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1.0 Introduction 

Of the varmus way.3 of cooling a turbine b1afi.e in a hot gas stream, 
there is one wy which thcorcticall;~, unddr most crrcumctmccs, is 321-y 
much more economical in cooling air than others. Tikis method is effusion 
cooling, which mtans that the cooling au- passes continuously from a cavity 
inside th- blade, through a ptimmeablc surface into the ~xternol bound‘ary 
layer * In aoing so, the cooling air 51i~lds G:F> a cc01 air filn around the 
blade and reduces the r&c at T:hich heat is transfcrrrd to the blade. The 
extent to which this form of cooling is theoretically bcttcr thnn other 
fmls, depends le.rgc~y 31? tm state or the bOun&WJ lq'cr. If the bounds 
layer is completely laminar over the whole bla&, than maximum economy can 
be achiwcd. If, hosrewr, thcr,c arc large ~ZI'CI?R of ti:rbulent flop on the 
blade surface, then theor&ically, it is likely that the &fusion cooling 
loses some of its considcrablc aclvantag,oc ana tho loss is large or small 
dependiq on rhethcr t;le Rs;ixolds number Ls lr,r;;, or small. 

?llrning to the Gractical oroblcm of turblnc blase cooling it is 
necessary, of course, to check the thooreticnl rGs&t and to assess as far 
as possible th t problems of introCiucing cooling air into the n:rinstream 
boundary layer in the qu,ultitics ideally reqw.rcd. A further unknzn which 
could bo of considerable mportC%ce is the effect of the cf'fusion flow on 
the posrtion of the transition point anti the boun&ary layer conditions oftcr 
the transition point. 

To undertake an mnT?cstigation of theso cffccts it must be wssible 
to dotirmonc the -nd~vidual characteristics at the various chord&e positions 
over the bl.a& surface. I‘lgurc 1 111ustratLs the turbine nozzle blade usid 
for an investiy,ation in a hqh ttmperature cascade tuwel. The cightecn 
individual passages taking: thz coclin~ air to t'hc permcablc surface give a 
considcrabl:: dc[:rse of fresdcm in application of cooling r?ir snd. allori a 
fair cornprison with theory to be made, 

The two conditions most oosily trLs.tcd thcoret~ca1l.y are first, the 
condition in which the blodc s~rfacti tzmperaturd is nrintnincd constnnt by 
chordwxe variation of efiksxx flov rz.tti on the blrde anii second, the con- 
dition in which the offi:oion flo~i rctc is constwt ovt-r the &ole blade 
surface. This latter s~l~t-io~~ P,Y+\TC~S the chor&~-Lso :cmperaturc distribution 
over the blade and, is true only for small blade t:m~raturo variations. 

'Elese two co~&itmns have becn thoroughly mnvest~gatcd experimentally 
over a wide range of Reynolds number, temperature and abch number. A seccna- 
ary aspect of the mnvestlgation is the r-liability and structural difficulties 
associate3 with this form of cooling. T&SC points are treated as secondary 
in the przscnt anvcstigation since the blade was designed primarily as a 
rssearch instrument an& not as a blade with necesslriLQ direct engine appli- 
catior,. 

2.0 The test blade and high temperature tunnel 

2.1 ~acle 6%~ 

The blade shown in Fi<guure 1 is largely self-expknitory. Tkfie 
,grOOVed blaiie s~?ine m%le of mild steel produces tightwn scparatc and indivi- 
dually controllable cooling supply regions on the blade surface. A section 
of the blade is illustrated ir I"i%TJre 2 and di;;lcnsiono UI tabular for?n are 
given in Appendix III. 

t 

f 
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2.4 Instrwent~tion 

Apart from the blade ms'xuments v:hxh have alrea8.y been described, 
there is protision for fiiotor-re 7" d upstream ana do-mstream traversin,g on the 
cm-ire line of the cascade. Total mesxxe, ter-pe‘i~a:,u:e am3 an@ measure- 
ments can be ma& at these ps:tions wand m .%M~tion there are fixed total 
piYss2re, static pressure an& temperature instruments In the tunnel ws.lls, 
upstream sn,?L downstream. 

I;.0 Test corditions 

The tests of the effusion cooled blsde are broadly divided into tivo 

pWtL3. For the first part, the blade chord~,rise teqxzrature clistrlbution 
at rod-span IS maintairml urufom under a series of d-rfferent mairstrem 
test coridltions. Thx 1s done by control of the ooo11n;; 8.~ flow rates 1n 
tlhc eii,hteen effusion reglow of the blade. Yor th; second part cf the 
SW~FS, the effusion is mamn'z..lned eyally dl~ded he~~reen the e@teen 
regaxx3 for a similar zet of mainstream conditions. 

The resxlts of the two -prts -ze in ierx of, flrzt, the effusion 
flow rates required to achieve a unxfcrm temperstur? clxstrirution and second, 

the temoeraturc distrfoui-mn pc1?~m3d hZ- un~?om effk50:L. 

. 

Ke 1.6 410 x 10' 

iin 0.4 -0.95 

l..C &sults of .invc?t&3tlon _--- 

4.1 Theoretxsl ----I 

Tr; provide i;lformatlon necessxy f,r a theoretical analysis, the 
presswe dxtr'ibution round XIP or the ccscade blsdcs was cbtaxxd at '-arloils 
Each numbers bg mtdns of t-vent:; static orcssurs tappup xn t!le blade surface. 
From this dktribution the Incomgrcsslb!te velocity distribution w.s calculated 
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The variation of the effusion cooled blade performance at the 
various Reynolds or Mach numbers 1s not great md in each mnstGuice the 
outlet ,gas Plow angle seem to be uns.ffected by a change in effusion flow. 
The ini&-span blase temperature of the effusion cooled bla&e 1s reduced to 
half'wa~ between the gas and cooling au tymperature for flow rat:os of 
I$ per cent to 2 per cent. 

The two-dimensional loss coefflcxnt increases with u~orease in 
effusion flow a:. a rate such that the loss 1s about double that of the 
solid blade for between 3 per cent and 4 per crnt ooollng flow. 

The loss coefficient corresponding to a particular effusion flow 
decreases a little as the temperature of the mainstresm I.? rs~sed from 
atmosphere to 2500~. 

The surface temp+rature distriiiut:ons at the mid-span cf the blade 
for these conditions are show in FJLQIY 5. The general uhnpc is similsr 
throughout, the mean temperature level beug a f'unctlon of the flovr ratio. 
Tie leading edge temperature is hqh corresponding to the region of high 
heat transfer. On the convex surface the tcmpcrature then falls ai16 
rises a&n at a posxtion which could be the traflsltion point. Surf ace 
marking on the solid water-cooled hi&es lndlcatc that the transxtlon point 
is at a position x/ c = 0.7 measurea from the sta,qnatlon pout on the convex 
surface, with flow separntion just upstream of the tralllrq edge. !&he test 
blade IS not, however, so well cooled as the other cascade blades and the 
efiYxmn flow is likely to cause transItion much nearer the lca&ng C&e. 
EvCiencc sueffestug therefcre, tht the transltlon point on the effusion blade 
is at a position "/c = 0.35 f ram the lead,d;ng edge is not considerid unreason- 
able. It IS p%sible also that the fl.ox 7: separntes from the surface beforc 
roaching the trailing edge. Thne surface mnrkiqs on the concave surface of 
the solid blacies ux%.catc trmsltion at an x/c of 0.7 from the leadirq edge 
and thrs corresponds tc the pos~~,lon of & sudden rue In temperature on the 
concave surface of the permcablc bls;le. 

Fqpres 6 and 7 g~vc smnlar information to thnt shown in Figures 
4 and 5 but the variable IS pas tempcratux mstcal of Bhch nxmber. 

The effect of pas temperature on the relative tempxature of t?nc 
blade is small up to a tempwatupz of 5@O°C!. Above this temperaturr, the 
mean blade relative temperature at a partwular flow ratio beqns to mcrease. 
About 90 per cent of this uxcreaSe car! bc attributed to the combined effect 
of radxtxon to the blade, rrom tlx surfaces at gas temperature upstream and 
downstream of the cascade and radution from the test blade to thr water- 
cooled blades in the cascade. The assumptions made to calculate the radi- 
ation are that thz emlssxvity of all surfaces 1s 0.8 and that the blade 
rece~vcs heat from the tunnel surfaces (assumed to be at gas temperature) 
1x1 the 'aural' rlirectxon and radz~atcs to the cooler cascade blades in the 
'circxnferenttial' dircctlon. The cffcctive arc~s ax takt?n to be Urn pro- 
jected areas 1n each instance. Thu approxunate crrruction to the rclntive 
temperature of the test blade is plotteii in F1gurc G anrl indicates that 
the mqorlty of the effect of mnoreasxng gas tempersturc xs due to radiation 
from the surroun(ling surfaces. 

The effect of high gas tcmywaturc, other than radiation, csn be cal- 
culated by the method gxven III Refcrcncc I. Thorc: 1s a tendency for tne 
blade relative temperature to decrease vnth &zn increase of gas to coolmg 
nlr temperature ratio but the efftot 1s small. 

As in Figure 5 the tompcrlturc distribution graphs on Figure 7 
indicate that rf there 1s boundary layer transItion on the concave surface of 



t:1- bl~J0 at “/c = 0 .7 the effect of it become3 more abrupt at the 
lx!&er tc:r~~e~,,t',L~re 9 . 

The temperature distribution curves show the positmn of a loco1 
fx~lu~e of the brazed ~cint betw~n the wire cloth and the blade spine at 
7?0%. Thz faxlure accim~ed towards tl-ie blade tip on the convex surface, 
so nllovx~~~g the majority of the cooling a~ to pa.33 &ord~%3e and out at 
'bc trallin~ ed,Te inntead of passi% through the permeable sutiace. 

lL.3 Tw efllxzon d~3tribztior, aral cooling effect-iveness -I----- - _.-- -...-. ---- -__- 
oi' c 'ola&? 'rLL,l u-licolm 3xrrm:e temperature m-e- _--- - _-- ~-- - 
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compnrod 15th thL sirrr~e tsm-rnture of the cfrusion cool&L nozzle bla&. 
!Che laror spmc tcmpcratm-0 of the effusion blade IS not considcrcd since 
its value proWLbly ~~c~wx?s on tr,c dctniled construction of thi blade. 

The lower hlr or Kirp-d 75 shxs the big ixrcase in blade loss 
cocff'icsont and pcor COAUI~ o.c:?~c-J~~ by effusion through a simple shell 
ror?n of' pezmc:'blc mntLrla1. TilC m<itcrlal W?.S m this instsncz porous 
brocx '/'I; inch th..ck .:ith a pcx:eabillty of (CL= 60 x IO-" ) and of the 
SNLIC: slnpt as thti c~sc~c~c blades. YE supply prcasurc v3.s maintained at 
3 iiVO1 s-~'ilcxmt to p5s the ~.c~u-&LI-LL~ total quantity of coolins flow but 
there vas no control owr th:! dulribution of tlic effusion flow around the 
blade surface. Under thssc conclltions the pressure drop through the or- 
fie~~blr: material was small concared with the pressure varzation round the 
blade itself and mainstream gas flowed into the blade in the high pressure 
regions am3 flowed out into the mainstream mixed with cooling air in the 
low pressure re&?q.ons . This probably accounts for zhe high loss coef'fxients 
aid. the poor cooling performance. 

5.0 ~fdm~ical stren&h a& blockaRe of pores I_ 

'ilne ef??;sior ccolcd Ua<e for the major part of the testug was 
constmctc2 from <a. mild steel spine vzth stati~less steel woven wire cloth 
brazed to xt & shovx~ m ~qwe I. The brazing material vas 'Colmonoy 
and the process 
1120%. 

?as carried out in zux Inert atmosphere at a temperature of 

'Xe ~L?de rn11ea a'; a tcm~eratur2 of 770%. and the failure took the 
form of a seps,-atiun of the wire cloth from the spine in the region of the 
brazed. joint . It 1s possible that tile faxlure im due to oxidatloc of the 
mild steel ne2r the bra&l joirt and no t failure of the brazed Joint itself. 
me region o? failure vas, 110vever, limited and a substantial part of the 
structure remained intact even after several hours ru.r,ing with a gas tempera- 
tG.Y+ of over 1000"c. 

Yeasurzments of the pemeabillty of the rrlre cloth both before test- 
ing began an& on complatlon of the whole test serxes revealca no evidence of 
blockage of the wire c o 1 th by particles m the mainstream flov:. me cool- 
ing air was dried v&h Silica Gel particles and fdtered with a 'Porosint' 
porous bronze element with a pore size of about 0.0001 in. Tt is unlikely 
therefore, that particles of sufficient size to block the wire cloth were 

carried. 3.2 cooling flow and no eqxrience was gained on possible blockqe 
usiq unXLtered atmospheric air. 
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List of Symbols 

c 

x 

w 

Y , 

v 7. 

q 

Q 

% 

a 

% 

blade chord 

distance along bla2.e surface from stagnation point 

gas mlet angle measured from the anal duection 

gas outlet angle mezsured from the axial direction 

mean total pressure loss 111 passing through the cascade 

mlet velocity to the cascade 

outlet velocity from the cascade 

cool1n&, air imss flow 

mainstream mass flo-~ thrcugh on:: blade pitch 

cooling mass flow per unit area per second 

mainstream mass flov per unit area per second 

tote1 gas temperature 

blade surface temperature 

mean blade surface temperature 

cooling air temperature 

temperature equiva1er.t of outlet velocity 

effectx.ve gas temperature (TG- 0.14 8,) 

Xach number 

Nusselt number 
vc 

Reynclds number 1 
p !J 

perinezbility defined XI Appendix IV 

total pressure 

P?, static pressure 
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0.42 5.21 28 1.66 - 0.069 0.038 - 
0.43 5.45 30 1.02 - 0.066 0.037 " 

0.43 5.32 28 0.80 - 0.059 0.036 - 
0.41 5.00 25 0.83 - 0.061 0.033 - 
0.41 5.12 25 0.01 - " 0.063 0.03G 63.3 63.9 
c.41 5.14 27 0.41 - c.059 0.035 63.5 63.6 

2 5*17 5.20 26 26 1.04 1.60 - - 0.064 0.074 0.338 3.037 63.3 64.0 b3.4 64.1 
0.42 5.39 Zl 2.72 - 0.085 0.039 63.1 63.9 
C-43 5.45 22 2.15 - " 0.032 0.03s 63.2 64.0 
0.43 2.64 252 3.23 0.33G 0.533 a73 0.029 63.4 64.3 
0.44 2.69 252 1.60 0.339 o.531 0.060 0.031 Q.4 64.5 
0.k 2.70 a+a 2.46 0.070 G.046 63.2 54.2 
0.43 2.66 248 2.57 oAG4 0.400 0.072 0.046 63.0 64.2 
0.k 2.72 24% 1.07 0.639 0.635 0.055 O.C46 63.0 64.2 
0. ’ 2. ------.- L?,2 "g.o.54 0.30~ 0.803 0.049 O.O!t6 63.6 64.2 
o.Go 7.L.5 27 0.70 - 0.069 0.042 53.1 63.9 

;;; 7.47 7.49 
0:61 7.49 

27 29 0.35 0.70 - - 0.065 0.063 o.oLc 0.042 63.2 G3.3 63.9 64.0 
2a 1.60 - 0.076 0.040 63.2 64.0 

0.61 j.50 29 2.10 - o.oai 0.041 63.3 64.1 
7 O.il ' 

0.62 3175 
0 0 042 G3.2 64.0 

253 j.40 0.313 z 0.48 0.082 0.046 63.1 64.0 
0.62 3.79 25 2.41 0.412 0.389 0.071 0.046 62.3 64.0 
0.63 hai 253 1.60 0.522 0.483 0.054 0.046 62.8 63.9 
0.61 3.72 253 1.35 0.573 0.529 0.059 0.043 G2.9 64.0 
0.0 3.73 248 0.78 0.778 5 O.G7 0.05 6L.l 

0.74 a.35 2fJ 1.71 - 0.06.0 0.036 x3.6 64.9 
0.75 8.37 27 1.19 - i 0.075 0.038 63.6 6l1.3 
0.74 5.90 118 2.30 - 0.084 0.040 : 63. a 65.0 
0.72 5.76 121 0.52 - O.O& 0.038 53.8 G5.0 
0.35 4.25 251 2.76 0.363 0,392 0.w -+-co37 63.8 65.0 
6.75 6.00 253 1.45 0.5a2 0.552 0.054 0.042 63.4 b4.4 
0.75 5.99 257 1 .m 0.683 0.671 0.062 0.041 63.4 64.5 
0. 3 6~02 256 0.52 o.m2 0.822 0.056 6 .b 
0.82 2.63 54.1 2.00 0.470 0.477 0.073 0.048 63.2 64.0 
0.82 2.63 543 

xi 
0.318 O0.3k 0.088 0.047 62.8 

0.61 2.59. 552 0. 5 3 0.064 0.043 62.8 2:; 

0.79 2.11 7x 1:73 0.512 0:560 - 
0.89 2.03 773 3.2-i 0.417 0.434 - -, - 
0.80 2.01 776 1.54 0.613 0.689 - 
0.80 2.01 776 2.69 0.483 0.600 - ” 
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ml Rex10 TO 

: 

0.42 2.57 2% 
0.4-l 2.57 ;118 
0.39 2.50 251 __ _ 

--- 
0.60 3.70 257 j 1.20 0.590 0.580 0.057 0.04-o 63.5 EL.1 
0.60 ',-ii 2% 0.95 0.670 0.670 0.055 0.036 63.4 64.4 
0.61 7. 247 1.63 0.500 0.490 0.060 0.045 62.7 63.8 
0.61 3.76 28 0.56 0.770 0.770 0.050 0.047 63.0 64.0 

-- 
0.75 5.70 232 0.58 0.s27 0.799 0.056 0.048 63.5 64.6 
0.75 4.20 261 1.18 0.550 0.540 0.069 0.038 63.8 65.0 
0.75 4.34 253 0.39 0.691 0.060 0.062 0.058 G3.h. 64.6 
0.76 4.Jt7 ?'tO 1.12 0.605 0.576 0.065 0.058 63.4 G4 5 

-0.79 2.79 504 1.25 0.614 6Y.571 0.070 0.041 63.8 64:6-- 
0.78 2.72 512 0.88 0.721 0.680 0.068 0.0&O 64.0 61.5 
0.7e 2.82 4-93 1.26 0.611 O-576 0.073 0.037 63.9 65.1 ----.- _-._---_---I_--__ 

no.670 o.c50 
__.l_l_. _--.-I-_ - 

0.79 1.98 774 
0.79 2.00 762 1.68 0 . 620 O.61+0 

0.?5 5.72 237 c.74 0.693 0.645 0.081 0.091 63.6 65.L 
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The s&tic pressure distrlbutmn over the 
blade surface at 1T.n 0.24 am3 0.58 

-- 
convex surface Ki o.u, 

x/c 0.05 0.10 0.20 0.15 0.25 C.30. 0.35 O.lO oh.5 0.50 
Ps-.-'i', 

--L&L Pt -2: 0.45 0.20 0.08 0.02 0 -0.03 -0.07 -0.14 -0.21 -0.21 j 

--2--z 
-- 

"/c G 55 0.50 0.65 3.70 0.75 0.80 0.85 0.90 0.95 -- 1 1.00 i 

P,,-P, 
pp-p-$ -0.35 -0.36 -0.37 -0.35 -0.32 -0.28 -0.24 -0.22 -0.18 -O.l4' 

face Ioh 0.2, 
!O 0.25 0.30 0.35 0.X 0.k5 

j_ concave SUI 
X/o 0.05' 0.10 0.15 0.2 

D -p 
13x 92 
pt, -ps* 0.87 0.85 0.84 0.83 0.81 0.77 0.68 0.60 0.59 

X/c 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 
Pss-& a 
i”c; %, 0.58 0.51 O.&J 0.40 0.37 3.31 0.72 0.19 0.17 

Convex surface Im 0.p 
“/, 0.05 1 0.10 0.15 0.20 0.25, 0.30 0.35 0.40 0.45 0.50 j 

y$ 0.51 0.34 0.22 : 0.16 0.12 0.09 0.03 -0.04 -0.015 -0.26 : 

x,, 0.75 0.60 0.65 0.70 0.75 0.80 0.85 C.90 0.75 1.00’ 

%,-PS a pt* +s2- -0.32 -0.33 -0.35 -0.33 -0.30 -0.27 -0.23 -O.la -0.15 -0.13; 

- 

Concave surface xm 0.58 
"/c 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

j Ps,-ps 
2 j pt -Ps 0.93 0.90 0.88 0.86 0.84 0.81 0.76 0.67 0.66 : 

2 2 
I I 
i x/c 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.9O 

P P 
sx- sa I+ -ps 0.65 0.59 0.50 0.46 0.43 0.37 0.27 0.24 0.21 

-2 2 
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&RmIX III (cont'd.) 

The incmpressible velocity distributmn over the blade surface am? 
the slope of' the velmity distribution cmve. 

x/c x/c s s 0.05 0.05 1 1 0.10 0.10 0.15 0.15 0.20 0.20 0.25 0.25 0.30 0.30 0.35 0.35 O.LO O.LO 0.15 0.15 0.50 0.50 

'vy, 'vy, 0.630 0.630 o.8&3 o.8&3 0.909 0.909 0.945 0.945 0.966 0.966 0.985 0.985 I.OIZ I.OIZ 1.04.5 1.04.5 1.09~; 1.09~; 4.15 4.15 

0.52 0.52 0.36 0.36 O.L6 O.L6 0.58 0.58 0.78 0.78 :.2 :.2 0.74 0.74 

-- 

qc c.55 c.60 0.65 0.70 0.75 0.60 0.85 0.90 0.95 
---- - --- %, 1.172 I.18 1.181 1-275 1.163 1.141, 1.116 1.091 1.075 

.& %TI/-J, I 9.32 0.06 -0.0~~ -0.20 -0.32 -0.46 -0.5A. -~.66 -oa26 
__-_- --- -.---- 

Velocity dlstrlbution - Coma-a2 suri"ace 1 

"/c 0.05 c.10 0.15 0.20 0.25 0.30 0.35 O.L.0 G.1,.5 

V/v 0.28 
---.-- 

0.326 6 0.377 o..$.ol+ 0.435 0.471 c.510 0.554 
2 

"CV/lJ2 ) 
- 

2~ I.!+!+ c.50 0.52 0.57 0.58 0.66 0.78 0.80 0.88 
- 

“4 C.50 0.55 --0.60 0.65 0.70 0.75 0.80 0.85 

J/k, 0.601 0.652 . . V./a5 .W 0.855 0.877 

-"(-f/~2 ) 

--GG- 1.0 1.1 1.06 a.70 0.6L 0.70 0.64 C.36 I 

i 



corc<~v sLre.cs ----.--- 

0.594 0.800 l.OOL I.218 1.416 1.618 1.012 

;?'iit,h 3-F r?hs - c. o:ic lr.. 
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Penneabil~ty 
!~iasS flow JJ t 

= Sur,'a e area - - 
- c F AP 

where t 1s the thxkness of the material an?! AP the pressure drop of the 
fluid passing through the material. 

?kven wire cloth (Hollanckr cloth) 30 x lo- sq.3t. 

Sintered bronze (Porosint) Grade A 
-10 

20 x 10 sq.ft. 

Gz-ace B 50 x 1o-'O sq.ft. 

Grade C 210 x lo-'O sq.ft. 

!?he permeability fl~wres indxate the comparative qualltles of the 
matends but sixxe the nature of the effusion flow through the pores is 
dfected both by their sxse and configuration the relation between PES- 
sure: &CO-;, and flo-;f at atmospheric temperature is:- 

Thiclmess ! PW.9 sizc~ Partlclu size AP I.0 10 100 lLH$ 

Porosint A 0.017 in. 0.0001 II,. ?.C319 *il. o.i,o 0.10 0.94 lb.ISec.8q.ft. 

Pomsint C 0.017 in. 0.0005 il..' 0.8045 in. 0.11 G.76 1.54 ls.l?.ec.ss.ft. 

Ilollicder clath 0.017 In. - o.ma i I. : 0.022 0.118 0.67 It./seo.ss.ft.~ 
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