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Curvature Effects on a Turbine Blade

Cooling Film

J. NICOLAS	A. LEMMA

refaVISCTION

a rev film fs considered, ore alwaya mindere if

and how much the Mere surface curvature inter-

The

rva

	centrifre al forces due to rem local

cuture of the atreamlines are balanced by pres-

sure gradients are build up between suction and

presrere sides of a blede channel. Mt if a Fas

Jet is infected into that ereilibrimi flow, witt

a momentum the la not that of tfa mar. flow,

fachisedes force type forces are reduced in the

Mad.

If these force:: have the effect cr - detach-

ing tbe cooling film taco the blare talls, a

netUral correction type motire arre teae place ir

the Share creme]. Mas results In an increase

ofthe turbulence level of the flab and decreases

the cooling efficrenre of the firet, due to a

rapid mixam cf this fire with the main flow.

On the other hand, if the:a buchimodes type

forces tend to maintain a long time the film

along the wall,•the Cooling efficiency may be

Increased, ant it ball become capita to Mal a

reedeu	wall than a straight one.

Is order tc diatreguish between the favor-

able and the imfavorehle effects of creature on

the cooling efficiency' of a gas file, comparative

experiments have to be nsde, in which the major

par deters are maintadned at sane values.

Mae paper prevents the results obtained

fn euCh tests. the Main experinents were per-

formed on a curved fainnel Sat Is a Mg scale

reproductionof a high deflection, high hach

miter turbree blade channel. Theoretical calm-

latire of the flop field in this cureed channel

has. Stare 

theha

tt the velocityt renains almost cOn-

stant on	pressure side. Therefore, compari-

son of film cooling efficien on the presume

sfdc nf the turbine blade has

cy

 to take as referense

tan Constant pressure flow along a flat plate.

On the contrary, along the suction rede of

the curved clannel, tre rem is eccelerated on

the first half of the Mahe hall and a decelera-

tion trees place on the second half. A sinflar,

thresh Slightly- different Pressure field. was

buret up afore a flat plate by neans of a cen-

toed opposite wall that reduces pressure gradi-

ents: however, the comparison of the cooling per-

fel-lances of the film along a flat plate (ra

CUreature effectre and a rented wall is mesa

difficult.

DUe to the complexity of the aerotheino-

reareical proccrees of film cooling	p sim-

plified theoretreal analysis haa bore made, In

order to define the fundamental pernmeters of

sirelarety, and also the	

y-

conditions sereasre

for comparison of the efficienc Of a cooling

film along a at plate and along a =lee wall.

The first results of such a COMparison are given

A

COOLIKU

SINT:SPIED ArellaIS 05 frereAdare EMESTS ON f

 eitht

renseratatfal :mations

In the Usual case of the cooling of a gas

turbine blade, the mass flow of the Min IS always

very- small compared tc the nain 

To

 flow. This

main flow is, therefore. only Slightly direurbed;

tars, the pressure field elora the blade red the

Pressure gradients Ore be takenav those on the

Undfsturbed flow. Cooling Myr injection re made

in the asinfty cf the hrecie leading edge et a

point Mere the blade wall boundary - layer is stiff

rear and the pressure distribution that will be

treen into acciant in that of an tarots/a : anal flew.

Since	the experiments deseribed in the follow-

of
uere perfOrmed on a nen-rotating charael. the

theoretical apiaorelarell also neglect the effect

of the forms dre to rottion.

In the local reference frameS centered at

the center of rearatihre of' a Streamline the

axis being tangent to this strrerkine, the momerare

equations tree the following forms:

Ur:seri - lad tamper f fa:enthuse: rad gra ha

2
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NONMOOIPTURE

To= osTreen mass concentration in main

flow ) inlet conditions
oxygen ease concentration near the

weyg 
total  entpressure coeffici

e = characteristiC length for heat conduc-

tion

8 - gravity

h = Iret of Main flow
ha = height of film

1 = length to be protected
m - mass flow rate ratio

rf = Arehamedes force

(Far)o = nrohireedeS force at film injection
Section

?No - Archimedes force for natural convection

= total preSSUre
pc = Pranatl number of tho film

r = radiUs. radios of curvature
2,e Reynolds =ler

s - width of the slot

tion )

M c = adiabatic wall temperature

t	wall temperature

_8 moan temperature of main flow

T c taky moan temperature

T o - Main :low Inlet temperature
Too = film in/et temperature

X = velocity of main flog

	

Ve	veloeity

	

x	abSCASSa

Greek letters
n flow)

or = deflection of a streamline
density difference reatural enweetren:

difference

yeetion:
X film cooling efficiency

concentration nastuad efficienca-

f = geometrical reduced abscieea

	

C	aerodynes:real reduced abscissa

N - temperature ratio

A = thermal cOniUetrelny

Archimeies force ratio to dynamic force

s main flop- density

= film density

- -T

Where )), is the velocity, p is the pressure, and

P is the density of the undisturbed f ow ang•

re the aerothermodynanic tern of the

cooling film in its injection section velocity

reaj , density pc , are different frac: IT se of tre

main flew, the local equilibria-) conditions be-

Come ( 21

2)

where /0 is the eddy viscosity of the file.

if there is no flow separation near the

blade wall, the streamlines and ouryature radii

aro these of the andistwired flow, and these

latter are these of the blade wall its

th

elf.

The seem) equation TT shosre at there

exists a buoyancy effect, noncol to the etreart

linen

v z „ V
= _

and the

e

n of direct:0n of this tarust depends on the

si 

are positive values Of this Archimedes type

force, the film is pushed toward a concave wall

and is detached from a ceoarex wall. rer negative

values of equation reg. the effects are inverSed.

Near the ire)ection section, the initial 9P.

 of tale Archimedes force as
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(10)

Firm

Curved wall rie

is the difference between the temperature of the

Plate-heated gaseS and the ambient anaPenaattne

undisturbed
	 this natural convection force can be written

where

el

r Radius of

curvature

Center of

curvature

reales enta ti ea of 2 Mils

Table 1 gives the Correspondence between the
various terns of the frchimeleS f orce in the fills.
coeling process along a curved wail and in natural
convection phenomena: Trcla 2 gives some further
paraMeter3 don the comparison of the film cooling

process and the natural convection process.

Zt appears in Table 2 that the Archimedes

force in the film feeling orpoess is some 7.10 2

time larger than the one in the natural convea-

tion peoceSs. But natural convection effects
extend ocur lengths of several meters and some-

times tens. hundreds of meters, wheen film cooling

acts orcly on lercths of a fewCentimeters. {The

Chord Of a hut ice blade is maybe 4 CM.) The
sl	residence time of the cooling film will be

ratio of the mass flow rates in the film and in

the main flow appears to be ore of the farcalzental
parameters of film coaling. Pau a perfect gas,

( rnd, can also be written

C —

I
33 /D 4/D,

3zsc

'7'

and during this time , the radial displacementof
a cooling film particle will be

where - ani T o Are the temperatures of the main
no and of the film.

Comparigon of the silm Cooling Prove... and the
etarcal Convection 'recess 

It is interesting to compare the Archimedes
force that appears near a filmscco/ed Wall with

the natural convection phenomenon JO. Near a

horizontal heated wall, there exists in the gas
a thrust

= c“1

of [ere g is the gravity and Cp. the difference of

density between the und is torte)) tic and the pl at
heated air. since in a constant pressure medium

91

dP

WiLere

(12)

It can be seen on the expressions 17) of
the As f orce and Ill; of the r

	

rchimede	 esidence

time that this displacement does Pot depend on
the actual value of the velocity, but on the param-

eter, m, and on blade geometry en/y. the relative
displacement of the particle

	4t _ 	ve _	v 
?; 7Z -7- -	)

Is function of the ratio of the blade chord to the

ml laxity	 recess
Since a complete theoretical analysis of

the ftliz cooling process is not available. the
following elementary description i reCased.
Only flat plates aroconsidered, since similarity
Parameters unit , are researched ( rig. 2).

Neat transfer between the main flow and

the film and between the film and the wall is

4
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Fs: Inters re F ian Cooling

4.locity of the rain fa.

alas of cars...Sure of the

blade,

Table 1 Coypu:son betweenlily! Cooling. ma

Natural Convect:DTI

ram cocaina.	Natural convection

pV2

Temperature

difference

erothernosIgnsirtal

Cooling ai

V
2to a a To' sincou

hime e force

V

- T

Gras ity

.ratio os tna Erehlareaez for

E a 9.81 ii,csee 2

I ns `2.5

6

governedby equations of the type

'2■ 

= d12'

LIZ

where '	is the eddy heat-transfer co

assumed to take the same value in the

I q I

Pest is

main flow,

toward Infinity where

one obtains

in the vIcinity of the film, and in the Ma It- f
self.	If both eduatione	Cla) are In egrated frou C' 4 -	A/ LI
the blade surface, whore

0

A
where Is and la c are the respective keignts of the

main flaw and of the film, ay' 7 and 22i o are the

5
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V

In/am/Ion
section

M F

main Mass flow. Then for a give experimental

setup, fOr which the main mass flow is constant,

the following similarity paeters can be used

Undisturbed	 1 The mass flow rate 

ram

ratio elopes}, defined
flew

v

2 The temperature ratio

Ivy. 2 Schematic metres entszlon of a MI

-I flat plate

5 The product of main flow PopnO/de "umber

by Srandt1 =Der

corresponding mum temperatures, the latter one

being Very caves tO the l temperature. ince

temperature gradient (0T/a

wal

a)_ at the film bo

S

undary

can be assumed to be proportional to the tempera-

.'alre difference

116)

where e is some cars°

obtains	

h

(f4 ak■

or"	— (71,- ttj	t- p

weJ	
(17)

where a is the ratio of film mass flow to the

p Pie Gk YZ'YLe'

The distance from injection section

divided by the film height and the mass

flow rate ratio

and since the TM NOSS flow is always a Mall

fraction of the main flow, a V 0, the following

equation gimes an approximate exproSSiOn of the

0 I d 11 temperature as fumction of the non-

=	-	) fr	(MI

ene:n . then one

6
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Pie U Pumumeasional adios of cirvature of a

V ig •	pcfcretmc flat plate f or film coolfri=

Efficiency of the Film Cooling PieceSs
Usually, the efficiency of the film cooling

process is defined by

where:

To = adiabatic temperature of the Wall

Without film cooling
Tv . actual wall teMperature aca" To
co = temperature of the film in inlet condi-

tiOns.

From equation (10), the film cooling effi-

°Senn takes the following approximate Va

2 7 ? a:47g )

in which the role of thevarious luniivensional

parameters der Sued in the foregoing appears clear-

E)TERINENUTL REXUARCH

Test hacilities and EqUipMent

The experimental study of theeffect of
blade surf ace curvature on tne cooling efficiency

of thin films has been performed , :a I on a curved

channel representing a turbine blade channel, and

(197

7
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a„  W-41P---111

• Compu••• Oppoble tau

P r ssssss tde

MI6. 6 Suction sive and Pr Ernie Side prensurn
distrinetiotz on ihe nulls 7 a coved wa

ll 

an:
on = fidt ;late with eontua ed oppoSIte wal/ (M 0

= 0.40)

Tic.	Suction side and pr satire side prescurc
dIstrib b tfons on the midis of a Curved ChttWel
and on a flit  pldle with co toured DICTOSIte wall
(no t

lb) on a reference flat plate along which similar
pressure pradients Were iMWOSet.

The curved channel frig. a) represents, at
a larger scale, the nhe actual blade channel corre-
sponding Go an cralyticilly defined hh def/eC-

tion, nigh rani. miter tUrbine binding
ig

 14).
The evolution of the nondimensional radiUs

Of curvature r//, where is the length measured
along the Wan between the film-injections ection
and the trailing edge is plotted in Fig. 4 as a
function of the nondimenslonal abscissa, 6 = hve,
Where the origin of M in also at. tbe injectlon
section.

A leading edge has been conserved both for
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Tkale

Conditions:

tie-coded

3	Aerothermodynanic Parameters

lust Ins elude Far,. and

Curved f kennel and

Thrtine

Curved

of a gyp', al

Tabora pry

Plat plate

Laboratory tests

C	nnel	plat Plate

floes Main Maar. ils	Mein 14 lam

Gat Burned

gases

Air Air Nitrogen Air Nitrogen

Tel p era te

(ded d)

625 300 6e5 300

13 20 2 2

Ceti)

Floe cats

terint -sec)

1300 8.66
to

240 2L0 240 d.40

to

2400 460

Mee, flow rate

rate rata	0.6 to 2

Chord aerie ds

1 to 2	 1 to 2

nicker	 10
6

14 2.1m Rrynol s

a to 3 10

10	 1 66

1 to a al it	41 to 3 10

ley el ta sy	 3S

the uctior	 f the curved

channel and the Well boundare layer is Sucked

Out through slots upstream of hese leading edges

in order to establish along the test section Con-

datiOnS similar to those On an actual blaae. The

norelnensional distance between leading edge

and film Injection section is: (I) 1 = eaf42 =

0.15 for the presedre else au.] (k) $ 4. • :flee -

0.22 for the suction slte.

in apaean	,& ide Wall channel, she wall OPPo -

ite to the t plate It either straight, and

gives then a constant pressure flow or contoured

in order to along the flat plate a given

Pressure distribut

indsce

 ion.

Figs. 6 and 7 Compare the pressure

tionS obtained on the curved channel pressure

and Suction sides to the pressured istributions

realized on the flat plate in the corresponding

conditions and also be the	 distributions

ulCalcated by Means of a direct

pressure

eiMerical method.

At the relatively low inlet Nacn number, Mo =

0. 240 (Fig. 61. computed and measured values are

close together: the maximum measured suction aide

Mach number is	- 0.71 for a predicted maximum

Mach number (12m)th 3 0.66 and the contoured oPPO-

Site Wall dives a correct pressure distribution

along the flat plate: on the pressure side, a

nearly unifOgn Mach further M = 0.33 is measured

and computed.

At the higher Mach number g o - 0.53 (fig•

7), corresponding to Mere realistic turbine data,

transonic operation appears on the suction side,

thoish the computed pressure distribution On Sure

tion side shows only a high subsonic maximum Ma

xp	

sh

T (Mo leh 0.915, eerimental pressure

measurements short a local supersonic region with

a maximum Mach nigger, ?It 1 4 07, teurinated by

a shock wave. In this case, thepressure distri-

bution obtained on the flat plate With the con-

toured opposite wall is continuously decreasing

with a supersonic Outlet; no experiment: were

9
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and Blade ea:mature an Film Aio 

Sidle         

1	Film separation

If me She mall

Film ;swan:

2	palm smashed P la	eo	o
from

slot r hr ugh a series of hol a

performed on the flat plate With a throttled Out-

let.The pressure side Mach number is again nearly
eon tart and e ual to„ 0 a

Fain Flow and Cooling Sas. The Main flow

is a heat exchanger heated sir at T c = 623 IS ana
at a pressure of approximately 2 Ott; the cooling
gas is nitrogen at room temperature and a slightly

higher pro SSUre. Injection of the cooling gas is
made either to a slot or throtkall series of holes.

The slot has a	1 ran Width, and intectIOn
angle of the filv is 30 leg: tha inteattOn holes

t sib rated on three a	ant ro s a on;

an alternative pattern; each hole has a 1 lam

tie.and the overall flow passage is equivalent

to a 1.13-rom slot.

The Twin flow, the bypass ea boundary -laawr

flow, and the coolant flow aro sopaiwtely meas-
ured by means of Sonic throat flow meters. Tem-

rwrature of the main flow is measured upstream

of the test Channei, t emperature of the coolant

flow IS measured tat- pstream of the inlection
ti

GaS Sampling. Series of flux miateux mre
uted along the channel walls and alao along the
flat plate; they give :he local heat-transf er co-
efficient and the equilibrium will temperature,
that In the case of nomf ilm inJection Is the

adiabatic	temperature.

:..a .en, and they can 1160 re ased f or boundary-

tiger gas sampling , These A e 0. 4 -Tm-dia pressure

taps, and for gas sampling, the boandara liawr Is

exhausted by mains of a yaculIm pump and an oxygen
analawric gives di r--tly the nwag=s1 content of the
gas laser near the wall.

Film coollr; efficiency Is clef :net either

by means of temweiTtire measurements, equation

10
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amen of am..

co

practically the same efficiency than injection

through a ado" F". 10 shows also the hegligible

effect of Mach number on cooling elflclen" (the

experiments were herforoc" at a constant value

of the "lin floe miss flow rate), though, as hat

been shown (Fig. 61, there Cs ts for the lower

ant which is obtained on fine	part of tho

plat", when at Id u 0.5.5 (Fig. 7),rear the pressure

gradient is negalive all along "Is pl.te, One

concludes, therefore, that the ilayocible ef feet

of negative preesore gradient oh the flin over-

compensate- the eine", of the "verse paessore

gradient due to flow deeeleration.

Flom Coal!" Efficiency on Presed - e SiOe.

The "meta" preseore distribution "osier!" oh

the channel pressure aide should give results

similar to those "stained on the flat hwate with

straight ephosite	(constant. pressure flow).

Fig. 11 congares the film cooling of eiciencY

as function of reduced abscissa, F =	on the

flat plate and on the presaure silo on the curved

channel:

The film in	 a nice gives at

sass flow mole ratio

jected

 = 2,

th-mogh

 at] efficiency higher

discrete Jets that gives ,applementary pressure

losses. It is thought however, that at higher

"aloes of the class floe rate eatio, re the "r-

etell" of the I "in on the constanz isneciti.oe zudhoed

sorfaee [nigh: be hig-hen than on the flat plata.

even ohen the fil" is in lectec through a "del ea

of holes. but shah an operation may not be reallt-

tic I" "Small toweine blaie dressure tide protem-

MI film blade "poor"	coms ant pressure c dived

so-lace coop.red to that on a fl't plate (Pig. 12 ).

Ft" Cooling Efficiency on Suction Sloe.

gramient on the first half of tne curs" channel'

the Psuction side 1 proves the el I icrency of	ion

(Fig. 1"). Hem et LO,	exceched -rangy an- to

"las flo. raeos, OCOCOrd:Ilg to Table b, oat not op-

tained experimentally: The "In cooling off 1clency

on the auction side cd the curved ehaneel higher

to" on a flat plate in a constant Imes...fee C -102,

the rim" " are cool v, leat on . flat e

constant 'mess.," eJs lea surface rf , .r the le"-	 Pressure and Tempe:at," Prof iyes Near the

ing edge, at	= I, the fila	 effiefe"7

In the =experiments eith injett OO through tozal terFerature inelaurements .ere mod- near the

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/G

T
/p

ro
c
e
e
d
in

g
s
-p

d
f/G

T
1
9
7
4
/7

9
7
9
5
/V

0
1
B

T
0
2
A

0
7
3
/2

3
9
1
6
7
4
/v

0
1
b
t0

2
a
0

7
3

-7
4
-g

t-1
5
6

.p
d
f b

y
 g

u
e

s
t o

n
 2

1
 A

u
g
u

s
t 2

0
2
2
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• sim

u the teiperatu	 e and nix-

(SOE

daises absa Pir a' Xis = and linther downstrear

= El

nit. Is g	 a

the -all

72-- 77 2    

rr4

p i a stain flo, totil Imes: e

	

Tye =	tot -	craire

	gr_pare =	 pressure os 151.

aere y ts measure:I nornal to the Imal. The

dif Percnce in pressure los: alnen slot or holes

on the diagram nnt ex-

plains the corresponding loss in efficiency. Since

the effect of :In:action pressure losses decreases

fa- thca deenatreara (Flg. 15), the inference uf

ef luiency between film lniecteS through a slot and

_inn Injected threigh series or holes decrease:

It Lb interesting to notice that the afore-

del Inet parameter. C hr Lis proportional to the

frochtnedes f orce

(Onthe wall Itself iaram= ter 0 1: efitiyalent to

I rim cooling effeeienrar•) The Change in	 ne of

acrcay o; Eh= temperature profile 

rayed

 phe w alue

of	shows thc fundamental :Ole played sir this

PONCEUDING REMARKS

comparinon of film cooltng effretenCy on a

fiat plate, with or without pressure grettenba,

and on a cureret surface (prerrsulte or auction :Mle

of a 'steam channel) shows

1 Cooling efIlniencer of a slot-inJected

film on nearly constant Pre:3312e Efdg of the Chan-

nal is equrvarunt at :moderate lease slo: rate ratio

n = 1.5 to the effeClenre an a constant pressure

flat paste, it econe• :setter the.. on a flat ;late

higbur Tam, floe rat tos (n = 2) and less good

at aurel value:. of it (0	1).Ef ficrency or r

injected throu6h	series of holes Is ;lightly

less good.

mach mutter variation Jena net affect the

IS
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officlerwy of the film-

pressure sido, a

pal-me (M, = 0.40) least.

th- moderate subsonic

PrERE NC

efficiency of A film inPectco theouCh a seriss of

holes is less than the efficiency of ths film is-

Dante.) tim ouTh a t expel iments perfoned
constant main Clem).

slo

On the auccion side of ths channel, the

efficiency of the Nam Is alpays better than on a

constant pressure flat plate. This efficrensy

in not diminishsd by A positice pressure grad -Lana

near tho tciihing edge.

a Partneri., J. F., Bikebak, 0. 3.. TuaMckeTt o

"Velocaty Distrioution, Tempe store

Distribution ens Belt iron:for for "ir Injected

Th"eogh a Tangential slot In a To"chlena Bouninry

yer " Mourns or He t Transfer, Aug. 19.31.

(chapter ill(, McGraw Hill, Neu Yo-e, 1968.

As s concluafon, ft can be stated that muses--	4 Nouird, R,, ins Kapadymas, 4.. Cats:Loom,

— de cnvs Profile Joie Aldettes ii TUrciou, Re taeate amouriis of cool P's:. Our, give a correct Sompel

atIre protection of curved walls such as tiraine	Yruncsiss uts AlTounisiens, 35, 1yrD.

bride pressure J1 5 stftion s the). , Jr w ,al -d es tg le i
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