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Analysis of 1 uations governing the equilibrium conditions of a cool gas
injected along a Irve wall Iin a at reai ws that Archimedes
forces may either increase or decre: the conling efficien f ‘

ing to the value of the mass flow rate ra the temperature ratio of the flows ar
the sign of the curvature of the wall. Experiments have been pe :d to ver
these predi Ns: 1N the 158 ( 1 e W ] ¢ rely hi nas: A
rate ratios, a gain in performar 1. yeen obtained, ympared 10 ¢ C 0t
pressure flat plate; in the case of a wex wall, the ling effictency the fin
is less than that of a film or a plale with the same pressure gradiert, although it

is still higher, for the same mass flow ratio than the efficiercy of a filrn on a <«
stant pressure plate
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Curvature Effects on a Turbine Blade

Cooling Film

J. NICOLAS A. LE MEUR

TRTROTICTION

whenover furbine bZade cooling by mesns of
a £fs T11m is gonsidered, one always wonders {7
ard how muich the wlade surfasee curvature intep-
Teres ~Llth the ofiiclency of Lhe preocesa.

The centrifugal forges due bo the local

curvature of the totreamines are balaneed by pres-

gure gradifernts that Huild up betyeen sactleon and
oressure slides of a hlade channel. Put if a gas
Jeft ds Infected Into this equilibrivm flow, with
g nerentur: thabk it oot that of the malr Mow,
sronlmedes ferne bybe Sorees are induced In the
slueid,

If these forces ave the erffect of detach-
ing the cooling 1lm fram the blade walls, a
negsural ecrveclion type moddion may take plaece 2o
the blade chamel, This results an an iherease
of the turbuylence lovel of the flew and decroases
the coollpe effipreney of the £11m, dize to a
rapid mixfepg ef £his f23m with the main flow,

An the othar hand, 17 those hrehimedes tFrpe
roreas dend bto maintiin a long time the film
aloeng tha wall, the cooling efficsiency may be
inoreased, and it will boaceme cczive to coel o
cuMed wall than g straZeht one.

Iw order te distinguisgh between tha favor-
able and the unfaverable effects of curvature on
the coboling effieliengy of o gas f1lm, compaorative
experinents hawve 4o be nade, in which the major
parameters are rmaintained at sape values,

This paper presents the results obtained
2n sueh tests. The main expoyimentt were per-
rormeld on g curvad channel Shat {5 o oz seale
=eproduction of a high deflection, high Maeh
numper Surbking blade charnel. Theceretical ealoen-
lation of tha flew field in this ewrved channel
has shown that the veloclty remaing alwost con-
stant on the prezsure side. Therefore, compapri-
son of fily cooling effleiency on the pressuro

zide of the turbine Hlade has to take as referenqe

the constant wressure flow aleng a flat plate,
21 the contrarvy, alcng the sweflon side of

the curved cheannel, the flow 1e secelsrated on

the first hal® of the Blade wall and a decelera-

tion tares placa cn the sacomd half. & sim’lar,

though slightly fifferent pressure field, was
bullt up aleng a “lat plate by means of 3 con-
toured opposite wall that jnduces pressors gradi-
erts; howevar, the compariaon of %he conling per-
formanees of the film aleng 3 flat plate (no
curvature effects! and a eymed wall i= moro
difficult.

Due to the complexity of the asrothermo-
dyrarteal proceszes of f1lm cooling :l},l 2 sim-
plified theoreticsl anamlyais has boon made, In
ozdger to define the fundatental parameters of
simflaplty, and alse the condiltions =ecessarTy
for comparlgon ¢f the effieclency of a coocling
silm alonsz a fiat plate and along a surved wall.
Tea Firgt =esults of suelk a ¢omparicon are gliren
he»ng,

A SJTMPFLTITIED
CAOLING FIZM

AKATINETIS OF CIRAVATIMG EIFESTS DN &

congervation

In tha wsual cage of the cooldiwy: of a
turbine bladae, the masz rlew of the ©ilp Iz
very small compared to {he main mmas Mlow. This
main flow ia, therefore, only slizhtly 44zsvobad;
fhms, the pressure field alone the blade apd the
pressure gradients can be taken as thoze of the
undsturhed Tlov.  Cooling air injection is made
in the viein’ty ef She blode loading edge 2t a
point where the blade wall boundary layer §s5 shil
thin and the pressure fistribution thet will be
taken Into account 1s that of an irretaticnal rrle
Z2lnee all the sxseriments deseribed in the follow
ing wers porfurmed cn a nos-rotating channel, the
theoretical appreoach will also neglect t-e offact
of <he forces dug to rotatiorn.

In the le2al referance framces centarod =t
the cernter of curvaturs of a streamline, the x

Truaticrns

gas

=)
zz0z ¥

alwagr
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axiz beirg tazgent te this streanline, the momentun

aquations %ake the following forms

1 Tnierlined nuTler: In pofentheses designabe

Azierancos gl e<d of puper,



WOMEHC LA TURE

Tg = oxygen mass goncéntration 1w main
Zlow livlet ecnditicns)

I = CHFLEeT MASE sonsartration near fhe
Hall
¢. -- total pressure coefficient

= gharacteristic length for heat condue-
waon
g = graviky
h = helght of main flow
hp = height of f11m
1 = 1length te he protectad
¥ - razs flow rate ratioc
p - DressUre
Tp = hrehimedes foree
{Fsle = Archimedes roreo at film injection
gecstion
e - Archimedes force Jor naturzl convestion
F; = ftotal pressurse
P = Pranitl numter of the film
r = radius, radius of cuwrvature
He Heyolds nmamber
& - wrdth of the =zlot
T = temperature of main flow
1 wof wall temperature [natural conven-
tion!
T. = adishatie wall btemperature
Te = f12m temperature

- wall temperatae
moan terperature of main Slow
Ta - film xean temperatvre
Tg = main Moy 1nlet femperaturs
Tep = fllm inlet temperature
Vo= wveloelty of meln ©low
c 'ilm weloelty
x - abseizza
o orlinate

Lreek letters

4 . mass Clow retle (fiimmain flow’
Ar = deflection of 2 strearline
Ap . density difference ‘natural econvection]
M = temperature difference {natural cone-
vectiond
7 - fiim pooling efficiency
Ty = tongentration weasured efficlency
= peometrical »educed aboelsca
agrodynamical reduced abseissa
= Lemperature ratic
= thermal conductivity
eddy visoosity
tranimedas Toree Tatio to dinamic foroce
maln flow density
= Z11lm density

&5 = Ek'ﬂ R N R
S .

v EY | m

§ i e (1)
¢¥ o -
:'l -EL

where ¥ 15 the velocity, p 1s the pressura, and
g is the density of the uwndisturbed flow (Hig.
1.

r# the aercthermodimamic parsmeters ol the
conling f1lm in Its Infeeftion gactlion, wvelcolby
1r;, dengity pg,, are fifferent from thegs off the
main floy, the local equilibriwm conditions be-
gome (2]

e . &) "'u-b.': 1.’2
Vlﬁ}‘ll»":,_ ‘;’..-l;r ""'_Er. e j ';? JI!J':}' E - fﬂ' E1 }
?@ g,;} - P : {2
v el . et eV
i“'_ L _;.;‘.‘x 3 LY

where |, 1s the eddy viscopity of the film,
Tf tha»e 15 no flow separotion near the
blade wall, the streamlines snd ourvaturs radiil

arn Shese of She undistorkoed £low, snd theds
latter are those off the blade wall it=elf.

The second equaticn (7)) shows that thera
exictz a huoyaney effect, normal to the stream-
lines;

|
e
v
%
-
“'u
=
n
)
Lo
S
LH

and the d7rection of this thrust depends on the
gizn of

fI,"E
-
o = 4
¢V

wor posltive values of this frchimades Sype
forea, She f11m 1s pushed towerd 2 cencave wall
and iz detached from = ¢corvex wall,
values of equation 41, the cffects are inversed.

Fear the infestion sectlon, the inftisl
value of the Asrghimedes foree ig

S0 negative
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Undistyrbed

Curved wall _/

r: Radius of
curvayyre

Canter of
curvature

Fig. I Scherstie pepresentablon of 2 M1l along
a2 oearved wall
N o
Vi o.p '
(F)- S (» L -
VRS, £ Fe
"
Whera & K
= <o
i r ‘6]

ratic off the mass flow rates 1in the f1lm and in
the main flow appears be be one of the foedamental
pararefers of rilm cooling., Mor a perfeact gas,
(Tsl, can alse be weitten

LT

-7
A
% ¥ ._2_ T

where © and T, #re Lhe temperaturea of the main
2o awd af the £1lm.

Corpap] fon of the ;idlm Cogling Proceas
Eatural Convestion “roceess

1% is interaztine te compare the Archimsdez
rores that appears wear a filr-¢ogled wall =ith
the nataral convection phencmencn {J), Near a
lierizontal heated wall, there exists in the fas
a thru=zt

and the

[

whiere g is the gravity and Ap, the difference of
dansity befween the undisSurbed ais and the plate
heatpd alr, 3ince In a corghont pressure pmedium

[a)

el
utiere

is the difference betwesn the temperature of the
plate-heated gases and the ambisnt teamperatyre,
thiz natural convection foree can he written

s
-7 (101

Table 1 gives the correspondence betweon the
varlous terms of the hpehimedes forga Iin the £21n
aodling progess along a curved wall amnd in rmbura
comréction phenemanga; Toble 2 gives some further
poTameters Tor the comparizun of the f1lw cooling
precefs ahd the sotural ¢onvection process,

_t appesrs in Takle E that the Amhimgde:_ﬂ
fores in the filn cooling proggss is some 7,107
timas largeér than the one in the natweal conves-
tien procoss.  Fub natural convection effncts
extend over lengths of =evaral neters and some-
times tons., hundreds of meters, when rilm cooling

acts ordy on lengths af a few centimsterz. {The
chord of a turbiins blade iy maybe 4 om.) The
reziderge tire of the copling f1im will he
- _‘f . Bty e 111
I 25

and during this time, the radial displacement of
¢ oodling fi1lm particles will be

e
= A5 mm

M= e
i (129

ol g

It gan be zean on the axpresgions (7] of
the Archimedes force and (11} of" the residance
time that this digplacement does @t fepend on
the acfual value of the velecity, but on the parang
eter, m, and on blade gecmetry only, the relativeg
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displagenant of the particle g
o

R

. - conn E

8r_ B ont_(fRaT-T  UnE

N

is Muinetioen of the ratic of the blade chord to the
radius of' purvature.

Gimilarity Farameters of the piln Soclf Frocess
dirce o complete theoretical analysiz of
the f21m cocling process 1s wob avallable, the
following eleamentary degeription is propused,
Cnly Clat plates are congtdered, sines slmilamtyr
pargmetery only are researched (ME. 2.
ITaat trangfer betwesn the main flow and
the film and betwasn the F1Im and the wall is



Tuble | Cormparisond hetwesn Flln Ocaling anid
Watural Ceonvesklion

Pillm coolline Naotural cenvectlon
. 2 F _ | T
Force pve n°T,-T P T'-T
T
T g
Gravity ¥ g
v g =
r 3
Temperatucs m Tu_T T! = T g
differarnee é
%
8
3
Terle 2 Typical Valass of AzrothermodynsTmiodl §
Farameter: N Flin Conlling i Hatuoad Cotiveoitan 3
)
Teloolty of the maln Tlow Vo= 235 mface %
3
Fadlus of curvsiure ol the re 0.95 1 g
Llades a
2
Goollme aix Mass flaw rato ratlas no= 2 §
©
2, L6 z =
Cenkrilugal aceelerntlcin VeSr o= 2107 pfmes ﬁ
] 5
Aarchimedes foroe By = E.Eilﬁ“ nfon 5 §
S
g
g
N
Temperature S48 erarce Tr-g = JE % g
. 3
- <
Baturel Grsvity € = 3.81 n/a=c g
cotlventian §
frchimcdes loccd Py = 245 Ko 3
[¥] 6 4‘1‘
Huaklo of thoe Archimedesz forcas Pf""PH" = li é
i g
b
governed by equations of the type boward infinityr where aesin i
>
i =
e BT rr - a
L} —_ T N
f} F"_ ?X /13 2 =;|} = E
: f14) 7
AL X
- T
#f o oche cbhialns
whers > 1s the addy heat-transfer coefficient is - SoaTh
. ;i B
azsumed Yo GSoke the sama valus in the main flow, I L ‘;_- = — A r ,_.-If
in the vielrdty of the film, and in the film 1t- forT {13
K3 r P
self. If beoth equaticns (14} are InStesrsted oo L FG L _‘;_'-': - /I,f ‘_i"" ;I
the Blade surfaeca, whare fe = F Py L e
?“7; - o waers h and h, are the respeetive heirkts of the
¥ main £1oW snd of the film, arl T and Ty are the



! Undisturbed
. S h flow

Inject|on
sectlan 4
",

Py

Fig, £ Schemrtilo repressmbicion of a Mlm 2)long
4 rlat plate

corrgspotding main temperatures, the latter one
being very clese Lo $he wall temparatura. Since
temperature sradient (97/9x). at the filn boyndary
2an be azgumed to bo propnrtional to the tempera-
wure differones

Jar - L -
i .! = T _ e (157
- rﬁ}' A .

where g 15 some charapteristic length., Shen one
chtaing

. .-'r freo)d X
7 - T+ T, — (T~ TEJE’-Xfl‘f;Eer,‘; %/
4 [17]

where 2 1z the patie of f1lm mass floW £o the

Tharmocouphies For Mast Flux smd
Equulhrlum Tempergtura Méssurements

Hokes For Film
In|eckion Fllm

Injectren

.

'
To Boundery
Layer Exhsuxt'

Edulvakenl
Cascade ImiM__ -1

Maln Flow & T-E25H

o A Coalant Flow
T2 300K

TaBoundary
Layer Eahaust

main masg {low, Then foxr 3 glven erperimental
getup, for which the main mass flow 18 constant,
the foellowing simllarity paramebara can be used:

1 The mass flow rote ratic already defined

e Lol
i ¥

2 The temperature ratio

-

Al

# The product of main [low Roynolds ~umbe
by Zrandt] mmbaor

it B

AP 1R as . plee
g A A

4 rhe distarce from infection zection
dividaed by the f1im height snd the moas
riow rate ratic

G nZ

and ginde the film mass flew 1s alWways 2 #mall

fraction of the main flow, o ¥ 0, the following
equation givos an approximate expression of the
ceoled Wwall temperature zs fuetion of the ron-
dimenslicnal parameters definsd Iin the foregoing.

A

it

Lo (%) e (},—%) (28)

Pragsurs Taps ang

. -'T G4 S-Dmpllnp_

i

Equivatent
"Cak ade outlen
% Ll

Throltls

M. § Curved chinasl er film cpollidE exzerlnents
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Prossury Side Suclign Slde

k=1 lon
ctlon

bl

X 7S [, | a8 Q 0j2s [ 1Mk 1|
Plg, 4 Nondlmenzionil radlus of cunvature of &
typreal turbine blage [4)
e § e . -
R = -
Main Flow Contourad Oppokite Wall
-__,-"
- g )
FAmm _ . . _\aAmm ! "

Nnil!. For

Film Injgcthan 1Throltia
Cooa |

1 SSS

[ Lr Al Thermeocouples
I + For Hawt Flux and Equilitwium

Tamparalure MEdduloments
Cogianl Flow

Hitrogan T, -300K Tast Flal Flate

¥lg, & HAefcerenec rflat plate for £i1T coolling
expeninente

Efficlencsy of fhe Pilm Cooline Frocess ciency takes the following approximate valye
Usually, the efficlevwcy of the fllm ccoling rf; )

precege 1s defined by ™ Ee -
R i G
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Hi<Je X
7 (19}
j = _2 W in which the rele of the various nondimensional
T T parsmeters defined in the foregolwng apoears clear-
whera: 1v.
Ty = adishatic temperature of the wall EXFERIMENT T EESELRCH
without fiim cooling
Ty = astual wall bemperature (T, T, Pest Facilities and Equdpment
T,p = temperature of tha film in inlat condi- The experimental study of the effect of
tiens. blade surfaco ¢urvature on the cooling efficisncy
of thin films has besn performed: (a) on a curved
From aquaticon (18), the film eocling effi- channel representing a turbire blade shannel, and

2



tMmby =0 &6

- - . v - uITT . _
Im Compuied Prassyrs Digirihulngn RAm

Curved Chaprel {_‘, Expafimema Prassurs Disdripution

Elar Piata m Contowred Cppoitin Wall

Pressura Sida Suctign Sidm
1

i
Reduced phacizaa l i

= =%-3
|

Aaduced abagiane
o5 X
1

Fig, & 3Buctlon slie and Eressure side pressuro
distrloatlens on the walls of 5 cuweved chosnel and
on & flal ;late with contuvared oppos)te wall l[['.'|':|
= 2.40)

o Gompuled Rresgure Dlotribution &3

Ly
Curvar Chann#l 5 4 Expesimental Prassurs Dl syt lon S
w
Fiz1 Plate & Contgurad Opgosils Wal o
F
o
3
o

. - ' -
Prassury Side & Saciign Sjpw
Reduged Abscissa ! Reduzed dbscissm |
—-— ! .
L a5 4 0.5 ¥
]
¥le. » 3uetlon side and pressure side LrESEure

distributions on the walle of a cubwved ahinnel
and ot 5 flzt plaks wlth conboured vbposste wall

(i, = 0,53)
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[B] or o ralerence flaft plate aleng whizh gimilar of curvature rif. whera £ 15 the lengte measured

pressure gradients vere imposed, along the wall between the Film-infection section
The gurved channel (Mg, 3} pepresents, &t and the trailing edge is plotted in g, 4 as a
a larger gcale, Lhe astuwal blade ghannel porTe- funetion of the nondimensional abaeissa, & = KAE
spording e an sealytiexily defined bigh derlec- whers the ordgin of % In zlsc ab the Injection
tion, nigh Mach nurber turbine bilaging (4], sastion.
The evolutiorn of the nendimensional radius 4 leadirng edge has been conserved both for



Table 3 fperothermodynamle Parameters of i Typleal
Fllm=Cnoled Turslne Bizde Flow and Laboratlory

Conditlons s

Turbine
Floss Main[ Film
Gas Burnod AlrT
Zaseas
Terperaturs 1500 oD
e Kb
Frecsue 13 20
[=tad
Figw rate 1300 G
fuu/me cnec) to
L0
Mz fiod Tate
ra<e ratio 0.6 ta 2
Chevd Feyudslds B
ek 2r lﬂu
Film Reynalds y
LG on 1 to 313
Tl e me s
levold L

the suotion and pressure mlic of the curvad
channel and the wall boundary layer 15 sucked

cut through slets upstresr of These leading edges
in order %o astablish along the tezt section ¢on-
ditiens similar %o those on an astumal biade. The
mwndimensional distance between leading edge

ard fiim Injectlem seetlon is: fay £, = wid€ =
©.15 [for the pressure side and {B) £ = xL/F =
3.22 for ths suetlon sidc, -

The referance flat olate (Mg, 5) 15 mounted
in a papsliel nide wall channel, Tha wall oppo-
site %o Lhe test plate 1z elthep stralght, and
gives then a constant pressure flow or eontoured
in erdey &g indace along the {lat plate a given
prossure distribution.

Figs, £ and T corpare the pressure distribu-
tiong obtalined on tha curved channal pressue
and suetion z#ides to the pregsiwwe distributions
regalized on the flat plate in the corrgsponding
cenditicns and alze to the pressure distribubicns
calculated by means of 8 direct qmeriecal method.

Curved Channel

curved Dhantwl and Flat Flate

Latoratory tests
Flat Flate

:~1air.[ Fllx | H:—:ﬂn[ Fllm

Alp | Nitrogen AlT{Nitreogen
Bz 300 bEs| 3o
2 z.3 2l e.3
240 24 24 240
ta =]
U0 : +50

b

1 ta 2 1L to 2
10” 1ok

. 'S 4

1 ta o 13 1 Lo 3 L0
] ks

Lt the relatively low inlet Wach rumbar, M, =
0,40 (=g, &), computad and meazured values are
cloge together: she maximm measurad swebion s5ide
Magh number is ¥, = 0.71 for a predicted mawimum
Mach Tmber (Ml = .60 and the contoured appo-
site wall gives a correct pregsure distribution
alorg the flat plate; on the pressure slde, &
faarly unlferm Mach nurkepr M = 0,33 1s meagured
and gomputed.

&t the higher Mach number M, = 0,53 {Pig.
71, eorrespordding to more realistic turbine data,
transenic opsration appears on the suction side,
thowe® fThe computed pregsure distribution en sus-
ticn side shows anly a high subgonic masimm Mach
mmter, {mn}th = 0.915, sxperimental pressurse
Deasiremants show a local supersoenic reglon with
a maximm Mach rmher, M, - 1.07, terminated Ly
a ghopk wave. In this cmse, the pressure distri-
tution obtained on the flat plate with the con-
toured opposite wall is sontinucusly decreasing
wWith a gupersonic sutlet; wnwo experimoants wers
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Tabic & LExpected Eilect
and 3lade Curvciure on

ol Méns #low Rase Ratlo
Fllw fiong & Curved WaZl

Maze flow Precaups Sdusion
rate ratle £ _ Blde 5Ll

1 -0.5 Film scparalion PLim pinoed
from She wall toiard the wall

1.5 o n: Archizeies torce

7 2 Frla puoshed FPile. zepa=ation

towipd the wall

Efficlancy

. ! _ ..
|l1]'l>mlbn-'l'l'rr1ugh a Slht

ur_; : '_GL'J;_L:%_TL_i’

fran the wall

w 0,8—=
u
[
_! —_—
)
-~
= -
w
Fm e a4
Injection Thraugh o Z4riac of Holes
. l — | ——
J— [ | |
o a8 =z 1
Raduced Abacissa

Flg. & Erfficlcncy of fide cooling an a eonshens

pressuoc “lyt platse,
sdot or through a seriles

performed on the flat plate with a throttled out-
let. The prassure side Mach mudier iz sgain noarly
constant and equal to ¥ = .44,

Main Meow and Cogling Gas, The main flow
1z a heat exchanger heated Air at Ty, = 623 K ang
gt a pressure of approximately 2 atm; the cooling
gas 18 rdfrogen at roor temperature and a slightly
bhiegher pregsure. InjJection of the eooling gaz is
rade either to g 8lot or through serles of holes.

The =lot has a_&- 1 mm width, and injectien
angla of the filw 1s 30 dep: Tha indection holag
are diztributed on three equidistant rows aleng
an alternative pattern; sach hele has a 1 mm
d4ia, and the overall rlow passsge is eguivalent
te a 1.13-mm slot.

The main Ilow, the bypresed boundary-layer
flow, and the coplant flov are separately meas-
uraed by means al' 2apfle Lhroat fiow meters.  Tem-
perasure al' the maln flaw I measured wpsiream

10

Filv. 1z 1njected throush =

of holes

ol the test chammel; tepperstlirc ol ths ceolant

riow 1i memsured Jist upstreatt of the infecsion
sectlan,

Wall Temperdaturse and Froggurs bMessurcmanls,
Gag Sdampling. Beries of flux meters are distrib-
uted alorg the channel walis 5itd also along the
flat plate; they give the Focol hest-transier co-
ei'flelient and the sguiilbrium wisil teppersture,
that in the caze of np=-rilr injeelion is the
adfabatle wall temperature.

Traooure Laph Zive thz Wall pressure dlo-
trivation, aad they ecan also 22 used Jor boundary-
layer gas sanpling. These are Q. %=nm-dilz pressure
taps, and f'or gs58 saxpling, the boupdssy layer is
exhausted by means of o vocuum Plap and an gxygean
analy=~r gives dirsatly the nxveen conbent of tpe
g% layer near the wall,

Fillm cogllng efficisney ls defined elther
by means of temperature messurcoenls, sguation
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m Siol Hame 1
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o *
a1 .
20 a0 a0 B0 WO 120 i
Flg. 9 Corrcistlen of L1k coollng =fficleney an

a gonstant rressace plate

T
1 - ' = - - '|' 1 —
08 ——==._ - "
0.8 a 07 . . I
o7 ay, E;u S, L .
0.6 oo el S =
~ L = jl :
a5 . N N . . ) . N . R
- T ' —_ - - [ . Cpnytant_
0.4 I PN R — x - - . e FImasure
+ M=040 Wal, 53 -
- m  5LO0F HOLES m  &SLOT HDLES
E .3 - —_—
E o n 1 d x
= R
“opg — & " - . L3 - A o -
2 & PR 7 -4 -
o1 W 1 _ .
e 50 = ifh 100
Roduced Abacizaa
Mgz, 10 Effleiency of '11m coollpe oo 2 Slzt

plate with a positive ane negatlve preasuse gradi-
et {:\10 = G, 47) or 2 puroly negatlve crossure

gradicng {Hu = 0.55}

{19), or rom the oxygen eoncenbratloa near the
Wall.

in the first case, correckbicons hove to he
made to take into aecounl the longltudipsl heat
conguelion; thils phenomencn 15 largely reduced by
uzlng hedat fiux meters 1lnstead of will thermg-
souples, this gcorrection 18 negli-
glible,

The deternination of fI1x coollng cfliciency

In maost cases,

based ob eonccnlratlon meazurements uses

the
Reynolds analopy, assumimtg, as 1t 1s the csse in
the low temperatuse range of the expe-imenbs, that

Ehes Lewls number equals 1.
efficlensy 1z deflned by

Then fIlm ecoolling

(21}

11
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Concave Wall

[¥on |

075 1

u] 025

0,5

Injection Through A Shot

Fig. 11
a rlat plate al conztun
wali

whore 0. = .22 1s the oxyeen mass concentration
‘noalr, and ¢, the oygen conceniration of the
film near the w+il, 1s zero at the inlet injection
sextion. Presaublons have %o be takew to sued

Juet the ampunt of filw necessary for concentra-
Licn mezsurcpents, aod 1% was often verirled that
btk technigues glve the same valus of fllp zool-
1ng efflcleney,

]
- onslant Pressury
Fial Plate

o043

o2

|
20

> w0 § fom

ag 100 120
Fie. 12 Sooreluwtion of flim coollng «Tflciency
N 5 eonabant pressure purved surfacc {infection

threouzh a sdot)

12

Constan| Pressurs FIst PlIgle

ki

1l

o 025

2.5

ar5 1

Injegtin Through a S&riea of Holes

Compasison of flin go2ling sifielenaoy on
L TressLulEe angd on 4 gonosvs

derothernodynanle Favameters of Sine Experiments

The maln asrothermoiynamle paramcters dct'in-
lng the test cendltions are given in Mable 3, bolh
Tor the gurved chaknel prd bhe rorepefes Slal plata,
In grder ko show bhe representotivicy of these
latprztory fests, typleal coapled turbine olade
condttions are alsop glven in Table 4,

The expecteid effect of mass rfdow rate retla
afel local eurvaburs, sharacterized by the nonil-
ety 100zl pyraneter, rjf, e surmarlgzed by khe
ratio af Arechimedee: pressure %o djnamic pressura

H. ¢ mil - T
= “7(4,) M
:f

the syplesl vziues of which are piotted in Tatle
i,

Remarks:  [a) Affsct of indet bouniary-layer
Eucklng was tested {n auxilisry experilnents;
Fuciod Dadadary-=layes masds Flow was sllghtly
npdified (4 10 percent) without any suvstansial
change In the efflclaney of ths coocling proccss,
snd (L) the fnpleb furbndencs lovel was dseregged

to 1.5 Ekercenl without chonge in arflolercy,

1
i

Test Hesmults

Baslc Reswlta_on a Flat Fiate. In order
separdate the effects of the varlous paramebsrs
on T1lm fouling efficienny, experiments were pade
oh the Mlet plate with strzight ogposlle ws3ll
{eonstant pressure)] and with & comtoared wall
{nzgatlve amg posillve Pressuve gradients),

to
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L. TH

a5 — — —
|

1niect|0n Thrawgh

n Lol
0,25}

| ¥
1] o2% a5 era 1
Flie. 12 ¥ile: covs’mr

211 (M, = CLhrg

Fig. 5 glves the warilat'lon of Dilp cosllng
sfficlency ag funsbllon of geomstrically roduced
Augalesa

T
]
Bl

in ths opse of the constant poessure Dpesfat’obn:
F s the dength of the pleare dfewnstreas of the

Mlp-injection sectlon, practically,f 1z the length
Injection w=s made thoough a slou

to e protaeted.
and Lheowgh sevles of holZss, ! th,
Lhe tnags {'low ratc ratles

tm both cases,

oy = Fel¥e _ 1 = 1.5 = ¢

-,

N prpegled, clfficlency 12 an lnereasing
fufetlon of maszs Sflow rate ratlio 10d a8 decreaslng
funaetlion of abscissze.

In osdes to chaak Formelas of the typs (20},
3 plot of wfficiency vergus the aerotheriodynamic-

211y reduced paransfer
C:.E-_
]

wss made an & seo’-=logarithmie dlsgram [FPig. 9
I the easce oF 3 gas Tllwm-cooled connlan, peegaure
plete, the follo-ing correlations were Coundd

{22)
G +/0
iniection through a slob = edh— E
injection through serles of boles n ='£xﬁ - E+2L
i

f

- _

05 (- ﬂidifiﬁﬁﬁi———
™

Imjectrgn| Through

Seriecs al| Holas
0,25 [RS——

o 0,25 0.5 DTS

af lolenty L0 0 convex

Comparelson of ftho expeslpental correlations
(221 wlth the gredleted offleiensy, oquazion (20},

shows that the Jilm acts a3 17 1f would e 1ndecle:d

at sare wrstream whseolsza. The lenegth nzoeezsacy
Tor the regeganixziion of v oblizucly infected
'1im 1: shorzer for a slat thabh for 2 scrlez ol
halss. 1t has, of ¢oarse, tao be anlerstood that
thz valuess shown on corselatlon (££) are specifie
of the experiwenls semesluwd 16 the Foregolng, out
thay glve a correct Idea of the general trend.

Tae =ffect of a negative pressure grajlent
on whe first half of a flat plate 5 shown In Ple.
L0, Due to Lois favarable pressure gradient, the
Ltharear srotegtlon is malntalnesd farther Sows-
gtrean, and infectlon Lhrougn bthe noleos glves

Fral Plaie Wih
Praature Gradimnt

it L

135 A =
' Conslant Prespure
x @ - Flal Plate
oz
o1 2 .
20 40 60 T} 106 120 [Fr.y im
Fig. 1% Conpdarison of {1lm soozing efliclency o1

g oeonyex Wwell and on a fl:t plote

13
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Cp
o —
10— m-1,5
10—
¥ig
ur L e 5
-14
o
_anbe ——— o Imjucilan Thraugh
Sories of Holes
o] Bear injeatien eeotion A R 16 —  Injacilen Through
a c m Slot c
A Ca- Fie_ Bl P )
11':
ol — if 01— ol
o
ol

) Par dowoetraan Wip= T8

Flg. 15 DCscay of Sobal zeossuare JlfTwersnoe selwdsn

11 an? maln Tlos

Fractleally the same effZelepcy thon inection
Lhrowgh 2 slot. Fig. 1@ shows alse the regligible
er'fect o Mach number on coollng erflelenzy [Ghe
experlments Were perfarncd at a
of the m2in flow mass flow
been shown {Fig. 6), there exizte for the lawsr
Mach pamber, 8 = 0,40, A pesitive pressure gradi-
ent whlch 1= obtained on %ee rear pael of tho
Plote, wkhen ot M = 0.53 [Flg. 7], the pressure
grafdient Iz vegative all along the plate, One
coneludes, therefore, thal the resvesable erfect
ol negallve proesgurs gradicnt on She [im over-
vompengatos the effect of the asverss prossuns
gredlent duc Lo floas doceleration,

Fiim Coollny Effledloncy on Progiiare Sife,
The constant pressure distribution neasurcd on
thi channel pressure slde should give Tesdlls
similler to those ootained an the flat piate with
stralgh® wpzosite wall [consbont pressure Tiow).

Fig, Il compares the film cociing ofilelancy
az fynction of reduced abscilsea, F - Kﬁf, on Lhs
Tlat plite and on the pressure side of the cusvod
channel:

constant value
rate), though, =8 has

« Th2 film {njected through o aloik glves at
Liss flow rebe ratlo, ™ = £, an efficleney higher
thzn the one obbalszzd on & flst plate; 26 m s 1.4,
the rwinl's wre cgulvzleat on & Tlak plate and on
a gonotant pressars curved suvfeee nesr the leqd-
Ing edge; at m = ), the I1lx cocling effl¢dency
o a flat plate 1z higher.

2 In the sxperinents with injecllon threugh

14

4 z=ries of holeg, no gain v efficleqcy ~un

Qir-
scrved diz probably to che Jownstrear mizxing oi' che

discrete Jets that glives supplemenbary pressure

losses. It 1z Shought however, thai at hizher
ralyes of *hz mass fiow raste »atio, m, the clri-
aletwey of the rflm on the cgnatans pressgse agoved

surlace might boe hizhear than on the filat pilate,
#yen when Lhe film is !plected through a ssries

ol holes, bul such an operstion May noh be realls-
tie for wctuald tarbine blade pressarc :lde protss-
Lich.

Zorreintlrds the cxpocimentiold 2esalv: on ~ov
geml-logarithmle 3 lod shows Lhe marked advantage
al' ©T11m blade coolimg Dn o consbant pressurc odrvad
aurface coupsred to thet an a flst place {Fig, 12).

Flipm Geooling ETfiolensy on Suetlca 51i=.
The favaralle eff‘_ﬂc: das o the negative crassura
graidlznt on the fl»et half of the curved channel
stetlon side irproves the efrigilency of the riim
(Fig, 133}, Heowever, $he sxpretml chamgs dus Lo
brayaney Lhat welld glve highes of'lefentles at lou
wass flow rates, acoording to Teble U, wis not co-
taleed experinentally: The film cooline ol®iaiency
on the sucstlon side al' the caeved chanbzl 1z kigher
than on 5 Iflzt plite 1n a ponstont presusurce C4oW,

and lrgbazses steadlly with the mess flow rate
ratlo, m [(Fie. 147,

Fregourc and Temperzturc Froflsea Near thse
In order To abtalyze more LN deta]l the esonl-
iny, process wsimg 2 gas lim, bBotal posasure gpd
tocal temperatore iwdasurements werc meds near the

wall,
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— = Impectlen Through
5 Blot

o3 3

—— - Inpectien Thrawvah

BEE Sarias of Holes

W om 15

ig. 16 Decny ar the tsrperaturs profile and mili-
n: o Clln znd naln Tiove
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wall, in the vieinity of She !njection secillion [Tu- Flg. 15 wiver the texperaturs poolils nean
duces abseisna, NS5 = 16Y and further downstrear, the =all
(x/c = 8. g _ -7
Fig. L4 shows LRe pomeitpnonzlonal puramzter - T - Tz
o = -'F:'c - -?4
; 7 pre {6n Lhe wall itzelf, parsmeler g 1: enqulvalent to
whears s relm cooling effislency.) The chanegs 1o ratg of
aecay o bha Lemperatuse proflle with the walue
Pi = maln flow tatil pressure, of 7 shows the fundamental role piayed oy this
Pag = TAlw o tobtsl pbhossurneg parsmetar on FL1m coollne «fficlency.
szpvi = diynamiz pressure of waln Tiow, funcitaon
of vediged ordiate CONCUIDING REMAAKS
é? Comparison of £ilm cooling efflclency on a
fiat plate, with or without pressure gradieniys,
and on a ca-~ved surlacs [(preszsure oo sustleon slde
MMnpe ¥ Ly wmeasured normal to the wall. The of a blade gharmel] shows:
differcnes in pressure losg when slot or holes
ave udzed wpocars elearly on the diagram ard ex- 1 Gocling = "ielency of a =lot-injeestsd
plains the correspondleg losa in efflelency, Slnce film on nezrly constenw Eressaes sids of bhe chan-
thre erfsat of ‘niectlon pressure losses decreasas nel 18 equivaient at woderate muoss flow rFate ratle
fu-ther dodnssream {F1g. 15}, the difrfercase of m=Jl.% to the efficisnsy on a constant prezsucd
erftelency between '1lon lnfected threugh 3 slet and flat plnte; 1t necomcs betber thai on & flat plate
“ilm injeeted throwgh serles ol holes decredses ot highos mass floe ratios (mo= 2] and lzaz good
alen,. at lawer values af w [ 1}, Efflclemey of o Film

It Lz 1nterestimy to notlce thet the arove- injected through @ serles of holss 1s sllghtly
dz"1n2d pararster, CP’ iz nropartinonal to the leze good.

hreghipcdes force. 7 Mach number varlstion does not afrfsct the

15



elrisleney of the fllw-conilsg poogaens o L
oressure 2lde, 4t least 10 ths: mederate suboonle
ramce (M, = 0.%0).

3 At the tlon rate ratic, the
efflodleney of A film intectod Lhurough o sevics of
heles 15 less then the effleleney of the #11m 21-
s2e%ed fthrough 2 alot [expeviments perforred at
conatant main Flow).

L 0n the suctlion =ide of th: channsl,
effiefency of the Mlm 13 alsuys betier than
conrbant pressure flat plete.
is mol dlminished
near the teafling

SAME LEHSS

“he
on oA
Thilz ll1lolenny

by A Posiltlee prozzure greadlents
edgo,

ke statoed that moder-
ete znpunls of cool gas AN Llve s
noare rrotogtlon of eurved walls

hs o oconclus'on, -% 2o
correct Lomper-
such e bardlne

bldde pressure or suchtion sides, 10 well=desdgaeld

1g

Tiim InJzctlon syatems wre used,
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