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ABSTRACT: In this article, the effects of squealer on aerodynamic performance and thermal load Review History:

distribution on the blade tip region are investigated. Experimental results are presented at blowing  Received: Dec.04, 2019

ratios of 0.5, 0.75, 1.0, and 1.5. The film-cooling effectiveness is measured via the steady-state heat Revised: Jan. 16, 2020
transfer measurement technique. A numerical approach has been applied to compare the film cooling  Accepted: Jan. 26, 2020
performance and aerodynamic losses in the plane and recessed blade tips. The experimental results —Available Online: Feb. 19, 2020
indicate that, as the blowing ratio increases, the coolant jets provide better cooling coverage on the cavity
surface. The numerical results show that the plane tip film-cooling effectiveness is lower than that for the
squealer tip. It can be observed that, for the plane and squealer tip configurations, as the blowing ratio
increased, the heat transfer coefficient decreased by about 43% and 44%, respectively. Moreover, the
film-cooling effectiveness on squealer tip surface and rim walls increased by 15% and 23%, respectively.
Furthermore, the lower heat transfer coefficient was observed at a higher blowing ratio on the surfaces  Film-cooling effectiveness
mentioned above. The squealer tip geometry showed better acrodynamic performance, which results in Aerodynamic performance
weaker tip leakage vortex and lower tip leakage flow rate with respect to the plane tip geometry.
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1. Introduction

Film-cooling is one of the most effective methods to protect
gas turbine components against high thermal loads and reduce
blade tip temperature. Squealer tip can help to resist the tip

Table 1. Geometrical parameters of cooled blade

leakage flow by the back-pressure created by cavity vortices [P)ir;m:tl;et Sl Vgg‘e g:n
between the rims. Moreover, squealer reduces aerodynamic Desén Outlet Aigle 60.5 dei
loss and heat transfer to the blade tip [1,2]. Nho et al. [3] Stagger Angle 38.5 deg.
studied the impact of tip gap on the heat transfer coefficient in Axial Chord 139.8 mm
the squealer tip. Cheng et al. [4] carried out a numerical study Blade Height 136 mm
to predict the cooling performance on the blade tip surface Gap size 4 mm
with various film-cooling hole configurations. Rim Height 4 mm
In comparison with Plane Tip configuration, due to Tip Holes Number 10 -
Cooling Hole Diameter 1.6 mm

the presence of highly complex flow structures inside the
squealer cavity, the cooling performance near the blade
tip region requires further investigations. In this study, the
effects of various blowing ratios on the blade tip film-cooling
effectiveness and heat transfer coefficient were investigated

Table 2. Test Conditions

both experimentally and numerically. BR=0.5  BR=0.75  BR=10  BR=15
Re, 1.6x10°  1.6x10°  1.2x10°  0.8x10°
2. Test Set-up and Experimental Method Ve 10 15 15 15

Experiments are performed in a low-speed linear cascade
consist of five blades. Tables 1 and 2 show the detailed
specifications for the blade dimensions and test conditions

respectively.

The steady-state heat transfer technique was applied to
measure adiabatic wall temperature. An Infrared Thermometer
was used to measure the adiabatic wall temperature

*Corresponding author’s email: taghavi@iust.ac.ir

distribution of squealer tip. Experiments were carried out
at four different blowing ratios and the density ratio was
considered 1.0 for all cases. The film-cooling effectiveness
and heat transfer coefficient are defined, as follows:
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3. Uncertainty Analysis

As illustrated in Eq. (1), the experimental uncertainty for
film-cooling effectiveness mainly results from the measured
precision of mainstream, coolant and adiabatic wall
temperatures. Consequently, the total uncertainty of Film-
Cooling effectiveness is determined to be 5.931%.

4. Numerical Simulation

A numerical study has been conducted in this study to
determine the heat transfer coefficient on the blade tip surface.
A two-equation turbulence model (k-¢) was performed in the
calculations [5].

Three different computational grids, namely coarse,
medium, and fine, have been employed to determine an
optimum grid resolution. Fig. 1 illustrates that the medium
grid is in good agreement with the experiment. The medium
computational grid for the squealer tip geometry is depicted
in Fig. 2.
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Fig. 1. Comparison between pitch-averaged film-cooling
effectiveness obtained by the k-¢ model using different grid
resolutions and experimental data at BR=1.0

Fig. 2. Schematic view of computational mesh for squealer tip
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5. Results and Discussion

Fig. 3 presents the distribution of film-cooling
effectiveness for the Squealer tip. Further increase in coolant
momentum results in more uniform film Effectiveness over
the cavity surface.

The leakage flow rate at the tip gap is shown in Fig.
4. Compared to the plane tip, the squealer tip has better
performance in reducing the flow rate within the tip gap.

The comparison of the overall averaged heat transfer
coefficient for both geometries are presented in Fig. 5. The
plane tip showed a higher averaged heat transfer coefficient.
Generally, the heat transfer coefficient decreased as the
blowing ratio increased.

6. Conclusions

The experimental test results showed that at lower blowing
ratios, film-cooling effectiveness was high at downstream
of the cooling holes due to attachment of coolant jet to the
cavity surface. The numerical results showed that compared
to Plane tip, Squealer tip demonstrates a better Aerodynamic
performance. Furthermore, when the blowing ratio increases
to 1.5, the coolant jet lift-off results in a higher heat transfer
coefficient.
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Fig. 3. Film-cooling effectiveness contours on squealer tip at
four different blowing ratios.
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Fig. 4. Tip leakage flow rate of the plane tip and squealer
through the tip gap
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Fig. 5. Area-averaged heat transfer coefficient for the plane tip
and squealer tip geometries
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Fig. 1. Notation for the film-cooling conception

SlaY 5SS 0 s aY sbod Judgp 5l (M5 ik ) JSb

el lod (e 5 Jiae Cus s lae el ol b s o
95> 9 odwllawdds wWSgiwk ol >l e sloddlge J
cdoles Cle et 4 Wgd oo gt (65,5l dolie ;o Sloglas
sbo g ol b sl o sl s 0 & s 5
Galtase g0 J> 5l BT aex Jol 5l eolatul b glgs o 1y olge0
1355 Cowddy astie

2 @l s ke 5 05800 G5 O, gles b Yl (A

g g0 48,5 Al jao 28l bl

q,=0 )

s ol o ele s g B L ply a3 jo b
| Haw ssSa.:L:L:»)T °)‘5'.’.“> 6Lo»> L: ).3‘).3

gl Gy 2 X bl o atine g dgame J)l> )L (o
Gleo b plypoas 55,5 Jhow slos 2l (ol jo Lol 048 oo Jlasl
Dedge a8 S Hhaiys Lol ol >

0.=0 ®

ol o ceo)lns sles a5l L pln 5 ey SIS o Les
g oo 4385 (65 ,5lg 5l sles >

Al 2 &) JU! g5 45l byl yane () s
oy olor s ol Ol sles IS o laY 6,585
@ ks o)l Jll () cdls o (oS osb e plsil eaigd
2y o0 O)ge b (59) 0ud Jlesl (5> LS alanly

vory

S92y Cde 4 S Sg Loy boawslie jo oplpogdle s
GlogSwl oya> 2l o ead LSis glaals 5 0 b Saon,
GESE o Slas (59, 2 oduzs by LSl ol Ol sl
b el (g llllas winjls e )58 0 S a4y Su0 (g
el jgam Sl cwy 4 ol addllas )0 (358 9 )l5e 4y azg
o S5 4l 0 )l b mis s (Sesbusgnl o Slos 3500 50
o515 b edlogsygi 5 Sealipognl (Sliicw olKtylojl yo Jas

! 00 4—*—"‘0)-‘ U‘)"‘ (WS SOV 9 ‘QJ-C oKisls ).:..b

slaY 5, 0SCS 8 Sos (Gl =¥

slos cosl oY 0y mlaws (59) 2 Lo @35 (St Hslate @
Lol oleo B ogs al) RUTIETELONE CRLIJPW-F VT PV Sobbol
e 5L aen! Shesle b (8l jgige p0 Ll b
il pe IS o Shee b)) sl dme slayl b
V] 098 o oo (V) alal, lawg a5 cl o 55

T -T
n=——>=" W
Too - c,exit

o)lpo Ssbbsl sl Sl cass T s T ol o a8
el Elyge (9, salal )3 oaiS S Sl sles

L Gy fhw Camsimly 5o abd] (5jmaY o be gy

ol S 5l 0 by g Cull Jlw ol Bl cle byl (558

08 00 00 0’0
u—+v—+tw—=(a+é&,)—

ox Oy Oz ox ™
0=T-T,

sebiled (8,5 Flhgm 5 e 50 Slaite lowe (8,5 i b
ot s 5y oS> (65pm Ll o sols BLas ) S o &S

el ool a8 )3 i s g
x=0,y=0:0=0.,0.=T.-T,

y=0:q9=gq, )
y=0:0=0



VOYS U5 VAV dxbo NFe o JL.J &y b)l.mﬁ QY 0)92 s).:.S).:.nl \S.:JlSw (swNR Ai)uu

oy T b abids Glasin Y Jgoo

Table 1. Geometrical parameters of cooled blade

o 098 dwge 23815 slacnileg )i 5 Sl pl olStlesl o>l 53970 (e yF 0y iad;y owiid sladasiis
\/f4 \IYF - Conlo
Y. Y. ax)s 393 Obz >k gl
£4/0 £4/0 FER sz ol b agl;
~YAI® —YAI® az o Sl aggl;
A VA o ke 5y Job
3 yPY o gho oy gl

"
Plenum | 3

bl
Fig. 2. Photograph of the measurement blade
oy il s ¥ o

@l VIVO (oo b pdy o515 lageilog)si 5 Salinsg sl
agly Wil gledastie cuol adl ol38l e o VAL lade
& 0 Pl polie b ply 3 ad 5l zg 5 agly 5 0565
Ll polie 5 Y] g jo b sloaasin cul [VY]
Wl jelateds ol oo 03,51V Jgaz 0 gt opl 0 eod
3 2 2 (b b alize slaisn 4o (sl L],
ool G5 SiS Sl 508 U g 0 00 9 gy YLl 55 sl
Gl a5 T dS S 59 5l o S le slp el als o
Ceaglio 5 YU Cuolitol ool e sl o oolitosl j2e Lio A
o3 G s bl o el Gl calae il s T YL
lond odilinz KuSs @ S5 @ g n bl 2 Jdgn
a2 GuF leosi> oy 5l eoliinl b oy s oslel 51 ey
oSl gl )l cos pols Juagh o aileads sbul oy S
BURSIWES R [ PRIV I P UL JC S E SR WESKOR i PR 0
Jdon Sl polaie @ el ¥ ooulis 4 (A5 Sl )9
oads ool Lid ¥ S jo ol axkad el oals solaul L5 eSCul
Se Jdgn seS LS (59) » GBS Eligw sy Sl

2 Plenum
3 Plexiglas (Perspex)

(@) 5 (W) A 50 rox 31 IS S 6l Lo Glase
(#) alasly 3ab o,lg00 slos oyl b sl oo Cewdas 0=0+6,

0=6,+06, @

205 oo Al (V) alayl) 5l ol Jlamsl g o colyd o

q,

hy=——
’oT,,~T,) “

&lp ol Jsl co s &S Sgi oo odalive (V) akal, Gk

ol b ‘:J“‘" ol leo )l Jatne <ol plg> L Jlw
] 00sS S

Jlw Oliee 5 S Jlade Ghomin 6l sk ed S

oy v (59, 00 SS wokd ad g (gl ool 5 g0 cuiS S

DV ssi oo ole (A) dolas saling 45 ind S o
p.U,
PU.,

BR = )

2SSz Jw S Sl ciia P, 50 ol oS
oaiS S Jw ce o 5 U, s kgim® LU, Lol L, s
el /s Lol ol ,>

AT S50 5 Jota -
PELglosT Jao 1-F
50 o oolawl (sawaie b glae Liogh ool ;0 g0l o
SIS 5 Sl Sleslme gz WY1 '0a)l5 g dese
Sl ol (5,155 e e A dlas ol o Lol g Job .ol
i ALislei] 5o ol i olal U 3l jobatens Job ool 5
1 Von-Karman Institute (VKI)

yove



VOYS B AOYY docio VF+ v Jlo oF 0yl DY 093 € pusS pwol CSilSlo wnbies &y pui

Casing

(G2 Ceo) 09 Sgh b slal g (Cosly Com) Joo 00 S8 90 59, 2 2055 SEhgw SLiwly g CunBye . ¥ S0
(Fig. 3. Schematic views of plane tip and squealer tip (Right), detailed geometrical dimensions for squealer tip (Left

Sl B gailes jo ce s o3l g gl C eSSy Ce Ll
3 b aate maw ol ouls eolaiwl o le £ Jebay 506
@ Jebatns 52 4 J3U ool (29,5 gl 5 e S8 4 6399
e Dyg0ds by B osg dw a0 a0l 5l 56 o eald ool
0503 sz 0yl 20 Dliddod 05 (y305] alsize o)
s JolS o085 F g0 O Jols o (55550 ()5 S wSS
Oled V(o ,leds (g0 a5l az g bl a8 5 & yan L >
Ol g YL 0 LG o535 el cienl GialosT 5550 (Lol (505
ulJ):> CAMOWL' 9 onLa B &_J‘)J‘ Lgo.\ﬁLM..n )9.'4...444 oy U'~’~‘
o lads sloy (595 p Se 5,0 galold slul a4 g5ks g 00,5 ColaS
Lo (5,18 podls Ol jupzs —¥-Y
Lg)b’&.o o)S.Lo.c 2y )}IGM L gy ul.«.wl.c)] lnL?u‘ BN
boo 5 0)le8 slos o Lol L > slos Lo 5l slacsls 4y slaY
aw (al po Lo g S o3Il jslaie 4y g cnl 5ol 5l () by
J5550,5 9" 50,8 ygole ;0L oo (5 mFo3lail aliwg 9o 5l b

g

1 Infrared Thermometer

YoYo

Sy 5 oy (65,5 e ¥ IS 48 sl o0 dss 0
slalgial 5,5 Fligw dwain ol ool ools ylis by 5,5
VIF gl jgw jlad g 0,00 mhaw 4 Cond 4z ;0 YO a4l L ooy
08 0SS 5l Woyas alold 5 a5 ol ool a2 )3 Jlaiye e Je
9ol )3 sloghsw Job poih 9525 bl Elygm a3
Oz (N8l anwgi I B oald wid)S laiys Elge (8 il AL
205 Jol bl oy mhaw (55, 2 Gy Pl 4 oS S
o5 S boy awais 50 sl 5,5 Sbogh g Ll 5 undse
IS5 50 LSSl olal qwaie slaaasin 5 LisSul ghls oy o
Sl 00l aseio ¥
g0l adizxo g ol Jigy wlasive -Y-Y

039 3k lae (ches g5 5l Rghy (nl o eoliiul 550 0L Bigs
£ S ol ol FOIF x FOIS slul &y oasye ablie gl lo 5
Slogrilogsi g Sealindgpl olitslesl o a5y i ol 5l oled
ol 53198 0l s> glo sue ams oo Lad | wenl yitne pdueSS
039ae el pdlpS1S (b 9 Dpogole o3gae )3 3k figs
pelas BB (Sl oygoar Bl el sl eslaul b Jigs ey

- —

Fig. 4. Experimental set-up for the film-cooling effectiveness measurements
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Table 3. Comparison of different grid resolutions for
squealer tip case
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Table 4. Absolute and relative experimental errors on
film-cooling effectiveness
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Table 5. Boundary conditions
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Fig. 16. Heat transfer coefficient distribution on blade tip
surface for the squealer tip
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Fig. 15. Heat transfer coefficient distribution on blade tip
surface for the plane tip
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