
1949 INSPECTION OF THE NACA LE\ITS LA:BORATORY 

TllKS ON TURBINE COOLING 

• 	 Cascade and Singl e-St age Research 

speaker - Richard J. Rossbach 

One of our most important fundamental problems, as just pointed 

out by lvIr. Arne, is to develop a method of predicting the amount of 

heat flowing from the hot gases to all points on cooled turbine blades. 

A knowl edge of the heat flow is required so that a cooled turbine 

blade can be designed to use a minimum coolant weight flO\'l and still 

have adequate cooling to prevent blade failure due to overheating. 

For instance, it is possible that this (point to models of blade 

cross- s ections on backdrop) portion of the blade might be hotter than 

t his portion (point) due to a l arger amount of heat flowi ng f r om the 

hot gases around the blade to this portion (point) than to this 

(pOint). Thus, the coolant flow in this region (point) must be 

increased, but it is advantageous to reduce the coolant flow in this 

region (point) so as to effect a saving i n the attendant lo sses. 

Heat transfer can be predicted with r easonable accuracy for heat 

flow fro m gases to simple bodies, such as pipes and cylinders. The 

generalization of heat-transfer results for flo w through pipes is 

discus sed a t another location on y our itinerary. In the case of 

turbine blades, the hea t-t r ansfer probl em is quite co mpl ex because 

of t he vari abl e aerodynami c conditions, bl ade shapes, and high 

ro t at ional ~peeds . Consequent ly, experi mental data must be obtai ned 

on turbine blades in order to accurately predict the heat transfer. 

In order to obtain t he s e fundamental data, we are using at present 

seven cascades and three singl e-st age turbines. 
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~ical heat - transfer result s obtained f r om the simpler cascades 

are illust rat ed on char t 1 (C-241g5-B). Tne amount of heat transferred to 

the blade i s pl ot ted agains t the amount of hot gases flo~nng over the 

bl ade. The results on this and follo~\)'i ng chart s are obtained by 

passi ng a mean line through t he data points. The results are fo r one 

blade shape and one angle of attack. The blue line represents t he 

r esult s for thls (point) blade arrangement and the yello~'T line repre­

sents the result s for thi s (point ) arrangement . These r esults are 

represent ed by t ,,\)'o distinct curves . T'.(lis i s due to the shape of the 

passage b et ween the blades . As you can se8, this one (point) necks 

down and this one (point) does not. Experimental r esult s have also 

~ . eho\1n t ha t the amount of heat t ransferred varies with t he bl ade shape 
~ 

itself and t he angle of a t tack. These f actors which affect the heat 
'( 

flow may cause as much as 5O-percent variation in the r esult s . We 
~ 

can conclude , therefore, that if such tests continue to be requi red as 
~ 

a method of obtaining heat-transfer r esults for t urbine blades, it 


,. would be nec essary to provide the designer with experimental heat­


t r ansfer data for each new turbine design. This would be a ver,r long­

.. 

term and expensive project. As a conse~ence, we are investigating 

.... the fundamentals which control the heat transfer so that ,,,,e can pre­

'( .. dict the heat t ransfer at any point• 
..

• '!he NAeA is attacking thi s basic pro-DIem of heat transf er.. 
through a s tudy of the very thin I B\Y"er of gas, called t he boundar,r

'. layer, which has been r etarded by f r iction along t he blade surface. 

Chart 2 (C- 24lS5-A) is a sketch of t he flow around a turbine blade, 

,. 
 



'

,

- 3 ­
• " 
~ 

... t 

With the heavy line adjacent to t he surface r epresenting the extent 
~ 

• of t he boundar,y l ayer. All the heat t ransferred to the blade must 


paso through this boundar,y l~er, which will therefore control the 


amount of heat transferr ed. Two types of flow may develop in t he 


~ boundary' l ayer. The flow moving in parallel sheets a s sho"m on the~ . 

~ 
( front par t of the blade (point) i s called a l runinar boun~l layer 
". 

and the ci rcular, rolling flow shown at the rear of the blade (point) 

~ is caJ.led a turbulent boundar,y l ayer. A blade may have either a 

laminar boundary l~er alone or a combination of both types. The ... 
amount of heat transfer through a l amine"r boundar,y 18iVer dif fer s 

.., from that of a turbulent boundary layer. ~le mus t know the t erI!P er8t­
'( 

t ures and pressures in the boundary 18iVer i n order to compute the 

amount of heat t ransfer . ~e NACA is now expanding the abs t ract t heoI'"lI 

wi th whi ch the t emperatures and pressures in the l aminar bOUl1dary layer 

wi th heat transf er can be computed. E~erimental apIK'atus are avail ­

able for verifying the results calculated f r om boundarJ-18¥er theory. 

Thi s (point ) cascade i s one pi ece of apparatus bei ng used for t his 

purpose. The very l arge number of measurement s tha t can be obtained 

is apparent f rom this maze of appr oxi mat el y 100 wires cons t ituting 

t he ins t rumentation "mich pr~vides the required pressure and temper~ 

ture data on the blade. 

A co~arison of some heat-tr ansfer results obtained using the 

theory of the laminar boundary layer with those from a cascade is shown 

in chart 3 (C-241S6-A) to i ndicate some of the progress that has been 

made in the past year. The amount of heat transferred to the blade is 



.;,:s 

- 4 ­
'" .. 

pl otted against the amount of t he hot gases f l owi ng over the bl ade• 

, 
.... , 

.oj The red curve represents the result s predicted f rom t he theor,r fo r 

• the l ami:nar boundar,r layer a s expanded t o date by the NACA to include 
.,• 

heat t ransfer. The blue curve rep r esent s the results of exp er iments conduct­
~ . 

ed ''lith a cascade of cooled turbi ne blades "rhich ...,ere of such a shape 

.. 
that the boundar,1 layer was probably all laminar around the blade. In .. 
this particular case, the maximum variation between the pr edict ed and 

experimental result s i s 7 p ercent. Thi s is consi dered goo d agr eement. 

Wi th refinements in the theo~J , f urther compari sons which are to be ,. 
made are expected to be better than these results. Such verification 

of theor,r will expedite the obt a i ni ng of knowl edge concerni ng cool ed 

blade desi gn and appreciably reduc e the amount of expensive development 
'f' 

~ required. 

Complet e similarity of the flow i n cascades and rotating turb i nes 

cannot be realized. Therefo re , because it i s advantageous and some­
y 

y times nec essary to conduct heat-transfer studies in cascades, means 

must be devised for applying these result s to the desi gn of cooled 

turbines. This is accomplished through t he analysis of cascade and 
.( 

single-stage r esult s like those shO\'ffi on t he next chart (0.:.24186-:8). 

Again the anount of heat transferred to the blade is plotted against the 

amount of ho t gases flowing over t he bla de. '!!he blue curve r epresent s .. 
( 
.. the r esults for t he cascade of blades . The red curve r epresents the 

.-" results obtained from a si ngle-stage turb i ne like this (point) under 

actual operating condi t i ons and with approximately the same shape 

blades as in the cascade . The comparison is considered excel lent when 
~ . 
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... 
i t is real ized that certain conditions i n turbines cannot be dupl icated 

.. 
 
.. in cascades. The maximum variation between thes e resul ts i s 7 per cent • 
 

,I>. If further comparisons ar e as good or bett er than these resul ta, \'le 
~ . 

probably '.nll be a.ble to expedi t e the development of a method fo r apply-.. 

i ng cascade r esul t s di r ectly to the desi en of cooled turbines. 
" 
~ 

.. I n closing, I will briefly summarize this and the preceding t alks . ~ 

on co mpressors and turbines. ~le have present ed the ~ of our research 
) 

and some of the i mportant results that have been obtained in the past 

year. We have made significant advances in our theoretical ,·,ork, both 

in compressor and turbi ne aero dyliami cs and i n turbine cooling. :By 

augmenting our theoretical work with cascade, s i ngl e- s t age , and multi ­

... 
stage research, we have been able to i mprove compressor and turb i ne 

'( 

~ ~ 
performa."I'lce. :By means of t he research progralll outlined, \"le "\-ri l l be 

able t o accor:plish our ob jectives, as origi nall y se t for th by Mr. English-
y 

that is, engi nes \V"i th higher pOltIer, and lO\"ler specific fuel consumption, 
" 

and in addition make use of inexpensive nons trategic mat erials. 

" 
.... 

... ... 

.. 

~-
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.. Gentlemen, this ey..hibi t will show some of our ""ork (m turbine 

cooling. The purpose of turbine cooling i s to increase power, econo~, .. 
.. 	 and reliability of gas-turbine engines and t o conserve SCBIce, or 

.. strategic materials. 

The power, and in some cases , the econornw of gas-turbine engines.. 
can be improved when the gas t emperatures end pressures at the tur-

I" 	 bine ip~et (point to engine) are increased. For instance, calculations 

have Shown that t he power can be more than doubled when the t empera­

t ures are i ncreased from 1500° to 3000° F. At present, however, the 
" 

gas t emperatures at the inlet are limited to about 15000 F because 

of strese limitations of t he bl ade materials at high t emperatures, 

J" even though the bes t high-teMperature material s pr esently available 

are u sed. These heat-resi s ting ma t erials al so have a large quantit.7 
~ , . 

of allOYi ng elements i n th em \-Thich are scarce; for instance S-8l6, 

a material widely used fo r turbine blades , has 96 percent of such 
..." . alloying el ements. 	 Because of this alloy shortage, there is grave.... 

. < 	 doubt that the quantity. of engines required for a war-time air force 
; 

could b e supplied. Heat-resisting mat erials are more fully discussed 

in the ma t eri als presentation. 

1949 INSPECTION OF 	 THE NACA LEWIS LABORATORY 

TALKS ON TURBINE COOLI NG 
Theor et ical Research 

Speaker - Vernon L.Arne 

(See Stage Photo 0-24157 and Color Photo) 

One possi ble method of solving t he problem of obtaining present-

d.ajy" performance or better with ma t erial s \-Thich have as low as 2 

percent of st rategic alloys i s to cool parts of the engine. This.­

l.i 
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, . 	 applies especially to the turbine blades which are in di rect contac t 

(point t o engine) with the hot gases coming from the conibustion 

chambers. The blades ar e highl y stressed becau~e Qf the high rota­

tive speeds of the turbine. By cooling , the materi al s will operate 

at lo,,,er teoperatures where even the cOlIlT.1on steels ha.ve high strength• 
• 

Analytical r esults have sho\fn the rel a tive ef f ectiveness of... 
... variQus ways of cooling blades. l'later is th e more effective coolant 

but has the disadvantage of requiring a radiator and closed coola~t 

system. The analysis of air-cooled bla des showed the internally 

, .. 	 finned, hollo,,, blade (point to model) to have a higher effectivenes s 

than the ple.in, hollo"" blade. During the past year, the NACA has found 

.. methods of fabri cati ng fi~~ed blades for Tesearch purposes . Finned 

• 	 blades have been cast and others have been made by pressure-'<1elding 

the corqponent parts. Here (hol d up model) is a fi nned blade made 

by pressure-weldi ng and i t is similar to the enlarged cross-sect ion 

view shown here. Another method of cooling being cons idered is the 

use of porous blade materials t hrough whi ch coolant s can be forced. 

The fo llo~nng demonstrati on will co n~are the effectivenes s of 

~ 

... various blades . The solid, uncooled blade; the plain, hollow, air ­
~ 

cooled blade; t he finned. air-cool ed bl ade; and t he water-cool ed 

blade will be compared. Here is a duplicat e set of blades which is"" 

the same as the one mounted in t he duct . (Hold s et i n duct). 
 

Enlarged cro ss-section vi ews of t he blades in their respec t ive p osi ­


tions are shown here beside the i ndicators "'nich will sho,..,. the t empera­


tures of each of the bl ades . Hot gas at about 10000 F \'1ill be produced 
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i n a burner and \\rill pass over the blades . The t emperature of the hot 

gas will be shov,rn here. 

When the ho t gas flot-,s into the rig, the blade temperatures ",ill 

all be close to the t en~ erature of the hot gas since no coolant wi l l 

'be used. When cooling air i s drawn out of t he ro om t hrough the plain. 

~ hollow blade . you will notice a reduction i n the blade t emperature .~ 

(point) of about 1000 belo\-, the t emperature of the ul1cooled blade. When 

the same amount of cooling air i s passed t hrough the finned blade, the 

drop in t emperature will be about twice that of the plain, hollow 
, . 

blade. T,hi s will verify the calculated beneficial effect of i nt ernal 

fins. When the same wei ght flow of ,.,rater i s passed through. the water­

cooled bl ade. a rapid drop i n bl ade temperature will be noticed. The 

t emperature drop wi ll be about f our times t hat of the plain. hollow 

blade. ~1is definit el y i ndicates t he effect ivenes s of wat er as a coolant. 
,.. 

The r esults of t ests of cascades similar t o the one jus t demon­

strated show the relative effectiveness of various cooled blades. The 

problem of predicting cooled engine perfo rmance involves mch more than 

a simple evaluation of the cooling effectiveness of the blades. The 

co oling losses, such as the heat lost t o t he coolant and the power 

r equi red to circulate the coolant must be consi dered. At l ast year1e 

inspect ion, we pres ented the r esult s of analyses esti mat ing the amount 

by which gas-turbine temperatures could be increased using different 

types of cooling. "le also showed the potential or ideal gai ns i n engine 
~ 

performance offered by higher turbine gas temperatures, but we were 

unabl e to predic t accurat el y the net performance of an engi ne i nclud­'1' 
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ing the cooli ng lo sses. In the past year ",e have devel oped methods that 

enable us to predict t he a~proximat e performance , i ncluding losses . 

Chart 1 (C-21n 31-0) shows the po s sible gains in po\.,er of a cooled 

turbine-propeller engine oper ating at best pressures at 4o,000-foot alt1­
~ . 

tude. Theoretical increase in power is plot t ed agai nst t he ,.,ei ght flo\o,! of 

~ 
.6 the coolant ex-Fress ed a ratio of coolant flo\,1 to the weight flo ...., of 

" engine air. Present-de,y operation a t 15000 F turbine inlet temperature 
" " 

is represent ed by the circle at the l ower left-hand corner of the chart. 

The gai n in power of the uncool ed engine is indicated along thi s line; 
f 

f or ins tance. for 2000° F it i s 75 percent and for 30000 it is 260 
, . 

percent. AlJ the amount of cooling fluid required to keep the blades ~ 

.. f r om burning up i s i ncr eased. the cooling losses cause the gain in 

power to decrease as i ndicated by these l i nes f or the t wo gas t empera­

tures shown. For a coolant-gas f l ow r atio of 0.07. a nominal value 

at 2000° F. the l oss in power caused by cooling is one-third of the 
~ 

theoretical ga~n in p01.'1er \.,hich we \'/euld obtain if no cooling would 

.. ,.. be required• For 30000 F, at a coolant-gas flow ratio of 0.15. a nomi­

~ neLl vaJ..ue for this t emperature, a correspondi!1..g loss i n power due to 

cooling would be about 42 percent. ~1e gain in power, even considering 
o . 

the losses, is still appreciabl e. For 2000 F and a cool~~t-gas flow 
 

r a tio of 0.07 the gain i n power i s 50 percent above present-day opera­

4 tion . For 30000 F and a coolant-gas flOvl rat i o of 0.15. the gai n in 
 

~ ~ power i s 150 percent above present-day operati on. It i s desi rabl e to 

.­
mi ni mize the required coolant flow not only t o obtai n a s much net power 

as po ssible but also to a chieve mor e economical operation. This chart• .. and the next t ..l0 you wil l see a.ppl y directly t o turbi ne-prop eller 
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engi nes . Cooled turbi nes can al so be used to advant age in turbojet 

engines, especially t o reduce the amount of strate~ic materials us ed 

and to obtain hi gh power for emergency operation. 

~ . The calculated effect on engine performance of using cooled 

blades made of alloys with a large percentage of scarce metals is Shown 
• 
~ 	 

in chart 2 (c-2418l-A). The turbine-propeller is again considered 8~d 

, ' 	 theoretical incr ease i n power is again plotted agai nst the coolant-air 

flow ra tio. The \~ter-cooled blade is superior, a llowing t emperatures 

of 30000 F t o be reached at f airly low amounts of coolant flow. The 

, ' 	 finned, air-cooled blade also allows 30006 F to be reached, but at a 

much higher rat e of coolant flow, so that t he net power obtained is lower 

than fQr the water-cooled blade. The net power a t this point, however, 

., even with the cooling losses being considered, is still 175 percent 

above that obtai ned for the uncooled blade at 1500° F. The u se of a 

., plain, hollow blade for air cooling doe s not appear justified because 

the low cooling effectiveness Qf the blade, a s demonstrated previously 
~ ,. 

(point 	to hollow blade), will not allow high temperatures to be reached. 

The r eduction in strategic blade material which turbine cooling... 

makes po ssible is i ndica ted by t he result s shown on chart 3 (0-24181-]). 

The perforID8.nce obtained wi th finned, air-cool ed bla des installed in a 

turbine-prop eller engine i s analyzed. The orange line i s carried over 

f r om chart 2 wher e the blades consi dered wer e made of high- t emp erature 

alloy containing 96 percent str ategic rnatari als. The blue line i s for 

t he same blade configura tion, but with a bl ade material of alloy steel 

( " 
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containing only two p ercent of stra t egic materials. The performance 

is bel ow t hat ShOl'ID by t he orange line b ecause the blades IllU.s t be 

held a t lower t emperatures r equiring more cooling , but the calculations 

indicate that even with such a mat erial, gas temperatures over 2000° F 

are possible. The corresponding po",er gain ,,,ould be over 50 percent 
• 

above performance at 15000 F. ,As shown by the third line, the use of• 
; > l ow carbon steel containing no str a tegic metals in the blade rnaterial 

is no t justifi ed f or use with air cooling because the amount of 

cooling air r equired is so large that the losses prevent any substantial 

.; power gai ns. With wat er co oling, low carbon steel may have possibilities. 

I n summary . we believe the predicted p erformance of cooled tur­
~ 

~ bine engines, "fuich i ncludes cooling losses, is of such promise and 

the design pr ocedures are of sufficient accuracy that the fabrication 

of such turb ines for prototype engi nes i s feasible. Much "lork and 

~ r esearch effort i s still required to obtain dat a from which mor e accurate 

designs can be made. 
, r 

The prediction of the performance of cooled turbines involves 

marw factors, one of which is the amount of coolant required to pre­

vent the blades from burning up at a given hot-gas temperature. ~~is 

further involves t he accura t e predic t ion of t he amount of heat that 

t he ho t gas gives up to the blades. The next speaker, Mr. Rossba.ch. 

will discuss some methods and techniques used in experimental 

cooling research t o obtain such heat- transfer data and will present 

some typ i cal results. 

of - "" 

http:Rossba.ch
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