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Y emammi O0ocniosceno eniue uacmrogoeo 0ON0KYeanHsi 0meopie OJisi UOYEY O0XON00MNCYBAUd, CHPUUUHEHO20 3A0PYOHEHHIM
nosimpsi, Ha eqheKMUBHICHb NIIBKOBO2O OXOJLOONMCEHHS TONAMOK 2A308UX mypoin y giticbkogux ymosax excnayamayii I'TY. [Jocnioscenns
BUKOHAHO 3A OONOMO20I0 YUCENbHO20 Modemosanus 6 komepyiunomy naxemi ANSYS CFX 2019 R2 i3 3acmocysanuam SST-mooeni
mypoynenmuocmi. Posensinymo dianazon napamempa 60ysy 6i0 0.4 0o 1.0 0nst mpbox KoHgicypayiti omeopié 0xon00dceHHs: 6e3 010-
KY8AHH5L M 3 YACMKOBUM ONOKYSAHHIM, W0 sionogioae 25% ma 50% nepexpummst nonepeuno2o nepepizy omeopie. Bcmanosneno, wo
3pOCmants cmynemst OJIOKY8aHHS 3HUNCYE epeKMUSHICMb 0X0100xcenns Ha 2.7% ma 7.9% 6i0nosiono, a nonepeuna HepieHOMIPHICIb
PO3NOOINY NAIBKU 30epieacmbCsl, 3 MAKCUMYMAMU NO OCE OMEOPI6 I MIHIMYMAMU MIJC HUMU.

The article investigates the impact of partial blockage of coolant injection holes, caused by air contamination, on the film cooling
effectiveness of gas turbine blades under military operating conditions of gas turbine units (GTUs). The study was conducted using
numerical simulations in the commercial software package ANSYS CFX 2019 R2 with the application of the SST turbulence model.
A range of blowing ratios from 0.4 to 1.0 was considered for three cooling hole configurations: without blockage, and with partial
blockage corresponding to 25% and 50% obstruction of the hole cross-sectional area. It was found that an increase in the degree of
blockage reduces cooling effectiveness by 2.7% and 7.9%, respectively, while the transverse non-uniformity of the film distribution
persists, with maxima along the hole axes and minima between them.
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Beryn

CyuacHi razotypOinni ycranoBku (I'TY) BumyineHi
(yHKITIOHYBaTH B EKCTPEMAJbHHX yMOBaX, 30KpeMa
B BilicbkoBux [TY (aBurynax miTakiB, TeJIKONTEPiB,
TaHKiB), JIe BOHH MPALIOIOTh 38 YMOB HaJBUCOKMX TEMIIE-
paryp rasy Ha BXomi, mo gocsraiote 1750 °C [1]. Oxnak
JKapOCTIMKI MaTepialld JIOMaTOK TypOiH, Taki SK HIKEIeBi
CyIIepCIIaBi, MalTh TPAHUYHY TEPMOCTIHKICTh Ha piBHI
1000-1100 °C [2], mo BUMarae BHKOPHCTAaHHS eQeK-
TUBHUX METOJIB OXOJIOMKEHHS JUIsl 3a0e3MEeUEeHHS IXHBOT
JIOBTOBIYHOCTI Ta HamiHOCTI. OIHUM 13 MOMIHMPEHUX
MiAXO/IB € IUIIBKOBE OXOJIOJPKCHHS, IPH SIKOMY OXOJIOJDKY-
I04€ TMOBITPSl TOAAETHCS Yepe3 CUCTEMY MaIHMX MOXHINX
OTBODIB y JIOMAaTKaxX, yTBOPIOKOYM 3aXMCHHUH MOBITPSHHN
1map, o 3MEHIITY€ TeTIOBE HaBaHTa)KCHHS Ha IMTOBEPXHIO [3].

VY BilficCBKOBHMX yMOBaX, 30KpeMma IIiJ 4ac oOrmepariiit
y HycTenbHHX abo 3anuieHux perioHax, ['TY 3a3HaroTb
BIUTMBY 3HAYHOI KUTBKOCTI MMy, MICKy Ta iHIIMX abpa-
3UBHUX YacTHHOK, TakuX sk CaO-MgO-Al0s—-Si0: [4].

Ili yacTMHKM MOTPAIUISIIOTH y JABUTYH Pa3oM 13 BXiJHUM
MOBITPSIM, CIOYATKy KOHTAKTYIOUM 3 KOMIIPECOPOM, JIe
BOHU TIOJIPIOHIOIOTHCSI 1 HArpiBalOThCS, a IMOTIM JOcCATa-
IOTb TypOiHHOI CeKIlii (BHYTPIIIHE OXOJIOMKEHHS JIOIa-
TOK, 30BHIIIHE OOTiKaHHS), B HI BOHH MOXYTh Tepe-
XOJHUTH Yy PO3IUIABJICHUH YW DPO3M'SIKIICHHWH CTaH yepes
BUCOKI TeMmIreparypu moBiTps [9]. YTBOpeHHs BiJgKiIaJIcHb
BiIOYBa€THCSA BHACIHIMOK CKJIAAHOI B3aEMOIil YaCTHHOK
13 TIOBEPXHEIO JIOMATOK: JPiOHI YacTUHKHU (MeHIe 3 MKM)
MAaroTh BHIILY CXWJIBHICTH 10 OCAKEHHS Yepe3 TypOyJIeHT-
HY IUQy3it0, TOAL SIK OUTBIINT YAaCTUHKH (TTOHAJ 5 MKM) MO-
KYTh CIIPUIUHATH €pO3if0 a00 HABITH YACTKOBO BHIAJISATH
icHyroui BinmknaaeHHs [12]. JlocmiKeHHS MOKa3yrOTh, IO
BIJIKJIQZICHHSI YAaCTUHOK Y 3allMICHUX YMOBaX NPHU3BOISTH
JI0 3HA4YHOI Jerpajaiii OXOJOIKEHHS MPOTArOM TMepIInX
eTariB eKCIUTyaraiii, M0 XapaKTepHO IS BIHCHKOBUX
omepariit [10]. ¥ Takux ymoBax BiIKIaACHHS MPHU3BOISTH
JI0 4aCTKOBOTO a0 TMOBHOTO OJIOKYBaHHS OTBOPIB mojadi
OXOJIOJ)KYBaua, MI0 CYTTEBO BIUIMBAE HAa C(PEKTUBHICTH
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ITIBKOBOTO OXOJIOKEHHS, 3MIHIOIOYH IIBUAKICTE 1 KyT BU-
KHJTy OXOJIOJDKYyBada Ta MOTIPIIYIOUYH HOTO aepoJMHAMIYHY
B3A€EMOJII0 3 OCHOBHHUM ITOTOKOM [5—7].

3HaYHUI BHECOK y BHBYECHHS MPOOIEMH 3a0pyIHEHHS
3poOuim aBTOpH pobOTH [ 5], SIKi OKa3aIH, Mo €heKTUBHICTH
TUTIBKOBOTO OXOJIO/IPKSHHS 3aJIeXKHTh BiJl KoedimieHTa Ono-
KyBaHHS OTBODIB, IPUYOMY 3POCTaHHS CTYIEHS OJIOKYBaH-
HSl MOXKE 3HU3UTH €(EKTUBHICTb OXONOKEeHHS 10 39,4%
3a MEBHUX TapaMeTpiB BIYBY, TOIi SIK KyT OJIOKyBaHHS
Ma€ MEHIIUH BIUIMB. Y PoOO0TI [6] MOCIHIHKEHO, 10 Y BU-
MaJIKy TOABIMHOTO PSIy OTBOPIB OJIOKYBaHHS B IEPIIOMY
abo Jpyromy psiji Mo-pi3HOMY BIUIMBAE€ Ha €PEKTHBHICTH
OXOJIOJUKEHHS, MIJAKPECIIOIUYH BaXKJIMBICTh T€OMETPUYHOT
koHGirypanii. ¥ nmocnijpkenHi [7] aHamizyBanucs eQeKTH
OJIOKYBaHHS OJHOTO OTBOPY BHAYBY Il MI€I0 IMYJILCYIO-
YOro TOTOKY, OJHAK TMOTICPEYHHH PO3MOAiT e(PeKTUBHOCTI
OXOJIO/PKEHHS 3alMILMBCS 103a YyBarow. JlomaTkoBuii
aHaji3 JiTepaTrypu IMokasye, mo podora [11] 3Beprae yBa-
Ty Ha 3arajbHi acleKTH TUTIBKOBOTO OXOIJIO/DKEHHS, alle He
TOPKAEThCS TpoOIIeM 3a0pyaHEeHHS, ToMi K y podoTi [13]
JOCIIKYIOTHCS Pi3HI KOHQiryparii oTBopiB 0e3 ypaxyBaH-
Hsl BIUIMBY YacTKOBOTO OJIOKYBaHHs. Y AociipkeHHi [14]
PO3IIIAIAETECS  aePOIMHAMIKA TUTIBKOBOTO OXOJIO/KEHHS,
ajyie BIUTUB 3a0pyJHCHHS TAaKOXK HE aHalizyerbes. s mmo-
[IUOJNICHHST PO3YMIiHHS MPUPOIU YTBOPCHHS BiIKJIaJICHb,
y pobori [15] nmocmiKeHO, IO YaCTHHKU PO3MIpOM
2-20 MKM HaWl4acTillle OCIJar0Th Ha MEPeJHIN KpoMIli Ta
nmo6au3y 3agHbOI KPOMKH THCKOBOi CTOPOHHU JIOMATKH,
MPUYOMY YaCTHHKH po3mipoM 10 MKM MaroTh HaHOiLIbIIy
CXUJIBHICTB JI0 OCa/DKCHHA. Y po0OoTi [16] miarBeppKeHo,
IO BiJIKJTAJICHHS] BEJIMKHX YaCTUHOK Ha IOBEPXHI JOMa-
TOK TIEPEBAXHO 30CEPEIKYIOTHCS Ha TEPEIHINH KpOMIT
Ta TUCKOBIM CTOpOHI Wepe3 IHepIliiiHI 3ITKHEHHS, TOMi K
TpiOHI YACTHHKH PO3IOAUIAIOTHCS OLTBIIT piIBHOMIPHO Yepe3
TypOynentny audysito. Jocmimkenns [17] miakpecmroe,
[0 TeMIepaTrypa MOBEPXHi JIOMATKX Ta IIBUIKICTh 4aCTH-
HOK CYTT€BO BIUIMBAIOTh Ha TOBIIWHY BiJIKJIa/IeHb, IPUYO-
My MiJBUIICHHS TEMIIEPATyPH CIIPHSE TEPEXOAY YaCTHHOK
y PO3IUIABJICHUH CTaH, IO MOCWIIOE iX MpHiumnaHHsg. Ta-
KM YUHOM, TIUTAHHS BIUIUBY 3a0pyJHCHHS Ha MOIeped-
HY HEpiBHOMIPHICTh PO3MOALTY IUIIBKOBOTO OXOJIOJKEHHS
3aJIMIIAETHCS HEIOCTaTHHO BUBYCHUM.

Y  naniit poOOTI PO3IISIHYTO OJHOPSIHY CXeMy
TUTIBKOBOTO OXOJIOJDKEHHSI, IO CKJIAJAEThCS 3 YOTHPBHOX
OTBOPIB BHUIYBY, L0 JIO3BOJISIE NETATBHO JOCTIIUTH BIUIUB
YacTKOBOTO OJIOKYBaHHS OTBOPIB (pHc. 1) Ha eeKTUBHICTD
TUTIBKOBOTO OXOJIO/PKEHHS Ta IMOTIEpEYHy HEepPIBHOMIPHICTH
O30Ty OXOJIOKYBAITLHOTO TIOBITPS.

JlocKOHAJICTh CHCTEM  INIIBKOBOTO  OXOJIOKCHHS
OIIIHIOETBCS 3a ajiabaTuuHOr0 edeKTHBHICTIO [8], ska
BHU3HAYAETHCS 32 POPMYIIO0:

n= Taw=Teo (N

T3 -Teo
ne T * — moBHa Temmeparypa OCHOBHOTO MmoOTOKy; T, ——
ajliabaTryHa TEMIIeparypa MOBEPXHi, IO OXOJIOKYEThHCS;
T,* — reMneparypa 0X0I0KyBaya Ha BUXOJIi 3 OTBOPY

TakuM YMHOM, TUTAaHHA KOpENslii MK CTyneHem
OJIOKYBaHHSI OTBOPIB Ta €(PEKTHBHICTIO IIJIIBKOBOTO OXO-
JIOIDKEHHS € BaXXITMBOIO HAYKOBO-TEXHITHOIO TIPOOIEMOTO.
Oco0nuBO akTyallbHA JaHE MUTAHHS TNPU EKCIUTyaTarlii
I'TY B GoiioBUX yMOBax, /i¢ MPUCYTHE 3HAYHE 3alUJICHHS
MOBITPSI.

MeTtolo  pobOTH € TEOpeTHYHE  JIOCIiHKEHHS
e(heKTUBHOCTI TUTIBKOBOTO OXOJIOKEHHS MJIACKO1 TOBEPXHi
MIPH 9aCTKOBOMY OJIOKYBaHHI OTBOPIB BHAYBY OXOJIOIKY-
Bava. PosrmsmaeThcst TpaaMiiiiHa cxema TUTiBKOBOTO OXO-
JIOMKEHHSI 3 MOJIAaueIo OXOJIOKYyBada 4epe3 psiji MOXHIUX
oTBopiB. [l Bu3HaueHHs1 eeKTy OJOKyBaHHS BUKOHaHI
PO3paxyHKU €(DEKTHUBHOCTI IUTIBKOBOTO OXOJIOJKCHHS TIPH
BiZcyTHOCTI OnokyBaHHs. OcoOauBY yBary MpHUIITICHO
BIUTUBY MOTIEPEYHOT HEPIBHOMIPHOCTI TIJIIIBKOBOTO OXOJO/-
JKEHHSI, 1110 OI[IHIOETHCS 3aB/ISIKA MOJICITFOBAHHIO YOTUPHOX
OTBODIiB BHYBY.

JloCcimiKy€eThesl  BIUIMB — YacCTKOBOTO — OJIOKYBaHHS
OTBOPIB Ha €()EKTUBHICThH IUIIBKOBOTO OXOJOKEHHS MPU
pI3HHX TapaMeTpax BIyBY, IO JO3BOJIUTH PO3MIHPUTH
PO3yMiHHS (pi3MUYHUX MEXaHI3MiB I[LOTO MPOIIECY Ta BH3-
HA4YNUTH YMOBH HAJIEKHOTO (DYHKI[IOHYBAHHS CHCTEMHU OXO-
JojkeHHd jtonatok I'TY.

Marepianu i MeToaH 10CTiTIKEHD

BpaxoByroun CKIamHICTh MPOIECIB TiIPOIUHAMIKH
Ta TEII000MiHYy, B pOOOTI MPUUHATE PIMIEHHS BUKOPH-
CTOBYBaTH TEOPETHYHUN METOA JOCHiDKeHHS. UncenpHe

BaokyBanusi B peaibHUX yMOBAX

Puc. 1. bnoxkysanns omeopie niiexo6ozo
0X0J100)CEHHA 8 PEAIbHUX YMOBAX )
n06300621cHbOMY po3pizi [4]

3 — zizpomepmiuna 06poOKA MOHO CUPOGUHUL;
Fig. 1. Blockage of film cooling holes in real

conditions in a longitudinal section [4]
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JOCIIIPKEHHS! IIJIIBKOBOTO OXOJIOAKEHHsI BUKOHAHO 3a J10-
rmomMororo mporpamuoro kommiekcy ANSYS CFX 2019 R2.

Po3pobneno Tpu reomerpuuHi KoH(irypanii: 6azoBa
KoH(piryparis 6e3 ONOKyBaHHS, a TakoX KoH(]irypamii 3
YaCTKOBHUM OJIOKyBaHHSM (pHC. 2).

Jis XapaKTepUCTUKH CTYyINeHs OJIOKYBaHHS OTBOPIB
BBeZeHO Oe3po3MipHe BimHomeHHs h/d, me h — momepeu-
HUH po3mip OIOKYBaHHS OTBOPIB MOAAYl OXOJOMAKyBaya, a
d — niameTp oTBOpY BAYBY B AKUX BiOyBa€eThCs OJIOKYBaH-
Hs1 oTBOpY (niamerpom 0,8 Mm) Ha 25% aiist h/d = 0.5 Ta Ha
50% nns h/d = 1.0 BigmoBigHo. KoHdirypamii 6oxyBaHHs
Oynmu miniopani 3 orsay poOit [4-7], Mo BimoOpakaroTh
MaKCHMaJIbHO HAOJMKEHY JI0 PeaJibHOCTI KOH(QIrypalliro
3a0pyIHEHHS.

l'eomerpuuni  po3mipu  poO3paxyHKOBOi  Mojemi
nigiopaHo ONM3BKUMH O PO3MIpPIB peajbHUX CUCTEM
IJTIBKOBOTO OXOJIOPKEHHS JIOMAToK ra3oBux TypOiH [18].
Hiametrp orBopy crtanoButh d = 0,8 MM, momnepeyHHi
KpOK Mixk oTBopamu ¢ = 2,4 MM (¢#/d = 3.0), KyT HaxXury
oTBOpiB 10 noBepxHi a = 30°. [lapamerp OnokyBanus (h)
3MiHIOBaBCcA B Mexkax Bix 0.4 vm no 0.8 mm.

TpuBumipna (3D) reomerpudyHa MOAEINb ILTiBKOBOTO
OXOJIOJKEHHSI TJIOCKOT MOBEPXHi Oysia CTBOpeHa B MOAYIIi
Geometry makery ANSYS. Moxens mpezacTaBisie cob0r0
PS4 MOXWJIMX OTBOPIB 13 pi3HMM CTyIeHEM OJOKyBaHHS,
JI0 SIKMX OXOJIOMKYBa4 IMOMAETHCS 3 30BHIMIHBOTO 00’ €My
(nneHymy), SIK MOKa3aHo Ha puc. 3.

Jlis 9ucenbHUX PO3paxyHKIB BUKOPHCTAHO HECTPYK-
TypoBaHy TiOpUAHY PO3PaxyHKOBY CITKY, CTBOPEHY B
monym ANSYS Mesh. Citka ckianaeTbes 3 TeTpaeapud-
HHUX €JIEMCHTIB y 30HI OCHOBHOTO ITOTOKY Ta MPU3MAaTHU-
HUX €JIEMEHTIB y 30HaX 3TYLICHHS CiTKU MOOIU3Y TBEPIUX
CTIHOK, 5IKi € MEKaMU KaHaJiB pO3PaxyHKOBOI MOJEI.

j/?mxm

Bxim
OCHOBHOIO
NOTOKY

Bxia sl
OXONOTAYBAYA i

Puc. 2. I'eomempuuna mooenv 4acmro6o2o

6) B)

010Ky8aHHA 0MEOPie 6UOYEY 0X0100Icysaud.
Fig. 2. Geometric model of partial blockage of coolant
blowing holes:
a—h/d=0;06—-hd=0,5;6—-h/d=1,0

3aranbHa KUTBKICTh BY3JIB PO3PaxyHKOBOI CITKH
3QICKUTH BIJ PO3MIpiB MOJEIl Ta KiJIbKOCTI OTBOpPIB
TJTIBKOBOTO oOXoJiomkeHHs. st koHdiryparii 6e3 061o-
KyBaHHS CiTKa Hamiuye mpuoamu3Ho 434 THcsdi By3miB i1
1.1 minpitoHa enemMeHTIB (IUB. puc. 4).

I'pannuHi yMOBH Ha BXOZi 1 BHXO/AI PO3PaxyHKOBOI
oOmacrti miiOpaHi 10 3Ha4eHb MapameTpa BAYBY OJU3bKUM
mom=0,4;0,6;0,8; 1,0.

HIBUAKICTE OCHOBHOTO IOTOKY CTaHOBUTH 37 M/C,
temrieparypa — 80 °C. TemmepaTypa BTOPHHHOTO TIOTOKY —
20 °C. IHTeHCHBHICTHh TYpOYJIEHTHOCTI OCHOBHOTO TTOTOKY
npuiiManacs pisHowo 1%.

Tepai rpanuni po3paxyHKoBOi oOnacti Oynu 3anani
Jutst amiabarHoi crinku (0Q = 0). Ha OGiuHMX MOBEpXHSAX
PO3paxyHKOBOI MOJiei OyJu 3a/1aHi YMOBU CUMETPIl.

JlocnipKkeHHs IPOBOAMIINCS 3 BUKOPUCTAHHAM OCepei-
HeHUX 3a PeitHonpacom piBHsHE HaB’e-Crokca (RANS).
J1i1s 3aMKHEHHSI CHCTEMU PiBHSIHB 3aCTOCOBaHO SST-Moenb
TypOyleHTHOCTI, sika 3a0e3mevyye OCTOBIpHI pe3ysbTaTH
NPY pO3PaxyHKY IUTIBKOBOTO OXONOMKeHHs [19].

OcHoBHIG

noTiK | : i : i "Lé' -

B)

Puc. 3. I'eomempia mooeni niiekoeozo
0X010021CEHHA NIACKOT NOGePXHI npu udyei
0X0710021cy8aua uepes pao 3 YOMUPLOX OMEOPIe Npu
YaACmMKOBOMY ONOKYBAHHI:
a-h/d=0;06—-h/d=0,5; 6—-h/d=1,0
Fig. 3. Geometry of the film cooling model of a flat
surface with coolant blowing through a row of four
holes under partial blockage.
a-h/d=0;6—-h/d=0,5;6—-h/d=1,0
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senin I °

Puc. 4. Hecmpykmypogeani ceomempuuti cimxu 011
CFD mooentosanns y nonepeiHomy HanpamKy ma 6
OKOJi OiIANKYU NOBEPXHI 8UAYEY 0X01100)icysaya (De3
onokyeannsn) [21]

Fig. 4. Unstructured geometric meshes for CFD
modeling in the transverse direction and in the
vicinity of the coolant blowing surface area (without
blockage) [21]

Bepudikanis pesyasrartin

Ha nepmomy erami Oyno mpoBeneHO BepHdikalito
pe3yibTaTiB PO3paxyHKIiB 3 JaHUMH €KCIIEPUMEHTIB IS
TpaaAuLiHHOI CXeMH MoJadi OX0I0IKyBaua yepe3 OUH Psij
YOTUPHOX MOXMUIIMX OTBOPIB IpH napamerpi BayBy m = 1,0
[20, 21]. B po3paxyHkax BukopucroByBanack SST monens
TypOyJIEHTHOCTI.

Byno npoBeneHO MOPIBHAHHS 3aJIEKHOCTI CepeHbOT
B IIONEPEUYHOMY HAINpPIMKY aJiabaTHO0 e(eKTHBHICTIO
IUTIBKOBOTO OXOJIOPKEHHSI IO TOBKHUHI IUIaCTUHH BUOpaHOT
CITKM 3 EKCHEepUMEHTAIbHUMH JAaHUMH Ui [apaMmerpy
BayBy m = 1,0 [20, 21].

g oniHIOBaHHS NOXMOKU PO3PAaXOBaHUX AaHUX Oyi0
BHUKOPHUCTAHO (OPMYITY:
e =12l 1009 )

M1

0,35
$

0,3

0,1y

0,05+
0

Puc. 5. Pesynomamu eepupixauyii modeni cimxu:
1 — po3paxynox 3 euxopucmanuam cimxu 1,11 mnan.
enemenmie; 2 — excnepumenm [20,21]

Fig. 5. Mesh model verification results:

1 — calculation using a mesh with 1.11 million

elements; 2 — experiment [20,21]

e T -

eKCIeprUMEeHTaIbHE/PO3paxoBaHe 3HAYCHHS
cepenHboi  €(EKTHBHOCTI IUTIBKOBOTO  OXOJIOKCHHS,
N2 — po3paxoBaHe 3HAYCHHsI CepeHbOT e(EeKTUBHOCTI

[IIBKOBOT'O OXOJIOMKEHHS.

PesynbraTu 1mokasyrooTh, 110 BIAXUJICHHS BiJ pPe3y/IbTaTiB
[20,21] cranoBumno 9,68%, 1110 € AOMTYCTUMHUM BiIXUICHHIM
IpH KOMII FoTepHOMY MoxenmtoBanHi. Otxke, SST mozmens
TypOYJICHTHOCTI y CYKYITHOCTI 3 00pPaHOI MOJCIUIO CITKH
JIOCTaTHBO TOYHO OIMHCYIOTh €(EKTUBHICThH IUIIBKOBOTO
OXOJIO/PKEHHS IS TPaIULIHHOT KOH(Irypallii 6e3 0JIoKy-
BaHHsA (h/d = 0).

Pe3yabTaTH Ta iX 00roBOpeHHs

I3041iHii epekTUBHOCTI NJIIBKOBOI0 0X0J10/1:KE€HHS

B mpomy posmimi mpeacTapneHi i30JiHIT po3momimy
e(heKTUBHOCTI IUTIBKOBOTO OXOJIOKEHHS Ha  IDIACKii
MOBEPXHi JJIs IOCIIIKYBaHUX KOH(ITypatiii 3 OJI0KyBaHHIM
Ta 0e3, BIAMOBITHO 0 mapamerpiB BayBy m = 0,4 (puc. 6);
m = 0,6 (puc. 7); m = 0,8 (puc. 8); m = 1,0 (puc. 9).

AHaui3 i301iHIN JTOKaIbHOI €(hEeKTUBHOCTI ILTIBKOBOTO
OXOJIOJPKEHHSI, MIPEICTABICHUX Ha BIJIIOBIHUX
UTIOCTpalisfX, JM03BOJSIE  3POOMTH  HH3KY  BaXKJIMBUX
BHCHOBKIB TIIOZ0 TIOBEMIHKH CHCTEMH 3a PIi3HUX yMOB. 3i
301IBLICHHSIM TIapameTpa BAYBY 7, SKHH XapaKTepH3ye

10
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CITIBBITHOIIIEHHSI MacoOBOi BHUTPATH OXOJOPKyBada JI0 OC-
HOBHOTO TOTOKY, CIIOCTEPIra€TbCsi MOCTYNOBE 3HUKEHHS
e(heKTUBHOCTI TUIIBKOBOTO OXONIO/KeHHA. Ll TeHmeHiis
MOSICHIOETHCS THM, IO ITPH BHIUX 3HAUYSHHSX /71 MIBUIKICTD
MIOTOKY OXOJIOJDKYBa4a 3pOCTa€, 10 MOXKE MPHU3BOAUTH 110
3017IBIIEHHST KyTa BUXOMY TOTOKY, B HACHTIIOK TOPYIICHHS
HOro MpWIsTaHHS 0 MOBEPXHi Ta 3MEHIIEHHS 3aXHUCHOTO
e(heKTy TUTIBKH.

JonatkoBuM (hakTOpoM, IO BIUIMBAE Ha €(hEKTUBHICTH
IUTIBKOBOTO  OXOJIO/DKEHHS, € Oe3pO3MIpHUN mapaMerp
OnoxyBaHHS OTBOpiB A/d. 3i 30inmblieHHSM h/d nOKab-
Ha C(CKTUBHICTh IUIIBKOBOTO  OXOJIOJUKCHHS  TaKOX
3HIKYEThCS. Llel eeKT 3yMOBICHHI 3MiHOIO TE€OMETPii BU-
XOJIly OXOJIOJDKYBada: MpH OUTBIIOMY CTYyTIeHI OJOKyBaHHS
MOTIK OXOJIOKYBaya BUXOAMTH 13 OTBOPIB MiJl OLIBIIUM Ky-
TOM BiIHOCHO TIOBEpPXHi IUIACTUHHU. SIK HACTiIOK, BUHUKAE
BIJIpHB IIOTOKY BiJ[ TIOBEPXHi, IO CYIPOBOIKYETHCS TYp-
OyJIEHTHUM 3MIIIYBaHHSIM OXOJOKyBada 3 TapaylUM OcC-
HOBHUM TOTOKOM. Take 3MIlIyBaHHS 3HAYHO 3MEHIIIYE
3[IaTHICTH OXOJIOJKYyBaua €(h)eKTUBHO 130JTFOBATH MOBEPXHIO
BiJl TEIJIOBOTO BIUIMBY, LIO HETaTHBHO IO3HAYAETHCS Ha
3aranbHild e(PEeKTUBHOCTI CUCTEMH.

Ille omHWM Ba)UIMBUM acCIEKTOM € MPOCTOPOBUI
PO3TOALT MOTOKY OXOJIOJKYBada I10 MOBEPXHi MIACTHHH,
SKAW XapaKTEePU3YETHCS BUPAKEHOIO HEPIBHOMIPHICTIO.
AHani3 1307iHIA NOKa3ye HasBHICTh YITKO BHPAXEHUX
JIOKaIbHUX MaKCUMYMiB e(eKTUBHOCTI
B3JIOBJK OCi PO3MIIICHHS OTBOPIB BUAYBY OXOJIOMKyBada,
1[0 MPOCTEXKYETHCS MO BCil AOBkUHI TutacTuHH. 1[I Mak-

OXOJIOKEHHS
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Puc. 6. I30oninii noxanvhoi epekmusnocmi
NJ1i86KOB020 0X0100)CEHHA 013 PI3HUX KOHGicypauiii
onoxysanus omeopie (m = 0,4):
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 configurations (m = 0.4):
a-h/d=0;6—-h/d=0,5 6—h/d=1,0

CUMYMH BiI00pakaloTh 30HH, JIe OXOJIO/KYyBad HAWOIIbII
IHTEGHCUBHO KOHTAaKTye 3
JIOKaJIbHI TIJITHKY €()eKTUBHOTO TEIUI03aXuCTy. HaToMicTh
y MDKOTBIpHMX 30HaX CIHOCTEpIraloTbes JIOKaJbHI
MiHIMyMH €()EeKTHBHOCTI, 1[0 CBIIYUTH MPO HEAOCTATHE
HOKPHUTTS MOBEPXHI OXOJIOMKYBAJbHOIO IUTIBKOIO B IIMX
perionax. Taka HepiBHOMIpHICTb PO3MOILNTY MiATBEPIKYE
HEOHOPIAHICTh GOpPMYyBaHHS 3aXHCHOT ITIBKH OXOJIOIKY-
Bada Ta BKa3ye Ha OOMEKCHHS TPaAUIliHHUX KOHQITyparriit
OTBODIB y 3a0€31eUeHH] PIBHOMIPHOTO OXOJIOKECHHSI.

MMOBEPXHCIKO, CTBOPIOIOYU
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Puc. 7. I3oninii noxanvhoi epekmusnocmi
NJ1i6K06020 0X071002iCeHHA 015 PI3HUX KOHpizypauiil
onoxyeanns omeopie (m = 0,6):
a-h/d=0;6—-h/d=0,56—h/d=1,0
Fig. 7. Isolines of local film cooling effectiveness for
different hole blockage configurations (m = 0.6):
a-h/d=0;6—-h/d=0,56—h/d=1,0

a o 8
Puc. 8. I3oninii noxanvhoi epekmusnocmi
NJ1i6K06020 0X071002iCeHHA 015 PI3HUX KOHpizypauiil
onoxyeanus omeopie (m = 0,8):

a—-h/d=0;0—-h/d=0,5; 6 —h/d=1,0

Fig. 8. Isolines of local film cooling effectiveness for
different hole blockage configurations (m = 0.8).
a—hd=0;06—-h/d=0,5 6—-h/d=10
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Puc. 9. IBoninii noxanvnoi epekmuenocmi
NJ1i6K06020 0X07100%iCeHHA 014 Pi3HUX KOHizypayii
onoxyeanus omeopie (m = 1,0):
a—-h/d=0;6—-h/d=0,5;6—-h/d=1,0
Fig. 9. Isolines of local film cooling effectiveness for
different hole blockage configurations (m = 1.0):
a-h/d=0;6—-h/d=0,5;6—-h/d=1,0

[Ile omHUM BaXJIMBHUM AacCIEKTOM € IPOCTOPOBHUI
PO3TIOAIT TTOTOKY OXOJOKyBada IO TOBEPXHI ITJIACTHHU,
SKUM XapaKTepu3yeThCs BUPAXKCHOIO HEPIBHOMIPHICTIO.
AHami3 130MiHIA ITOKa3y€e HAasSBHICTh YiTKO BHUPaXKEHUX
JIOKaJIbHUX MAaKCUMYMiB e(EKTUBHOCTI OXOJOKEHHSI
B3JIOBXX OCi PO3MILICHHS OTBOPIB BUAYBY OXOJOMKyBaua,
10 TIPOCTEKYETHCS MO BCIA MOBXKHWHI turacTuHU. Li Max-
CUMYMH BiJIoOpaxaroTh 30HHU, JIe OXOJIOJKYBaY HAUOIIbII
IHTCHCUBHO KOHTAaKTy€ 3 IIOBEPXHEIO, CTBOPIOIOYU
JIOKaJIbHI TINsTHKH ¢(DeKTUBHOTO TEIUI03axUCTy. HaromicTh
y MDKOTBIpHHX 30HaX CIIOCTEpIraloThbesl  JIOKAJIbHI
MiHIMYMH €(EeKTUBHOCTI, IIO CBIYMTH MPO HETOCTATHE
MOKPUTTSI MOBEPXHI OXOJOIKYBaJbHOIO IUIIBKOIO B LUX
perionax. Taka HEpIBHOMIPHICTh PO3MOMITY MiATBEPIKYE
HEOJHOPIAHICTh POpPMYyBaHHSI 3aXHCHOT ITIBKH OXOJIOIKY-
Bava Ta BKa3ye Ha OOMEXXEHHS TPAJAUIIHHUX KOHDIryparii
OTBOPIB y 3a0€3IEUCHHI PIBHOMIPHOTO OXOJIO/KCHHS.

IHopiBHsAHHSA ycepeHeHOI M0 IMPHUHI MJIACTUHA
eeKTUBHOCTI NJIIBKOBOI0 0X0JI01KEHHS

Jis BHU3HAYEHHs ycepelHEHOi M0 IIUPHHI IUIa-

CTUHU e(heKTUBHOCTI IUIIBKOBOT'O OXOJIOJKEHHS

BHKOPHUCTOBYETHCS 3aJICIKHICTD

7= 30315 + M) 3
on &2i=1 i i+1 ( )
e 1 — KUIBKICTh JIOKQIbHHUX (MICIIEBHX) TOYOK

e()eKTUBHOCTI TUTIBKOBOTO OXOJIOJKCHHSI B TIONIEPEYHOMY
HaMpsIMKy, IPUAHATUX 1715 ycepenHeHHs [21].

lend=0
&h/d=05
+h/id=1,0

Puc. 10. Ycepeonena no wuupuni nnacmunu

ehekmugHicmob N1iBKOBO20 0X0J100MCEHHA NPU
onoxyeanui omeopie, m = 0,4
Fig. 10. Width-averaged film cooling effectiveness
across the plate with hole blockage, m = 0.4

Ha pucynkax 10-13 mnpeacraBineni 3anexHOCTI
yCcepeqHeHoli 10 IIHPUHI TUTACTUHU  €()EKTUBHOCTI
TUTIBKOBOTO OXOJIOJIKSHHS 10 IIWPHHI TUTACTUHY [T PI3HUX
3HadeHb napamerpa BayBy m (0.4, 0.6, 0.8 Ta 1.0) ta cry-
nienst 6ioxyBanHs Ha s 0 < x/d < 15. 1i rpadiku mo-
3BOJISIFOTH JIETAIBHO OIIHUTH BILJIMB MapaMeTpiB BAYBY Ta
OsoKyBaHHS Ha €()eKTUBHICTH ILIIBKOBOTO OXOJIO/IKEHHSI.

Sk mokazamm pesyabTaTH TOCTiKeHB pobiT [4-7],
ninsiaka 0 < x/d < 12 noka3ye HalOUIbIINE 1HTEpPEC IS
aHajizy e(QeKTHBHOCTI TUTIBKOBOTO OXOJIOJDKEHHS, TaK 5K
BUXOISTUN 32 TIEH Miama3oH eQEeKTHBHICTH MOKA3y€e CTaje
3Ha4YCHHSI.

AHanizyloun HaBelleHI HWXk4Ye Tpadiku, MPUXOIU-
MO JI0 BHCHOBKY, IIO 31 30iJBIICHHSIM IapaMerpa BIYBY
m Bix 0.4 no 1.0 ycepenHeHa e(eKTUBHICTh ILIIBKOBOTO
oxonomxkenns (1) 3Mmenmyethcs. Hampukmag, mpu
m = 0.4 (puc. 10) makcumansHa 11 11 KoHOirypamii 6e3
onokyBanHs (h/d = 0) Ha mowarkoBiit miungHui (x/d = 0)
cranoButh 0.45, Toni six mpu m = 1.0 (puc. 13) ue 3na-
YeHHsI 3HWKY€EThes Mo 0.35, mo BiAmoBimae 3MEHITCHHIO
Ha 22%. Lle mosICHIOETBCS 3pOCTaHHSAM HIBHJIKOCTI TOTOKY
OXOJIOJKYBaua P BUILUX 71, IO COPUYHHSIE HOTO BiApUB
BiJI TOBEPXHI Ta IHTCHCUBHE 3MINTyBaHHS 3 OCHOBHHUM IT0-
TOKOM, 3MCHINYIOUH €(EKTHBHICTH IJIIBKOBOTO OXOJO[-
JKEHHSI.
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Crynine OnokyBaHHs OTBOpiB (h/d) Mae 3Hau-
HUW BIUIMB Ha edekTuBHICTh. g BCiX 3HAUYeHb m
koH(pirypanis 6e3 OnokyBanus (h/d = 0) 3a0e3neuye Haii-

0’5, .............. .............. .............. ......... : : .

@-h/d=0
&h/d=0,5
+h/d=1,0

>

Puc. 11. Ycepeonena no wiupuni nnacmunu
ehekmueHnicmo niKOB020 0X000HCEHHA NPU
onoxyeauni omeopie, m = 0,6
Fig. 11. Width-averaged film cooling effectiveness
across the plate with hole blockage, m = 0.6

*h/d=0
&h/d=05
+h/d=1,0

0’5 i .............. .............. .............. .........

Puc. 12. Ycepeonena no wiupuni naacmunu
epekmugHicmy niBKOBO20 0X0N00ICEHHA NPU
onoxkysanni omeopis, m = 0,8
Fig. 12. Width-averaged film cooling effectiveness
across the plate with hole blockage, m = 0.8

sumy 7. Tlpu m = 0.4 (puc. 10) Ha moYaTKOBiH MinAHII
(0 < x/d < 15) nopiBasiHO 3 h/d = 0 nna h/d = 0.5
edekTuBHICTH 3HWKYEThCst HA 11% (3 0.45 no 0.40), a aus
h/d = 1.0 — na 24% (mo 0.34) mopiBusno 3 h/d = 0. Ilpu
m = 0.8 (puc. 12) nins h/d = 1.0 1 namae na 28% (30.39 no
0.28) Ha Tiii e ainsHIi. Lle 3yMOBIIeHO 3MIHOKO KyTa BH-
X0y OXOJIOJKyBada MpH OJIOKYBaHHI, IO ITOCIUTIOE BIAPHUB
MOTOKY Ta HOro 3MilllyBaHHS 3 OCHOBHHM MTOTOKOM.

Ha Bcix rpadikax crmocrepira€rbes pi3ke 3HUKECHHS
Ha mouatkoBii minsHIi (0 < x/d < 2), micist 90ro 3HaYCH-
Hsl cralini3ytorees. Hampuxman, mpu m = 0.6 (puc. 11)
ans h/d = 0 Benmuuuna 1 mamae 3 0.43 no 0.15 (ma 65%)
Ha BiacraHi x/d =2, a mst h/d = 1.0 - 3 0.33 no 0.12 (ma
64%). Ha Bignanenux minsHkax (x/d > 10) pisHUISA Mix
KoH(irypanisimu 3meHiyetses: npu m = 0.8 (puc. 12) ans
h/d=01=0.12, a gt h/d = 1.0 - 0.09, 0 CTAHOBHUTH
3HUXKEHHA Ha 25%.

[pu m = 1.0 (puc. 13) edekr BinpuBy crae ocoOMMBO
BUpaXkeHUM: 1ns h/d = 1.0 Benmuuna 7 npu x/d = 0 cra-
HOBHTH 0.25, 1m0 Ha 29% Hmwkue, Hixk it i/d = 0 (0.35).
Ha Bigmanenux aginsakax (x/d > 10) edeKTUBHICTL st
BCiX KOH(DiTyparii BupiBHIOETHCS Ha piBHI 0.08 - 0.10, mo
BKa3ye Ha 3HaYHE MOTIPIICHHS TEIUIO3aXUCTy Yepe3 4acT-
KOBHI BiJIpHB MTOTOKY.

0’5, .............. .............. .............. ......... _._h/d:O
: ' ‘ ! ' ' &h/d=0,5
“+h/id=1,0
0,4"5‘ """ T :

Puc. 13. Ycepeonuena no wiupuni naacmunu

ehexmugHicms niigK08020 0X0100MHCEHHA NPU
onoxyeanni omeopie, m = 1,0
Fig. 13. Width-averaged film cooling effectiveness
across the plate with hole blockage, m = 1.0
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IopiBHSIHHS ycepeIHEHOI 0 IO NJIACTUHHU
e eKTUBHOCTI IJIIBKOBOI'0 0X0JIOAKEHHS

Ha puc. 14 npencraBieHO 3aleXHICTh yCepeAHEHOT
M0 BCIM IJIOWII JTOCIHIKYBaHOI MJIacTUHU €(EKTUBHOCTI
IUTiBKOBOTO OXonomkeHHs (7]), Bix mapameTpa BayBy ( m )
(y niana3oni Bij 0.4 1o 1.0) 115 pi3HUX CTYTICHIB OJIOKYBaH-
Hs orBopiB (h/d = 0, 0.5, 1.0). YcepenHeHna epeKTUBHICTb
BH3HAYaacs 3a BUPA30OM:

=15k, 4)

nie Tk - ycepeHena e(h)eKTHBHICTb MITiIBKOBOTO OXONOIKEH-
HsI 110 O1YHIM TTOBEPXHi 32 HOMEPOM TIOTIEPEYHOTO ITepepizy
k; k - KITBKICTB MONIEPEYHUX MEPEPi3iB B3ATHUX B3JOBK J10-
BXKHHH KaHaTy.

I'padix HaBegeHwWid BHIIE [IEMOHCTPYE, MO 3i
36inpmrennsM m Big 0.4 1o 1.0 BenwuMHa 7] 3HUKYETHCS:
Juts KoH(irypaii 6e3 O1okyBaHHs €()EKTUBHICTH Majace 3
0.18 10 0.14 (ma 22%), nns koHiryparnii 3 OJIOKyBaHHAM
(h/d=0.5)—-30.17 go 0.12 (1a 29%), a nns koHIryparii
3 omokyBauHsAM (h/d = 1.0) — 3 0.11 mo 0.07 (Ha 36%).
Crymiab OJ0KyBaHHS CyTT€BO BILTUBac: mpu m = 0.4 mist
h/d = 0.5 BenuuuHa 1) 3HMKYyeThes Ha 6% (mo 0.17), a

&h/d=05
o h/d=1,0

0,15+

0,05 |

0 : :
04 05 06

0.7 08 09 1
m
Puc. 14. Ycepeonena no eciii nnowyi ecpekmusnocmi

NJ1i6KOB020 0X0/100MCE€HHA 3a PI3HUX 3HAYUEHD
napavempy 60ygy m
Fig. 14. Area-averaged film cooling effectiveness for

different blowing parameter values m

Ta6u. 1. PesynbraTu ycepeaqHeHo1 o BCii MO
e(heKTUBHOCTI TUTIBKOBOTO OXOJIOPKSHHS

Table 1. Results of area-averaged film cooling
effectiveness

Kondirypartis 0, %
h/d=0 14,4
h/d=0.5 11,7
h/d=1.0 6,5

st h/d = 1.0 — 1a 39% (mo 0.11) nopiBusiHO 3 h/d = 0,
npu m = 1.0 3HmwKeHHs cTaHOBUTH 14% (1m0 0.12) 1 50%
(mo 0.07) BignoBizHo. 3arajoM, HaiBuUIna €()EKTUBHICTH
crioctepiraeTecs Jisi Mozelni 0e3 OJOKyBaHHS, TOII SIK
MaKkcUMajbHE OJIOKYBAHHS MPU3BOIUTH N0 HAWOITBIIOTO
3HIKEHHS 7], 110 TIOSCHIOETHCS BiIPUBOM MOTOKY OXOJIOJI-
JKyBada Ta WOTO 3MIITYBaHHIM i3 OCHOBHHM ITOTOKOM de-
pe3 OimpIIH KYyT BUXOAY MPH OJOKYBaHHI.

BucHoBkn
Pe3ynbraT 10 ciiKeHHS CB114aTh, 110 31 30 1IBIIICHHSIM
cryneHnst OnokyBaHHS (h/d) OTBOpIB €(EKTUBHICTH

TUTIBKOBOTO OXOJIOJIKCHHS [TOBEPXHI Micisl OTBOPIB BHIY-
By OXOJIOJDKYyBaua CyTTEBO 3HMXKYETBHCS, IO 3yMOBIEHO
BiJPHBOM IOTOKY OXOJIOMKyBada Ha MOYATKOBIHM JiJISHII.
Lle siBUIIEC TOSICHIOETBCS OiTBIIAM KyTOM BUXOIY OXOJOJ-
JKyBada MpH 3pOCTaHHi CTyINeHs OJOKyBaHHSI, 10 MPU3BO-
JIUTH JI0 IHTEHCUBHOTO 3MIlITYBaHHSI CTPYMEHSI OXOJIOJIKY-
Bada 3 OCHOBHUM IIOTOKOM 1, BIITIOBIAHO, JO TOTipIICHHS
TEIUIO3aXUCHUX XapaKTEPUCTUK. YcepemHeHa IO BCii
IO TUTACTHHHU €(PEKTUBHICTH IUIIBKOBOTO OXOJIOKCH-
Hs 3MeHIyeTbest Ha 2.7% tipu A/d = 0.5 ta Ha 7.9% 1pu
h/d = 1.0 nopiBHsIHO 3 KOoH(irypamicro 6e3 OIOKyBaH-
Ha. KpiM TOrO, 3i 3pOCTaHHSAM MapamMeTpa BIyBy m
30epiraeThCcsi HEPIBHOMIPHICTH PO3ITOALTY TUTIBKHA OXOJIOI-
JKyBaya, 1110 [10B’s[3aHO 3 TEOMETPHYHUMH OCOOIHNBOCTIMH
OTBODIB Ta iIXHBOIO B3aEMOJIEI0 3 TOTOKOM.

JlocitiKeHHS M1 IKPECIIIOITh 3HAYHUH BILTUB 3a0py/I-
HEHHsI OTBOPIB Ha €()eKTUBHICTH ILIIBKOBOTO OXOJIOJKCH-
HSl, IO € KPUTHYHUM (PAKTOPOM JIJISl CUCTEM TETIIO3aXUCTY
JIOTIATOK Ta30BHUX TYypOiH.

JIITEPATYPA
1. Xiaohu Chen, Yuzhang Wang, Yun Long, Shilie Weng,
Effect of particle deposition on film cooling from fan-shaped
holes, International Journal of Heat and Mass Transfer, Volume
181,2021, 122028, ISSN 0017-9310, https://doi.org/10.1016/.ij
heatmasstransfer.2021.122028.

14

Tennogizuka ma mennoeHepaemuka, 2025, m. 47, Ne2



TEMNNO- | MACOOBMIHHI NMPOLIECU TA AMNAPATW, TEOPIA TA NPAKTUKA CYLIIHHA

2. Goutam Chandra Gualco, High-Temperature Materials
for Gas Turbine Applications, ResearchGate Publication,
2023, 373049846, ISBN 978-93-94166-01-1, https:/www.
researchgate.net/publication/373049846 High-Temperature
Materials for Gas Turbine Applications.

3. Khalatov A.A., Panchenko N.A., Severin S.D.
Numerical simulation of a flat plate film cooling with a coolant
supply into different shape indentations, Thermophysics and
Aeromechanics, Volume 24, No. 5, 2017, pp. 751-757, ISSN
0869-8643, https://doi.org/10.1134/S086986431705011X.

4. Chen, X; Wang, Y, Long, Y, Weng, S. Effect of
Partial Blockage on Flow and Heat Transfer of Film Cooling
with Cylindrical and Fan-Shaped Holes, International Journal
of Thermal Sciences, Volume 164, 2021, 106866, ISSN 1290-
0729, https://doi.org/10.1016/].ijthermalsci.2021.106866.

5. Kewen Xu, Kun He, Xin Yan, Effects of cooling hole
blockage on heat transfer and film cooling effectiveness of gas
turbine squealer tip, International Journal of Heat and Fluid
Flow, Volume 112, 2025, 109678, ISSN 0142-727X, https://doi.
org/10.1016/j.jjheatfluidflow.2024.109678.

6. Bai, B.; Chen, X.; Zhang, H.; Li, Z.; Li, J.; Mao, S.;
Ng, W. E, Turbine Nozzle Guide Vane Endwall Film Cooling
and Vane Phantom Cooling Performances at Various Blocked
Film Hole Configurations, Journal of Turbomachinery, Volume
147, Issue 10, 2025, 101003, ISSN 0889-504X, https://doi.
org/10.1115/1.4067932.

7. Liwei Ma, Ran Yao, Xinyu Liu, Jianhua Wang, Wei Song,
Hang Su, Statistical evaluation on cooling unsteadiness level
for a cylindrical film-hole influenced by partial blockage under
pulsed mainstream, International Communications in Heat and
Mass Transfer, Volume 155, 2024, 107496, ISSN 0735-1933,
https://doi.org/10.1016/j.icheatmasstransfer.2024.107496.

8. Khalatov A. A., Panchenko, N.A., Borisov, LI,
Severin V.V, Numerical Simulation of Film Cooling with
a Coolant Supplied Through Holes in a Trench, Journal of
Engineering Physics and Thermophysics, Volume 90, 2017,
pp. 1-7, ISSN 1062-0125, https://doi.org/10.1007/s10891-017-
1610-1.

9. Hylton, L. D.; Mihelc, M. S.; Turner, E. R.; Nealy, D. A.;
York, R. E., Analytical and Experimental Evaluation of the Heat
Transfer Distribution Over the Surfaces of Turbine Vanes, NASA
Contractor Report, 1983, NASA-CR-168015, https://ntrs.nasa.
gov/citations/19830014986.

10. Lee, S, Hwang, W, Yee, K, Robust design
optimization of a turbine blade film cooling hole affected by
roughness and blockage, Int. J. Therm. Sci., Volume 133,
2018, pp. 216229, ISSN 1290-0729, https://doi.org/10.1016/j.
ijthermalsci.2018.07.029.

11. Bunker, R. S., Film Cooling Technology for Gas
Turbines: A Review, Journal of Turbomachinery, Volume
142, Issue 8, 2020, 081004, ISSN 0889-504X, https://doi.
org/10.1115/1.4046723.

12. Liu, Z., Zhang, F., Liu, Z., Diao, W, An experimental
study of the effects of different transverse trenches on deposition
on a turbine vane with film-cooling at high temperature, Aerosp.
Sci. Technol., Volume 107, 2020, 106340, ISSN 1270-9638,
https://doi.org/10.1016/j.ast.2020.106340.

13. Goldstein, R.J., Advances in Film Cooling, International
Journal of Heat and Mass Transfer, Volume 138, 2019, pp. 1215-
1228, ISSN 0017-9310, https://doi.org/10.1016/j.ijheatmasstran
ster.2019.04.097.

14. Walters, D. K.; Leylek, J. H., A Detailed Analysis of
Film Cooling Physics, Journal of Fluids Engineering, Volume
143, Issue 2, 2021, 021401, ISSN 0098-2202, https:/doi.
org/10.1115/1.4048412.

15. Zhang, H.; Jiang, Y., Chen, C.; He, Y, Simulation of
particle deposition on high temperature turbine film cooling
blade surface with dynamic mesh morphing, ScienceDirect,
2023, https://www.sciencedirect.com/science/article/pii/
S0017931023006783.

16. Sun, W.; Zheng, Y.; Gao, Q.; Zhang, J., Numerical
simulations on film cooling performance of turbine blade before
and after particles deposition, ScienceDirect, 2022, https://www.
sciencedirect.com/science/article/pii/S0735193322001234.

17. Shrinivas, S. S.; Tafti, D. K., Composition dependent
model for the prediction of syngas ash deposition in turbine
gas hotpath, International Journal of Heat and Fluid Flow,
Volume 32, 2019, pp. 201-211, https://doi.org/10.1016/].
ijheatfluidflow.2010.12.004.

18. Artem Khalatov, Igor Borisov, Sergiy Kobzar,
Glib Kovalenko, Tetyana Donyk, Oksana Shikhabutinova, Heat
Transfer and Hydrodynamics in Centrifugal Fields. Volume
11: Vortex Technologies of Thermogasdynamics, Lira LTD,
Dnipro, Ukraine, 2024, P.119, ISBN 978-966-981-979-6, DOI:
10.23877/978-966-981-979-6.

19. Li, X.; Zhang, Y, Numerical Investigation of Film
Cooling Performance Using RANS with SST Turbulence
Model on a Flat Plate, International Journal of Heat and Mass
Transfer, Volume 149, 2020, 106672, ISSN 0017-9310, https://
doi.org/10.1016/j.ijheatmasstransfer.2019.106672.

20. Khalatov Artem, Igor Borysov, Yuri Dashevskyy,
Sergey Reznik, Heat transfer and hydrodynamics in centrifugal
fields: monograph, Kyiv: NTUU «KPI», Politechnika, 2016,
Volume 10: Advanced film cooling schemes, 238 p., ISBN 978-
966-981-979-6.

21. Danylov M. A., Donyk T. V, Effect of Coolant
Injection Hole Blockage on Film Cooling Efficiency,
Bulletin of the National Technical University "KhPI". Series:
Power and Heat Engineering Processes and Equipment:
Collection of Scientific Papers, Kharkiv: NTU "KhPI",
2023, No. 4 (16), pp. 45-50, ISSN 2078-774X, https://doi.
org/10.20998/2078-774X.2023.04.07.

Tennogpisuka ma mennoeHepaemuka, 2025, m. 47, Ne2

15



TEMNNO- | MACOOBMIHHI NMPOLIECU TA AMNAPATW, TEOPIA TA NPAKTUKA CYLLIHHA

FILM COOLING EFFECTIVENESS UNDER
CONDITIONS OF CONTAMINATION OF
DISCRETE COOLER BLOW HOLES

Khalatov A.A.!, Danylov M.A.?

!Institute of Technical Thermophysics of the National
Academy of Sciences of Ukraine, 2a Marii Kapnist

St., Kyiv, Ukraine, 03057, Professor, e-mail: artem.
khalatov1942@gmail.com, https://orcid.org/0000-0002-
7659-4234.

’Institute of Technical Thermophysics of the National
Academy of Sciences of Ukraine, 2a Marii Kapnist

St., Kyiv, Ukraine, 03057, lead engineer, e-mail:
danylovmykhailo24@gmail.com, https://orcid.org/0009-
0000-0265-1286

https://doi.org/10.31472/ttpe.2.2025.1

Modern gas turbine units (GTUs) operate under extreme
conditions, with inlet gas temperatures reaching up to
1750 °C, while the heat-resistant materials of turbine blades
are limited to a thermal resistance of 1000-1100 °C. This
discrepancy necessitates advanced cooling techniques
to ensure blade durability and reliability. Film cooling,
achieved by injecting coolant air through small holes to
form a protective layer on the blade surface, is a widely
adopted method. However, during GTU operation, particle
deposition (e.g., CaO-MgO-Al.0s-Si0:) can cause partial
blockage of coolant supply holes, significantly impacting
film cooling effectiveness and heat transfer intensification,
which underscores the importance of studying this
phenomenon.

The Purpose of the Work. This study aims to investigate
the effect of partial blockage of coolant supply holes on film
cooling effectiveness under varying blowing ratios, with a
particular focus on the transverse distribution of cooling
effectiveness. By modeling a system with four injection
holes, the research seeks to analyze the spatial non-
uniformity of coolant distribution and its impact on cooling
performance at different blockage degrees.

Research Methods. The investigation was conducted
using numerical simulations in ANSYS CFX 2019 R2. The
blockage degree was characterized by the dimensionless
ratio h/d, where () is the transverse blockage size and (d)
is the hole diameter (0.8 mm). Three configurations were
modeled: a baseline without blockage (4#/d = 0), and two
with partial blockages (4/d = 0.5 and #/d = 1.0). A hybrid
unstructured mesh with 434,000 nodes and 1.1 million

elements was employed, using the Reynolds-Averaged
Navier-Stokes (RANS) equations and the SST turbulence
model for closure.

Results and Conclusions. The results reveal that
increasing the blockage degree (4/d) significantly reduces
film cooling effectiveness due to flow detachment caused
by a larger coolant injection angle, which enhances mixing
with the mainstream flow. Specifically, the average film
cooling effectiveness decreases by 2.7% at #/d = 0.5 and by
7.9% at h/d = 1.0 compared to the unblocked configuration.
Additionally, as the blowing ratio (m) increases from
0.4 to 1.0, the effectiveness drops further, with a maximum
reduction of 22% for h/d =0, 29% for 4#/d = 0.5, and 36% for
h/d = 1.0. Transverse non-uniformity in coolant distribution
persists across all blowing ratios, with local effectiveness
maxima along the hole axes and minima in inter-hole
regions, highlighting the role of hole geometry in cooling
performance. These findings emphasize the critical impact
of hole contamination on film cooling effectiveness in gas
turbine blade systems, indicating the need for strategies
to mitigate blockage effects, such as exploring alternative
hole designs or materials resistant to particle deposition, to
improve cooling uniformity and thermal protection.
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