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ABSTRACT

Analysis of performance of tripod ho

Sridharan Ramesh

The ther mal efficiency of a gas turbine direc
increasing demand for more power and advance

temperature to be pushed higheandBuaneésvecaatef

restrictions on the thermal | oad it can bear.
and a better cooling design has the potenti al
temperatueescompneseseor bleed air. Among vario
turbines, film cooling wild!@l be the subject of

A novel concept for film cooling holes referred to as-aottex desigmproposed in 2007
is explored in this studyCoolantexitsthrough two bifurcated cylindrical holes that branched out
on either side of the central hole resulting in a trifike arrangement. Coolant from the side holes
interacted with the mainstream and produced vortices that countered the main ceattrag rot
vortex pairs, weakening it and pushing the coolant jet towards the surfaxder to understand
the performance athis antivortex tripod film cooling a flat plate test setup and a low speed
subsonic wind tunnel linear cascade were built.

Trangent heat transfer experiments were carried out in the flat plate test setup using
Infrared thermography. Film cooling performance was quantified by measuring adiabatic
effectiveness and heat transfer coefficient ratio. In order to gauge the perfornthecstamdard
hole geometries were also tested and compared with. Following the results from the flat plate test
rig, film cooling performance was also evaluated on the surface of an airfoil. Adiabatic
effectiveness was measured at different coolant megsrates. The tripod hole consistently
provided better cooling compared to the standard cylindrical hole in both the flat plate and cascade
experiments.

In order to understand the amntrtex concept which is one of the primary reason behind

better perfamance of the tripod film cooling hole geometry, numerical simulations (CFD) were



carried out at steady state using RANS turbulence models. The interaction of the coolant from the
side holes with the mainstream forms vortices that tries to suppress thefearied by the central

hole. This causes the coolant jet from the central to stay close to the surface and increases its
coverage. Additionally, the coolant getting distributed into three individual units reduces the exit
momentum ratio. Tripod holes wefound to be capable of providing better effectiveness even

while consuming almost half the coolant used by the standard cylindrical holes.



GENERAL ABSTRACT

Analysis of performance of tripod ho

Sridharan Ramesh

The thermal efficiency of a gas turbine direc
increasing demand for more power and advance

temperature to be pushed higheandBuanésvecanatef

restrictions on the thermal | oad it can bear.
and a better cooling design has the potenti al
temperatueescompneseseor bleed air. Among vario
turbines, film coolinglwisllprbemarhefsonobfeon et
the heat | oad on the gas turbinemhof ga®|patfh
usually bled from compressor at an intermedia

A novel concept for film cooling holes referred to as-antiex desigmproposed in 2007
is explored in this studyCoolantexitsthrough two bifurcated cylindrical holes that branched out
on either side of the central hole resulting in a tripke arrangement. Coolant from the side holes
interacted with the mainstream and produced vortices that countered the main central rotating
vortex pairs, weakening it and pushing the coolant jet towards the surfacder to understand
the performance dthis antivortex tripod film cooling a flat plate test setup and a low speed
subsonic wind tunnel linear cascade were built.

Transientheat transfer experiments were carried out in the flat plate test setup using
Infrared thermography. Film cooling performance was quantified by measuring adiabatic
effectiveness and heat transfer coefficient ratio. In order to gauge the performanceaatted
hole geometries were also tested and compared with. Following the results from the flat plate test
rig, film cooling performance was also evaluated on the surface of an airfoil. Adiabatic
effectiveness was measured at different coolant mass #ts.rThe tripod holeonsistently
provided better cooling compared to the standard cylindrical hole in both the flat plate and cascade

experiments.



In order to understand the antirtex concept which is one of the primary reason behind
better performancef the tripod film cooling hole geometry, numerical simulations (CFD) were
carried out at steady state using RANS turbulence models. The interaction of the coolant from the
side holes with the mainstream forms vortices that tries to suppress the vorted by the central
hole. This causes the coolant jet from the central to stay close to the surface and increases its
coverage. Additionally, the coolant getting distributed into three individual units reduces the exit
momentum ratio. Tripod holes were falito be capable of providing better effectiveness even
while consuming almost half the coolant used by the standard cylindrical holes.



ACKNOWLEDGEMENTS

First and foremost, Il would |Iike to thank my |

the opportunity to work with him and keeping

i mmense guidance in my reseaenrtcahr drmd nidiag i val wd
Whil e working with him, I got an opportunity
cooling techniques, and al so deeverpeperthermtedlt el

transHes advice ionnt odetlhvei mge sdeeaerpcenr t opi ¢ and be
the work, has certainly inculcated in me the

motivation for my worKk.

Il would Iike to thank my committee Ngpemider s SDC
Huabl e and Dr. Mayur eshtl caatvgtfaieded @b ¢k eshd per s
my wor k. Courses |ike CFD in Heagdndrlaagfarstamni

foundati on f orl mwyoiulead etlhor cahonkwnogrvkio ¢ @ g ¢ -NsEpToln s o r
and the team Mary Anne Alvin and Ed Robey, wh
this worKk.

I woultad Ithhkae kChr i,s DreBlJaanicdeep Pandit dmd Dr.

their ectippasi ansyi praetsTevagrycipmmaovvenel ewi t h i nval uabl e
throughoult am WwéamDy thankf ul to all the preser
building a strong working e#fivitedmenomtmeinth st hdh
my friends at Virginia Tech who made kbhiso0jou

my c¢close friends for being my support system

This jourGneyawoubeen possible without the wunc
mom. would | i ke to exg¢gawss kleptp fgasiatplp viurd edea wma

| embar ked onHe hhiass caalrweaeyrs pbaetehrwi d | g rceoantt | maitei @ &



TABLE OF CONTENTS

A B S T R A G T et e et e s amen e e e e e e e bb e e e e e e e naa s aan Y
GENERAL AB S T R A T e e e (Y
ACKNOWL ED GE MEN. T S e Vi
TABLE OF CONT EN T S e Vi
LI ST OF FE L GURE S e X
LI ST OF T A B L E S e e X1 v
11 NTRODU C T L 0N e eree e 1
1. 1 BacC.K g QUi rrrerr s a e e e e e e 1
1.2 Fingn acwmooflLliat...pl. .l e e 2
1.3 Film cool.i.nhg..on..an. . ai.r.f.oi.l............... 4

1.4 Numerical and thermal st.r.es.s...,.anal.yci s du:¢
1.5 Numerical analysis on f..l.m..coal..ng9 perf ol
AN I I = o T o - A 1 TS S 13

2FI' LM COOLI NG PERFORMANCE..QN..A..ELAT...PLATE

2.1 Experi.ment.al. . Sl P 16

2. Film Hol e ..Ge ome. L.l laf S e 17
2.2 Measur ement. . . .t e 0.l Yo 19
2.2. 1 Test..Condi d a0 NS e 21
2.2.2 Experi ment.al... un.cer.t.ai.nb. Yo .. 22
2.3 Resul ts..and...Di.S.CUS.Sd. 0N e 23

2. 3.1 Bas.el.d.ne. . .Ca.S .8 .S e 23

2. Xo2nparison betweean..v.alr.l.ouUus..t.r.i.pod..B61] es



2.3.3 Film coal.i.ng..ef.f.ectl.i.v.enes.sS........ 29
2.3.4 Heat t r.,.an.s.f.er..coef.f.i.ci.ento. ... 32
2. 3. 5 OVidruaxl. i Al @ .ot .. 33

3FI' LM COOLI NG PERFORMANCE..ON..AN..AIL.RFEOIl.B6

3.1 Experi.ment.al. . .S el U P 36
3.1.1 Film hol.e..g.eQmet. ri.e.S e, 37
32 Measur ement. .. . L. e Oy 39
3.2.1 Tesd...candi.l .S s . 4 0
3.2.2 Flow c.har.act.eri.zat. .0 ... 41
3.2.3 Experi ment.al..unc.er.t.al.nlo Yo ... 4 2
3.2.4 Conducit..an..effieClo s 4 2
3.3 Results..and. . .di.S.CUS. S0 Do 45

4 NUMERI CAL AND THERMAL STRESS ANALXSILS.5@N A FL

4.1 Numer i c.al... mo.d.e.l.l.i.n.g. ... 52
4. 2 Resul ts..and. . . .di.S.ClUS .S deD D eeeeieeiaeeeens 56
4 . 3 G0 Ml il S de e 0 e e 61

5S.NUMERI CAL ANALTYBI BODOFHOL E FI'LM COOLI NG AT

CONDI T LN S ettt ettt e e e e et nmme e et e e e e e e ran e e e 6 3
5.1 Numer..Ccal..mad.el 6 3
ST R A I = = T o B o PRSP PPPPPPPPPRPPP 6 3
5. 1.2 MesS hin g Pl GBS Siiiiiiiiiiiieeetiiiiiieeetee e e e e 6 4
5.1.3 Boundar.y..condi. .l .OnS. e, 67
5. 2. Me s h a.da.p.t.i.on..res. Ul .t .S, 69

5.2.1 Grid independent. . .studya.........69

5.2.2 Effect of mesh adapt.i.an..on..adi.alRati c e

Vi



5.2.3 Effdcbobanhomi.gas .0 eeeeeeeen, 74
5.2.4 Effect on turbul ent. .. .ki.net.i.c..enegrgy i ns
5.3 Resul ts..and. .di.S.CUS.S.buD.ll e 78

5.3.1 Comparison of film cool.i.ng..per.f7dr mance

5.3.2 Effect -lifdCRW.Pso.mamax.ant. ... 80

5.3.3 Effect of tripod hol e br.anchi.ng3angl e
5.3.4 Comparison/ Val i dat..an.. wi.t.h. Ex.p.er6i ment 8
5.3.5 Effectcylfi mdriec gli tlcdhl eonef fecti veness

6 . NUMERI CAL ANALYSI S OF TRI POD HOLE FILM COO
CONDI T LuO NS e 91

6.1 Prelimi.nar.y. . . War.K e, 91
6. 1.1 Experiment al..and...Nume.r..c.al..s.etl.DR
6. 1. 2 R B S UL L S 95
6.1.3 Conclusive remaur.ks....Reas.ans..fr.or8mi s mat
6.2 Experi men.t.a.l... Me.t..h.0.d.0.1..0.0. Y 100
6.3 Conjugate CFD w.i.t.h..r.adi.a.t.i.aon.modeldl ng
6.4 Results..and...Dil.S.CUS.Sd. 0N .. 106
6.4.1 Conpiampbkiohn@é t vuiad h erenval.....r1..0...g............ 106

6. 4.2 Comparison of..CED..wi.t.h..ex.perlrimeh@ s

CONCLUSI ON AND FUT.URE...WORK. ... 110
(O30 T o I o Y U = T o 3 4 PP PPPPPPPP PPN 1.10
F Ut U B 0. L Ko e e 1.11

REF E RE N G E. S et e eeeea e e e e e e e eeeees 1.13



LIST OF FIGURES

Fi guBxampl e of filleting provided for..h#&l e inl
Fi guScehematic of..t.he..t.es.t. .. .s.ecl.i.on................ 18
Figure 3 Fil m cooa.l.i.ng.. . hol.e..conf.i.gur.atléns
Figure 4 Adiabatic film cooling effectiveness
L= T PO A o T S PP P TP T RS TP PP 24

Figumaée 5 Adiabatic effectiveness: comparison Vv
other studies; c¢) Lateral wvariation in effect
averaged effectiveness vs. xhaod fidld uBMIHtBER t2h.e

TS T = PP PP 25
FiguTri pod holes (AV and AV Cham) fil m&7 o0l ing
FiguSehaped tripod (AVSH and AVSH Cham) hol e
(o T o T TV O IO O SO = O S o N OO PP PP PP PP PPPPPPPPPPPPPR 2 8
FiguapfFes8t surface after finish on either ends
= < T S T PP PP ORI 29
Figutet 8&rally averaged film cooldi npyedbf)ecti ve
TED, @ M TED Y /oSt ceeee et et e e e e e e e e e e e emme e e e e e e e e e e e e e e e e e e mnne e e e e e e e aan 31
FigurLeetler ally averaged heat tr amsflerti5c o0Odf3f i ci
= 0 o o O R O T S o 1 O~ SO PRERPROPPRRRS 33
Fi gurAe ehl averaged heat f ladu=x Or.aft5,00bf)adasmd | 6)t he
o R PR URRRPPP 34
Figuresafi B8ui nd -Mamerelli nwa.a&rh...Ga.s.c.a.de..... 37
Figure 13.Film cooling hole | ocation..oB87the s

Figu4eVel ocity profil e: a.)...s.p.anwi.s.e...b.43near \
Figure 15. Effectiveness cont otuou rf;ecrd nAVe chiwil cen ; I
(OO T o T S G = I o Y o Y o SO UPUPPPPUPPPPRURTT 4 3
Figure 16. Effect of conduction cOAVr dotlieomatoBR
T 4 4



Figure 17. Steady state experimental resul ts:

b)),

cd), e): film cooling effectiveness for C

.......................................................................................................................................... 47

r

e 18.Effeonh béat &bt awlinwgavataged film cool
ng holes: a)-ACYhuo.bp.s.SH,;...c.). .. .AV....d)..49H

Figu9eEffect of coolant flow rate on | aterall)

coo
Fig
coo
Fi
Fi
Fi
Fi

as

g
g
g
g

Fig
Fig

Fig
b )
Fig
Fi
st
Fi

- Q

an
Fi
Fi
Fi

Q Q@ © o «

cC M @ C

fin
| avy.
Fig
Fig

I
u
I

u

u
u
u
S

u
u
AV h
u
A

u
u
u

c

<

i
r

]

o

-

-

-

o

B

ng hol es: a) m - ~ 0.0008 .b)..m.-.500.001
20. Effect of coolant flow rate on | ate
g holes: a) m - ~ 0.0008 b)..m.=-.510.001
21. Area averaged effectivenessbflor di
22 CFX design model: a) CED..dom&Bns, b
23. Unstructured tet.u.ahedr.al..mesbB4with

D

24. Unstructured tetrahedr al mesh: a) f
n from top,..s.i.de..a«nd. .. bot.t.om.vi.ewb5

25. Test of grid i.ndependence..f.0b7AV hol

® ® d® @D d @d @d >

26. Validation of CFD with experiments:
€ AL BR LD 57
e 27.Vortex structure at x=3d downstream
o o T - N SRS 58
e 28. Temperature streaml..nes..o0f..600l ant

e 29. Temperature distribution on the fI
tural modul.e.... b))  CEX 60

e 30. Thermal stress distribution on the
IR N VA = = S S o R 61

e 31 Numeri cal mo.d.e.l.....a.)...s.i.de..v.i.e&4 b) t
e 32 Film coo.l.l.ng..hol.e..shapes..stufided

e 33 Tetrahedral mesh: a) side of the ent

mesh details c¢close to the wal/l; c) mes!

LS PP 6 6
e 34 Mesh adaption fl| o gbhadel].f.abVowed
e 35 Numerical model wi.t.h..appraprbte bo



Figure 36 Effect of grid independent..s.¥Qdy on
FigueEéf&¢t of GI'S and mesh adaption..on72o0o0l an
Figure 38 Effect of GI Sefafnedc tmevsehn.easdsa.p.t.iw @n on
Figure 39 Effect of adaption on adi.ahavdc eff
Figure 40 Effectiodolaadmtp.t.mioxi.mq....h.o.t....g.a.86
Figure 41 Effect of adaption on tur.bulF8nt ki
Figure 42 Numerically predicted | aterally ave
(o T o T TV O IO O G- O S S o 1 PP PP PP PP PP PP PPPPPPPPPPR 79
Figure 43 Adiabatic effectiveness contours fo
= T P I o T PP RPTRSRPPPRP 80
Figure 44 Contours showing effectiveness or n
penetration from a cyl i ndg.i.c.al...hol.e...,at.8di ffer
Figure 45 Contours showing effectiveness or n
penetrationolfe oamt adit fr fi @ra@n.th...b.l..owi.n.g...r.aBi30s
Figure 46 Effect of tripod hole br.anchBdg ang
Figure 47 Effect of tripod hole branching anct
w. r .t totalrabnel.ant..mas.sS..[f.L.0W............ 85
Figure 48 Effect of side hole compound86éngl e
Figure 49 Cylindrical hole | aterally averaged
a) CFD vs Exp.; b) CED..v.s..Ex.p...wi.t.h..un88rtain
Figure 50 Tripod hole | aterally averaged effe
CFD vs Exp.; b)hCEDCRBBI.EKPL.Y. Wi 89
Figure 51 Comparison of | aterally .awver.8ed ef
Fi guCEXS5Desi g.n...MA.d €l 93
FigutdasbhbBuctured Tetrahedr.al... Me.s.h...wi.t.th9B8nfl at
Figure 54 Variation in overall effectiveness &
.......................................................................................................................................... 96
Figure 55 Experimental results from NETL: a)
coupon; b) Effect of blowing r.at..o..an..BvVverall
Figure 56: Overalll effectivenes.s..c.ont.ofvs at



c C© C C

c C© C C

® ® ® d® d @D d @D M @d

57
St
58
59
6 0
61
6 2
6 3
6 4
6 5

Effect of blowing ratio on | ateral/l
PP 98

Various heat fluxes ent.er.i.ng.98nd | e
Conjugate numery cwal modah d.i.vnlicCtav o o m ty
Unstructured tetrahedral .el.eln®e3nts w
|l nl et Boundary Condi t.i.o.n....a.)l10T4emper
Grid independent study: ..Complalr5 s on

Ef fect..of..t.ur.bul.ence..model...105
Temper aa umer dicntralbuti @anerad @lndy7 n e :
Comparison in temp.e.r.at.ur.e..bheltOwbeen e

X0

\

(



Tab
Tab
Tab
Tab
Tab
Tab
Tab
Tab
Tab
Tab

rig

LIST OF TABLES

tSummary of exper.i.ment.al...c.o.nd.i.t.i.ons.2?2

I
|
I

e 2: Summary of . .. .Ex.p.eur.i.ment.al..Caondi.gdilons
eD8sign dat a..f.or..comp.ut.at.i.on. ... 55

e 4: Typical tensi.l.e..pr.ope.ur.t.i.es..af.6laynes
e 5 Percentage difference in area..@d0erage
eD6si gn Dat a..f.ar..Comp.ut.at.i.on. ... 914

e 7: Summar y...a.f...Tes.t..Cound.i.t.i.ons......95

e 8 Conjugate numer i.c.al... mo.d.el.:....Aerlo02 her m
e 9 Boundar.y..c.ondi .t i, 0.0.S 104

e 10 Difference in area averaged surface

0 e . e e —— 107

Tabl e 11e Dinf fhreeaetnct ransfer rates bet.we&@8si mpl

4
I

t



CHAPTER 1

INTRODUCTION

1.1 Background

The thermal efficiency of a gas turbine direc
increasing demand for more power and advance

temperature to be pushed higheandBuanésvecaatef

restrictions on the ther mal |l oad it can bear.
and a better cooling design has the potenti al
temperatueescompneesor bleed air. Among vario
turbines, film cooling wild!@l be the subject of

Film cooling technique is in practice as a gas turbine cooling methodology since the early
1970s. Its primary function stiberves to reduce the heat load on the gas turbine hot gas path
components while creating a thin film of cooler fluid, usually bled from compressor at an
intermediate stage. The coolant or the cooler fluid is being injected through discrete holes thus
providing a film of cooler medium near the blade metal surface, protecting it from direct contact
with the hot mainstream gases. Research has been conducted at a steady pace to improve the
performance/effectiveness of cylindrical discrete holes, even thougietftemance of discrete
holes can never match that of-®&lot. One common method of improving the film effectiveness
of a cylindrical hole is to modify the exit of the hole to reduce the upward momentum of the jet,
mitigate jet liftoff from the surfae thus provide coolant coverage close to the surface. This would
be dictated by the shape of the hole exit which accounts for the interaction of the cooling jet with
the hot mainstream gas. Additionally, the coolant fluid is taken from the HP/LP compogssor
directing it to the turbine, which would otherwise be utilized in the combustion chamber resulting
in a reduction of overall engine efficiency. Thus more coolant usage for turbine cooling will affect
overall engine efficiency. Hence, improved coolinghweduced coolant mass usage is a critical
issue for modern turbine design. As a result, this study focuses on designing cooling hole

geometries that produce higher film cooling effectiveness while also resulting in the reduction of



overall cooling flowrates. In order to understand the performance of film cooling hole geometries,

a flat plate test setup and a low speed subsonic wind tunnel linear cascade were built.

1. 21 m cooling on flat pl ate

Early works to maximize the potentiaflIJof <cyl
[ 3] Since then numerous factors affecting film
Bogard an4dlrdotaobded a recent summaryi om tbel teg
Bunkeéi d a thorough review on shaped holes. A
|l iteraturmpihlasd by HaPelee vant to this study i

Bal dau[f7]lewh@8f the authors examined | ocal adi
coetfents for cylindrical holes using IR ther
and density ratio were investigated. |t was ol

peak value of adiabatic wifbcai memessumayatro
respecti vel ga]l sSo nchoan deuctaeld f |l at pl ate experi me
the effect of density ratio and momentum f |l u
Measurements were taken wusing awesreer iaetst accfh etdh i
test pl at e. The effect of density ratio on f
velocity ratio, bl owing rati o, and momentum f
Schmidtfl1@ér fadr med exper itrheentest fteax tu rod e rcotmgpmod nd
holes and holes with diffusing expanded exit
compound angle improves effectiveness at high
forward expansi olne aynide | cdoendp otuhned baehsitii hrvesuli tga.t e
film cooling performance of shaped cylindrica
had -blaacikes H amed exits performedsbapeéedrhohas. cyl
Il n 2006, He i dmagnfna ratnedd Bakokrakd ng on a novel Co
referredvarot eaxs daenstiign. I n addition to a centr
eject el ttvha oluigf urcated cylindrical holes that
resultingike artrmrngedment. Cool ant from the si
and produced vortices that compaitres edwd dalee nman g

pushing the cool ant |jet towards the surface.



was one tripod hole set for every 2 cylindric
coming out at | dwer teénei ts amemecnotou na nt mass f 1l o
investigated fufilGker byt Dhunigee kol @al pl acement
optimized. [Udirarheeretexdlended thé®&iwohkaomo®hit
designhewherdet holes were of the same diamet el
desi gn, Leppentoemeacdl| fl at plate experi ments t
film cooling effectiveness over cylindrical

consuming 50% |l ess cool ant .

The devel opment and transition of a film co
i mpl ementation in the industry is sl ow. Ma nu
cooling hole with imperfectiodsparercbaocenosr
new technology in indufsifpal i desagas, Sobhds e
manufacturing techniques on film cooling eff

effectiveness hotesywhndhi oveere fabricated usi
met hods, using temperature sensitive paints.

had a noticeable impact in the performance of
hgher bl owing ratfil@dd soJpvarsewnitedett hal ef fect ¢
effectiveness of hole imperfections in the fo
The |l ocation of this torus was found to have

The ottheke design has proved to be a potent
film cooling technologies. Manufacturability

the prompt adoption of the tripoodvhoieet emeh ho
manufacture tripod hol gd.7ywabki sli sealsisedi bymahuwv
for the tripod hobdi Hpedtetdeygi grswlith chamf eaxr e
and outl et. Moreover the region where the hol
webbing. The original design studied colmMpjut at |
featured sharp corner acWwhieoda nufeamn atr apo $ sit iyl e
Fi gbgsrows an illustration that emphasizes the
t hfEi I m hot réosegameo®n. The film cooling tripod h
featur es fava s ma e uonteocit puarnesd wi t h as manufactured

hol es, and no holes wil!/ be testedf aturae .hilgth



critical to estimate the performance of the a

and hence the realistic design was fabricated
Moreover, studyi ngi grheplgagpe beft we emo dlhien gl eltso | e
manufacturability are critical for the prompt
performance of the realistic as manufactured
deign were studied in the present investigat:.

also tested for comparative purposes.

o }

Fi guE>xampl e of filleting provided for hole i

1.8l m cooling on an airfoil

A detailed review of all work prior to year
provided p¢] Ammtéedteralexcel |l ent summary with mo
turbine film cooling was4]wdfi tdleln thlye Botgwadide sa 1
above |iterature, few contributions relevant
The caf fod surface curvature on film cooling ef

[ 1.8he relative performance on a concave O0fr C

flux ratio times the cosine square of the hol

BR = 1.0, if this factor | nwvredkermwauni tcya,n fpirlorx
twice better cooling when compad®dvestangalad
cooling effecousenpsesatninygaconditions | i ke ex
mainstream turbulence | evel s, and blowing rat

Zhang[28faddied the effects of hole injection &
side surface of the airfoil at different bl ow



were compared against shaped ol ef whowi @@ Ar a ni
(BR = 1.5, 2.0 and 2.5), it was observed that
hi gher effectiveness except in the region cl o
proved to be hle2itveerst iEgahtre dd gfei lemm cadol i ng per fo

vane that was subjected to a strong curvature

cooling effectiveness was evaluated at varyin

rtai os . Li[gx&ijinudieetd atlh.e effect of hole shape al

o o o o o u

<

® =S O

QO <K O 4 o T

(0]

X
u
n
0]
u

—

- O =

catedlomeghengoh the suction side of the 1t
ial, radial and compound angles were tested
ggested that round radi al hol esndolué at dted a w
hancement i n addition to the | ower manuf ac
mpound angled holes might be a better alter
rvature at the fil mptoobhbngihglefl obatsoal al
udied by [®iBhBax edi fafler ent cases were teste
rvatures and hole | ocations. Increasing the
wer area averaged lldowbmagicatifdéectTivenrssmal
e cool ant film increases with surface curv.
rface.

ver al studies in the past have shown that

ogvimati os. Accordinf@4tiohélaveunntbed Kotraobkag |
the jet I'ift off by mutual i nduction and a
l'l. The role of exit momentour hfel walrd atsiuag fiarc
pl aif ¢ & ainn shaped holes were found to be an
rtices encountered in a ¢RHEilisoritoak kRéFest s
at the process of shapsngheh¢eholhel exitynou
t ween the vortices that are formed in the |
e however | imitations to shaped film hole d
cur axzwai laam@di | i1ty of material thliSclknbss fewi
shaped hole fil mcowmdliingg hoMaenylesti lgenrrs Um@miveu ¢
ars to overcome the so called kidney vortex
struts withi[n2),]hesalpmlde ho(lHM6,N Reatdednigul ar t



hol e exit (gayvgln tamrchcRedpf D,®] esL i Bahkeadubl e |
configurati o[n3,@]Kaunsdt edruemrb beetl lala.nd be3dlnhsahapédee

proposed and studied. Many of the proposed de
maj ority of these i deas prove dvmowdort eddfffeatudrte
as additional solid surfaces that muygtnalmé ccoo
l'iabilities.

The ~vaorttiex (AV) hole or the tripod hole design
using a mpeh okaicthpl dmhea holes in this design ar
easy to manthbhetdesesi ghhead al so provide alter:
to exit should there be plugging of dhdyesamda
(CFD) study by Heiedmdnurmataendd thlekaetai l ed fl ow

tripod hole design. Various configurations o
Dhunge[ 1Bhatalincluded variations in the side
hol e andt-omdidre hollee di ameter ratio. The best de
antortex design wietrhe tshteu db aesde lailmoengcy !l i ndri cal

modi fi-edr tasmXx idesi gn was capable of of fsetting

increasing the film cooling effectiveness by
Dhrugel [eltByalal i gning the hole exits in one si
di ameter for all thl4le) .h[joBlRiss orfe sawlttred oidre sianrg ha
spord scdmpound angled cylindrical hol e branch
hole. The coolant distribution through each h
the earlier design where the gilajtome tmaion hddlee
branching angle on a hole |/ d=8 causes the in
apart. This causes the pitch to be twice as |

When evaluatingrtfloe mainlcm odolviamgoms hol es sha
that the design parametersvormax nde®ingm swietnh .t
brings up the discussion of the amounitnlodt scoo

bet ween hole geomet rviogd.e xSidressd gtnh @ novuwrl rveerst ad nmr

cylindrical hol es i1inlets, mai ntaining the coo
inl et while maintainingntthal damd eblaonwiumg rodt ic
Apart from increasing the film cooling effect
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al so to reduce the coolant consumpti on. Si
sign par awmaest ekreept constant between hol e shag
et wil/ be twice that of the cylindrical h
ow rates, the blowing ratiowialtl tbhee Wefexatth gatf2 /
the cylindrical hole. This reduction in th
the performance of tkhlelarugpydddhamthier nneSf s et
reamline vorticity owing to the tripod hol e
d suppression ofvoCRWKs smgpkas otrhd oarthie conve

terestingly, in ¢$picti ¢ yofath®8Ri 2gOhiagldeB. &xi n
ovided a better cooling compared to CY BR 0.
ts subdued to a considerable extent, result
Apart from the cybrhdxki tt@al eandhtapedanyl inc
rtex holes wer-eoatew hebéeditiAhandnwithout

ovide better cooling when chanpe.r eHlo weov @ rh,e tch
l i ndrical hole employed a unit area ratio si
udies will focwsordrmrexcadmparginngvitthhe asantiindustr

menti onedalpefdlohe)] esnwhkehshequire expensi v

rtrex holes rely only on cylindrical hol es.
pabl e of i mpvloernieenxt idnegs itdhre.7daBnvtail that opl at et he
t heoraretxi hole on an airfoil wi | | be foll

mperatures and higher prteiscsnuarle sf,r anod | ocofwerde fbe

Amdrical and thermal stress analysis
Il m cooling technique has remal@9&dod nwisgeltye
nsistent growth in resear empt st-thaii & ncehtl elr hrast
ntgol hameter rati o, cool ant injection angl e,
owing ratio, i nlet Mach number and numerous
oling in theigreoonven rwayy.l olhlee hlasl eseen qui te a
sampl e, include shaped, trenched, tripod, C
aped holes. Though Il iterature provides enou:



t her mal advant age, the aerodynamic | osses, S 1
design need to be considered. Failure in appl
The concept of Moritpxd (lAY) ebodebprmwHdisi gmapo an
[ 1], foll owed by thorough investilTgapbdnhbyebBel
two bifurcated holes that branch out of the m
in vortices tedat ocfuptpme sdo nmteevretr t ex pair ( CR\
mai n Thhod estudy tries to estimate ther mal stre
experience if cylindrical film cooling holes \
receives the complete burst ofmbéaopt ighs eijeec
poses higher ri sk potenti al for failure. Thu:
becomes critical i#a]tlitudned ovari Rafseraspeed s|
and reported hfifgdbetri yenensc,003i qurgi feyomige poheine
It becomes I mperative to predict and test its

been performed wherein finite vol umef aprmpd otac h

match the experi ment al resul ts. Results from
el ement solver that predicts the thermal stre:
available for some discussion.,

The fimpdt @afi coal analysis in film cooling g
Earlier, numeri cal studies were aimed at pred
cooling effectiveness, heat toahsher hahas ache

understandingeoni maiensacteam and di fferent vord
recent work have extended CFD for ther mal str
used CFD as a t oow keh awmidoerr samd de xtphleaifn resul t

Leyl ek a&mndf Y]er&tlteempt to understand the f1l ui
a t-dremensi odlokdayv imod el wla s Twhied edleyd s & ceedib wset utdl
compl ex tnhaet uUrleowofi nsi de the film hole, at exit
the hot mainstream and coolant jet. Adiabatic

Similar efforts were undertaken bap pOgouanctha dien

CFD where addition of hexahedr al |l ayers near
agreement with the expected experiment al res:t
mod el and showelinodkeat gavaendasd sloas eltt al . [ 7]



comparative study on prediction of film cooli
Real i Bt b lset akrd(a$ KIW) and RSM turbulence model ¢
experi ment al resul tedtefmadctcihvdmases add ywalvler
effectiveness. It was concluded that a single
is not possible. The RKE model was found to g
transyebust BEW model predicted | aterally aver
they concluded that choice of any turbulence
examination.

Sierra et al. [8] made effhertmalt stgtelsdcy gtemes
bl ade and heat transfer from the hot gas pat
experi ment al and numeri cal analysis involved
effort to performia d6nnihe b6l amhenfgeamalyy to
di stribution. Computations involved usage of

Kim et al . [ 9] foll owed a similar approach |
anal yscendArsw bl ade, made of CM247LC, with ci
CFX1. The-R8STukFrbwlence model was reported to
flow analysis |ike temperature andipeesdEemen
modul e 0fll1ANSYScal cul ate stress distributions
similar approach.

1. amdrical analysis on film cooling pert
Gas turbine film cooling has been in focus sir
and numeri cal studies, this field still recei
reason must be its apgpd itcuartbhiome ainmdd u dtsr y,i ghnha tfh
based engines, whose continual growth relies
prospects for advanced cooling techni ques 8
advancements imgtdecmanufMemearous film cool ing
in the past. of al l the hole geometri es, cyl
breakthrough in external c o[o3 B ynv ifdoerd aa |sounngm a
proposed cooling techniques that showaadpot er



weakness of each geometthey. vaha oaist aral alt yo aexd

based ofhiWwmi cbel ang hated. Il n generalgethngher
adopted byi ¢ htei grhnebwosathreyx f i | m cool i ng [hDdd]le pr c
and | ater explored [ilIn®&hdse taalislo blyi siheudn gaell o negt wail
hole concepts | i ke shaped, funneéele,s hsahpad d,o wc hte
hol es, double jet film cooling hol &s avnartitce x Amc
holes were ranked 12. As mentioned by the aut

the difficultiesedncoepa,rpmgciavned msswicaat ur i |

sensitivity. From the hole geometry perspectdi
the design of the side/ligament/ sister hol es.
d ameter was half of central hole and its | oce:
[ 13ound that three of the six wvariations I n

performance and two &f atnhmadd ecaammth e ec d s ither &

manufacturability of the shapedthgl dol Ehdasui
some of the inherent issues present in the ea
as thke beherand branch out from the central af
the unit share the same hole inlet. Recently,

di scussed Hw.7ATtwenmenhubbcturing process howeyv
features to the tripod hole geometry results.
where sharp carederasndwdrhe aoheagmfoen where t he hol
units included a webbing. Thes¢ 3@anbfradgtewmwmabl
geometry and were found to provide similar c
manufacturing and its reception by the gas tu
were once shelved due diufffaicea wilrt ings maghaci etsard

Computati onal fluid dynamics has been an in
time. The jet in crossflow probl enf 3pajso vbiedeend s
a complete bibliography of al/l the CFD wor k o
evaluated thbé parfioumanae bul ence models in p
cooling jet. Few such contributions relevant
the I mportance of tur bul e[nXég sctleods ua ec anoldierd gt iF

RN&E and RSM and near wal | -etquue dtidglehtusunmgeinens

10



it was the final SKE with a two | ayer zonal
comparativelyli Theotbohadt rpattachment coul d
owing to the usage othe d®dibtteseny héhgthedcatk
instead of applying a W38J7|RKEnmtde h .nacd ruadkede i 1l
observed that RKE model was capable of predict

and the actual experimenkKE. cOmpapeadr tpr ¢ dthiec tSK

profile | oss was atstroifbuttuerdb utloe ntchee gheingehr aa neadu n
[ 38p mpared various RANS turbulence model s 1in
observed that while RKE model prr,e dliactteerda | tl hye ac

effectiveness predicted by the SSTKW model wa
Ravel I[i38dqtspdlayed the superideerl dap glrieldiitcyt afh et
cutback film cooling performance. The unsteac
shedding only a certain extent and the predic
not c¢cl ose enoughvattawet heéel hex BArSi meomdted! however,
experi mental values better owing to its bette
I n an attempt to study the effects of [i4n0t]er na
tested the two widely used RANS model s: RKE a
bl owing ratios were compared with [thé&hd xtplreeg i n
LES model that was developed to understand t}
reported to be inconsistent in predicting the
the LES model but agreed ddmortshealfsloowifgedti wrhea =
cons of these two RANS models. The RKE model

because of the error in predicting the jet sej
SSTKW model owot ke bentearwt higher bl owing

swirling flow inside the hole accurately at
noticeable in the | aterally averaged effectiyv
x/ d=% ndicating jet separation and subsequent

reattachment .
A commonly observed trend in al/l these numer.|
model s are capabl e onfiaiparaehdriicntti enrga ctthieo nc ooonllayn tt

Each of these models possess a drawback due

11



accurately. As a result, these studies are of"
on one ssicwWwheamalwaiious hole shapes (CY, AV, S
bl owing ratios. SSTKW model was preferred ov
separation/reattachment and predict thed |l ater

hole used in the current st[uddy]Cowasmoobtyakmeadvnf
7-7-7 shaped hole, this hole geometry was desi gt
sports a 7deg forwardegnbHHolatenal i daffasi ol t
small er than the ones employed in the current
hol e, indicates same bl owing ratio at the hol ¢

geometries.
Repko[dBjlaséhbobwdf eatures of tripod hol[el2t]hat
and optimized[ by]Unhsutnegaedy eRANS-omemal atutr bobewtce

were used tbeuwderstasndt hat were generated at

on the adiabatic effectiveness. I't was obseryv
to 20%, at BR=2.0 and DR=2.0, theeaseéeabawiwcge
the reduced vertical penetration of the cool

direction.

The double hole configuration, simil-ardneyt he
vortices, as sh[oh]Blyy aKu satngrienrg dthea t wo hol es
generated from one hole iskbgpegivertextpeaioth
Thegy38howed that the doubl e | et film cooling
beyond xdatd=a&l lankdl owi ng ratios, when compared
These holes were also shown to provideatbette
bl owing ratios 1.5 and abo[veb] Mos4dbleccsebnée!| gf f
bl owing ratio and density ratio on film cooli
double hole system was subjected to a par ame
compound angle were variedeinniaiddlehg o feonanme ani
a parametric optimization study on the tripoc¢
parameters influencing the tripod hole was <ch

branching, hol e diaarde tse rrse,a mwn jsec tainadn sgpmniwe s e

12



holes from the centr al hol e. The focus here h

jet film cooling hole system, a resultant of
A simppbaonach is followed in the current study
al one was being varied. The other parameters

were kept constant -@aeraepxat tsitgfondt e leetbammpgded ri dh ec
a 15A branchAna@nandilass (bAewins wel | [ddo&juurteing de dt. h e
effect of trgpadghel ehibrancbmparing the basel
hole AAVIbhe walpedamanfron I2hlesef &40 &4 vualieasl i
study: Effect of branching angle. Tripod hol e:
to 30A in steps of 2.5A, arA. compared with th

1. Ncomencl atur e

@ Circular cross sectional area of the cy

ABS Ther mopl as-tAice ypolnhymern | e butadi ene styre

AR extédnl et area ratio of cooling hole
AV And/ortex hole (Tripod hol e)

0'Y Bl owing ratio

Ca x vane axliahgttihor o

CFD Computational FIl uid Dynami cs

CRVP Counter rotating vortex pair

CY Cylindrical hol e

Q Hol e di ameter ( m)

oY Density ratio

O Heat transfer coeffi?Z2K®nt, | aterally av
@ Heat transfer coalfify cavertkgpddhaseWime, | a
O Momentum flux ratio

| R I nfrared

E Thermal condidtivity (W m

k turbulent k#®%etic energy (m

a Hol e |l ength (m)

13



0 Thickness of the test plate (m)
LES Large Eddy Simul ati on

a Mass flow rate (g/ s)

£y Number of film cooling holes

p Hol e pitch (m)

n Heat flux due t% film cooling (W m

N Heat flux for tHe baseline case (W m
YA net heat flux reducti on

R gas constant

RANS Reynolds Averaged Navier Stokes
RKE Real ikflabl e

RNGKERe Noz anail a nk-UGr oup

Re Reynolds number of the mainstream based
SAS Scale adaptive simulation

SH Shaped hol e

SH/77Baseline [ShAaped hol e

SHAV Shaped/oAmntix hol e

SKE Stankrd

SKW St ankdvar d

SSTKVWhear Stré&ys Transport

o] Ti me (s)

Y Temperature (K)

Tu Tur bul ence intensity percent,

Yoo Vel ocity (m/s)

X axi al di stance from hole | eading edgel s
y spanwise direction or axis | abel

Gr eek

| Therdrnaflf usk )ty (m

U Turbulent dissipation

1 Boundary | ayer thickness ( m)

14



— Adi abaf«iool finlgmef fectiveness
” Fluid defYsity (kg/ m

¥ Specific dissipation
G overall effectiveness
€ gas dynamic viscosity

Subscripts

avg average
a x axi al

c centerline

c cool ant

i initial

Q¢ i nl et

a mai nstream

0 wall [/ flat plate surface

corr corrected

[ i nl et

i ns ne-perfect insulated surface

mai n mainstream air with no secondary gas
s g secondary gas

b mai nstream ai-r
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CHAPTER

FILM COOLING PERFORMANCE ON A FLAT PLATE

Pervious resedrebh acphé&bctadddbygn obtaining adi
effectiveness wusing steady state experiment al
transfemtexmwermriemeconducted wusing | R thermogr s
around the hole exit and i mproving the accur a
that the performance of the as manufachiumgd d

performance compared to the idealized design
predicted to not negatively i mpact t he heat
geometry. This is an i mportopnt oanomwmdl ahiesncooln
to industrial systems.

2 . Elxperi ment al Setup

FI at plate models have always been convenient
flat plate test secti &mghlseldhei naitrhiesx isttiundgy tihs
through the mixing chamber before going throu
of an array of pins stacked -¢domla sttraggteurea «lo
exit so thatsthei aormmanduster asaght wupstream of
was made of stainless steel and was cokWected
power. The energy provided by the sourtaueg ewas

from ambient r waimprCe mprdhreatinnrceomiong fl ow veloci

Pitobe mpmmtddwnstream of the test section in
a x8m/ s, which c9QXDecmpoitds mealsaumrea itrutreorusi ty
approxi mat@gmdgyc n2 %.onTghet est sectseont hamadpa acroms t @
omcm (height T width). The base c¢flcam et hoifc ki,h el ©
thermal conduct Evigh ¢gWmARKS) .nmd@%cem i il anmet er trip
| ocated on viclme fbasne t hleat @] et |, in order to mak

base plate was designed with a hollow cavity



hole gedmet syudpy. This insert plate was repl s
prototyping machi ne using ABS material. The
mtd (A iwhich is | ower than the di mensions of
When sitthegcahbusl, i hheuntodleess ddraenert eu gh ldy wn
inlet to the fl at pl ate setup.fQ WaBcgnyat malhiez e c

|l eading edge of the hole array. The pl aouwuwml cha
gl ass, was |l ocated beneath the test insert plé
metered and then directed through an inline he

monitored using a t hertmoe oauptl leetmoafnt ®emde cd fo steh
temperature measurements were taken using an
wor king tTdHamgEC odnd an adcurAdterof urther calib
response lteheambcaoaaounting for emissivity of

stretched polyethylene sheet (IR pdiJlddow), the

2.1.1 Film Hole Geometries

The six film cooling hole wnebBmglIr eTdne thestsed giel
was a cyl i ndmdiowan imolda a(meéX)e,r, wintJhomnt B&i suir h
in the streamwi se dioieacme toai rTenpssmod o(lt dited e@n d tch
di amet gfQwaat i ohd shaped hol e s#Q4 5Qe xacl espot htahda tt F
hol e exi tpsnilhsmtad pe ealnpalllea i @imdck angle. The shap
at the |l eading etdlge @&@feda hratiod eynimiak. nGhe trij
hole unit in which the main or the central h
additional cylindrical hol @uvdoonmpboatnld saindgd = tam
conndmotgeed her at the inlet such that the meter
circular (similar to both the cylindrical and
wer e i nacnidnnetdheatf | ow di r eFcotri otnh ef rAd@Qrhtotl eexss o ft fheet
center and t hieangh, der espleecdffQwas yo BHDbkeween the
wa@g) between cleopde® amd Diedeveen the side hol
u ndgak

17



c— | IR Camera
-_\ Mixing Chamber
T

Fi gBSehematic of the test section

18



R0.01125m
-

M\ (‘]} N |"-\ A\ ’,“\
\N()/) \\N() /)
R0.01125m X \J \/’ &/‘l \\) \/’U

R0.01125m |

Fi gBFel m cooling hole configuratiol

The fourth geometry (SHAV) was aluJoass atprei pod
and | aidback angl epwast opreonvsiudreed tihnastt etahde oad | a
intersect. The final two gebméeerdesi gase( motdhf
shaping) t hat account for manufacturing feat

webbing bet wddn ehtolreasdi us for each | ocation is

2. MMeasurement theory

The film cool itrge spee rsfi xr ngeerocree tafi es was evaluat
transfer experiments in a fl at pl ate test ri o

surface temperature of the fl at pl at e.ptRrciadr 1

system and signal was required. For this purp
using aluminum tape, | ocated outside the meas
of interest. The test Ikupdiarcte twasi mpmrayeada iwt 4
cl ospgt tbhe I R camera was focused on the test
encompassed the surface thermocoupl e. The te

compared to tehraa aonfd tthhee leRmicsasm vi ty was adj ust
A number of temperatures were used to deter mir
the emissivity calculation, the polyemhwnleene
the transmissivity of the polyethylene window

19



place. With the known emissivity from the pri
until the I R camera readimagadicrogn.ci drea eavmit s it
painted testmys ufHe cea lwialsr atfed transmi s vity f
The test began by setting the may8mgd tsr) e a m

correspondi ng tro ba ¢ Roseysneod dosn ntumebecool i ng hol e
the cooling holes a thermocouple wasdY)pl &abed t
cool ant (seconda’w)y wadsuindea stuernmgpde rbayt ua et ler moc ot
of eonwf the film cooling holes. All thermocoup
The cool ant supply |l oop consisted of an inli
secondary fluid was set to tmetappropriate bl
Two sets of experiments were conducted in or
heat transfer coefficient accurately. I n the

sent at a relativel yrCcThe ec acelngretr aftiulrm ad a bro
close to the mainstream temperature. I n the s
kvm@C) while the secondary f¢ed)d wats wsaesnta sastu mec
heat tr acnisef@etrafcd etfifd adi abatic-)f wemecoblki sgmef
e

XxXperi ment al runs. The transiYntwaev alewtoirare do fu

R i maging system as the mainstrf&am tahd cegl atl

flat pl ate where there was no cool aWtt,i meot h

evolution. For regionNY¥wwultd I acgeaseofasteprt
run IDessteecdkonds, iwnet Wium att h e nt f oirn fwihn icthe tthesa tl Dc a
assumption was valid. The time taken for the

found using Equation 1.

o — (11)

whed em@tx, 0 T8¢ uvdtand p&8Q xa i

0O TpPpBdLIC
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The 1B nsfeitmmii te transient heat conduction equ

shown below, for an iYwitial surface temperatu

Y O'Y p Q Qi Q& s4 p s4 Y 12)

Run™w1:Y ouvrnC,Y ¢cglC
Run™w2:"Y ¢g@C,Y vuvnC

This equation corresponds to the response o0f
mai nstream f | owYyttéé.mpleuwraitnug et fer oemx per i ment , t he
variedqacdr rtoon a f rxmwall satdubeondéde shpramolsi ti on te
i mpl emented [ 12] using the ste@ raemdp oandsiea.b aTh ¢

cool i ngemrd¥ ®wg¢rie found by solving the above e

ti mg@s (

2. Aest Conditi ons

As shown in Table 1, a total of 19 exp&Yi ment
on adi afs@bi ¢ nigi le.m fTehcet ibvl edi¥i snegn o arhd me N(t'Qy ma f ¢ u x
defined as

8 Y RO 1) 3

whedb es the mainstwriesamheei rc owdlammdi tbw,l k vel ocity

di am@dEtt”eand are the densities of the cool ant an

bl owing ratio based on the nominal hol e di ame
alleviate the issues rel ated d o nuelttsi p(laes eman
design). The cool ant mass f Ilaosw maant uefd a ®tr gmehade a $ «

matched for a better camppeili sbol eThet masse fi1 o

ratio i s given Equation 4.
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a oOYD" w a4)

The flow rates given in Table 1 are per hol e
is half that of traditional cylindrical or sh
t wice the btbwewmg theisame &l ow rate through

same bl owing ratio, the AV holes require haltf
TablSummary of experi ment al condi ti
Oper hol e
Hol e BR
(g/ls)
CY, SH 0.5, 1 0.15, O.
AV, AVSH| 1.0, 2 0.15, O.
AVCham, -@N8&I| 1.0, 2 0.15, O.
No hol es - -
2. Experi ment al Uncertainty

Uncertainties were estimated based on[ 4&%hle prc
The mainstream velocity was measured using a |
accuracy of th-B8) mabhomdEGemh@OHHBI hi s in turn r e
uncertelimmitry tofie mai nstugdle & mr vievhiercg tryatainad. Thi s
was primarily due to the fulBasedlenrangkemim:
accur am®iC odnd an apddC ufrarc yt md | R measur ement s,
transfer copafhH ipwiteanrhewadi abatic fil mpcgow!|l i ng
for the heagt ofQ px MBatyiomdf athi s region, since
| ower, the uncertainties are higher and hence

regwlhere a statistically significant differenct
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2 RBResults and Discussion

2. Bakeline cases

Fi gdaslreows t he effectiveness distribution for
cylindrical hol es are Mpedt atEted natt himlugwi nd er anto
rati o has an impact on jethisglpar abli owi mgdr atin
cylindrical hol es may not be the apt choice

existind 4FHi g4ocgfattulmies shatdyhsbbwes effectivenes

|l owest Dblmyvi nylorabver( increasing blowing rat.
which were observed i mmediately downstream fr
evi demtomeort uan f Duog vic&t igd)r.@efl n order to validat

techniqgue, the |l ateraVIimdwasecagedr efil owe Hievd e
the | iFiegGat)ear eTh(e present study matches9]t he r
Rall abap8@hetfall ows a similar downward (comp
af wkr v. In the far downstream r egi ofnegc tfilvuecnt eusas
were observed, which originated from the erro

The difference between QI @ vagreeo nweittrhiiens tdhoew nusrt c

the data and hence | imitedmi hhosmatoibcrerevahni o

compares the normalized heat transfer coeffi ci

the literature. Compahndseéaywehdhwdrt hatc ht ke @au |

mat ches well wdrtkh Hty et hpagse iowtshor s. It al so sh

mi ght serve as an i mportant parameter while <c
BR DR I
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Fi gdAcdcki abatic fi m cool ng effectiveness of C)
rati os
Since shaped holes have replaced the cylindr
proposed film cooling hole designs are compar
shape#Bi g#assrtheows t he higher film cooling effecti
cylindrical holes at al bl owi ng ratios. A spe
enti peatlkeai 6i gbicod@mrin he shaped hole at a bl ow
al so displayed at the bottom afvetntees sfiiqurteh.e T
direction demonstrates uniform coolant and ma
was sufficient to present the results over a
0.4 3
—&— CYBR=05, 1=0.23 ] ——#—— CYBR=1.0,1=0.913
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0.4

0.3r

0.25¢

0.2r

film cooling effectiveness
Laterally Averaged Effectiveness

A

12 14 16

zid

c) d)
Fi gbhate Adi abatic effeotheensssdiesmpadi 86b6how
ot her studi es; c) Lateral variation i n effect
averaged effectiveness vs. x/ d for AVSH BR 2.

| osses

Fil microjo experi ments which are ai med at meas
from conduction | osses, unl ess a technique ba
spite of the | ow ther mal conductiwedigf iodi tAeB S
assumption, a finite amount of heat | oss does
and especially in between them (holes) for th

contours presentedi goor etelxep |l aunsenthi st pchye.nomen
chamfered AVSHDRselpés eat hBRehAt Ore expearms nefnt |
data were wused for the ®dodaymeilper Mosietoivem , ps
applied, it was sufficient to process only on:¢
obtain heat transfer coefficient and adiabati
mul tipletgaitm ipmi ewevrad samdl yzed. The | aterally
5d) obtained from al/l these data points were
i mplying consistency for the data obtained du
The eédhessilbehind the taalQi pg wagegrodat eare th

in the absence of the coolant. This region ex|
beneath the surface. Due to thei madamnmtea cotf wiht
cool ant i s higher, making it easier for the
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equally apply for the region present in betwe
front ofp dI® cholwewsd (exapjesri ence some | osses du
effect would not be as prona@ncped Tahae ehfdected
' ine plots s uwrt.Tho sdicaer geal yf ber due to the u
measur emeet the time taken for the heq@holteo di f
di ameters insipt&s ABSsisgrBggatiyon 1).

One of the primary objectives of this paper
manufactuugrnght edlenitder mal per flir gniiangtlé gafr et he
7present the results for all the tripod hlol e
chamfered holes provide similar or better <coo
edges). The difference is not significant, whi

design can replace t hpenarlitgyi nanl pdkeadsiogmMmawicteh o LA

rati o, al |l three individual hol es of a tripo.
suggesting approximately equal cool ant mass f
obser veodi gthillyl 10 hol e diameters in both the c:
manufactured design) corners was found to yie
reasons could be the hole inl etd crheadnufce rn ga ftfheec
effect inside thdgq 5Bdalve. ploa ynltelkd aorud Zdrakl @ hi s
a cylindrical hole (sharp corners) wheatéen mo:
towards the | eading edge of the hole. The tur

responsible for the vortjbksveretsednited nshaeleefHf

supply geometry on film coolingpeffgcanvenesges
pl enum, the coolant entry pattern can be affe
pl ausi ble reasons will form part of the futur

Hence for thisi papestrithteednatt ryisetsly to the t
hole geometries.

2. XoZznpari son between various tripod hol es

AtOY p8&, t he downstream region very c¢close to th
both AV and tblboh mf erAaad hAVgher bl owinig, rtahe os,

effectiveness contour appears to indicate th
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reattached downstream. The | ow effectiveness
abrste here, which may be contrastO ofgu)g i vGwi ntgh e
to the nature of the tripod hole, the cool ant
effective blowing rati o andchmohnoelnet.um nf |tuhxi sr ast!

rati o was def isreecd iwsniang (tche ccurloasrs) area at t he

BR Adi abatic film coo
AV 1.
AV Ch 1.
AV 2.
AV Ch 2.
AV 4 .
AV Ch 4.

FigemTei pod holes (AV and AV Cham) film cool in

This indicates that th@ mxintstme@damtfurmef Il wwer
bl owi ngYrp@} j og(lven equal distribution A$ the
far as the shaped tripod holes are concerned,
design (AVWSH Ureded this difference was distini
to the shaped cylindrical hol es, with increas

tripod holes also i mpmbeedngi.rrespective of t
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BR Adi abatic film coo

AVSH 1.

AV SH
Cham

_ . RIS : - . '._-<-P3.‘A%'
AVSH 2. & ,

AV S H iy
Cham —
i,
AVSH 4. ﬁ-.III
—
AV SH .
e
Cham —
21d 14d 5d 0 -7.5d
| I ] |
0 0.1 0.2 0.3 04 05 06 0.7

Figasbkbaped tripod (AVSH and AVSH Cham) hol e
bl owing ratios

Some of the eff ercitgbaeeRle g8diesommlitaoyuras s mal | di s
the megiQodg The insert carrying the film cool
and the ridge caused at the interface was fil

smooth conti nhiiog8r éehi ghl sghtacéehis region for

that the aforementioned ridge was properly tr

to the test plate. len psdmisterofsurfiacef i @ar tds st
streak or seam on RKFihgéhrtelmpelt atysr e heosuotfimase t
surfacenavit balcyhol es (raw/ unprocessed experirt
clearly visible for all the 19 test cases st
emi ssivity of the plaster which absopefiegdurtehe |
8); b) height mismatch resulting in tripping
pl aster properties in the 1D model
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Fig8afest surface after finish on either ends
after 30s

The plaster absorbing the black paint coul d

the surface temperature. Any change in the em
and must affect all t he tarstwhcyasersl yeguall d o/t i v
affected, which makes this explanation unli ke
surface would increase the heat transfer coef

effect canaanodi sbteurdbuaencteo i n t hé& i lg@bw edraws | sawrefre

temperature contours wundergoing a smooth tran

ther mal di ffusivity of the test section (gypsu
change in properties is not accounted for in
boundary | ayer was not anf faemdt ed sby ftflree tp rsesaens:
the rgegiQonBAs a result, for the current study,

@ ofQ Yywas tri mmed f dri g@&edilgindee pl ot s i n

2. Fi3 m cooling effectiveness

Fi gadgshrrows | aterally averaged effectiveness f
the results and aiding in the comparison of t|
di sedssthere are roughly twice as many <cylind

hence the blowing ratios for tripod holes wil

pl ots are matching coolant mass flow rate).
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Fi gear e ompares all the holeesmpawg/ $ hei Thé otwrisp o
provided better film cooling cover alysercwoeng alv e «
Dhungel] 1.2fFoarl .cyl i ndrical and shap-edm@hyolwass, t h
| ocate®d pafter which it started to decrease.
ap ofQ o where t heel e ydfifnedcertiicvadnenss decreased wt
i mproved codfQi g. sBapeddhol es showed a higher
cylindrical hol es. The AV hole geometry and i
cool  iogmamecé compared to both CY and SH hol es
atfQ pand ext ewlf@ epa@Cd mtsiel t o t he -vioalte xe xhiotl ,e tshheo

| eacsmtbi ncr ease i n effectiveness when hobmpar ec
Beyad py the | ine contours start overlapping
effectiveness can be concluded. I nterestingly.

to provide codgx®ecreaoeki ng, the area averaged e
pthol e di ameters, when compared to the ideald.
observed from the results of AVSH and AVSH C
X vp. Tehd salwso noted in the effeckigémeEyenspa
more I mpressive was the effect of shawedg on
r ou wholkyn@o® mprovement in effectishapess couamp a&nm g
At higher Dblowing ratios, the&igtbr)ectT hoef stuhded
dip and subsequent increase in the |l aterally :
occurred as a result of coolant jet separatio
surface has]|[ #ffoern ac i dhetdi @midnait calhese fl ow condi
pronouacedlg/asi decr)e when the merits pofafAVo) hol e s
when comparbkbdl ¢o itmes ®Hte of having ap¢gh gher
ovprmole diameters). The cylindrical geometry
since SH, AVSH and AVSH Cham hol es do nneosts s ho\
close to the hole exit.
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Laterally Averaged Effectiveness

01

FigtLaterally averaged film coobi myy eddbf ecti ve
™, armd TEY/ S

The shaping angle is important to the effecHt
angle is |l arger for the traditional shaped hc
overl ap) . The trends between iSHarandL oAVeSrH et fhfeer

values for the SH hole when compared to AV or
aspects -kai)d ntehye vaonrttii ces present in AV holes w

decreasing jet Ltobtaonffvb)otheye{tadt moement um
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h
t
S
5
f

ol edWipdland an AW “YWadiweasidihf ferent, since the

hrough three different hol es for the tripod
haped holes I|lies very close to the exit whioc
Y pgtangdt(w. r.t. CY/ SH), the AV holes were more

raom owfiQ ¢mwith AVSH and AVSH Cham holes provid

interesting that in general t heChAVm harl e sAWiCGhha
were exhibiting a better film cooling effecti
and AVSH designs). From the manufacturabil ity
designs provided a more raaldi sitni cf adcetsi @ n g avii n

performance.
2. Hedat transfer coefficient

Figu@esplays | aterally aver aged hceaaste st.r aTnhsefse
were obtained after normalizing the ™ Q awietrfl |
respect to the | aterally averaged @heatwhi cans
corresponds to a f 1l atl ed.atTeh ed ehveoa td torfa nasnfye rc ococ
hol e exit was higher compared to the far do
predomi nid@txtugp fTdvis trend is consistent with
al[.1.3]Afterpuromlughdiyameters the effect of cool ¢
di mini shed, a$QGolnd asrevse da plpy otalkehi ng unity. The
have diffused | aterally and moesdm.ofTHhits wmoard da
noticed by the | ow film cool iFnigg8efefARstti heness
exits the hol e, its interaction with the mai
foll owed by a qiU¥Qcrkatdeo®o bRagset dn@@éert snued t

©

t

radually decrease abpanvbathowgrabhetythAt tanyo
eat transfer coefficient when compared to t|
haped ones resulted in the highest ratio in
aste2dhameters, the increase in the heat tra

he holes tested in this study (expect CY BR
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Fi glboOLeat er al |y

averaqgfefdi diieant

30

t fr @m=sd0elrlife,h eb )h ol e

0.3 a&ard 0c)6 g/ s
2. Dverall heat flux ratio
Figbipbeesents the area averaged heat fl ux r
conducted. The area used to represent the fil
i Ri g44Fiegir eemdur eThe heatssfelnutxi arlattioo diest eer mi ne
flux that will enter the surface if film cool
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cooling hol es. It depends on the
effectivelnlessodoloi nyeefaf ecti veness
effectiveness) as defined bel ow:
J— _p —_
15
—o—CY SH AV
1.4 | AV Cham —+—AVSH —— AVSH Cham
13 t
12
11}
o 1
g
S 09}
0.8- w‘
07 | X\
0.6 |
05 ||||||||||||||||||||||||||||||||||||||||||||||||||||||
0.1 0.2 0.3 0.4 0.5 0.6

coolant mass flow rate, g/s

f |l di=x
g/ s

heat
0. 6

Fi glbtAeae ea averaged

Typically, the ove«)alils cdooflfiincgu letf fteoc tmevaesnuerses
of[ 1®@s used to calculate the heat flux ratio
fofiam cooling hol e po HFFaovgel ia¢ hecant Kd umxotriadeda
| owest coolant flow rate, alllt htehd |mdl @d attest
heat flux ratio observed between various hol es
cooling effectiveness at the respective flow
the | owesthbeeéataftl|l pkabe, twhile cylindrical h ¢
variants caused a | ower heat flux ratio compa
part, the chamfered tripod hol es rdesaunld esdh a pne (
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tripod holes. At the highest flow rate, only

(heat flpuxwhialt e oal I the tripod holes resulted
Tripod holes and liitsewvwaaiaaingrrsi fciamarmte nicreprd@yv e me
holes in terms of reducing the heat flux ente
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CHAPTER 3

FILM COOLING PERFORMANCE ON AN AIRFOIL

The coheadgtkruses on the performance of this t
pressure sifdiersstofstaag®E vBEane in a cascade. The
speed wind tunne®lnendi searedasgpatdieyeéelwet bemeas
vane usisngtset aandyr ared thermography technique.
using a rake of pressure taps to determine th
the center vV a ntema i esvterreaglm rchotooleesnnt ar e t est ed e
examine the effects of greater cool ant ejecti
CQand air were used as coolants to examine t|
mai nstream and Theodaneéxpgermniwment s were conduct
the standard cylindwiocalexhdloé eamadntf hgutraitp @a
the pressure and suction surfaces. Thenpraaseuwl t ¢

to illustrate the advbaekagepeofi oheholtepod an

3. XpEri mental setup

An open | oop flow channel consisting of a bl
annul ar sectionyanea Iniorz e dseh,oonaicipiitze 5T Ise bl owe
(Cincinnati Fans, 900 CFHFP nmaat.o rc alpaawiingy )a imaxi
3525 RPM. The motorckiwel toAuiTdaBlaecdaoby Yhl kio an
adjusted to provide to the required inlet fl o
into the inlet section comprising of a settli
|l i neaocasvaanckce i s cdwpmeds,edbwifl tf ifvreo® | ow conduc
deposition method. This method all ows compl ex
cost . The vanes are scaled wup four times the
combusgeometry. The resultant vane chord, heig
0.1524m, 0.1778m, and 73. 1le, respectively. Th
acrylic materi al rteee pertmictal o msetatswe teien®@mn g , wiam d
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nor mal to the throat region on the suction s

velocity that can be obtained at the inlet of

l e e L I /|
.\'1“‘--' h‘-ﬁ-_-_-_h
- 80" Seckr r\ &y I
—_— Arwria - } \;
Crannal 90" Secir | '
Cronerr = «| S ol - | ;"
Chanme . i
— — l:- L"IJ{
— I {
P o
L I
| S-Wane Lingar Cancade

Fi gb®Bae-doni c W wmidb-Waunnen eLli near Cascade

[
<
< cY
()
= D
= SE
f— e
— -y
22 = AV -
= -
— P
<
|
] SH
G
<
P
= SHAV
2|
a)
e
hole | ocation on the sucti
3. 1li.lmFhol e geometries
Four film hol e Rieginded me ewss eschoiwn time experi ment

capturing the effects of coolant-span aedibnst
trailing edge, it was decided to have the hol

hbe geometry) were assembled in the cRisgwurde ar
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13 This region |ies at ar oungle.0.A®dI5am tf rhoarl et sh

designed ned&n gtulpiese slemdast iaomd.et ai |l ed view of th
geometry anassdmbMmadge il i near Fcgh2ade shown in
The first geometry is a simple CY hole of d
surface in the Tshter ehaonhten $l e mdgitt the c r iaom o (-t1-d d) i s
di ameter ratio (p/d) is 3. There are thotl el of
unit i n which the main or the centrdldi hobeals

compound CY hole on either side that branch o
such that the metering area at the entrance o0

cylindrical and shaypieedw hof eecne Tthrei p &g gladléee s i

while the details of this design can be found
fl ow anrfecam the surface. The |/ d ratio of t
respectively. The p/d ratio between the main

and between the side holes of 1thesatds acfenAV AN
the vane. The design is akin to removing alte
holes to each of the remaining hol es.

The third geometry (SH) is a conventional s h
either side of a hole and 10A | aidback angl e,
rest of the design | ooked similar to that of
tot al of 23 i dEme i ttiahtarlsyh g(@SeHheAWg| @dss. a modi f i cé
one, more of a combination of the second and 1

vortex geometry are provided with shaped exit
sidedbackaiasnd fan angle of 5A on either side).
ratios are similar to that of case 3, the thir
5A shaped exits, exitingetometsyrftadesat oambarm
shaping and breaking down of the kidney bean
wi der coverage of the jet on the blade surfac:t
reduce t hceo amlmeorutntf lodw from the compressor. Al
prototyping technique because of the ease wit

time at a fraction of the machining cost.
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3.2 Measurement theory

To obtaime tthempeurrdtaur e dat a, I nfrared (I R) th
actual t her mal measur ement s, calibration of t
required. A thermocouple is mountedcani omei $ ¢

outside the measurement region to avoid the I
surface Iis then sprayed with flat black paint
the test surface, tadpcbdbmphsdses whewt bér mbcobtp!

then heated by mixing of the cold mainstream

consists of an inline heater el ement, an orif
Ther nolceour eading which is mounted on the suct:i
comes to a steady state. Next, the temperatur
by the IR camera. A number obnffatetossansiutheast
relative humidity, and background temperature
Mul tiple calibrations at different temperatur
creeps in becrasu.ise of these facto

A number of temperatures are used to deterrm

During the emissivity calculation, polyethyl el
value used was 1. I n or detrhda op aleyetrhmi Ineen & hvei nt
test was conducted with the window in place.

transmissivity of the window was altered wunt
t hermocouple readithgsbl abk pamisseditgsdbfsurfa
window is 0.99. The calibrated transmissivity

The test begins by setting the mainstream ali
upstreamdefs ometihkEi ghhheTH&CWeomwtfroll er can be

the required inlet velocity near thleembli oweér.ea
air just upstream of the | eading edge of the
|l inear cascade, this velocity provides a casc
airfoil axi al chordn Ahtemaalbeutr eath minutresach
camera captures 11 consecutive images of the
cooling hol es, at i ts maxi mumma@mar atti nigs sspaemeed
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nor malbly eld adiabatic wall temperatur e. Next,
ratio and provided to the test section at the
inline heater meters the reéehei béowcogl amat i ma s S
fluid is heated cl| &9e& Ct o0 na at é mpgdreattuerset soqf cd5

t emper at2ubreeC.0fTh2e2 mai nstream air, secondary ga
continuously mdaryi tsadraetde. cWhnedn tstoenma i s reached,
captured ang  ITahbeelfelduiads tTe mp edga tiusr en oitnesdi dsei ntuhle
using a data acquisition system. A thdramedoupl
at the hole entrance of one of the holes to m
fi-tmoling effectiveness is then calcul ated us
- (21)

Tmaiwas used in the equationpi ntoplalciemionfatteh es u
uni formities in lighting andmp@andatyT aTwo cloR viem:

into a readabl e format and poséedprhhatessreyl uma (
the set of 11 i maiensthad@amr éxep agmdidrognltyo piTi cked f
the data and it stildl yields similar effectiwv

presence of recalibration.

3. Zegktondi ti ons

As shdwmh?2 iem total of 16 experiments were per
( BR) on aecioadatnigc effiflemt i i eondsss.deffhe edl cavei ng r

85Y —— 2)2

wherpd sVthe mainstream air vel oaiirtfyoValit satrthdee f i

nomi nal average velocity at the injection hol
same for all the geometries as the hole inlet
bl owing ratio is given by
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& B 08" w8 2.3

For any given bl ade geometry t haeg ecaoampdr ok t
AV hol 8 it can be noticed that the mass fl ow

that of CY holes for any given blowing ratio.

Tab2 eSummary of Experi ment al Condit
Exp. Hol e BR O(kgl
1 CY 0.5]0.000
2 CY 1.0|0.0012
3 CY 1.5|0.002
4 CY 2.010.003
5 SH 0.5]0.000
6 SH 1.0(0.001
7 SH 1.5|0.002
8 SH 2.010.003
9 AV 1.0(0.000
10 AV 2.010.0012
11 AV 3.0]0.002
12 AV 4.0(0.003
13 AVS H 1.0(0.000
14 AMS H 2.010.0012
15 AVS H 3.0/0.002
16 AVMS H 4.0(0.003

3. Fl. @w characterizati on

FIl ow characteristics upstream of the airfoil

| ocal bl owing ratio for coolant injection. A
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vane |l ocation and measurtehme nt sl oveirtey tparkefni Iteo
surface and the spanwise velocity profile ups

FigiMaeshows the spanwise vél agistty emrmo foifl & h(eb

FigmMbeshows the vane velocity profile along t
figures, the flowwid$ hsmowotslkepaveart i bhe wadet he
throughout the central region of the vane whe
nearaxx/0C ¢8givdbesymbol ically represents the coc
side of the GE E3 airfoil. Bl owing ratio is d
wher e Mach nlumbTehre issul0s oln3iéc wi nd tunnel observ
at x/ Cax ~ 0. 4.

3. ExBerimental wuncertainty

Uncertai ntmads dweraes eastoin t he procedur d§ 4®dscr i |
The mainstream velocity was kept constant wit
ratios were N3%. Based on acacsuuraecnye notfs ReOn. d5 eaCc
NleC for |l R measurement s, t he uncfeogt=®darbtdy i n
N1. 0% =f0arl5.

3. Zodduction effect

Due to the blade geometry, conduction through
side has a significant effect. A correction
conditions was developed usingual CgPomedey. rE
were compared for each blowing ratio, ofnhe usi |
perfect i nsul ated surface. The temperature di
calcul ate an effetcdn.vehlkiss correcti @om factor
bet ween the two cases divided bymatidrter edanmh faemde

cool ant i nl et s.

- — 2)4
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The greatest amount of correction is requir
i mmedi ately downstream of the holes of the hol
the adiabatic cooling ef f eicst invoe npersess einsc et hoefo rteh

1.0 L Py . 0.16
® 0.14 ¢ o
08 *e o ¢ éZo.....
L 2 012 L L]
L/ < .
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06 - H go‘l ° °
L ]
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[ ] (%]
.O 8004. °
L o ®
02 ® Spanwise Mach No. E = 0.02 o
™ ’ “.l
L}
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Mach Number x/C,,
a) b )
Figmvel ocity profile: a) spanwise; b)

FigbEd fectiveness

b)

contour

(c) cpagtecti on
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FigufEed fect of conduction correction on | atera
1.0

The required correctsitorne aine ovfertyh es nialluli df airnj ck
applied to the dat a, this correction factor r
experi memitgalle eksehtoavs an exampl e temperature cor
BR=1. 0 c aFsieg,t bwehaMlidg t 8e show the effectiveness
correction for therFitgruibpecodvhh alhe iBR*¥h.e0 coage.ct e
deducting the cbrgheibogpiibet Oohefb@EmglLBegi on
indi cates that there is no conPdruec ta rodor pcastr iec
results are also plotted for | aterhRhildly everag
the same tripod htohieglameFBRyL$B €l .t0 .c afhr e ot ed
of condmocteonsni gsi ficant in the upstream regio
inside the Fkiaggl® T hsihso wenf fienct , more or | ess, 1is
geometries and would change the effectiveness
are presented &detweeompaei sarious hole geomet

on effectiveness data is not presented in the
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3. RBesults and di scussion

Experiments were run at four differkRinglB8d owin
Bl owing ratio is defined based oFn gaivisdEraws ho

detailed film cooling effectiveness contours
views of the bl &dgdarEif mé@aosshowntoor i s pre:
of the airfoil and it is roughly aligned with

of the contour plots correspond to the distan

t heidi,rfcmapturing effectiveness data up to 46

Fi gulB eshows the detailed contours of film ef’
bl owabhgor (BR = 0.5), the near downstream red
effectiveness. I n the far downstream regi on,
resulting in an effectiveness aseldowxas$ Ohnomnegn
resulting in jet |Iift off | owers the Gefsfeeecm i v

to be strong owing to the curvature of the bI

similar. This 1 nddwmant rceaaurs erse gihcen ftao noti ce v
effectiveness at higher Dblowing ratios. Very
al so carry away the coolant jet resul tilng in
bl owing ratios, individual streak I ines were

Figb€eshows the effect of the blowing ratio

trength of th&€RNIPIJnepskeead &bVogimbax EFdhol enal
n i tshaeale of the main hole creates vortex th

antortex hol es. For all bl owing ratios, the d
cool awteverH at the | owest blowing ratio, the |j
far downstream. This can be noticed by the pr
downstream. The overal/ film e€eoios i bgteéfethan
cylindrical at any <corr es pvoonrdtienxg hbd loewi gnego meatt ri
s

0

hole, tending to push the coolant exit toward:s
means more <cool ant coverage s$tnhr dthed slpyanwh s e a
di stinct stFegmbenbPsf puesentof cool ant exitin

in coalescencef &dosmagl e downstream jet which
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regions. Al so it shvat dewehmloeg £dc drmsau me hlealafn
cylindrical hole does since there aréohbal wheas
operating at same bl owing ratio.
Figudepresents the film cooling effectivenes
ratio, thersbamedekockedi pgly bett ey otri@nx ddyllie
especially in the downstream region adjacent
high as 0.8 are observed. Shaped hoal eCYe xhiotl ear
Should reduce the jet exit momentum by the sar
observe better jet diffusion in the | ateral di

with the blade suofang, Aspecdingtbettan be d

exit to inlet area for the cooling hole geome
compared to tripod holes (exit area incledes
exit or shaping results in higher effectivene
bl owing ratios. The incremental change in the

i mpacted the | et momentamt heaesnitmagi hment obf

surface. I ndi vidual streaks observed in CY hc
tripod holes show high film cooling effective
Figuédepresents the film cooling effectivenes
shaping of the exits changes the pattern of

shaped exits help increase the Rilmcreddsed,i \
effectiveness decreases with clear jet streak
FiguZe As seen in AV hosluds,s adj aac esnitn gslied ec ohod |la
surface but it {AY geomear ywpy o tdureiefsSoH snpi atnywi isre
effectiveness.

Figu&e mpeas t he ef-f-emat nsefreaml Bhowi ng ratio
cooling effectiveness foFidu8tshews thatiadédl h
hol es, the film cooling effectiveness decrea
bl owing ratio 0.5 was 0.51, at the exit of th
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d)

e)

ALY,
QUmUMIRTmYF0U R FoUgoUs ST
FighbyreSteady state experiment al results: a)

result; b)), ¢), d), e): film cooling effecti

respectively
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However the changemimnmiehieeniovughes® wancl ude
ratio has Ilittle effect on film cooling effec
bl owing ratio, the averaged effectiveness dec
(x¢WdO0) . This could be attributed to the jet |
(Fi guBe, the peak value was oboseBER exd 4a.t0,t heeq uhii

BR = 2.0 for CY hole. This value was around O
for BR = 1.0 showing an increasing trend for
ratio. The ef f efcitl nofe fbfl eoowtiinvyge meastsi of corn t ri pod h
compared to a cylindrical hol e case. Shaped h
decreasing effectiveness with increasing bl ow
|l owest BR = 0.5, was higher than that of the
region (x/d < 10) by a significant margin. Thi
ratio increases, x/d ~t 8t lingd mMedioon BRt Fe 1le fOf aa
reduced as the jet |l oses its effect and tripo
of ~ 0.1 by spreading the coolant in both | at
Figb#8eshows the effect of BR on shaped AV cc«
regul ar shaped holes but the decrease in effe
for & hhplees. Effectiveness just downstream of

It appears that shaping the exit ofmatime ttrreiapm
interactions at this | ocatdi dor Alff@ctalvleneessme
bl owing ratio, except for CY hol e. The scal e
effectiveness does not cFeglhéag Moseowgu, sthhe na
of the film cooling hole féANM)ang alt mest gegomat
As a result, CY holes experience higher exit I

an effect on dependency of the CY hole effect
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effectiveness data that was noticeably incre
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Resulctysl ifnodcr i cal and shap¢egdd®]hAotl etsh earleo wens ta gMa
case, at x/ d ~ 30, both cylindrical and shap
effectiveness of about Fi.glib8 enafnidg bB € sCe@mies taesn
with prior studies establhséfleape¢dsehsampderdn goed f loa
better than the SH or CY holes, except at BR :
can beFsg2ivdhi ch shows the area averaged effec
for the test cases discussed above with resp
Ef fecti venesFki gcloinet roeuruiss €d ofr or averaging.
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CHAPTER 4

NUMERICAL AND THERMAL STRESSANALYSIS ON A FLAT
PLATE

A numeri cal model was built téaeBletofa@lihet he e
description on the aertest geometld T lalvsan ¢ raavg ti
presents experimental adiabatic film cooling ¢
its variation with x, effect of- bt ownnhgraatio
CFD.

For the current stude hbéetgesbmeetrupslidhwhedd
Design Mbdelmart.er i al properties of ABS and ex
injected into the <code. Whi | ekUsnomie!| ot oalboV e e
turbulence eguatreacesmmetkéddskbandardess trans,|
ot her RANS model s. I n spite of significant ami

these models may not be univekiUmabdey wpet soalbh

al |l the simulations.d Namewuiraal pueéediwetrieomrd owaea
results and similar procedure was foll owed fo
engine conditions. Comparliadbe mdart htehd heaoaalail n
provided for all the hole geometries to evalu
4 Numeri cal model |l i ng

Al | computations were run using ANSYS 14. CF
usiinmgi tte volume technique and Static Structur
el ement technique. FFiad 2 2oele 3 e enb Ime ¢ eeinht & th @ veme & iu
descrifdedTwoendtit fh@elre geometri es -marmedx , haeclyd s na
with the fl at plate form a part of the solid
constitute the fluid domai n, resul ti mgiizeda ¢
i mab3 e
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As a resul t, both these domains are meshed
conforming method, totalingratoumrcdpb umel itihen

inflation | ayers are added bothFog28ieAddrtsod

of i nflation Itayteatsr aheepdraocness wietfhauHexahedr al

direction.FiA%2 &shooswen tion t he wall, the size of t
it grows in the normal direction at the rate
|l arger in the nor mal direction, prewenbef ew i
el ements. Wa | | shear stress and wall heat tr

temperature gradient near the surface.

= e

o o Q%I ot

(e (] =" O -
S

o o Mg ~~~~~~~

N\
o]l)
FigREL&EX design model: a) CFD doAvai ns, b) I
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|l nl et boundary conditions were predsambnd keed at
Mai nstream inlet is 24 holes ndjyi andegteewh i u mgs terxe .

is situated 60 hole diameters downstream. Coo

rati o. Experi ment al setup included a strip r
turbulence i n thacoomaumise d elayn. s éthtiisngvatshe t ur bu
at 5%. I ncomp+Aeesialgpledd RaymelrdSt okes equations

kinetic energy equationkUmodeé!l Wi t ANSYS | sadbll e sv
nawall treat ment.

FigRBBEnstructured tetrahedr al mesh withkh

Laterally averaged adiabatic film cooling ef
from [ 4] . Numerdi cakx peateedd ct oomaish with | ite
comparison of the contours suwigtelstRBYrseaasd ¢ ogf a
engine temperature conditions. Moreover, obj et

stress distributions on blade surface.
CFD witRh23ayanlelsoy at engine temperature cond
showRki gRAReHot mainstream is desi gnAeCd wha |fel avh

blade is being coolA&d. b$i mihlearc oboll cawiitmdaa i a®dmd
Haynes230. The density ratio in these working
hi gher than the one used for validation. But
[ 1d4hd very |l ittle change in film cooling effe:
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FigRdBnstructured tetrahedr al me s h: a) fl at

refinement as seen from top, side an

Tab3Design data for computation

Par amet e Val i dati on
CY di2 mm/id ;@ 2 mm

AV I/ d (idebBtdrif7s.ide)

BC: mainst Fl ui;/: =ai9rT8 =m/i29 8. 1

BC: pl enu|Fl ui;€Y: aBR =;A0. 5 B&1 =Q

T = 323.15 K
BC: exit Piat m. Pr
Materi al ABS
CFD is now coupled with stress analysis tool
temperatures is meshed using patch conformin
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600, 000 tetrahedrFalg2etiledhhenthd aide showmcien f aci n

refined further. Refinement serves two purpos
secondl vy, It i mpaatt ongdjtdoeenthi ckinles sprodésermte p
di ffer by a factor of 1.2. Various | oads, acc:

depending on the type -afneystemguinderviemasi Tlee
restrained from any moti on. | mported solution

the finite element system.

4. 2sRI ts and di scussion

LeBlaewmlg.l14hried blowing ratio from 0.5 to 2.

film cool i nTgwoe xepxetrrienmeenrtosmntd héei alme\we bree fngr emaes i
in this study. As a result, BR of 0.5 and 2.0
before the actual simulations started, initial
AV |lheos were run at 6 different grid sizes, sta
with increments of 1 million per case. Refiner

a significant effect onutheeefiéEscgnveansss. wkle
million unstructurkidg@tbschowbedhal peleementi ¥y e i
number of grid points.

Experi ment afl 1,4 Jefsouwll thso ifpr®ega m al ong wi th t he CFD
compar iFsgm@bierExperi ment al data reduction empl
effectivenesasntdead ai weR@B pa @®lsor map . ANSYS CF>
Rainbow col orFing2 eébocyu deedsaudnt .1l aterally average
base@dFDnand experiments for -epspbdnhmbodeecraseek
predndtin gener al does not seem to predict th
Fig2iélustrates theopatktisegpceonkedonpnitesr aad p
cylindrical and tripod holes respectively, si
to note that twimes muwme rdiecsalgnmaddelo capture f1l oy
film cooling holes. I n spite of a conjugate ar
thickness of the fl at plate provided enotrleeres

absence of any effect due to conducti on.
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effectiveness
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FigRb&est of grid independence for AV

Cylindrical and tripod holes were run again
this time wifbrathewf mat3eOpiaalle:y. HDyrdfdserent bl
chosen this time to predict range 1in variati

Results £80O H&YyoOgs are more accurate than tho
criteria for RMS YT edidoalreswedual s‘avielr @2 @& $ c b
throughout the domain except near the bottom

to Ilie below the set convergence | evel

o 14
£
8 08 -
£ o —Exp
=806 ——CFD
22
= 0
%% 04 -
>
s 0.2+
Q
©
-
0 T T T 1
7 s 10 15 20

x/d

Fige/al i datiwinelgerCiIFbentser agendrclolly ng ef fect
Awol e at BR 1.0
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Owing to higher ther2na0 alolnayw,c ttievmpeyr aotfu rHea ydch
uni flairgnikkéarl so causes the coolant to heat wup e

Fig@QBeaesents cool ant temperaturehstteamloidneéei.

cool ant temperature raises to ~1400 K. The arm
bl owing ratio, generally decreasses as bl owin
as well, cylindriceaelmplrealagsurwisl.l Tobcompearti dhe

the hot side to the cold side-diBnemtsimnmbemumde
provide an estimation of heat flux and temper
goodi sgaparameter. Typical gas turbine values
the bl ade a+0d 3arfoourndt hOe. 1chol d si de. Cylindrical

near the hol e.

l| IHI, 4'“!?,\("'

“rg‘lmuni"‘l,,i,i
\ \l i b
\’F -H

a)

FigBryr¥ortex structure at x=3d downstream from
b) AV hol es

Body temperature i mporFRiegd &erwminmné€&d Xcals rsed owlr
preserrtiggdd Bien Ef fect of <conduction Fig8e@eiadcheant
clearly | ocates the position of holes present
al so suffer higher stress when compared to ne

pl enum chambdy tedpeestBrg@deaeadShiseeinnitnhurn ca

temperature gradient | ocal to that region, <ca
coolant is injected, tripadilbolwdenwiclolmphaed d
hol es.

Fig3@e splays eduisesl)estt re¥gsn for CY: BR 0.5
| ki gB@BeandgBbge highest temperature gradients
regioms d$ufofmerhi gh stresses, as seen by 1l ocal I
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zone observes very little temperature change
flat plate. For both geometri evi tanhi n otwheEke th dll eo
exceed 11TaMCee¥Feomat 1205AC the wultimate ten
6 5MPa. At the highest blowing ratio, temperat
for both AV and CY hol es. Linear interpolatio
yeilds a tensile strength of 190MPa at 1037. "
favorable stress contour and both these hol es
|l ow stress region near obhekedtbei hbhgcedgeThbf sc
flow separati oldUmodem wheé hs scfaaadl e wal | funct
near wal l model ing but stildl recogni zes t hese
region downsgreamesfbeocalse of usage of unique
stress in this regiFog3Pbeex@¥Yaamd AW sshown in

Temperature
Streamline 1

. 1.628e+003
1.515e+003
1.401e+003

1.287e+003

I 1.173e+003

[K]

FigR8eTemperature streamlines of cool ant
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EBR40

Imported Bady Temperature Temperature
e Default Fluid Soid Interface Side 2
: 1.375e+003
1102.2 Max
10986
1094.9
10913
10978 1.367e+003
1084
1080.3
1076.7
oy 1.359¢+003
1069.4 Min
1.351e+003
1.343¢+003
K]

a) b)

FigRe&emperature distribution on the fl at pl

structural module, b) CFX

E:BR 0.5

Equivalent Stress

Type: Equivalent fuon-Mises) Stress
Unit: Pa

Tirne: 1

5/0/2013 6:18 P

F:BRL

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: Pa

Time: 1

5782013 1110 P

2.5279%7 Max r 2.594e7 Max
234737 2.4087e7
L1667eT 22734e7
L0562e7 20381e7
L#056e7 1452867
L6251e7 1667667
L4445e7 14023¢7
126307 1?9171;77

. E
L0534e7 L
9028166

7.4104e6
122056 oy
;gﬁge: 370576
1'505;6 1.4526e6
S LI 0 Min
0 Min
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EBR4.0
Equivalent Stress
Type: Equivalent {von-Mises) Stress

H: BR2
Equivalent Stress
Type: Equivalent fvon-Mises) Stress

Unit: Pa
Unit: Pa Tirme: 1
Time: 1 SJ0/2013 1204 PM
54942013 .59 PM
35504e7 Max
129687
5.8723e7 Max 3043267
I 5.4528e7 PR LI
503347 25367
461397 ;;2;?;
i 13
— 419457 L7776
[ 3773 L5216e7
— 3.3556e7 L268e7
H 3036167 LOL44eT
140796
2516767 5 071066
| 209727 a6t
— L&TT8e7 0 Min
125837
8.388%6
419456
0 Min
c) d)

Fi gBO&her mal stress distribution on the fl at
and d) AV BR 4.0

TabdtTgpi calprtoepnesritliees of haynes230 al l

Test Temperature Ultimate tensile strength
°F °C Ksi Mpa
Room Room 125 860
1000 540 103 705
1200 650 98 675
1400 760 88 605
1600 870 63 435
1800 980 35 240
2000 1095 20 140
2100 1150 13 91
2200 1205 9 65

4. dn€l usi on

Tripod holes have already been tested for be
cooling method would also require careful con
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inducedtrlkeesmal & relatively new technique fo
in this paper. Whil e CFD provided agreeabl e ¢
resul ts, stress analysis showed t haets cbyulti ntdhre
performance dependsFoan bwdrhk iwog ka onrmgd ictoinadnst.i on's
CFD predicts safe function of cooling hol es.

since CFD over predictedovempetrla¢e utestdi sect b

version of a gas turbine engine. Even for f1l at
t her mal barrier coating and variation in any
have huge oinmploincat her mal stressatbeahnaw i lrowiFmog
maxi mum stress region was seen inside the hol

on the blade compared to the tripod hol es.
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CHAPTER 5

NUMERICAL ANALYSIS OF TRIPOD HOLE FILM COOLING
AT LAB SCALE CONDITIONS

5 .Numer iocddl m

5. Dekign

The design model for numeri cal analsgB8filef fi
comprises of a single fluid domain with 2 inl
one common outl et. Mai nstream hot gas asndancoo
ideal gas. This design focuses on the perfor me

shapes studi edFihgdpee Tahree wsitgatwhn icisn dlben same as |
pitch. I n case of the cyldwhmidlre ctalhe htodiieha ¢ b@n d c
hol e donmbawindewasAs6 menti oned in the experiment s
of enbt8dariencl ined 30A to the surface in the st
tripod hole unit are also inclined 30A to th
model shiognivan design so as to replicate the |
Virginéd af Tathpl ate test rig. The resultbeof t
second.Chapter

The hot gas/ mhooatedamoughky #48 hole di amet e

edge of the hole. The experimental dt eisn aoridyerh
trip the boundary | ayer and make it turlbubleent
representative of the experiments. As menti on:e
top where the hot gas enters from the |l eft a
section; another one on $heabootoml Wherastpke

exits the plenumli prgtkeol egantveehehmeabby makae:
This design was further di viFKiegll eftoor stnmael Iceorn vs
of meshing. The domain was divided into 5 secHi
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details regarding the di mensions ovfi deRde gionu me r i
3aFi gBhearnidgB2 e

110d >

10d ‘ 39d B 30d 41d

— \' | —
g Pl ‘3d
[lﬂd
15d
a)
p a9d . 3dl
[ . &
= T
b)
Fi g8Nemerical model: a) side view; b

Cylin:
(CY)

An«ior
( AV1E

FigB#Fel m cooling hole shapes studi

5. Mezd hing process

The meshing process for the cuCKFXnThenoadledi ovea s

meshing software was understandabl e since ANS
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high gualmeimys for geometries involving compl ¢
entire domain was meshed wit@lf®ri gg@Bé s uctgcuhpad
conforming method which ensures a confor mal m ¢
The outer parts of the domain, namely the hot

with coarsezel smenet asoftdhe @®maienidng@gmeartrs,( one

flat plate wall and the film cool idng. 2%l el, n wern
to resolve the boundary | ayer, infl ation | aye
Addition of inflation |l ayers replaces defaul't
in the f | Dbhwe die®eiti @ement of y+ ~ 1 had to be

model -KWESThosen for the awremrentwegteu dayd.d exd2 aisn f
first |l ayer celld 250 knEbes gfowt®O0Olame (1. 12)
to the hole diamenhteratnhdnthayeusbeVYalodbsvef t
are uni vaeridalabamed f or inflation | ayers presen

experiwasepbséerved that using di fifrefrleaatts opnar laa

results in a poor mesh in regionsewlenpe et wo uil
be the inflation | ayer present inside the hol
of having poor quality elements in the region
by wusing a singlng ifrofrl atthieo n@wldaimeéad gisdsSpatmnl | i o
tetrahedr al el ements were used to the mesh t
performed as a part of the grid independent s

a finerwemees refined fodi  heeredhi grresuivhedei s
mi |l | i~é&m Itlo on tetrahedr al el ements. When the |

compared for all these meshesws inotwas.atnboddi @ etd

—+

hough the effectiveness values were much ©cl c

gradients in flow variables |ike velocity, te
stil | | arge enoag$h.ofThebtoaviemiand gormesh i ndep
| owering the mesh size, c¢close the region of i
especially, close to the hole exit where the
captured accurately. Resorting to refine the
result i n a huge mesh which would be computat.

simulation had to be keptadsomsmbéthmisgqpeswadl
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adaption technique in CFX is based on the gra
requires only few essential parameters and t hi

bei ng solsvhedadalphteatmeon strategy f oHilgBweed by AN

c)
FigB8Betrahedr al mesh: a) side of the entire I
the finer mesh details c¢close to the wall; ¢c¢)
| ayer s)



Definition File

No Adaption requested l Adaption requested

Solve on current mesh using Convergence
Criteria, specified on the Basi Settings tab
of the Mesh Adaption form.

Adaption finished

>

Further Adaption

N
Perform Mesh Adaption step, refining
k according to the Adaption Criteria.

[

Solve on current mesh using
Convergence Criteria specified on
the Bask Settings tab of the
Solver Control form.
A

Results File
(includes the mesh used for the latest solution.)

FigBdesh adaptaironffol owwek b 4NBY¥E] CFX [

The method employed by ANSYS CFX is increment:
depending on the adaption criteria smdsltbiyng he
the entireydamapthmatatoevetrep. The adaption al go
met hod is known as hriefriamere Ttaei m es lutesneoft e :

wi || be discussed shortly.

5.3Boundangi ti ons

The hot gas inlet shoovon dvtedlrmtwe | Ways | ;prl e i deodi nwdiat
hot gas veenhpoecriatytu saknedwvetf eomnt dle eéaxtparp meseAht ed
mai nstream velocity of 7.9 m/let atTIB& 3edpe Ki ma
empl oyed a mesh heater to uniformly raise tfF
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mperatureThe staRBBl £5sKsteel mesh i s known
one of the erafrdrimed exmpea i amemitilsarp mesh heat e
roughly 2%. The value iIs quite | ow compar e
an 10% can be expected near the figat snhaege
rbulent intensity was set at 5% for the cur
The coolant inlet plenum was provided with

ol ant mass flow rate depend3hooghbhbaéehédhtoowwa s

pped at rnawom t~e@@PerA&C during experiments, a
ed for the numeri cal simulations. Since th
fectiveness, which i s nortneanpiezreadt uw.er,. tt. h et hae
mperature should not impact the study as | o
l ue. The cool ant plenum was al so sTuhpepbg ed v

rbine fil mpeoolbiyndomgavidewnmga Thol e highlight

oling performance and its impact on the adi
instream/ hot gas turbulent intensitytbwasin
served that even doubling the turbulent i n-
ange in | aterally averaged effectiveness. A
.02. As a result, i t eaxtp eacntde dc oton aatn tt heu rvbaull veen
spective inlets, should not affect the resu
r al |l hol e shapes and at @ae¢t wed o whandge rssathialmle
ovi e iomsitdhel melpedv famecg .

The ability to 6etmadlsyesa iwil deeervealmioteitnye layff sthiom
the biggest advantages of CFD over exper.i
mul ati drhei kel wlexs ding factor. I n order to
de while designing the numeri cal model . The

cylindrical hole with a p/d=3. Thhad f n uonfie rtihc
l i ndri cal hole. Symmetry boundary condition
mput ational domain. The top wall of the dom
ndition even thoughti wawhAssluocacedffiadm alboV d
wal | boundary condition in place of a symme

yer t he wthamx hwalolul d now alter the mainstream
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state nateur@FD,f the symmetry boundary condit
experiment accurately. For studies involving t

the entire film cooling hootesaodi caessdfgnt lpeerh ol

Symmetry

Fi gBNemerical mo d e | with appropriate boc

5.Mesh adaption resul ts

5.2Lrid independent study

As a first step towards numeri cal anal ysi s ¢
independent of the grid size was sought. The
five different el ement sizes.sd@hessgschetbatthe

in an overal!/l mesh count ranging from 1 mil/l.i
obtained for all mesh cases and summari zed in
finer me s(ho ne ltlehmeein®@m) d not bEi pBBe Thed didfer
effectiveness between a 0.84 million méeh an:

el emennt tsheerdgion cl osedtoed hifem drhca®0 M@ 2a2 % iwna

these two extreme cases. It appears that a si
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t hough

t he

summari zed i

percentage

reference. [

cl oser t

predict edc sefifsechtiigvheere by

FigB&kéfect

TabiPercent age

o the

0.7

n the

can

me s h

di fference

be

adapted

seen

bel ow,

mor e

0.6
05 |
04 |\

03 |

Laterally Averaged Effectiveness

0.2

of

11 13 15 17

x/d

grid

19

i ndependent

——0.84 mil
1.7 mil
3.38 mil
5.2 mil

—7.2 mil

—— Mesh
Adapted

t han

he fi

effectiveness

6 %.

nest
(~1%

study

Location\Mesh | 0.84mil | 1.7 mil 3.38 mil | 5.2 mil 7.2 mil | Mesh Adapted
x/d: 0- 20 6.2 3.4¢ 2.44 -1.7| -1.1 -
x/d: 0T 5 1.0/ -1.37 -1.7%7 8.2| 8.5 -
x/d: 67 10 13.4 7.90 5.73 2.1{( 3.5¢ -
x/d: 10- 20 7.8/ 6.34 5.38 3.2¢( 3.38( -
Element size | 0.08 in | 0.055in 0.04in | 0.0275n | 0.022in 0.04in
Il n spite of the proximity of HRihge8 /@aoliiug 8 Boen

clearly

ustrate

t he
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of mesh adapted solution. The usage of tetrahe
greatly I imits the resolution of the gradient :
exit where the cdaogleamt gjast iancerlaect , mai nhin m
gradients dictated by the hot HRKiagd &elda b6l oeoltant
can be noticed that while the coarsest me s h |
adapted result in the region 0 enk/desubtsthe
of al most 8. 5%.

The grid independent study typically perfor me
ri sk of not capturing aoni froecfanlntelnfeontgheat ut @ e.

it mi ghterbenduiefld creesgeinofnst arge gradients and

refi nefrhentef fect of | ocal refi nement adhtieeved
foll owsagt isoadi f Treet regions are examined he
fl at wal | surface where adiabatic effectivene

understanding the cool ant coveragehos theesufl

second region is when the coolant exits the fi
This critical region where fluids at two diffe
in temperature Bveal bysmihé f©ibkmaoaoceli ng hol e

where turbul ent ki netic ener gy[] 5c8opnsteoruvresd atrheat
region is <critical i n determining the product

tmbul ence i n general
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0.84

Mesh
Adapted

1.7

3.38

5.0

A

7.2

e 94’9“?&‘E
T ek

L

FigBEéfect of GI'S and mesh adaption on coo

0.84
1.7 Mesh
Adapted
3.38 I—
5.0

7.2 >

FigB&de fect of GI'S and mesh adaption on

5.2Ef f ect adfapmeasom on adiabatic effectiveness

Fi gBOshows the effect of choice of adapted
effectivenes3henocurheed fnheasth pcloaltuemn shows the re

was done. As clearly seen from this result, tF
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when mesh was not adapted. The diffusion due
Similar results were obtai neévdo rwbifecnigighe Hmxepsehc tw
for the very fine refinemehtcenmebhhB hkienk ss inzre t
Even though the coolant jet as such suffers f
negligible. It is not surprising that the sur
simply nortmarhp ereadt wrad I At this point, it is ob
adaption variable clearly ncaipmprrewe d haeo oglraandti e
(Fi g3 €ombiaadamti on variedguaelsnmd ab abolwedg as
one of the aldhmhetmagkedy FanlglBé&sw.ul d be that eithe
alone or a combination of temperature and ano

adapt.

Near Me s h
Adi abatic effec . adapt i
regl hol e

-

Var i a
adapt

(@)

None

Temper

Vor ti

Temper
and
Vor ti

5 e I ‘, K
A 7y 7 \
% S 3 z ]
wm . .
- ; J




Temper
and T

- 0.25

I 0.00

- 0.75

o
1
o

' 1.00

Fi gB®Ed fect ofadidaptfimnt iomenexns tdiesthdiakh utpil @l

5.3Ef febbt adgas Imaxti ng

Figd@eshows the coolant exiting the film cool
The original mesh (without aadepigiran) eing wmsahbl
tiny region. The width of this thin |ine regi

refined mesh capable of capturing this gradie
el ementsd .g aldiamalsactlivonng RAN®& apureatiinomadbio!| eover
pi ttchhhsge meshhe amdounptud matt | eanradn drewsnl ttaictaen. be not

that all variables chosen for adepgriadi ewetr.e c
Il n a study involving prediction of flat pl at
before, choice of temperature as an adaption

resolving temperaturesgirmdvehotsit Buandi nocebuyl
al so equally important in determining the flo
these variables for Huoewseh eadapi iaa@miummaldeasp @ § eoms €
vari abl éeéspebd&dtmo t ham ftshasdgtpatagoinaibtd . Thi s we
by running a case where more than 5 variables
wasot betasee dvbmper atbhar ec @amidreeamp ema todwer &and T
used as adapni ohevaexablsesti on, the effect of

wi || be examined.
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d)

CAtY O22tA

Temperatur e

a)

di stributi Adapvabhne

None

Tempeartu

Vorticity

75



Vorticity

€)
Temper atu
f Temperatu
TKE
Fi gadEe f ect oofn ahdoaicpagidosnnt mi xi ng
5.4Ef fect on turbulent kinetic energy inside ¢

Figadksehows the meshed contour of turbulent kir
t he wsoffifeescht a et agmarent turbulent Kkinetic ene
seems to be xodpt whedi TKEdi & al so adapted. S
role of turbulence has been dainsacluysssiesd oinn tthhee
turbul ence producemi xiragvée |t mod k bessdicsfcusise d.
gui ck 1 mpl e merstha taideen thonfeegi hece s apd lalmg e di ehés 1 n
solution whichtobberwisoe¢ v&dulsadassé hct onpil leynent

mesh adaption technigue bysocefv atlhuea tcirnigt ipcearl muvtaart

relevant factor s, can itselfkegsubhti abbas tmy ink
velocity <lenpro nsunnessts ,e nairr gys ple sisfiipatdions ir md tei,
exami nad. meuwtt i otnheed ocaMbeprea fli v @e numeri cal anal
surecompéai cafteat drd estiplrne sceanetlsiimgues adOf ar mesh th
enough to result in solnuotti ocna pianbd eepreonfydreendt b eohft/ str
in the flow, without making the simulation co

combi nation of temperature and TKE serves our
parameter that is not presented here is the f|
| arge gradients and mesh gdaptfioresbddshed oregyv
vorticity, its effect on the surface effectiyv
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e)
Fi gdiEd foefctadapti on on turbulent Kkinetic ene

5.3 Resulstcsausandnd

The following section will focus on the key r e
Adi abatic effecwiwngnesad patt eda £ioa whybtiaeowr dc AAVnt e
rotating vorticesedxgathsinggt liinfdtr i ocfafl chood leé& matn dj et
ankidney vortices will be discussed. As mentic
angfelBA. The effecton f&nthii esy bwaarntcehx nmaiarn gwiet

constant p/d wild/l be discussed.

5. ommpari sonoloifngf iplemr fcoor maaecehapesari ous hol

A summary of the numeri cal ainsalpyrse &e @i d eirnf .
ankli ga#aBeVariation of | aterally averaged effect
bowi ng ratios idrangdlRe Acb dorsweaeded i n the exper |
outperform the CY holes at all AVl cnwilrg hatwewve
in the CY hole effectiveness at very high bl o
coolant jet exiting the cylindrical hole to |Ii
by the suddensdgdiipnithhe/kd égit oTmmeh ¢<a c taltshoa tp otshsee s

cylindrical hol e exits, results in a similar
however, i s not as significant ad ewhdthewa®aclh
higher effectiveness in spite of jet | ift off
coolant into the individual -holtex ofioltdecammn@
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this Tlragiehf ecdn d fkaimdtRiNéeRs vortices i s eRxipgluariene d
43hows adiabatic effectiveness contourss.for <c
The effect of blowing ratio on effectiveness
was predicted in the numerical simulations as

effectiveness <ccl ose tassetshe Asoclxipdng@mi melde i @x itth

effectiveness is attributed to the jet Iift o
and 2.0.
0.7 r
[ AV BR1.0
[ AV BR2.0
0.6 AV BR3.0
[ AV BR4.0
05 | —~ — =CYBROS5
[ ~ — =CYBRL.0
CY BR15

- = =CY BR2.0

Laterally Averaged Effectiveness

x/d

Fi gd®Nemer ipcraeldliyct ed | aterally averaged effecti
bl owi ng ratios
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BRO.5 2 BR 1.0
BR1.0 BR 2.0
BR1.5 BR3.0
BR2.0 BR 4.0

Tripod hole

Figd®ei abatic effectiveness contours for cyl
rati os

Tripod hole owas$s hteowndetohgnd|ld very high ef
bl owing ratio. The effect of blowing ratio on
was observed for the cylindrical hodwi nd nr dtaic¢
on the film cooling performance of the tripod
to the cool ant hole branching, the side holes
the coolant et fryomutcthe tcdhert tdle rltelnd rian & owe
high blowing ratios. Film cool i-kiW meeddlor anamtc &
shows higher adiabatic effectiveness than wha
trehmds been observed by other researchers as
CFD simulations using RANS models have a tend

coolant jet. As a result, werfyarhidghwnesftfreecatm vlieo

5. EfZect of CRVEsneygndoantix

Cylindrical hol es are known for | ow effectivel
of f caused by the counter roitcqpd dssehg ws omtoe xnabphn
temperature contours of coolant jet as it move
in size, both vertically and in the spanwise
spanwi se spreadsofrabhe ¢eatamne as @amode tur bin
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the cover of the cool ant, thus protected fro
penetration on the other hand, i's an undesira
causes the coolant jet to grow but also resul
1.0 and above. Atx/tdhle, htilgeh esdo IB&Rnt ajnet att/hd c k n €

=3 (vertzi/eBali)n atnhde spanwi se direction.

BR
Figdfeo®nt ours showing effectiveness or nor mal.i
penetration from a cylindrical hol e at
The tripod hole was originally designed to ¢
i AFi g44Fd ga4BbOWwWws similar normalized cool ant | et

At the | owest blowing ratios, AV BR 1.0 and 2
of CY BR 0.5 and BR 1.0, the cool ant Thea effrfoem
of t khkei danretyi vortex from the side holes also d
uniki=d 7. I n these conditio#«s dhleywsBR)Ns tt e bef f
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t
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rom t he hb=tllel ,e xtihte.o gAtbolwe centr al hol e cool ant

he vortices from the side holes. Another i mp
etting branched, resulting in a | ower dxit mc
ave the tendency to remain attached to the s
ol es as well . It is not surprising, as a res
re better than the soambdaed eyFfiecdriotal edolke
ol e exitkiachmey heoratnitees i n the downstream re
he conventional cylindrical hol es. But as me

ri pocdompletely outperforFmg dbalesocyd homws i cabl
enetration at Thghetf dkd todwefygamtit iexlseo nCRWPe icse

more apphdentanad farther, at BR 3.0 and 4.0. 1

S
T
t

panwi se direction because of the suppression
his increases theo coaousaenst tchoev ead mglea mtn dt ;al st a
hereby increasing the | aterally averaged adi
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Figdfentour s showing effectiveness or nor mal i
penetration from a tripod hole at dif

5. Ef3 ecti pbdr aontbi ng adgladbati c effectiveness

The effect of branching angle on the perfor ma
approaches. I n tlhiema6i f § XK e d t(eettw80inled etathen leler anc h
was varied ifntegwms5.AfA® . &BHxAesul t, with increasi:H
spacing between the esnitmarl e ehsodvie.a kRTaldisst hilkre sti wrer
bet ween the vortices generated byttaklbolw@snt
expected that with increasing br argc heifnfge can g/lee
woul d deicgeBmesB8uf{ iIint emassthignglhy, sipracri ng bet wee
hole also inprieadiedoft he ov @pafidl AVolOedf >AABS5 A .
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a result, the blade or flat plate would have
bl owing ratio, the total amount of cool ant f I ¢
decrease with increasing branching angl e.

| n oradcecroutnaa f or the coolant flow rate consun
nor mal i zedamt rmass tfol cwodokpeedwhiooht he toobhant
hole and pitch. Using same blrewi rsqa mfeorc oall lankr
rate per hbpeiet,cphltdmarvb@gt he onlFy g &ehyoiwsg |faatcetroal
averaged effectiviemfessent mesandhkei pgtamglae¢ sd St
actual effectiveness is considerably | ower th

amount of cool ant consumed.

07 } 75
—10
12.5
—15
175
—20
A 225

Laterally averaged effectiveness

0.1 - 27.5

30

x/d

Figa&é fect of tri pgplde hor el atrernalhliy gavaenr ag e

The trenddsFiglisery g4 mary seem contradictory at

delivering verpubhi phsebf totwwievempedssh that AV1S5
consistent to compare owing to the difference
cooling is to maximize the effectivenessc.h The
rather tkhkawnehevantex effect. Even though th

8 4



objective of optimizing the performance by va

merits of having a smaller branching angl e.
Fr om tpheec tpieres of an actual gas turbine bl ade
film cooling hole with a smaller branching an:i

in aplwhrigeeh mi ght be wundesir abd eAVABWEA tcoa nl o veearl
in situations that put strict restrictions on
bl ades are not subjected to harsh environment
these might roequwior ec owdri yn gl iattt lad | . I n these t

capable of delivery a higher performance.

—15
7.5

125
175

ST \ 20
: $
| \ - 225
1.8 } - e 25
[ ) 4
[ \+ 275

[ 30
13 b I

Laterally averaged effectiveness * pitch

FigaEéfect of tripod hole branching angl e on
w. r.t. tmasad fcloomw amat e

I n the second study, the spacing betwéed2t he
while varying the branchingl /adadl ¢ 0 Asaary bed wle
holes with diff d&mnant dbfdrckrinig aaamgdles. wer e chc
The hol e tdempgedspomdi ng to the branching angl es
5.16 and 4. 3Bertepastwaesel gpn studying tmhad effe
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its effect of t he Foolnt gé@Bwehaclasen mmérsfeod rvrma nt chea.t

branching angle | owered the | aterally average
0.7
AV15°
B 06 AV20°
()
S AV25°
=
S 05 AV30°
(]
iy
S 04
()
(@]
©
g 0.3 |
x 1
>
TE 0.2 |
2 i
@®©
- 01
0

1 3 5 7 9 11 13 15 17 19

x/d

a)

Figa&éfect of side hole compound angle on |

5. Todmparison with Experimental Dat a

Numeri cal results obtained for CY and AV15A v
agaihrestextperi ment al d atFa gdiitasndau g &do mpma r @hsa p tad re
averaged effectiveness vs. nbemaht zetdd owowgsta
and AV15A respectively. Excellent match was o
The trend at the | owest bl owing was captured
predicted the efafnectbilibtdfmwees sr e@Bdrmrtadd oa si mil a
performance of SST KW to over predict | ateral
They mentioned that SST KW model <coul ddnot pr
cases where the iswicrolnsiindsirdaedbl tyhes madller compa
vel ocity, as in the case of higher blowing ra
Excellent match at higher bl owl nhgodreatiisss € di s

an al ttehrantatdarel addgees gt peobl ems ofhitgthe wa ynlgi n
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ratios. Since the SSTKW model had shown to oVe
mi smatch Bbg®@Weedekpected. Again, excellent m;
showed promise for thSutpribuail eglcye, mdbtdeBR u4 e@,
predi at ¢ et xI/#df 8. o Tbhei soebesaenr ved by the drastic d
effecti vaAnagd@ epTllhoits dr aisr | ef fdewdatfsiewgeemetses une x p e c
though there seems to lhe TahH emobslto wienrd ercat ioov eatl
of the tripod hole is Ilittle otlkceool ,anlt. FXitta
cylianldrhocl es have shownftheapéadeachaokr apbditnt
flat plate experiment al results discussed in
same rexli<bmBh2 «easons ferunkhmewmehtavi oirs apoi n
studied further. RWAaNVvSe taulrvbauyl se nlz @ e nmsoaltreinl ¢sp ic ¢ z e C
Vi scosityamdssiuumpglteiromr edi ction of jet diffusio
while theelagedabvhyuas measur ed and cpornetdo ucrtse d
could stildl be appreciably different.

Fi g4beamndgbbedi splay the same comparison bet
results but also include experimental uncert a

t wo and as s uree st utrhomew ldueshacgeet olfi ghher bl owi ng r at.

BR 0.5 EXP
BR 1.0 EXP
BR 2.0 EXP
BR 0.5 CFD
BR 1.0 CFD
BR 2.0 CFD

Laterally averaged effectiveness

..............................
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Laterally Averaged Effectiveness

Fi gd4«ey |

Laterally averaged effectiveness

0.7

06 |

05

04

0.3

0.2

— = =-BR 0.5 EXP
- — =-BR 1.0 EXP
— = =BR 2.0 EXP
BR 0.5 CFD
BR 1.0 CFD
BR 2.0 CFD

2 ] o)
TN W RN |

0.0
1 3 5 7 9 11 13 15 17 19
x/d
b)

i ndrical hole | aterally
rasap CFD vs Exp.; b) CF

0.7
————— BR 1.0 EXP
~ — -=BR2.0EXP
————— BR 4.0 EXP
BR 1.0 CFD
BR 2.0 CFD

0.0

———BR 4.0 CFD
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0.7
i BR 1.0 EXP
0 i BR 2.0 EXP
S 06 | BR 4.0 EXP
S i BR 1.0 CFD
> [ BR 2.0 CFD
S 05¢ BR 4.0 CFD
.&’ B .
w i
Lo 0.4k
()
o ‘
G i
o 03§
>
<
> [
e
S [
- 01}
0.0- |||||||||||||||||||||||||||||||||||||||||||||||
1 3 5 7 9 11 13 15 17 19
x/d
b)
Figb@ei pod hole | aterally averaged effea}liver
CFD vs Exp.; b) CFD vs Exp. with wun

5. Efect of hole pitch on cylindrical hole ef

lts known t hapl/idshehalYf paft cthhat of the AV hol e.
two cylindrical holes on the flat pl ate. But

the superior perfor manche oY thhod eAVc ahron cet choempsaa
antortex concept.spTlreeseaddii tni anhaeladtiroiipeorde nicrei ti,n
bl owi ng or mo nmehnet vaamrttilexx coatciept and the reduc
responsigherf efoffed thieMAY sls dilass. be adequati esl Y hdip
This section attempts to compare the AV tri poc

reduced pitch causes the fl as pPphatlkolt®s hiavet s

Figbhicempares the | aterally averaged effective
bl owing ratio, AVplkolf o r fineao wie d<e svt. b éAttt ¢ he hi ghe
cylindrical hole with p/d=2 produces very | ow
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Beyond this region, the AV hole does noheprov

reduced pitch results in a better cooling in

0.8

- CY p/d=2 BRO.33
- CY p/d=2 BRO.67
-CY p/d=2 BR 1.0
- CY p/d=2 BR1.33

Laterally Averaged Effectiveness

AV BR1.0
AV BR2.0
AV BR3.0
AV BR4.0
1 23456 7 8 9 1011121314 151617 18 19 20
x/d
Figempari son of | aterally averaged effec
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CHAPTER ©6

NUMERICAL ANALYSIS OF TRIPOD HOLE FILM COOLING

AT ENGINE LIKE CONDITIONS

6.Prel i minary Wor k

The results described in this chapter have
pressure test facility at the National Ener g
originally desi gomendbusdi oondel ated studies, soO
vane assembly is similar to a commerci al gas
from a ci-geatliacn ctraosad rectangul ar dected Faad
positioned downstream of the combustor sectio
These test samples are subj ddtedd tad & esnpierrlait ru
and press4br ebsarf.r By Isomdudhtigmg tteenpter at ure con
directly measur eli mwvertahd teddtBecétllwtesnrewisylct benpr
two different test speci tqelnast.e wWihteh friTch sdio d leisrt ¢
specimen is subjected to the ssandee,c obouti ntgheaicro
does notughftuse thstoThrpesiememds t e spmlcastpe cwintem e«
cylindrical coolingohtohessunrfidded mtt me 39tAr @an
details on the test specimens will be provide
provide the basis from wbrtexfubumngeéegeeoewmdl cood
beompar ed.

For the computational anal ysi s, ANSYS CFX
simul ations. RANS modedss talreey neorsd¢ 4 dcashimoenfl fae catsi
studies which usually compare diHd4dromieggtt3 8]Jdr. b u
predicted film cooling performancé&lursdekn dair fdf
vyand Reynolds Stress Model turbul ence model
effectiveness whil e SKW model yi el ded bette
concluding that choice of any t ur btuiloenn c@n dreorc
examinationl . 5&prddvedtleceta adonjugate heat transf
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particular test section. After an extensive s
turbul ence model s were eval-wtadreldyl encevamod®In cd

to adequately predict heat Sthreaanrs fSetrr eisns {Tirlam sq

¥model was chosen for turbul ence closur e. I n
mod el t hat caxperipmharctes tdrdest i | | provide a r
effectiveness. There are three benefits assoc]

i n manufacturing these Haynes 230 t ensutmesrp eccailm
model , it is easier to estimate the film cooli
which are usually difficuméchanmaabfaonablbysesi sFc

hole becomes simpl er.

6.1. 1 Expmeirdi Mameali cal setup

As mentioned above, conjugate film cooling e
out at the NETL test faci ldietsycriimtMorng aorft davihre. e,
setup and the fil manodlei fghihr=wS |lldtee f ool tl adiwi endy s
focus on t hte tcroar sufgeart en thmer i c al model |l ing work

The design model for conj ugFRaitgeb zheemmpgr itgeasn sdfer

and isdo domai ns.
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i

262.5d .
153.15d — «

I

57d —

Fi gbE&X Design Model

Figb®estructured Tetrahedr al Mesh with

Mai nstream gas and cool ant constituite aded.fl
The solid domain is made of Haynes230 alloy m
a single cylindrical film cooling hole and he
(83d). As mentioned i nyltihned re xcpaetr5i.hnbel retrsal oif e d/ tidin e
the surface in the streamwise direction. Mai r
(~0.M)6O0upstream from the | eading edge of t he
devel opedprwislelnttaeg i ve of the one calculated f
devel opment distance wam. e®t hemat ddt & DHiSgeuareee o p
52
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Both these domains are meshed with unstructu
which results ~bigbhBdBenear edleierednitbhsanl dsm, mesh i s
in an attempt Mmaiaosptremen codleamctji en. To reso
|l ayers are added on both domains. Addition of
hexahedr alhaetl eamhemngtns i n the flow direction. RAN
providing closure for turbulence. Also the y+

tend t o Dbermegae tlurkleulkence scheme in those regi

Tabtesi gn Data for Computation

Parameter l nput

Hol e: CY dil. 7 ;lmm8 ;@/1d8B
Boundary condi| Fl uid: aiVel(o cdietaylT egngr&€lr=an

inlet 1175TWAC=;RI0U% d: air (
Boundary condi|[CY: M = 0.5, Témpendliwes
Boundary cond Presisaurmospheric pr

Materi al Haynes 230 all oy
During the experiment, the hot combustion g:
65 m/ s. However, simulations were conducted p

of 71 m/ s was used at the mai Mt whamhi wlaset e sA

from the experiments, was uded wams tdhed eac onmmietd:
hydraulic di ameter of the test section. Cool a
in accordance with blowing ratio. Turbul ence
arou%.d I15n or dere ted feewdi df boundary | ayer f or me
was al so prescribed a velocity in the streamy

velocity. A summary of5 deerai bdi cabobedéadsgddonc
al | side wall s, i ncluding the solid domain as
domain. As mentioned above, the coupons are ¢c

Upocnl ose observation afi sthe bsaoFDgoBbdempamnanw
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that the average temperakKurewi om aé¢idt biom dexscenp

di scussed I|haet ecrur rHemtc eCEDh model , these wall s
of ROOAIIl the cases were run until the requir
momentum equations, RMS®ama$fisabru atl h & ad neer gvya se ¢ Les

61. 2 Resul ts

The test conditions that h alvaeb7l beeTehne ibn voewsi tnigg a
not aewelnled quantity for the test specimen w
defined fftool|l ke tfist mspeci men fainldmtdheoltiersd ispe
the same <cooling air flow rate. Therefore,

convective cosoildengt hoant tshheo wclod dbe t he same as t

Tab7tSSummamdgsof Condi tions

Hot Gas T¢{(Bul kV&las( Densi Oper &triersq Bl owi

( C) (m/ s) Rat i (bar) Rat i

1175 65 2. 8 3 0.5

1175 65 2.8 3 1.0

1175 6 5 2. 8 3 1.5

1175 6 5 2. 8 3 2.0
Figbhsdows | i nes pamewi escea t | effectiveness measur

test speci men at an lbpealati mgr poeswspulre wdl ue s

i ndi wiodwals. The cooling effectiveness over tF
has subtle gradients at | ow blowing ratio con
incrdaeesexperi ment al resulteffeoectfi acaetseampdr a

hole and blank coupon at diFf § & e aFhidglbilb.eewT m@g 1 ¢
surface temper at uapepeoafr st hteo bblea nlko weoru ptornan t he
film cooling holes. It must be noted that the
and atamBdR D. ®, corresponding coolant mass fl o
Since the coolant cannot flow through the hol e

and exits through a port thatt hesr cowmrestt reala n
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Essentially, the coolant plenum acts a heat si
coupon apart from the heat | ossefFhitdhhae x plcaxiums

| ower temperatoumeohor Theetbbanki g design show

pl enum through four small tubes whose exit 1is
flow rate though small, behaves | i ke tahne icnapsien (
of the cylindrical hole, the coolant fl ow pat!
Close to the coupon surface, coolant fl ow 1is

as a heat sink, tbael actubhsbdbdavherpbénumei o

and a cylindrical coupon wil |l not be similar

» M=0.5
0.60 M=1.0
= M=15
£ o0ss * M=2.0
g 0.50
E
S 045
0.40
0.35
0 5 10 15 20
Lateral Profile (y/d)
Figb#«#ariation in overal!/l effectiveness al ong

rati os

Cylindrical Holes Blank (No Cooling Holes)
- > e s kIR

ko>

M=0.5
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FigbExperi ment al results from NETL: a) surfac

coupon; b) Effect of blowing ratio on ov
Fi gb@pe esseunrtfsace wWempen duwuvin®n for the cylindr
bl owing ratios. For comparison the experi ment

al sovipdCeodh.j ugat e GEBtestuh@issfaere t hat the effec
pronounced and wuniform for the | owestThd owi n
experiment al results, opmposthee conendpyyifnaldaeawt
temperatures at Fhigperovh Ideves md esri a@tempar i son f or
averaged surface temper aotfurle.sO tOndrye fsoere nas btlo
agr eebmeetnteen experi ment alt amuds tn ubnee rrieonael nvbeeler secdi
profile at the itrelseat s@afutnmidoal cadpetga gut dsferdrt el notn. a
swedlace mbtuor assembly pit é e emtgplebrei fnoernet atl h@t easetr os
model ed in the CFD.

- LS
B S W
“ v e . .
1000 I > “» m Experimental
BR1.0
CFD
0 A s
& B Wi
N O |

FigbBeOverall effectiveness contours at

ﬂ
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1050 - 1050

1000

A 1000 -
<
- = [
£ o
g s
2 950 ‘ g 950 MN\”\O\O
| 1
£ £
" a0 3 900 -
.f:: 8 BR 1.0
a —M=05 4+ M=0S5 8 850 | BR L5
850 | —wm=1 M=l a
—+—BROS5
—M=15 = M=15
800 800 T T - )
0 5 10 15 20 0 5 10 15 20
Distance Downstream of Cooling Holes (x/d) Distance Downstream of Cooling Holes (x/d)
FigbhbEéfect ottblbownngyaterall y average surf ace

b) CFD resul ts

6.1.3 Conclusive remar ks: Reasons for mi smat c

It was experimentally observed that as mor e

temperature of adédicecocnoturpaosnt i dgcrteo t he expect e

experimental results discussed in Chapter 1.
0.-9. 8. Further increase in blobhwengetr atool oft c
in |l ower adiabatic effectiveness. This jet 1
the revjf éWwWApapewer cool ant fl ow rates, effect

hi gher fl ow rates, schbBsThvd tdce meointeyn truant ifd ufxo
experiments were considerably hilgBeérothiemenhat
conditions2.(0DR ~Tyb.i &atl tdleensNETYL rtagdto facility
exit momentum ratio being should able to keep
ratios as high as 2. h.e xTpheec tpelda u sriemlde irne a shoen eff
from two sources:

a) Mai nstueéadml|lent intensity of 20 % which 1is
high turbulence |l evels in mainstream resul
turbubenddehtendency to disrupt the cool ar
bl owing ratios, however, the coolant jet i

from the mainstream.
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b) Ot her modes of heat transflder camdurcadioat il ¢

surrounding refractory wall s. The

coupon

combined heat transfer mechiag&Sdmowscuuhe i @fg

of these heat transfer modes on a bl ank
contribute to the heat i nput apadotn dfurcotm otnh
|l osses arehe neovipgarbHepgmeaa2Zt@20 od!l | oy, a ni cke

wi tthhear mal conducHi aitt M 0O®OT0O K~ TIBegWEtmmpan eh o

of stainless steel, anot hTehre hviigehw ptohretr noanl eci
the coupon, uhédtbceapewmpes atheesthrough C
pass filter, is constantly cooled to a ten
and coupon surface emit radiation to the nh
Owing to thedshmitswvmoatncehaver al | oletfdiecdnduvwene ma |
Si mulsatainan experi mebet ahdeesttbottsdhouddl de noted
mod el used does not include radiation heat f|
{Coupon Holder }
Net Radiation with
Conductive Losses Refractory =
to Coupon Holder T
q g
-
o | Convection Heat Loss
8_ to Cooling Air Priorto
2 Entering Coupon
z | S s (o
Force Convection
from Hot Gas
= I
o ’ \ g
o %)
v y Radiation to o
® | Radiationto Hot Side View Port <
%- Cold Side View Port 2
= o
= g
9‘ —+
Internal Cooling by
Cooling Air
Figbh®&arious heat fluxes entering and | ea\
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6.2 Experi ment al Met hodol ogy

The experiment alt omeetvhaolduwdtoeg yf iulsredcool ing pe
condi t eoentsa.selcdhe surface temperature obtained
with respect to the hot gasihteermdmpdraatl sr eofard ec
test facility can[ 5h6e5.9]oTthred cioru ptome seurg apger ¢ e mg
CCD camera with filter or with taheaebalpaat ©
incoming radiation heat transfer and clTdhreducti
normalized film cool ed |copupdare dewrefraad d tedrmpeerta

of adiabatic effeateipwaness iwmhifdh m sc owd ualgl yst L

coupons do not sport any internal cooling feat
as it vari es wi t h coolTymt canlas £ x P éowmernattael as
measutemdn over all effectiveness, mai ntain Bi

transfer coefficient on the backside of t he ¢
bl adcence the objeconlvye evakthasdstedmhapelsi ng

effectiveness is not the best par ameter to <c
tempenhttuhe coupon is affected by radiation h
obtain film cool inngepderwf:or mance are give
Coupon (centér)—eﬁ—f—f—ectiveness (6.1)
Heat thy ados$—er (6. 2)
Overall heat M dOVef@&r coefficient (6. 3)
"0s Q RQ (6. 4)
n°® QY "y (6.5)
KK E 4 4 (6.6)
. AOA EOOKAOROEPT— p - (6.7)
As mentioned above, in order to evaluate the
bal ance neapu ati ingn ail | possi ble heat transfer me
bel ow is the summation of net heat entering a
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Q0 4 s 4 4 Y n- 0 0o Y Y -0 00 Y Y
66 Y« BB — 0. B0 Y Y (6.8)

whefr e fil m; c = coolant; w = wall / coupon surface;

convebtmaoinnstream

Owing to the nature of the experiments, only
These Tl ukd eAcArim @.The unknown variables or q
i nformat iiFyiFeT.uxtel:/ danThe above energy bal a
sol veldando3i nce we have at wonevsaeadgtuahtilsanimo easrelp ar
experi ments have been conducted such that the
remain bDkeéweeaneextphe.Mihmesntrsequires the blowing r
remain the same for these two experiments. ACd
|l osses that are diffibadt tbobmeamoudre | edtp @rsii m

transfer CFD analysis that also models radiat

6.C3onjugate CFD witlh radiation model l in

The numerical Fdgs9 @rc | s dtelwen @ahderyoma | parfThot t he
design has the same di mensi onsAddi ttihoen ap h ydse tce
provi detd8 Bme numeri cal mod el was meshed with
SshowRi g@bDe®i mdhe design was 1x scaled version

|l ayers of theeselfract armakiWahgde smemuH ,at i on com

expensive. As a result, it was deci dre df ¢ @t unroa
availablfé uent . Typical by, swell scoadwel&n ontelpd a
thickness of the wal/l | ayers are comparativel

adding finer el ement cauwshed | hwcgperdiurcd n @as & aicrk
assuming 1D conduction along thda htehhimakndsstofr
refractory walls are made of very | ow ther mal
be unardaoransgsulnd heat transfer for the sake of
violation of this feature or deviation from ex

user to provide number of | ayersaygmead .t hicknes
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22t 1Yy

Figbhb®fenjugat emodiemeriicalludi ng refractory wal |

Tab8Ceonjugat e nuAnermra ctdaHeesrmroatle Ig:

Vari ab Val ue
Fl ui d d hot gas and cool a

Coupon (Haynes230 a

Solid dqcoupon hol der assembly: re
and gasket (Cotron

I nner awvad llductaeRrt ser i
Outelt :skk@ar bon stee

Wi ndow: quartz
Hol der fl ange: SS3

Refract

Vi ewpo
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Fige@Westructured tetrahedr al el ements with

I n i tremoving the refractory | ayer sn amodd etlr,e a
the resultant mesl@0niwlalsi ona del ahemdudgeedl was furt h
the removing the water domaionl tthhae cwausp aurs ehdo li o
anegelp their tempaefatwoerkbergowi mhes. Based on
original/intheémmdlactugl! maeéeelb, it was observed

inlet and oubnbetessmpbaat WAE. wThe amount of h

and as a result, the other walls of the coupo
same as water inlet temperature.

With these t wo fisai snspulmigfgnieodrearl | ajommeeed devel oped. B L
evaluating the performance of the film coolin
numeri cal mo diehle rwnatlh nmeond edertchat i ncluded the |

d o mafiarc:t uaidt hmalriog ( numoedj@ilc &I nce t hteh eaartad a |l moades

required more than 9 million tetrahedr al el em
polyhedral mesh using fluent in built prowmcess.
tets to 5 million polyhedras. The boufdéad&didyey co
9. Typical I nl et temperatamebafdeg&hprganti al ve
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