iepepizy Npu HEe3MiHHIN
BHUTpaTi TIiJBHINY€E IIBHUIKICTh BHUXOAY OXOJOMKyBada
Ta (paKTHYHUIA TapaMeTp BIYBY, a TAKOX 3MIHIOE KyT BH-
KUy CTPYMEHS, IO CHPUYHHSE HOTO paHHId BiAPWUB Ta
iHTEeHCHBHE TypOyJeHTHE MepeMillyBaHHS 3 OCHOBHUM ITO-
tokoM. [Ipu 30inpienHi nmapameTpa BayBy mo m = 1.0, xa-
PaKTEpHOTO JUIsl TIBHUIEHUX PEKUMIB YaCTKOBOI Harpys-
KH, BTpatu e(heKTuBHOCTI 3pocTaroTh 10 31.1% Ta 56.1%
BIJIIIOBIIHO.

BaxnmmBuM € Te, MmO XapakTep BIUTUBY OJOKYyBaHHS
Ma€ yHiBepCaJIbHHI XapakTep, MpOoTe HOro iHTEeHCHUBHICTH
3aleKUTh BiJ TeMIepaTypHux ymoB. [lopiBHsIBHMIA
aHayli3 TOKas3aB, MO0 JUIS HHU3BKOTEMIIEPaTypHUX YMOB
(Rt = 1.2)mpum = 0.4 npu 3HWKEHHsS €()EKTUBHOCTI
ILTIBKOBOT'O OXOJIO[KEHHs cTaHoBmIo 3.0% mia h/d = 0.5
ta 35.7% mis h/d = 1.0, Toni sk Jjsl peajbHUX YMOB
(Ry = 1.8) — 13.7% Ta 28.6% BignosiaHo. Ile Bkaszye Ha
T€, IO TP BUCOKIH HEI30TEPMITHOCTI CUCTEMa TUTiIBKOBOTO
OXOIIOJDKEHHSI JIEMOHCTPYE IHITY YYTJIWBICTH JI0 TeoMe-
TPUYIHHUX 3MiH OTBOPIB, IO HEOOXITHO BPaxOBYBaTH IIPH
MIPOEKTYBAaHHI CUCTEM OXOJIO/KeHHs jjonatok ['TY.

AHai3 TPOCTOPOBOTO  PO3MOALTY  e(eKTHBHOCTI
MOKa3aB  30EpeKEHHS  IMOMEpPeyHOl  HEpiBHOMIPHOCTI
OXOIIOJUKYBAJIbHOI ~ IUTIBKM  JUIS  BCIX  JOCIIIKEHUX

koH(]irypariii Ta 000X TemmneparypHux pexumiB. JlokaabHi
MakCUMYMH (HDOPMYIOTBCS B3/IOBXK OCEH OTBOpPIB, TOMi 5K
MK OTBOpaMH BHHHKAIOTh 30HU 31 3HIIKCHUM TEILIO3aXU-
cTOM. bJIOKyBaHHS TIOCHITIOE ITF0 HEPIBHOMIPHICTH HE3aJIeK-
HO BiJ] piBHS HEI30TEPMITHOCTI.

OTpuMaHi pe3yNbTaTd IiJKPECIOI0Th HEOOXiTHICT
ypaxyBaHHS ~ peajbHUX TEMIIEPaTypHHUX YMOB  IpH
MPOEKTYBaHHI Ta ONTHMIi3alii CHCTEM IUIIBKOBOTO OXO-
JIOJDKEHHST JIOMATOK Ta3oBUX TypOiH. Excrpamossimis
JIAHUX, OTPUMAaHUX B MOJEILHHUX YMOBaX 3 HH3BKOIO
HEI30TepMIYHICTIO, Ha peajbHi eKCIUTyaTamiiHi pexu-
MU MOXE MPU3BOJUTH JIO 3HAYHUX IOMHJIOK B OI[iHII
e(heKTUBHOCTI OXOJIOJKEHHS i TEMIIEpaTypHOTO CTaHy JIO-
natku. OTpumMadi B poOoTi aHi MOXKYTh OyTH BUKOPUCTaHI
JUTSL BIIOCKOHAJICHHSI METOJIK PO3PAXyHKY TEIIOBOTO CTaHY
JIOTTAaTOK TYpOiH 3 ypaxyBaHHSAM €(eKTiB Hei30TepMIdHOCTI
Ta Jlerpajallii CHCTeM IIIIBKOBOTO OXOJIOKEHHS BHACIIIOK
3a0pyaHEHHS OTBODIB.
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Modern gas turbine units (GTUs) operate at extremely
high temperatures, with mainstream gas temperatures
reaching 1700-1750 °C in transport and military
applications, while heat-resistant blade materials are limited
to approximately 1000—-1100 °C. This necessitates advanced
cooling techniques to ensure component durability and
reliability. Film cooling, achieved by injecting coolant air
through inclined holes to form a protective layer on the
blade surface, is a widely adopted method. However, the
effectiveness of film cooling is significantly influenced by the
non-isothermality parameter R, =T{/Tc, which characterizes
the temperature ratio between the mainstream and coolant
flows. Real GTU operating conditions correspond to
R=2.0-2.2, while most experimental studies are conducted
under low non-isothermality conditions (R, = 1.2), creating
significant uncertainty when extrapolating laboratory data
to actual turbine operating conditions.

An additional critical factor affecting cooling
effectiveness is partial blockage of coolant injection holes
caused by particle deposition (e.g., CaO-MgO-ALOs—
Si0O2) during operation in dusty or desert environments,
which is particularly relevant for military GTU applications.
Research shows that even after 50-200 hours of operation,
sufficient deposits can accumulate to partially obstruct
the hole cross-section. This study focuses on partial-load
operation regimes characterized by reduced blowing ratios
(m = 0.4-1.0), which are typical when the engine operates
below maximum capacity. Such regimes require detailed

investigation considering real temperature conditions,
as reduced coolant mass flow can lead to changes in flow
structure and thermal protection film redistribution.

Purpose of the Work. This study aims to numerically
investigate the effect of flow non-isothermality (R; = 1.8)
on film cooling effectiveness of a flat surface under partial
blockage of coolant injection holes in the blowing ratio range
m = 0.4-1.0, characteristic of partial-load turbine operation.
Particular attention is paid to comparative analysis with
model conditions (R, = 1.2) and assessment of transverse
non-uniformity of coolant film formation in a four-hole
configuration.

Research Methods. The investigation was conducted
using numerical simulations in ANSYS CFX 2019 R2 with
the Reynolds-Averaged Navier-Stokes (RANS) equations
and SST turbulence model for closure. Three geometric
configurations were created: a baseline without blockage
and two configurations with partial blockage corresponding
to 25% (h/d = 0.5) and 50% (h/d = 1.0) obstruction of
the hole cross-sectional area. The blockage degree was
characterized by the dimensionless parameter h/d, where
h is the maximum transverse blockage height and d is
the hole diameter (0.8 mm). Geometric dimensions were
based on typical turbine blade cooling system parameters:
hole diameter d = 0.8 mm, transverse pitch t = 2.4 mm
(t/d = 3.0), and hole inclination angle of 30° relative to the
surface. A hybrid unstructured mesh with approximately 1.1
million elements was employed, consisting of tetrahedral
elementsinthemainstreamflowandprismaticlayersnearsolid
surfaces. Boundary conditions were set to achieve blowing
ratios close to m = 0.4, 0.6, 0.8, and 1.0. The mainstream
velocity was 400 m/s with a temperature of 1100 °C, while
the coolant temperature was 500 °C, corresponding to
R¢ = 1.8 characteristic of real GTU operating conditions.
Turbulence intensity was set to 1%, and adiabatic wall
boundary conditions (8Q = 0) were applied to solid surfaces.
Symmetry conditions were imposed on lateral surfaces of
the computational domain. The model was verified against
experimental data for the traditional configuration without
blockage (h/d =0) at m = 1.0, showing a deviation of 9.68%,
which is acceptable for CFD simulations of film cooling.

Results and Conclusions. Analysis of local film cooling
effectiveness distributions revealed that the character of
coolant distribution maintains qualitative patterns typical
of discrete film cooling with inclined holes, while absolute
effectiveness values are significantly higher compared to
model conditions (R, = 1.2) due to the greater temperature
difference between mainstream and coolant flows, providing
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more intensive thermal protection of the surface. The non-
isothermality parameter plays a determining role in forming
absolute values of film cooling effectiveness. Under high
non-isothermality conditions (R; = 1.8), characteristic
of real operating regimes of transport and power GTUs,
effectiveness is approximately twice as high as under model
conditions (Ri=1.2): atm= 0.4 for the baseline configuration
without blockage, it increases from 16.8% to 33.6%. A
similar trend is observed for all blockage configurations: at
h/d= 0.5 and m = 0.4, effectiveness increases from 16.3% to
29.0%, and at h/d = 1.0 from 10.8% to 24.0%.

For high non-isothermality conditions (R, = 1.8) at
m = 0.4, partial hole blockage leads to a reduction in area-
averaged effectiveness of 13.7% for h/d = 0.5 and 28.6%
for h/d = 1.0 relative to the baseline configuration. The
physical mechanism of this effect is complex: blockage
at constant mass flow rate increases coolant exit velocity
and effective blowing ratio, while also changing the jet
discharge angle, causing early jet separation and intense
turbulent mixing with the mainstream flow. As the blowing
ratio increases to m = 1.0, characteristic of elevated partial-
load regimes, effectiveness losses increase to 31.1% and
56.1%, respectively.

Importantly, the character of blockage influence
is universal, but its intensity depends on temperature
conditions. Comparative analysis showed that for low-
temperature conditions (R; = 1.2) at m = 0.4, the reduction
in film cooling effectiveness was 3.0% for h/d = 0.5 and
35.7% for h/d = 1.0, whereas for real conditions (R, = 1.8)
it was 13.7% and 28.6%, respectively. This indicates that
under high non-isothermality, the film cooling system
demonstrates different sensitivity to geometric changes
in holes, which must be considered when designing GTU
blade cooling systems.

Analysis of spatial effectiveness distribution showed
persistence of transverse non-uniformity of the coolant film
for all investigated configurations and both temperature
regimes. Local maxima form along hole axes corresponding
to trajectories of the central portions of coolant jets, while
zones with reduced effectiveness appear between holes
where the surface remains inadequately protected from
thermal exposure. This non-uniformity persists over a
significant distance from the holes and does not disappear
even with increasing blowing ratio, indicating the limited
ability of discrete hole systems to provide continuous film
coverage of the surface. Blockage intensifies this non-
uniformity regardless of the non-isothermality level.

The obtained results emphasize the necessity of
accounting for real temperature conditions when designing
and optimizing film cooling systems for gas turbine blades.

Extrapolation of data obtained under model conditions
with low non-isothermality to real operating regimes can
lead to significant errors in assessing cooling effectiveness
and blade thermal state. The data obtained in this work can
be used to improve calculation methods for the thermal
state of turbine blades, accounting for non-isothermality
effects and degradation of film cooling systems due to hole
contamination.
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