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ANALYSIS OF FACWRS AF'FECTm SEZZCTIOH AND m E H  OF AIR-COOUZI 

By Henry 0. Slone and James E. Bubbartt 

The estimated minirmun cooling  requirements and related perfarmance 
of turbojet  engines equipped  with  huh-performance  single-stage  turbines 
with ab-cooled  corrugated-insert  blades were obtained f o r  wide ranges of 
turbine-Inlet  temperature, t i p  speed, and hub-tip rdius r a t i o  f o r  a 
flight Mach number of 2 at 50,000 feet . The turbine was the only compo- 
nent  considered for cooling. The effects  of s t ress-rat io   factor ,  flight 
Mach number, alt i tude,  turbfne rotor  impeller efficiency, and outside 
hat- t ransfer   coeff ic ient  on cooling requirements were a l s o  studied. 

# 

For operation at Mach 2 at 50,000 feet ,  turbine-inlet temperature 
could possibly be  increased t o  about 3oOo0 and 35OOO R f o r  turbine  t ip  
speeds of 1700 and ll00 f ee t  per second, respectively. For nonafterbwn- 
ing Etnd afterburning engines w i t h  a turbine  hub-tip  ratio of 0.75, in- 
creasing turbine-inlet temperatures and t i p  speeds s t i l l  seem  beneficial  
in sp i te  of the  cooling requirements. The cooling problem i n  general be- 
comes more severe as e i t h e r  flight Mach n-er or altitude  increases, 
particularly for the higher  turbine-inlet  temperatures and t i p  speeds. 
These resu l t s  suggest that the limits of application of the  corrugated- 
insert blade w i l l  decrease w i t h  increasing fl ight Mach n u h e r  and alti- 
tude. However, f o r  the immediate future,  the  corrugated-  insert  blade is 
promising for  f l i g h t  speeds and altitudes  higher  than 2 and 50,000 feet, 
respectively. The turbine ro tor  s t ress-rat io  factor, turbine ro to r  
cooling-air-impeller eff icLency, cooling-air-supply  ducting  losses, and 
variations i n  turbine r o t o r  and stator   uts si de heat-transfer  coefficients 
may have qu€te serious effects on the cooling requirements. These ef- 
fects are  iuqortant  considerations in design and research. 

! 
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Turbojet-engine performance may: be improved by using  engine designa 
that require  turbine cooling. Ln or* t o  evaluate  the  effects of cooling 
on engine.  performance, the coaling requirements,  as weU..as the effects 
of various factors on these   requbeents ,  miit be  determined. Such re- 
6Ults are  needed ta -es tab l i sh  eqhasp  in research and as a guide for 
design. Therefare, analyses were made at the NACA Lewis laboratory (1) 
t o  obtain the  estimated minimum cooling requLremen$s far high-performance 
air-cooled  turbojet  engines equipped :with corrugated-insert  turbine 3 
blades, (2)  t o   r e f l e c t  these cooling requirements i n  the performance of 
the  air-cooled  turbojet engine, and (3) to   i l lus t ra te   the   fac tors   a f fec t -  
ing  cooling  requirements. These las t '   factors  were estimated,  since  ac- 
curate  design  values are presently unknown. 'This investigation w a ~ t  
conducted f o r  design-point  operation pf turbojet engines equipped wlth 
single-stage  turbines. 

" 

ro m 

" " 

Evaluatione of both the  uncooled+turbojet-eng$ne performance and the 
. .  

general effects of cooling on performince &re published in the   l i terature .  
The chaoges i n  engine performance resulting from turbine  cooling with 
compressor air bleed are analyzed in reference I, and the performance 
potentials of single-stage  turbojet  ewines util.izLng turbine cool ing are 
presented in reference 2. Wide ranges, i n  engine  deslgn  specifications 
are considered i n  both  references for f l igh t  at a Mach number of 2.0 in 
the  stratosphere. However, rather than considering  the  cooling reputre- 
ments fo r  a particular  type of air-cooled  turbine blade, a range of cool- 
mt flaws was investigated. Y 

* 

As a result of recent development4 (refs. 3 and 41, the  air-cooled 
corrugated-inn& blade 1s amenable taianalytical  treatment f o r  deter- 
m u  cooling  requfrements. In addition, considerable  research has been 
devoted toward developing fabrication technfques f o r  t h i s  blade and test- 
ing  experimental  blades. An experimental corrugated-insert  blade that 
has been operated In a standard turbo jet engine is  ehown Is figure l(s) . 
mrimen ta l   i nves t iga t ions  conducted in modified turbojet  engines to 
determine the  coollng  effectiveness of air-cooled  corrugated-Insert blades 
are  reported in references 5 and 6.  The corrugated-insert  blade is a 
promising  design  because (1) the  corrugated  surfaces have high heat- 
transfer effectiveness, (2)  there I s  freedom in select- a corrugation 
eometry, (3) corrugated  surfaces  .can s h e  as s t ructural  elements, and 
4)  an island insert p&ts corrugatiops of .uniform height and thus a 

more unifarm peripheral  distribution of the cooling air. To some extent, 
the  applicatfon of the corrugated-inser$ blade is cornpared with other 
types of air-cooled  blades in referencei7. !I!he cooling  requirements of 
the  corrugated-insert blade and the effects of vazious factors on coo l i ng  
are computed herein f o r  the engine  designs  presented in reference 2. The 
analytical  procedures  used to  evaluate the cooling  requirements of air- 
cooled turblses with corrugated-insert %des are presented i n  d e t a i l  in 
references 3 and 4. Y 

ti 
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The purpose of this  report ,  which concludes  a series,  is t o  present 
the  estimated minfrmmr cooling  requirements and the  result ing changes i n  
performance of engines  with  single-stage  turbines  with  air-cooled 
corrugated-insert  blades. IIZle possible  limitations of this  blade are also 
presented. A range of turbine-inlet  temperatures from 2O0O0 t o  350O0 R, 
turbine  blade  tip speeds of 1100 and 1700 f ee t  per second ( ac tua l   t i p  
speeds as used throughout) , and turbine  hub-tip  radius  ratios of 0.60 and 
0.75 were considered f o r  a   f l igh t  Mach number of 2.0 at a 50,000-foot 
a l t i tude.  In addition,  typical  variations  in  the  corrugation geometry 
and coolant flows with flight kch number, alt i tude,   stress-ratio  factor,  
pressure  losses in cooling-air  ducting and turbine r o t o r  disk, and outside 
heat-transfer  coefficients  are  presented. 

ANALYTICAL PROCEDURES 

General  Considerations 

The analytical  procedures  used t o  evaluate  the  cooling  requfrements 
of air-cooled  turbines with corrugated-insert  blades are presented in 
d e t a i l  i n  references 3 and 4. Figures l ( b )  and (c )  show a cross-sectional 
view of a corrugated-insert  blade and a typical  corrugated  section. The 
principal dimensions of the  corrugation that may be varied i n  the  selec- 
t ion  of corrugation geometry a re  indicated i n  f i g w e   l ( c ) .  These dimen- 
sions aze the  corrugation  amplitude Y, the  corrugation  spacing m, and 
the  corrugation  thickness 7. References 2 and 8 present a general  dis- 
cussion of the procedures for  computing the performance of turbojet  en- 
gines equipped with  single-stage  air-cooled  turbines and the  turbine 
operating  conditions  required in evaluating  the  cooling  requirements. 
Detailed  procedures  are  given in reference 9. In addition,  references 2 
and 8 tabulate  the engine performance  and many of the  operating  conditions 
f o r  the complete range of turbine  design  specifications  considered  in 
t h i s  asa3ys is. 

Schematic  drawings of the  turbojet  engine and the  turbine  rotor 
cooling-air  impeller are sham on f i g m e  2. In s m e  cases, three comres- 
801: bleed  points were considered for the  rotor  blade  cooling-air  supply 
and two canpressor  bleed  points  for  the stator blades. me re la t ive  po- 
s i t ions  of these  bleed  points are  shown on figure 2(a). The exact loca- 
tions actually v83y f o r  each  engine deslgn specification. O n l y  one cm- 
pressor bleed  point was considered in the a n a l y s b  f o r  the  engine 
performance resu l t s  of reference 2. However, as  sham in reference 1, 
the  effect  of coding-air  bleed  point on engine  performaace is small. 
For t h i s  reason, the engine per fomnce   resu l t s  of reference 2 were used 
herein, even though the  compressor bleed  point  did Wfer  somewhat f o r  
many of the  cases studied. 
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The assumptions  and constants  used in  the  present  analysis  are  pre- 
sented in appendix A. Reference 2 gives  the assumptions employed in the 
engine performance analysis. The present  study and that of reference 2 
are directed toward exploring the  outer limits for  single-stage turbines 
using turbine blade cooling. For t h i p  reason, the engine performance 
resul ts   are  based on turbines w i t h  high turbine aerodynamic limits and 
high turbine-exit whirl in   the   in te res t  of obtaining  the highest turbine 
specific work and weight flaw commensimate with the  efficiencies -signed. 
Also, the  present  study w&8 aimed to&d determining the approximate  mini- 
mum cooling  requirements  anticipated  for  the  corrugated-insert blade 
without coo l i ng  the cooling a b .  In most cases, these  calculated  cooling 
requirements are lower than will be  possible  untfi improved design  tech- 
niques are evolved. of principal  impmtance i n  t h i s  connection a r e  the 
design  stress-ratio  factor, the cooling-air-supply  ducting  losses, the 
rotor  cooling-air-impeller  efficiency, and the  blade metal taper from 
roo t   t o   t i p .  Each of these  variables' is chosen s o  as t o  minimize the  
cooling  requirements f o r  the corrugated-insert blade. Their effects on 
cooling  requirements a re   f ina l ly   i l lub t ra ted  and discwsed i n  subsequent 
sections, except for the blade metal taper  ratio.  The effect of the  blade 
metal taper r a t i o  from blade root   to  t i p  is small. A value of 0.50 vae 
used for  this ratio,   since it represents the approximate lower limit fo r  
corrugated-insert blades t h a t  have  been fabricated. 

The stress-ratio  factor,  which is the r a t i o  of the average  allowable w 
blade stress-rupture  strength t o  the blade average  centrifugal  stress 
(ref.  lo), was a;Ssumed t o  be 1.5. The magnitude of the  stress-ratio fac- 
t o r  is m e a n t  to include the effects of other stres~es, such as bending, 
vibration, and thermal  stresses, a6 w e l l  as t o  provide some margin of 
safety  for   the  effects  that comtruction may have on the blade material 
strength.  .Experimental data {ref. 10) show that a s t ress-rat io   factor  of 
about 2.3 is required  for a par t i cu la r  blade  constructed of carbon steel .  
However, limited- unpublished data w i t h  higher temperature a l l o y s  indicate 
that smaller values of st ress-rat io   factor  are possible through proper 
choice of materials and fabrication  techniques. 

I 

The cooling-air-supply  ducting  losses were neglected i n  the  present 
a ~ ~ l y ~ i s .  In addition,  the  turbine  rotor  coaling-air-impeller  efficiency 
(defined as the  r a t i o  of t h e   8 c t W   r e l a t i v e  enthalpy  difference t o  the 
ideal  relative  enthalpy  difference between the  rotor hpeller inlet and 
the  rotor  blade inlet) was assumed to ,be   the  same aa that fo r  the main 
compressor, 0.83. Certainly,  before  these assumptions  can be practically 
realized, good design  techniques  must:be evolved through develogment work. 
The greater  the  cooling  requiremente,  the m o r e  diPficult  the problem of 
reducing pressure losses. The efficiencies far a single cooling-air- 
impeller  design  operating  over a range of conditione have been  determined 
from test results  but  not  reported. These unpublished data show impeller $ 

efficiencies as high as 0.50 f o r  this   ear ly  design. 

7 

Y 
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Evaluation of Principal Heat--ansfer Panmeters 
4 

Before the  procedures of references 3 and 4 can be used, cer ta in  in- 
dependent variables must be known or  calculated. The majority of these 
variables are determined from the operating  conditions and the design 
specifications of the turbojet  engines  being  considered. The effective 
gas temperature TgJe can be evaluated from reference ll. llhe average 
Nusselt number from which the  average  outside  heat-transfer  coefficient 
%,av is obtained is determined by use of the following correlation 
equation (ref. 12): 

where perimeter 2 d x  is the  reference  length i n  NuElv and Reav, and 
F and z are  functions of the t rans i t ion  r a t i o  and Ner number of the 
blade. (Sy-t?ibols are defined in appendix B.) When an  actual  blade  profile 
is available, the values of t rans i t ion   ra t io  and Euler number may be de- 
termined from the  velocity  distribution around the  blade profile (ref .  12).  
In the present  study, however, the  actual  blade p ro f i l e s  axe unknown fo r  
the various  engine  designs  reported fn references 2 and 8, but  values of 

- 

'I turbine-inlet and -exit  pressures and veloci t ies   are  known. 
For channel flow at high subsonic Wch numbers, the product of the 

J stat ic   pressure and relative  velocity is approximately constant. There- 
fore,  since  the  turbine  designs of references 2 a d  8 have high  subsonic 
Mach numbers corresponding t o  high blade loading, the  product of the 
integrated  average  static  pressure and relative  velocity can be  d08ely 
approximated by the product of the averages of the  inlet  and e x i t   s t a t i c  
pressures and velocit ies.  Thus, the Reynolds number  becomes 

where  pav and Wav are the averages of the   in le t  and exit  pressures 
and velocit ies.  

The values of J and z (eq. (1) ) w e r e  obtained from reference 13, 
wherein ten  blade  profiles,  including both impulse and reaction  blades, 
were analyzed and average  values of F and z w e r e  evaluated. These 
values  are F = 0.092 and z = 0.70, and equation (1) becomes 

- 
- 

Nu, = 0.092 (Reav)'* 70 Pr1I3 
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Equation ( 2 )  was used to  calculate  the  value of far both 
av 

turbine  rotor and stator  blades. The values of H, computed from - & -  

equation (2) may be somewht high f m, the  reaction  blading of the  turbine 
stators,  since  the  favorable  preesure'gradient may permit laminar flow 
Over a large  portion of the  blade surface.  This resu l t s   in  a lower value 
of z and a higher value of F. 

, &V 

- 

The gas properties  in  equation ( 2 )  were evaluated on the  basis of 
the allowe;ble-blade"€-e~erature-at the midspan of the  rotor blades and of' 
an average  blade temperature fo r   t he  statar blades. The maximum allowable 
blade temperature dfpltributione  for tbe rotor  blades were evaluated from 
the 1Oa-hour stress-rupture  properties of a promising alloy A-286. Ref- 
erence 3 discusses  the  procedures  used for .determining  the maximum all&- 
ble  blade  temperature. The limiting  alloxable  blade  temperature of the 
stator  blades was taken as 2000° R at the stator blade t i p .  This value 
is chosen as a conservative  value  for.present uncooled stator  blades. 

- .  
dr * 
CD 
Ir) 

- 

Selection of Corrugation Geometry 

In references 3 and 4, analyt icd.  procedures and charts ere presented 
tha t  permit  the  selection of a corrugation geometry which gives, fo r  a 
specific  application,  the lowest. posafbla. ~aZIsx!!..flm..WU limitatipm . 3:- 
of the  pressure  levels  through  the engine and the  blade  pressure drop. 
The selection of a suitable corrugation geometry, hawever, also depend8 
on the  blade profile and the  ease of fabricating  the  corrugation configu- 
ration. fn general, small values af barrugation  height  or  amplitude Y 
are required  for  air-cooled  blades i n  order t o  provide  trailing-edge 
cooling with m-lnirmlm trailing-edge  thickness. In addition, changes i n  Y 
have a larger  effect  on coolant-flow and pressure  requirements than changes 
in m and T. As a resul t ,  Y is the moat important of the corrugation- 
geometry parametere, and the  values of corrugation  thickness T and 
corrugation  spacing m a re  secondary in   t he  final selection of  a corruga- 
t ion geometry fo r  an air-cooled  blade.' Consequently, following the sug- 
gestion of reference-3,  pressure  drops w e r e  calculated for various  values 
of Y with  assigned d u e s  of m and 7 .  In this way, the  value of Y 
corresponding to  the  condition of calc,plated  pressure drq equal to  availa- 
ble  pressure drop  could  be  obtained for each  combination of m and 'c. 
Also, it was assumed that the required: s t a t i c  pressure of the  coolant at 
the  rotor  blade  outlet  was equal t o   t he  average gas stat ic   pressure acr086 
the  rotor   t ip .  The required  coolant  static  pressure at the  stator blade 
outlet  was assumed equal t o   t h e  gas static  preseure downatream of the 
turb ine   ro tor   t ip  (see fig. 2 ( a ) ) .  

.. " 

" 

-~ - .. 

Rather than obtain  coolant-flow requirements and the  corresponding 
corrugation  geometries for each of the  single-sts@;e  turbodet-engine de- 
signs presented in reference 2, only the extreme design conditions w e r e  

W 
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consfdered - that is, turbine-inlet  ternperatmes of 250O0, 3O0O0, and 

and turbine  hub-tip radius ra t io s  of 0.60 and 0.75. The coolant  require- 
ments are  ei ther zero or negligible a t  2O0O0 R. 

* 3500' R; actual  turbine  blade  tip speeds of EL00 and 1700 feet   per  second; 

(T, 
w 
IP 
IP 

RESULTS AND DISCU6SION 

For  each  value of m and 2, the calculated pressure drop equals the  
available  pressure drop for only one value of Y. Th i s  condition results 
in either  the minimum or  approximately the mininnrm coolant flow for th i s  
conibination of m and 7. However, changes i n  m and 2; in general, 
resu l t  in different  solutions f o r  Y and, therefore, different coolant- 
flow requirements. For this reason, the effect& of m and ?; must be 
considered  for some designs,   particularly  for design conditions where it 
is des i rab le   to  reduce the coolant flow or the  required  value of Y. 
Therefore, f o r  the  present  analysis, a number of conibinations of m and 
7 aze considered. 

In order t o  aid in understanding  the  roles of m, T, and Y, this 
section first i l lus t ra tes   the i r   e f fec ts  on the  selection of a corrugation- 
geometry design. Then, the computed minimum coolant flows and the cor- 
responding  geometries for  the  corrugated-insert  blade w e  summarized f o r  

s ta tor  blade coolant flows and the i r  geometry configurations  are  selected 
f o r  each  engine  design and incorporated  in the performance resu l t s .  I n  

single-stage  air-cooled  turbines  operating at 8 f l i gh t  Mach nmber of 2.0 
at 50,000 fee t   a r e  illustrated. Finally, the changes in cooling  require- 
ments for  changes i n  stress-ratio  factor,   f l ight Bhch  number, a l t i tude,  
fiqpeUer efficiency, and outside  heat-transfer  coefficient axe shown f o r  
typical  cases t o  i l lustrate  the i r   e f fec ts  and fmortance i n  design and 
future  research. 

1 the engine  designs  considered. From this summarization, the  rotor and 

* this way, the  possible  limitations of the corrugated-insert  blade used i n  

Influence of Corrugation Geometry on Coolant-Flow  Requirements 

E f e c t  of corrugation  amplitude. - Varht ions of the  coolant flow 
and the blade-outlet  coolant Mach  nuniber a d  s t a t i c  preasure with corn -  
gation  amplitude Y are s h a m  in figure 3 for  a representative turbine 
rotor blade w i t h  fixed values of corrugation  thickness and spacing. The 
vdues of turbine-inlet  temperature, t i p  speed, hub-tip radlius ra t io ,  and 
blade-inlet  coolant  pressure and temperature ctre a l s o  fixed. 

As shown by figure 3, a  decrease in  Y resu l t s  i n  a slight decrease 
i in the  coolant flow requh?ed t o  maintain maxFnnnn allowable  blade  metal 

temperatures.  Variations i n  the required  coolant flow mey be considerably 
different from that s h m  on figure 3, depending upon the  type of coolant 

t 
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flow (laminar, turbulent,  or  trans  ition) and the amount of coolin@; re- 
quired. The changes in   t he  coolant flow and Y are reflected in the 
blade-outlet Mach number and coolant s ta t ic   pressure  in   the lower sections 
of figure 3. A decreaae i n  Y resul ts  in  a direct  decrease in  the 
coolant-flow  area, Ghich, in   turn,   resul ts  i n  an increase  in  the  coolant 
Mach numbers. The higher Mach numbers and the higher pressure drops ac- 
companying  them  combine to reduce the blade-outlet  static  pressure. Al- 
though the trends shown in figure 3 are  representative of those for a l l  
conditione  studied,  the  rate of change i n  the ex i t  Mach number and s t a t i c  
pressure may be somewhat different  far  other  conditions because af a dFf- * 
ferent  variation in the required  coolant flow. The minimum Y obtainable 
corresponds t o  the condition of the calculated  coolant  static  pressure at 
the  coolast passage outlet   equal  to  the average gas s ta t ic   p ressure   acros~  
the rotor   t ip ,  as indicated by the  intersection of the two curves in the 
bottom section of f igure 3. 

d 
u) 
M 

The trenda shown by the curves i n  f 3 are typical for both tur- 
bine  rotor and stator blades,  regardless of the engine design specifica- 
tions  considered. Because  of the choking condition  i l lustrated by the 
middle c-ve, extreme care must be  used i n  some cases when selecting a 
corrugation geometry in  order t o  provide a factor  of safety. 

For turbulent flow, the  coolant-flow r a t i o  w i l l  always decrease  with 
decreasing Y. For hninar flow, however, the  coolant-flow  ratio in gen- 
era1  increases w i t h  decreasing Y. Therefore, a reversal  occws for flow 
i n  the  transit ion  region. In general, then, the minimum value of Y w i l l  
not correspond t o  the minimum value of the coolant-flow r a t i o  for laminar i 

flow. This conditionnaay also exis t  for flow in the transition  region. 
Consequently, these  trends must be  considered in   t he  final selection of a 
corrugation geometry fo r  a par t icu lar  application. However, fo r  the re- 
sults presented  herein,  the  value of minimum Y corresponding to   the  
intersection  point in figure 3 was determined. In a l l  cases  studied,  the 
resulting  values of the coolant-flow r a t i o  were ei ther   the minimum or near 
the m u b u m  values. 

v 

" 

Effect of corrugation  spacing and thickness. - Figure 4 shows for  a 
representative  turbine  rotor design the d f e c t s  of corrugation  spacing m 
and thicknesa T on the minhum allowable  corrugation  amplitude Y and 
the  required  rotor  coolant flow CR. ' These values of Y and CR were 
obtained in a manner iden t i ca l   t o  that for the bo'ttom part of figure 3. 
As ahown in figure 4, an increase i n  m results i n  a decrease i n  Y ~ n d  
a rise i n  %. These trends  are a resu l t  of the change in the coolant 
heat-transfer  coefficient  necessary  to  offset  the change i n  the number of 
equivalent fins (or  surface  =ea>. 3i1 addition,  figure 4 shows that an 
increase  in T resu l t s  i n  an  increase in Y and a decrease in CR.  The 
principal  effect  of increasing 7 is  to  increase  the  corrugation  cross- 
sectional area normal t o  the heat .flow. This, i n  turn, results in 

. " 

V 
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decreased  temperature  gradients and thus improved effectiveness of the 

0.010 inch f o r  constant my Y is increased  approximately 20 percent and 
C, is decreased about 10 percent. In changing m from 0.05 t o  0.02 f o r  
a constant T, Y is increased  about 25 percent and CR is  decreased 
almost 25 percent. 

* corrugated  surfaces. When the  value of Z is changed from 0.005 t o  

Although figure 4 is typical of the  cases analyzed, the  percentage 
variations in Y and C for values of m and T may differ sanewhat. 
In general, if the  design  conditions are such t ha t  Y tends t o  become 
excessively  large, a BmaJl value of T and a  large  value of m should 
be  chosen. Such a choice a l s o  tends t o  decrease  the  blade weight and, 
therefore,  blade  stresses. Conversely, if’ coolant flow becomes the 
cri terion, a lazge  value of T ana a smll value of m should be chosen. 

Coolant-Flow Requirements and Performance Results 

Y 
5 

Tables IEa) and (b) summaxize all the computed solutions of required 
corrugation  gemetries and the i r  corresponding  coolant flows f o r  the tur- 
bine r o t o r  d s t a t o r  blades,  respectlvely. Each corrugation-gemetry 
combination presented in table  I is within  limitations of the  pressure 
levels through the engine and the  blade  pressure drop and w a s  selected by 

minimum value of Y. All results sham i n  table  I are for  single-stage 
turbines of turbojet  engines operating at a flight Mach number of 2.0 a t  
50,000 f ee t .  Because a  large number of calculations are involved i n  ob- 
taining each corrugation geometry and the corresponding  coolant flow, 
every e f for t  was made t o  minimize the number of engine and corrugation 
designs  considered. For t h i s  reason, only extreme turbine  blade  tip 
speeds and hub-tip  radius  ratios were considered f o r  each turbfne-inlet 
temperature. Also, only enough values of m and T and of compressor 
bleea  points w e r e  considered t o  establish  trends. The cases fo r  which it 
was impossible t o  obtain  adequate  cooling designs are indicated in table  I 
by lfNo solution.” For a  turbine-inlet tempera-e of 200O0 R the coolfng- 
air flows w e r e  either  zero  or  negligible. 

* using a curve similar t o  the bottom curve of f igure 3 for  solving  for  the 

* 

Once again, it qhauld be emphasized that  the  coolant flows sham i n  
table  I are   the approximate m i n f n r u m  coolant flows for  the corrugated- 
insert   blade used in  single-stage  turbines. Also, a comparison of the 
results presented in   the   t ab les  and i n  figures 3 and 4 shows si~nilar 
trends  regardless of engine  design  specifications. 

Effect of compressor bleed  point on ro tor  blade  coolant flow. - The 
performance resul ts  of reference 2 are based on the  assumption that   the  
rotor  cooling air is bled at an  intermediate  stage of the compressor, so  
that the t o t a l  work  done on the  cooling air is equivalent t o   t h e  work 
required t o  compress it t o  t h e  compressor-outlet  conditions. The 
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corresponding bleed point  for  table I is indicated as corn ressor  bleed 
point 1, and its relative  location is shown i n  figure 2(ay. 

For all the engine  designs  considered, the rotor  cooling air was 
ini t ia l ly   suppl ied from compressor ble.ed. point 1. In some casest no 80- 
lut ion was obtained with point 1, because there- was not" sufficient cool- 
ant  pressure  available  at  the  blade inlet. When this happened, the com- 
pressor  bleed  point was changed t o   e l t h e r  a point midway between bleed 
point 1 and the compressor dischargej(point 2 )  or t o  the  compressor dis -  
charge  (point 3). Although moving the compressor bleed  point toward the 
compressor discharge  increases  the  available blade-inlet coolant  pressure, 
the  blade-inlet  coolant  temperature a l s o  r i ses .  Thus, for  some engine 
designs,  solutions cannot be  obtained with compressor bleed  point 3, be- 
came the blade-inlet  coolant  temperature is too high for adequate 
cooling . 

In order t o  show better the effects  of compressor bleed  point, a var- 
i a t i on  of blade-outlet coolant stat ic   pressure p and rotor  coolant- 
flaw r a t i o  CR w i t h  corrugation  amplitude Y is presented  in figure 5 

f o r  a particular engine  design. With bleed  point 1, no solution was ob- 
tainable even w i t h  Y = 0.20 inch fo2 m = 0.020 and z = 0.005 inch. 
Changing the  bleed  point *OM 1 t o  2, however, permitted a solution w i t h  
Y = 0.077 inch. The blade-inlet t o t a l  coolant  preesure pi,in and t e m -  

perature were 27 00 pounds per  square  foot a& 844O R fo r  bleed 

point 1, and 4710 pounds per square foot and 1050° R fo r  bleed point 2. 
When an attempt was  made t o  change the bleed  point  to  conr~ressor-discharge 
conditions (compressor bleed point 31, no solution was obtained  because of 
the high  blade-inlet  coolant temperature. Even though p: increased 
t o  11,600 pounds per square  foot ,  which  would be beneficial, Tl,in in- 
creased t o  1324O R. Because Tg,in . . is  only 62' R below the allovable 
blade temperature at the blade root f o r  this design,  cooling was 
inqossible. 

a,o 

'l, i n  

, i n  

Along with the change in  bleed  $oint, however, a change i n  rotor  
coolant flow takes place. Figure 5 shows that, for the change in  compres- 
sor  bleed  point from 1 t o  2, the  rotor  coolant-flow  ratio almost doubles 
fo r   t he  engine  conditions  considered i n  this plot. The increase in  rotor 
coolant  flow is required to  offset   the  increase in coolaat  temperature. 
The trends shown by the curves in  figure 5 a r e  dublicated by the results 
i n   t a b l e  I. Possibly  other compressdr bleed points  intermediate between 
the ones already considered would be'more beneficial  i n  the final selec- 
t i on  of  a corrugation geometry. The.main point  suggested by the results 
of this analysis is that, when selecting the most suitable  air-cooled 
corrugated-insert blade for a specific  engine.design, the choice of the 
best compressor bleed  point is extremely  important. 

t 

I 
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Effect of canpressor  bleed  point on stator  blade  coolant flow. - The 
performance results of reference 2 a re  based on the assumption tha t   the  - - 

stator  cooling air is bled at the compressor discharge.  Therefore,  the 
turbine  stator  cooling  requirements  for  this  analysis w e r e  evaluated  with 
compressor-discharge bleed  for each engine design studied. These results, 
tabulated i n  table  I(b), are indicated by compressor bleed  point 3. The 
possibi l i t ies  of using  either ram air or a* bled from as intermediate 
compressor stage w e r e  a lso  considered. In general,  these  considerations 
revealed l i t t l e  ar no advantage of bleeding ahead of compressor dischazge 
for  the  engine  designs studied. 

The resulting cooling requirements for ram-air bleed are not l i s t e d  
in   t ab l e   I (b ) .  In a11 cases, however, the m i n i m u m  required  corrugation 
amplitude w a s  about 0.150 inch  or greater; in general,  the  higher  the 
turbine-inlet  temperature,  the  higher  the  corrugation  amplitude. The 
values of corrugation  amplitude  obtained  Kith ram air are considered t o  
be  excessive  for  the trailing edge of air-cooled  turbine  blade  designs 
and are, therefore,  impractical. In most cases, even the  possible re- 
ductions in  cooling-air  requirements by the  use of ram air rather  then 
compressor-discharge air Bse small., although  the  cooling-air  temperature 
is lower f o r  ram air. 

The cooling  requirements for  bleed from an intermediate compressor 
stage, which are listed in table I (b)   for  three engine designs,  are in- 
dicated by compressor bleed. point 2. The posit ion of this  bleed  point 
wa6 se lec ted   a rb i t ra r i ly  about two-thfrds of t he  way through the com- 
pressor.  Since the purpose of considering  this  bleed  point is t o  estab- 
l ish  the  trends,   the  specific  bleed  point is unimportant. In the  Fnterest 
of minimizing the  calculations,  only  the  higher  turbine-.inlet  temperatures 
and turbine  hub-tip  radius  ratios w e r e  considered. Comparison of the re- 
sults for bleed points 2 and 3 s h m  that ,  as the bleed pressure is 
reduced, the  required  ctirrugation  amplitude  increases  significantly. The 
maximum value is obtained far ram air  as previously  discussed. For the  
cases in which the two bleed  points are shown in table  I(b), fo r  a turbine 
blade t i p  speed of EL00 feet per second the  increase i n  Y is accompanied 
by a re la t ive ly  smaU change in coolant f l o w .  For these ca.ses, the ad- 
vantage of the  early  bleed seem t o  be  offset by the change in amplitude 
required. This is par t icu lar ly   t rue   for   the  design with a turbine-inlet 
temperature of 35000 R, since a value of 0.150 inch  for Y seems exces- 
sive. For the single case  with a turb ine   t ip  speed of 1700 feet per sec- 
ond, changing the  bleed  point resulted i n  an  fncrease i n  both Y and the  
cooling-air  requirements,  both  of which a re   des i r ab le .   mte rmed ia t e  
bleed was not  considered for a turbine-inlet  temperature of 2500° R, since 
the  possible changes in  cooling-air  requirements were small. It is only 
for  these  cases  that   relatively large changes i n  Y might be  tolerated. 
Benefits of bleeding ahead of the comgressor dhcharge were not  realized 
fo r  turbine s t a to r  cooling as for   turbine  rotor  cooling,  possibly  for two 
remons: (1) The stator  effective  gas  temperature is higher  than that 
for   the  rotor ,  and (2)  the impelrer does addit-Tonal work on the rotor 
coolant after compressor bleed. 
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For ei ther  compressor ble-ed poM5 2 o r  3;the  cooling a i r  can be 
discharged  into the tai l  pipe. However, for ram-air bleed, t h e  cooling 
air must be  discharged t o  a region of lower pressure  than  available  in 
the t a i l  plpe. This adds undesirable  complications t o   t h e  engine  desfgn. 

. e .  

Coolant-flaw  range. - The most deeirable  cormgation  design  for each 
of the engine  designa may now be s e l e c t e d  from table  I. In many cases, 
t h i s  selection may be quite  arbitrary,  since the required  coolant flm 
and corrugation  amplitude  are  either small or essentially  unaffected by 
t he  corrugation  spacing and thicknese. In general, however, the selection 
should be based on minimum coalant flows with acceptable  values of c m -  M 
gation  amplitudes. The coolant-flow  requirements  selected  for  this  report 
a r e  aa fo l la rs :  

$ 
. L  

. . . .  

Turbine 
t iP 
speed, 

U t  
f t /sec 

I 

Turbine 

radius 
r a t  io, 

hub- t i p  

rdrt 

f Turbhe-inlet  temperature, Ti, I 
I 2500 I 3000 I 3500 I 
Rotor 
coolant- 

1100 0.60 0.014 I I .75 I .012 

1700 
.02l .75 

0.032 0.60 

0.025 0.036 0.046 0.078 0.077 
.029 1 .027 1 .064 1 .074 1 . lo3 1 

0.036 
""- .lo4 .048 .049 
----- 0.060 0.100 ""- 

"-" 

In making these  aelections, emphasis was @aced on choosing small  values 
of corrugation  amplitude,  except where coolant-flow changes are large. 
For the rotor  blades,  the  required  corrugation  amplitude never exceeded 
0.090 inch. For the s t a to r  blades, the required  corrugation amplitude 
exceeded 0.10 inch f o r  only  one case, Ti = 35000 R, Ut = ll00 f ee t  per 
second, and rh/rt = 0.60. A plot showing the  band of total   cooling-air  
requirements, which includee a l l  valuks given h the preceding  table, b 
shown on figure 6. For each given  turbine  blade t i p  speed, t h e  t o t a l  
cooling-air  requirements are only slightly  affected by the  turbine hub- 
t ip   rad ius   ra t io .  The lower limiting  line  represents the m i n i m  cooling- 
air requirements  obtained for UOO-foot-per-second turbine  blade t i p  
speed. The upper limiting llne represents the maximum cooling-alr re- 
quirements  obtained fo r  Ut of 1700 feet Per second. 

A real limit i n  the application of the corrugated-insert  blade is 
established by the trailing-edge  thickness, if the corrugation is t o  
extena  into the trailing-edge  region., .For present deeigns, the 

I 

" 
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trailing-edge  thickness for uncooled turbine blades is considerably below 

air-cooling designs is as yet unlmown. The extent the trailing edge may 
transfer its load  to  the  central  portion of the  blade ha8 not been estab- 
lished, nor, therefore,  the  extent it must be  cooled. For the  present 
case, i n  which only average  requirements are  being  considered  rather  than 
local  requirements aroUna the  periphery of the blade, t h i s  limit is arbi- 
trarKly s e t  at a  value of corrugation  amplitude of about 0.10 inch. The 
wavy line  representing the l imit  on figure 6 approximates this condition. 
Table I can be used for  estimating  limitations f o r  the  corrugated-insert 
blade f o r  other  values of the maximum allowable  corrugation amplitude. 
It should be realized that the cooling  requirements f o r  the  corrugated- 
insert   blade may be reduced ff ei ther  the blade metal strength is in- 
creased  or the cooling-alr temperature 3~ reduced uithout expanding t o  a 
lower pressure. Both of these  factors  are  presently be- investigated. 

L 0.10 inch. The extent that this dimension  can  be r m e d  to accommodate 

m f e c t  of coolant-flow r a t i o  on engine performance. - The variation 
of the performance of both  nonafterburning and afterburning  (afterburning 
t o  35000 R) single-stage-turbine  engines  oserating at a f l i gh t  Mach  number 
of 2.0 a t  50,000 fee t  is shown in  f igures 7(a) and (b) for  hub-tip r ad ius  
ra t ios  of 0.75 and 0.60, respectively. I n  all caBes the compressor pres- 
sure   ra t io  and engine mass flow are  the maximum values obtainable  for 
single-stage  turbines with the aerodynamic limits imposed (see ref. 2 ) .  

and t i p  speeds, are  resented for zero coolant-flow r a t i o  and the e s t i -  
mated min imum coolant-flow ratios  required with corrugated-insert air- 

were taken from the  table of the  preceding  section. Because the com- 
pres6or pressure ratios and the engine weight flows are'maximum values fo r  
the conditions imposed, while the  coolant flows are  the  estimated minimum 
values,  these performance results  represent  the upper Umit expected f o r  
engines equipped w i t h  single-stage turbines. With each  value of coolant- 
flow ra t io ,  the engine performance was evaluate& in terms of thrust and 
thrust   specif ic  fuel consumption from the results presented in table  I 
of reference 2. As previously discussed, effects  of compressor bleed 
point on engine performance were neglected,  since  reference 1 shows these 
e f fec ts   to   be  small. 

* These figures, which cover a complete  range of turbine-inlet  temperatures 

" cooled  blades in  the turbine  rotor and stator. The cooling  requirements 

The engine performance results are presented in  figure 7 i n  terms of I 

the   to ta l   th rus t  per unit  of turbine  frontal  area (as based on turbine 
w e i g h t - f l o w  capacity) and the thrust specif ic   fuel  consumption. In gen- 
eral, the  effects of bleeding cooling air from the compressor a re  a de- 
crease i n  thrust  asd an  increase i n  thrust   specific fuel consumption fo r  
both the nonaPterburning and afterburning engines. However, the  effect  
of cooling on the thrust   specif ic   fuel  consumption is considerably  less 
for the nonafterburning than f o r  the  afterburning engine,  because the  
coolant  reduces  the  exhaust-gas  temperature. In f ac t ,   a t  high turbine- 

. i n l e t  temperatures,  cooling has l i t t l e  or no effect  on the thrust specif ic  

- 
. fuel consumption of the nonafterburning  engine. 
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As s h m  by figure 7, l i t t l e  iurprwement in engine  performance is 
possible by increasing the turbine t i p  speed (or compressor pressure 
r a t i o )  for a turbine-inlet temperaturg of 2000O R.  Large gains in thrust 
per unit  of turbine frontal  area can be obtained, however, by a sirmrlta- 
neous increase in the  turbine-inlet  temperature and the turbine blade tip 
speed for either  the  nonafterburning or the afterburning  engine. The 
changes Ln thrust .specif ic  fuel consumption,  however, are different far 
the two types of engine,  decreasing significantly  for  the  afterburning 
engine alj either  the turbine-inlet teqerature or the turbine blade t i p  
speed increases. Far increasing blade t i p  speed, t h i s  effect  is due t o  
t h e  increasing compreseor preseure ratio caused by the  increased  turbine rr)  

work capacity. HoweV&F, for the  nonafterburning  engine, as the  turbine- 
inlet temperature rises at com-tint  tGbine  blade t i p  speed, the thrust 
specif ic   fuel  consumption increases. ' I n  order t o  maintain constant thrust 
specific fuel consumption a6 the  turbine-inlet  temperature is elevated, 
the  turbine  blade  t ip  speed must a l s o  :be  increased t o  increase  the com- 
pressor pressure ra t io .  ". 

L 

* 
dr" 
(D 

In general, as was shown Fn figure 6, an increase in the turbine- 
inlet temperature or the turbine blade t i p  speed results Fn larger cooling 
requi rennts  for the  corrugated-imert  blade. As i Ihmtrated by figure 7, 
the  effect  of coolbg  a i r  is to sh i f t  the performance t d  lower thrust 
and higher thrust specific  fuel  consuiption. However, it is irqportant t o  
notice that the  effects of the  actual.cooling  requirements on the t&rust 
specific fuel consumption of the  nonafterburning  engine  diminish as the 
turbine-inlet  t&perature rises. For 'the turbine  hub-tip  radius  ratio of 
0.60 (fig.  7(b)) at a turbine-inlet  temperature of 3O0O0 R and at  t i p  " 
speeds of U O O  and 1700 f e e t  per second, the increase in thrust  specif ic  
fuel consumption due t o  coaling  for  the  nontlrterburning  engine is only ap- 
proxjmately 1 and 3 percent, while thk corresponding  reduction I n  thrust  
per unit of turbine f ronta l  area is between approximately 8 and 25 per- 
cent. However, f or  the  afterburning  engine w i t h  a turbine-inlet tempera- 
ture af 3000° R and an afterburner-outlet temperature of 35000 R, the 
thrmt specffic fuel consumption increases by approximately 5 and 8 per- 
cent as the coolant-flow r a t i o  changes from zero t o  the  required amount, 
while the thrust per unit of turbine frontal area fs reduced by about 3 
and 15 percent for turbine blade tip speeds of I200 and 1700 feet per 
second, reqec t ive ly .  

P 

Figure 7 i l lustrates   the  large  net  performance gain6 based on the 
aerodynamically limited  turbine  possible by increasing  the turbine-inlet 
temperature and t i p  speed of a single-stage turbine w i t h  corrugated" 
insert  air-cooled  blades. Even for   the nonafterburning  engine, it should 
be  possible t o  maintain the thrust specific fuel consumption a t  present 
deeign value while obtainkg  sf&fic&nt increases- in thrust  by cooling 
the turbine. This requires turbine-inlet temperatures somewhat higher 
than 2000O R and an increase i n  the turbine blade t i p  speed. For the 
afterburning  engine w i t h  a turbine  hub-tip  radiue . .  r a t i o  CXP 0.60, only 

i 
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marginal improvements in the performance are shown f o r  turbine-inlet tem- 

gains  for  turbine-inlet temperatures above 2500° R are  increased. 
a peratures  abwe 250O0 R. For a turbine  hub-tip raaius r a t i o  of 0.75, the 
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An estimation of the limiting  operating  line  for. the air- cooled 
corrugated-insert  blade limited t o  amplitude of approximately 0.10 
inch aa previously  discussed is indicated in  figure 7 by the wavy l ines .  
These limits are only applicable  for  direct  compressor bleed. The limits 
may be  extended  by  reducing the  coolant  temperature  or increasing the 
blade  metal strength. For the  nomfterburning  engines  operating at a 
turbine  t ip  speed of 1700 feet per second, t h i s  limit is estimated t o  
occur a t  o r  near a turbine-inlet  temperature of 30W0 R. As the  turbine 
t i p  speed is decreased, the allowable twrbine-inlet  temperature can be 
increased. A t  a turbine t i p  speed of YO0 feet  per second, the  l imiting 
temperature is increased t o  about 3500° R. 

It is wen t o  realize that the  values of engine t h t  presented i n  
figure 7 depend on the mass-fl.m capacity of the  turbine. Should other 
components limit the engine mass-flow capacity,  the effect would be  a 
lower thrust  per  unit of engine frontal  area. This effect  is discussed 
and i l l u s t r a t ed  i n  references 2 and 8. 

i. Effects of Stress-Rstio  Factor,  Flight Mach  Number, Altitude,  Impeller 

Efficiency, and Outside Heat-Transf er  Coefficient 
1 

The cooling  requirements  presented in table  I and the performance 
results  presented in figure 7 axe in most cases  based on optimistic as- 
sumptions.  Consequently, the results  present the outer limits tha t  can 
be  expected w i t h  single-stage  air-cooled turbines wing corrugated-insert 
blades. Ih this  way, the results present the goals that may be sought 
by research with single-stage  turbines using turbine  blade  coolfng. These 
goals  can  be  reached  only by improving the design of the  cooling system. 
It is therefore  important  to  establish the effects  of the  factors  influ- 
encFng the  cooling  requirements to i l l u s t r a t e  w h a t  improvements are more 
desirable and where research can best be emphasized. For this reason, 
some of the primary f ac to r s   d fec t ing  cooling have been investigated for 
i l l u s t r a t ive  cases and the results are  presented in the following para- 
graphs. Ih a l l  cases  the  corrugated designs are within the l imitations 
of the  pressure  levels through the  engine and the blade pressure drop. 
In addition, it is r d i z e d  that flight Mach numbers  and altitude8  other 
than 2 and 50,000 feet,  respectively, are of interest .  For t h i s  reason, 
calculations were also made t o  i l lus t ra te   the   e f fec ts  of f l i gh t  Mach num- 
ber and a l t i t ude  on the  cooling requirements. 

Stress-ratio  factor.  - The effects of s t ress - ra t io  factor  on corru- 
gation  amplitude and coolant flow are  shown i n  figure 8 f o r  three  engine 
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designs f o r  a f l i g h t  Mach number of 2.0 a t  50,000 feet .  The cooling re- 
quirements  presented in table I(a) and those  incorporated in  the perform- 
ance resu l t s  are based on a s t ress-rat io   factor  of 1.5 for   the  rotor  
blades. However, as  previously  pointed out, experimental t es te  have shown 
that stress-rat io  factors as high as 2.3 are required for a particular 
blade. Therefore, a range of s t rese-rat io   factor  from 1.5 t o  2.3 i s  
considered in figure 8. For a turbine-inlet  temperature of 30W0 R and 
a turbine  blade  t ip speed of 1700 feet per second, corrugated-insert blade 
designs  could  not be obtained  for the higher  stress-ratio  factors.  

For a turbine-inlet temperature of 2500° R and a t i p  speed of 1700 
f ee t  per second, an increase i n  s t ress-rat io   factor  from the assumed va3" 
ue of 1.5 to 2.3 resLllts in an increase in corrugation  amplitude from 0.032 
to 0.059 inch, or about 85 percent, with a correaponding increase  in 
coolant-flaw r a t i o  from 0.024 t o  0.048, or about  100  percent. The ampli- 
tude i s  necessary i n  order t o  pass the  required  coolant flow wi th in  the 
prescribed pressure limitations without choking. An increase i n  Ti t o  
3000° R with a reduction in  Ut t o  UOO f e e t  per second reeul ts  i n  very 
l i t t l e  change i n  Y and no change ia,coolant flow for a  change i n  stress- 
ra t io   fac tor .  The required  coolant flow does not  increase i n  this case 
because the  coolant i s  either in  the  laminar or transition  region where 
the minimum coolant flow does  not exac t ly  correspond t o  minimum Y, 88 
was discussed  thoroughly i n  connection w i t h  figure 3. However, for  Ti 
of 300O0 R and Ut of 1700 f ee t  per Becond, the change i n  Y and coolant 
flow is again  significant  for  the corresponding  increase in st ress-rat io  
factor  from 1.5 t o  2.0. For t h i s  case, the  corrugation  amplitude in- 
creases from 0.076 t o  0.138 inch, w h i l e  the coolant-flow ratio  increaees 
from 0.040 t o  0.070. 

The difference between the cooling-air temperature at the blade root 
and. the allowable  blade  temperature  essentially  accounts for the  different 
effects  of st ress-rat io   factor  at the two t i p  speeds. As t h e   t i p  speed 
is raised, the compressor pressure  ratio  increases  directly with the in- 
crease in  turbine wark capacity. This is reflected i n  a higher cooling- 
air temperature at the bleed canditim. In addition,  the  increase in  the 
t i p  speed causes higher blade  etresses and therefore lower allowable  blade 
temperatures. Both these  effects combbe t o  reduce  the  difference between 
the allowable blade temperature and the  coaling-air temperature and thus 
cause a more critical  design  condition. Thus, a change in allowable  blade 
temperature has a large  percentage  effect on C and Y at the high t i p  
speeds. 

It is expected that the results on figure 8 are typical of those f o r  
other  conditione. From these few cases, it may be concluded that the ef- 
f ec t  of changing st ress-rat io   factor  f r o m  1.5 t o  2.3 is quite significant 
on the  corrugated-insert blade fo r  eGines with high tip speeds. It 
should &LBO be r ea l i zed tha t  the more severe etreeses f o r  lower turbine 
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hub-tip  radius  ratios may further  increase  this-effect .   Until  experimen- 

insert blade  operating under various  conditions, however, the  blade de- 
signer  should  be  coeervative i n  choosing a s t ress-rat io   factor .  

L t a l   ver i f ica t ion  of st ress-rat io  factors i s  avaflable  for the corrugated- 

cn w 
k P  
IP 

Flight Mach number. - The foregoing results have all been  presented 
for a f l i g h t  Mach number. M of 2,O at a 50,000-foot d t i t u d e .  The ef- 
f e c t  of a change i n  M on rotor  blade  corrugation  alnplitude and coolant- 
flow r a t i o  for two engine  designs  operating  with a turbine-inlet tempera- 
ture of 300O0 R and a turbine  hub-tip  radius  ratio of 0.75 at 50,000 f ee t  
is shown i n  figure 9. 

In order t o  hold a constant  turbine-inlet  temperature and t i p  speed 
over the  range of f l ight   Mch number considered, the compressor pressure 
ratio  decreases  (for  aerodynamically limited turbines) and the outside 
heat-transfer  coefficient  increases at constant  al t i tude as M changes 
from 1.65 t o  2.80. The conditions  chosen to   i l l u s t r a t e   t he   e f f ec t s  of 
Mach  number change are considered  typical of those  expected fo r  future 
air-cooled  engine  designs. The design  conditions  used  for computing the  

M results sham in f-e 9 were obtained by generalizing  the  engine results 

& presented in references 2 and 8. Thus, the M range shown was determined 
by limits of the  generalized  engine results. Furthermore, it was assumed 
that the  values of and z of the  outside  heat-transfer  equation 
(eq. (1)) are independent of Reynolds number.  The val idi ty  of t h i s  as- 
sumption for  turbine  blades i s  indicated by the  l inear  heat-tramfer 
correlation  presented i n  reference 14. .. 

For the engine with U t  of 1100 feet per second, an increase in M 
from 1.65 t o  2.80 results i n  a decrease i n  Y from 0.0855 to 0.0485 inch, 
accompanied  by a slight change in the  required  coolant-flow  ratio. For 
Ut of 1700 feet per second, however, Y first decreases and then  in- 
creases as M rises, while  the  coolant-flow  ratio  Increases  steadily. 
The difference i n  the  behavior of the  cooling  requfrements is due both 
to  differences i n  the  coolant-flow  region and the  coolant  temperature 
rise. In both  cases, as the Mach  number rises, the  coolant f16w becomes 
more turbulent. For Ut of ll00 f e e t  per second, this effect   essentially 
compensates for   the   r i se  in c.oolast-air. temperature. A t  U t  of 1700 f e e t  
per second, however, the  coolant-air  temperature has a larger   effect  and 
the coolant-flow ratio  increases.  It should  be  pointed out that the engine 
mass flow increases  with M because of the  higher r a m  pressures. Conse- 
quently,  the actuaf.  coolant mass flaw increases much more than  the 
coolant-flaw r a t i o  shown in figure 9. 

The effect  of compressor bleed  point w a s  investigated for only one 

example, the  importance of bleed point with changing f l i g h t  &ch number 
is illustrated. The curves  presented i n  the figure w e r e  constructed  with 

i of the  engine  design  conditions  considered in figure 9. However, f o r   t h i s  

. 
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the use  of compressor bleed point 1 for all values of M. The cooling 
conditions become less c r i t i c a l  88 the flight Mach number i s  reduced 
because of the lower ram temperatures. However, for t h i s  f ixed  coqres- 
sor bleed point, as M is reduced between 2.0 and 1.65, the required 
va lue  of  Y increases  rapidly.  Therefore, at M of 1.65, the rotor 
bleed  point was changed  from 1 t o  2 f o r  U t  of 1100 feet  per second. 
These resu l t s  a r e  shown by the  circled  points. Although the  coolant- 
flow r a t i o  m6 not affected much, Y was reduced  approximately 50 per- 
cent. This is evidence of the tendency for the  beat  rotor  bleed  point 
t o  move toward the compressor discharge as the f l igh t  Mach number is re -  
duced. For  engine operation over a range crf f l i gh t  Mach numbers, a com- 
promise may be  required  in  the  desiga of the engine  coalant system i f  a 
single  bleed  point ie used. Although, figure 9 i s  only meant t o  i l l u s -  
t re te   the  effects  of flight Plach  nuuiber on corrugation geometry and cool- 
ant flow, i t  points  aut the necessity  of  investigating  theee  effects i n  
the  design of an air-cooled  engine. 

Altitude. - The effect  of a variation in altitude on corrugation 
amplitude and coolant-flaw r a t i o   f o r  bath the turbine  rotor and s ta tor  
blades is shown in figure 10. The engine  design  conditions chosen for 
th i s   i l l u s t r a t ion   me   t he  same as used i n  figure 9; tha t  is, a turbine- 
i n l e t  temperature of 3O0O0 R, hub-tip, radius r a t i o  of 0.75, and turbine 
t i p  speeds of ll00 m d  1700 feet per eecond. In addition,  the  results 
are  for  operation at a flight Plach m b e r  of 2.0. The engines of fig- 
ure 10 have the same pressure and temperature  ratios. A change i n  alti- 
tude changes only the ambient pressure, which is reflected throughout 
the engine,  and  thue the outsi.de heat-transfer  coefficients. As before, 
it was assumed that the  values of , and z of the outside heat- 
transfer  equation (eq. (I)) are  independent of Reynolds m b e r  and thus 
al t i tude  . 

The koolant  supply for the  rotor  blades -6 taken from compressor 
bleed point 1, and that for  the  stator  blades from the compressor dis- 
charge. As the a l t i tude  changes from' 35,000 t o  70, OOO feet ,  the blade- 
inlet  coolant  pressure is reduced  conbiderably for both  rotor and stator 
blades.  For example, an a l t i tude  change from 35, OOO t o  50,000 feet re- 
sults i n  a reduction in rotor blade-met coolant  pressure of approximate- 
l y  100 percent, whereas a reduction of about 160 percent OCCUTB for a 
change from 50,000 t o  70,000 feet .  me blade coolant inlet temperature, 
however, remains conatant fo r  a change i n  a l t i tude-  from 35,000 t o  70,000 
feet ,  because the ambient temperature: i s  constant i n  the  s t ra to~phere.  
Therefore, the increase in corrugation amplitude Y as the   a l t i tude is 
raised is due t o   t h e  considerable  reduction i n  blade-inlet coolant pres- 
sure. This change i n  pressure is reflected i n  the Reynolds numbers and, 
therefore,   in the heat-transfer  coefficients. The fac t  that curves differ 
for   the  rotor  and stator  blades can oaly be explained by the  differences 
in   t he  coolant-flaw  regions i n  each  case. As discussed  previously, the 
value of Y obtained fo r  the rotor  blades may be reduced by changing the . 
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rotor  bleed  point from 1 toward the  corqressor  discharge  (higher  blade- 
.. inlet coolant  pressures).  &ever, the best bleed point is not expected 

t o  vary appreciably with a l t i tude  as it does w i t h  flight Mach number. 
For this reason,  the  effect of bleed was not studied here. As the alti- 
tude increases from 35,000 t o  70,000 feet ,   the  coolant-flaw  ratio in- 
creases  about 30 t o  40 percent for the ro tor  blades, and as much as 75 
percent  for  the stator blades. 

w aa 
tp 
I+ 

The results sham in   f i gu re  10 Fndicate that changes in the  a l t i tude 
may cause significant changes i n  the  required  corrugation  mrplitudes and 
coolant-flow ra t ios .  These changes ce r t a in ly   d fec t   t he   l imi t s  for appli- 
cation of the corrugated-insert  blade. In addition,  they  I l lustrate the 
need f o r  considering the cooling  design at several   al t i tudes if the en- 
gine  design is to  operate over a range of altitudeg. Although the cooling 
requirements shown i n  figure 10  increase with alt i tude,   the trends may be 
reversed, depending on the  coolant- and gas-flow regions. 

Impeller  efficiency and ducting losses. - A turbine rotor cooling- 
air-impeller  efficiency of 0.83 was used i n  all of the precedhg  results.  

.hi. In addition, all cooling-air ducting losses f r o m  the compreesar bleed 

Y 
2 point t o  the i n l e t  of the impeller were neglected. New design  techniques 

are certainly  required  before  either of these  conditions  can be satisfied. 
For t h b  reason, an analysis was  made t o  illustrate the importance of 

ducting system. 

z 
,d turbine  rotor  impeller  efficiency and pressure losses in the  cooling 

. The effects of impeller  efficiency on corrugation  amplitude and 
coolant-flow r a t i o  are shown i n  f igure ll f o r  turbine-inlet  temperatures 
of 2500° and 30000 R and fo r  turbine ti-p speeds of ll00 and 1700 f e e t  per 
second. Once again, a flight Prgch number of 2.0 a t  50, OOO f e e t  was used, 
with 8. turbine  hub-tip radius r a t i o  of 0.75. For both  turbine  tip speeds 
a t  25000 R and f o r  the ILW-foot-per-second t i p  speed at 30000 R, the 
corrugation  amplitude  increases gradually as the efficiency is decreased. 
For the complete efficiency range covered (0.05 to 0.83), t h i s  change in 
amplitude  varies from about 70 t o  120 percent. 

At the more severe  condition of 1700-feet-per-second t i p  speed and 
3000' R turbine-inlet  temperature, the effect  of impeller  efficiency is 
even greater. In thie case, a change i n  impe l le r  efficiency of 40 per- 
cent  results in about a 10CLpercent change in  corrugation  amplitude. In 
addition,  this change resul ts  in excessive amplitudes for  air-cooled blade 
designs. Thus, it is apparent  that  the iznpeller efficiency has a large 
effect  on the corrugation geometry. 

The effect  on the cooling-air requirement is l e s s   c r i t i c a l .  In fact ,  
w for  these examplea, the  coolant-flow  ratio,  in  general,  decreases 88 the 

impeller  efficiency  decreases. Ichis behavior of the coolant-flow r a t i o  
w i t h  changes in  impeller  efficiency is 8. r e su l t  of the nature of the 

* 
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coolant flow. Ln these  cases, t h e  flow varies from that in   the   t rans i t ion  
region t o  flaw in   the  lamin8,r region., For other  conditions,  the ill-- 
trated  trends might be somewhat different.  

II . - ." . 

The effects  of cooling-air  ducting  pressure  losses on the corruga- 
t i on  amplitude are s h a m  on f m e .  12, for  the same conditions as i n  fig- 
ure 11. The total-pressure  losees  plotted as the  abscissa  include a l i  
f r ic t ional   losses  i n  the  cooling-air :supply system  from the compressor 
bleed  points  to the blade inlet. The; idea lpressure   r i ses  due to compres- 
sion  in  the  turbine  rotor  impeller -e accounted far. Therefore, t h e  .*- * 
poSnt  of zero f r i c t iona l .p re s sue  106.6 corresponds t o  the  conditions of % 
no ductin@: losses   pr ior   to  compressian in  the  impeller and 100-percent 
impeller efficiency. If all af. the iosses are sustained i n  the  impeller, 
the  impeller  efficiencies  for  the corriplete range of losses i n  figure 1 2  
cover the range of impeller eff ic iewies   for   the  respect ive curves i n  f i g -  
ure 11. Therefore, the  abscissa of kigure 1 2  was obtained by transforming 
the  impeller  efficiencies of figure XI. to  the  pressure  losses of figure 1 2 .  
In t h i s  way, the  pressure  losses  can,be  considered  to be distributed over 
the  entire  cooling-air  ducting system. It is apparent from figure 1 2  that 
large  losses  in  the  cooling-air  ductirg system are  undesirable. In addi- 
tion,  these  losses appear t o  have as  :large an effect  (or larger) a t   t h e  
lower t i p  speeds as at the  higher tipr s.peeds, even though the engine tie- 
s ign  is l e s s   c r i t i ca l .  In a l l  cases,, the   ideal  compression in   the  turbine 
rotor impeller is relatively  high. That is, the actual  cooling-air pres- 
sure r i ses  for the  conditions sham $n figure 1 2  i n   s p i t e  of the  f r ic-  
tional  preseure  losses  in  the  ducting system. 

. .. 

" 

- 

if 

Outside heat-transfer coefficieqt. - Equation ( 2 )  was used t o  compute 
the  outside  heat-transfer  coefficients  for this analysis.. A comparison 
of equation (2)  with  the extreme vdues  obtained  experimentally from s t a t -  
i c   t es t s   wi th  cascades of turbine blades (ref.  1 4 )  i s  presented in f ig-  
ure 13. The outside  heat-transfer  coefficient is directly  proportional  to 
t h e  ordinate. Each of the curves  ob%ained from reference 1 4  is extrapo- 
la ted t o  t he  Reynolds number range cqvered i n  t h i s  analysis. Curves A 
and C resu l t  i n  the maximum and minimug heat-transfer  coefficients ob- 
tained  experimentally  with  cascades of imgulse and reaction  turbine 
blades.  Figure 13 a l s o  includes  the curve (D)  f o r  laminar flow Over a 
flat plate; this curve represents  the  theoretical mini- obtainable out- 
side heat-transfer  coefficient. 

Although the  heat- t ransfer   rdat ion used i n  this report wa8 fixed by 
necessity, it is realized that each  design  considered would possess a 
different  relation. In addition,  the  accuracy of computed heat-transfer 
coefficients for a specific  turbine  qesign is presently  limited. The 
estimated maxiruum changes i n  outsideiheat-transfer  coefficient which  might 
occur are i l lus t ra ted  by the changes to   e i ther   the  impulse or reaction 
blading results sham in figure 13. For the  designs  considered,  the av- 
erage Reynolds number varied from approximately 200,000 t o  1,500,000 f o r  

i' 



W A  RM E55C09 
i 

21 

both s ta tor  and rotor  blades. The higher Reynolds numbers correspond t o  

numbers a re  i n  the  direction of increasing  cooling  requirements. For this 
r a k e  of Reynolds number, the increases in outside  heat-transfer  coeffi- 
cients from curve 3 t o  curve A range from about 20 to 30 percent. In 
addition, a change to  reaction blading (curve B t o  curve C >  results in  
decreases from approxhately 15 t o  40 percent. 

- the  higher  turbine-inlet  temperatures and t i p  speeds. Thus, high  Reholds 

Calculations were made t o  i l l u s t r a t e   t he  minirmrm changes in  coolant- 
flow requirements for a particular  corrugation geometry due t o  changes in 
the outside  heat-transfer  coefficient  (fig. 14). m e  maximum rarge for  
the s t a t i c  ca6cad.e test resu l t s  of f igure 13 is also shorn. Because the 
m i n h n m  percentage chELnge fn coolant f l o w  depends samewhat on specific 
engine  design  conditions,  the  results of f igure 14 were obtained by using 
mean conditions  for  the complete range of engine  designs  considered in 
this analysis,  resulting i n  an approximation of less  than 5 Dercent for 
the resu l t s  shown. Although the actual changes i n  coolant flows required 
are  larger  than  those shown i n  f igure 14, t h i s  difference is not  expected 
t o  be large. 

From figure 14 it is apparent that the outside  heat-transfer  coeffi- 
cient has a significant  effect  on the coolant-flow  requirements. E the 
coolant f l o w  is turbulent, the change in  the minimum coolant f l m  is about 
the same as  the change i n  the outBide heat-transfer  coef'ficient. However, 
f o r  laminar flow, the change in the minimum coolast  f l o w  may be as much 
as  twice the change i n  the outside  heat-transfer  coefficient. For the  
cases studied i n  this analysis, the coolant flow w m  more  commonly i n  or 
near  the laminax region. If the design assumptions w e r e  more conservative, 
however, the coolant flow would approach the  turbulent  conditfon. Regard-  
l e s s  of coolant-flow  region, however, the results of figure 14 w e r e  com- 
puted with the  assumption of no change i n  corrugation geometry and, there- 
fore, without  considering  the  pressure  requirements. Thus, an increase 
i n  coolant flow due to an increase  in  outside  heat-transfer  coefficient 
means a necessary  increase i n  corrugation  amplitude in order t o  pass the 
coolant flow. Also, the change i n  corrugation amplitude w, depending 
upon the coolant-flaw  region, cause an Ebdaitional coolant-flaw  increase. 

This study has been directed toward exploring the outer limits f o r  
single-stage  air-cooled  turbines  using  corrugated-insert blades and toward 
i l lus t ra t ing   the  importance of variables  affecting turbine cooling. The 
results,  therefore, are intended to be useful in establighing  possible 
goals f o r  research as well as in i l lus t ra t ing   the  importance of variables 
that  must be considered t o  assure a good and depe-ble corrugated-insert 
blade. The engine performance results and the  cooling  requirements of 
the  corrugated-Insert blade are i n  general better than can be expected 
without improved design  techniques. In addition, the turbine is the only  
component considered f cr cooling. 
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The engine performance results and the  corresponding  cooling  require- 
ments show that the performance can be improved considerably above t h a t  
of present  designs by increasing  the  turbine-inlet  temperature and the 
turbine  blade t i p  speeds  through the use of turbine  cooling  with 
corrugated-insert  blades. The beneficial   effect  of increasing the turbine 
blade t i p  speed is  derived from the increased turbine work capacity, which 
increases  both the compressor pressure  ratio and the turbine weight flow. 
For engine  operation a t  a flight Mach number of 2.0 a t  a 50,000-foot al- 
t i tude,  the turbine-inlet  temperature could possibly be increased t o  
about 30Oo0 and 3500° R with the corrugated-insert  blade  for  turbine  blade 
t i p  speeds of 1700 and 1100 feet per gecond,-respectively. For the non- 
afterburning engines and the  afterburning  engines  with a turbine hub-5fp 
radius r a t f o  of 0.75, such  increases st= seem beneficial in sp i t e  of the 
cooling  requirements.  This, however, can only be speculative until such 
results are applied t o  an actual aircraft. For the  afterburning  engine 
with a turbine  hub-tip  radius  ratio of 0.60, the performance Fmprovee on ly  
slight15 if the  temperature i s  increased above 2500' R because of coollng 
losses. 

The effect  of f lfght Mach number, and altitude on the performance re- 
sults was not  i l lustrated.  However, the changes in cooling requirements 
w i t h   f l i g h t   k c h  number and a l t i tude  were studied. For the designs con- 
sidered, the cooling problem in general becomes  more severe as either 
flight Mach number or altitude  increases. This is particuSarly  true for  
the higher  turbine-inlet  temperatures and t i p  speeds. These results sug- 
gest that the lwts of application of the  corrugated-insert  blade w i l l  
decrease wi th  increasing  f l ight Mach m b e r  and al t i tude.  The principal 
problem seems always t o  involve  the need f o r  reducing the corrugation 
amplitude. However, fo r  the cases o f ' i n t e r e s t   f o r  the immediate future, 
the  corrugated-insert  blade st= holds p r a i s e   f o r  f l i g h t  speeds and 
altitudes higher than 2.0 and 50,000 feet,  respectively. 

The effects  of the turbine  rotor  stress-ratio  factor,   turbine rotor 
cooling-air-impelJer_ efficiency, end cooling-air-supply  ducting  losses, 
and variations  in  the  turblne  rotor &d s ta tor .  cixkside .lieat-transfer co- 
eff ic ients  may be quite  significant. Only the  individual  effects of these 
variables m e  illustrated, but from these individual effects it becomes 
apparent that the combined effects may be quite serious with regard t o  
the  cooling problem and, therefore,  represent an important problem i n  
reaearch. A t  a turbine-hilet temperature af 2500' R, the cooling require- 
ments would probably  be acceptable w i & h  the use of design  variablee that 
are presently more r e a l i s t i c  than thoee used i n  this analysis. An in- 
crease in  turbine-inlet  temperature t o  3000° €3, however, will permit de- 
sign variables  only  slightly more conservative  than  those  used  herein. 

" . 

4 
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In all cases,  it is desirable to predict  accurately and to reduce  the 

side  heat-transf  er  coefficients. 
.. turbine  rotor  stress-ratio  factor,  cooling-air  ducting  losses, and aut- 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee for Aeronautics 

Cleveland,  Ohio, March 17, 1955 
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The following assumptions  were  made in this analyeie: 

(I) The  outside  heat-transfer  coefficient  and  effective gae temper- 
ature  are  constant  chordwise  and  spanwise on the blade and are equal  to 
the midspan values. i! 

(2 1 The mean coefficient F ana exponent z in  equation (1) r a n  
IC) 

constant 8s the Reynolds number varies. 

(3) avera~e of the m e t  and exit gas static  pressure  and  re-- 
tive  velocity Sroduct is used in the Reynolds number of equation (1). 

(4) The  same values of P and z are used in calculating the out- 
side  heat-transfer  coefficients  for  the  turbine  rotor and stator  blades. 

- 

(5) m e  corrugation  geometry is conatant  chordwise and spanwise. 

(6) The ratio of' turbine  rotor blade metal area at  the tip to that 
at  the  root is to 0.50.- . . . . . .  .... ............. 

T 

(7) A stress-ratio  factor of 1.5 is used for the  turbine  rotor 
corrugated-insert  blade . I 

(8) The Umiting allowable  blade'  temgerature of' the  stator  blades 
is taka as 2000' R at  the  stator  blade  tip. 

(9) The  required  coolsnt  static  pressure at the  rotor blade outlet 
fs equal  to  the  average gas static  pressure across the  rotor  tip. 

(10) The  required  coolant  static.  pressure at the  stator  blade  outlet 
is equal to  the gas static  pressure  dpwnstream of the turbhe rotor  tip. 

The following values of constants  were  employed  herein: 

Cmpressor  adiabatic  efficiency . . . . . . . . . . . . . . . . . .  0.83 
Combustion  efficlency . . . . . . . . . . . . . . . . . . . . . . .  0.95 
Turbine  adiabatic  efficiency . . . . . . . . . . . . . . . . . . .  0.83 
Impeller  efficiency . . . . . . . . . . . . . . . . . . . . . . . .  0.83 
Afterburner  canbustian  efficiency . . .  . . . . . . . . . . .  .o.aa 
Afterburner-exit  stagnation  temperature,'% . . . . . . . . . . . .  3500 
Tail-pipe nozzle efficiency . . . . . . . . . . . . . . . . . . . .  0.95 9 
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SYMBOIS 

The  following  symbols are used in this report : 

turbine  frontal  area, sq ft 

coolant-flow  ratio (ratio of turbine cooling air to  ccqressor 
weight flow) 

specific  heat  at  constant  pressure,  Btu/(lb) (9) 
thrust, Ib 

mean coeeicient in eq. (I) 

standard  acceleration due to gravity, 32.174 ftlsec' 

outside  heat-transfer  coefficient, gtu[(sec) (sa ft) (9) 

thermal  conductivity,  Btu/(sec]  (ft) (9) 

outside  perimeter, ft 

flight Mach nunher 

outlet  cooling-air  Mach  number  relative  to blase 

corrugation spacing, in. 

H0,avZdn average  Nusselt  number of gas, 
kb 

Pr Prandtl'number of gas, %,bpbg/kb 

P static  pressure,  lb/sq it abs 

P" total  pressure with respect  to rotating passage, lb/sq f% abs 

R gas constant, ft-lb/(lb) (9) 

average  Reynolds  number of gas, Reav 
pavwav2& 

b-b 

- r radius,  ft 
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T 

T' 

T" 

U 

W 

Y 

z 

v i  
P 

2 

1 

2 

3 

temperature, OR 

t o f a  tenrperature, OR 

t o t a l  temperature with respect   to   rotat ing passage, ?R 

act& b~ speed, f t f sec  . 

veloc i ty   re la t ive   to  blade, ft /sec 

corrugation  amplitude, in. 
exponent of Reynolds nmiber, ea. (1) 

impeller  efficiency 

Viscosity Of @;as, 8lu@;S/(SeC) ( f t )  

corrugation thickness, in. 
compressor bleed point,   interstage bleed 

cornpressor bleed  point, between point 1 and colqpressor discharge 

compressor bleed p i n t ,  at cmpressor  discharge 

Subscripts: 

a air 

&V average 

b blade 

e effect ive 

g combus ti rn gas 

h hub 

in i n l e t  

0 outside or out le t  (of blade, den used with p) 

R turbine rotor 

3 turbine  stator . .  

" 
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tat  total,  when  used  with C refers  to C, + Cg 
4 turbine  stator  inlet 
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TABLZ I. - COOLIX H3-S FOR CCBIRUGATED-IJEERT BLADE USED 

IN SINGLE-STAGE TURBOJET EESGINES 
[Flight Mach nmiber, 2 -0; altitude, 50,000 ft .] 

(a) Turbine rotor blade 

f Turbine 

radius 
ratio,. 

hub-tip 

d r t  

corru- 
gation 
thick- 
nessL 

=, 
in. 

Turbine  tip speed, Ut, ft/sec 
n o 0  I 1700 

T 
~ 

ccan- 
pres- 
sor 
bleed 
point 

C03Xl.l- 
gation 
ampli- 
tude, 
y, 
in. 

~ 

C m -  
gation pres- 
Corru- 

in. 
~ 

Y, point 
tude, bleed 
ampli- 8or 

~~ 

Coolant- 
flow 
ratio, 
c, 

(4 
0.033 
-032 
.039 
(a) 
0.029 

0.024 . 024 . 021 
( 4  
0 . 023 

Corru- 
gation 
S W C -  

ing, 
m, 
in. 

I 

Turbine-Met temperature, TL, 2500° R 

0 . 005 0.020 . 035 
.050 
.020 

1 
1 
1 
3 

0 . 098 
.054 
.048 
.032 

0.014 
.014 
.014 
.016 

0.020 (a) 1 
.020 
.035 

0.077 2 

.061 2 .050 
-050 2 

-020 (a) 3 

0.020 0.086 2 

0.020 1 
1 -035 

0.034 

(a) 3 .O~O 
. O X  1 .050 
-032 

0.020 1 0.045 

0.60 

0.75 =t="+ 0.005  0.020 

0.068 

0.032 . 026 
0 . 014 
0 .on  
.ox2 

0.010 I I 
Turbine-inlet  temperature, Ti, 3000° R 

0.60 0.005 

.loo . 090 2 .050 .036 -053 3 .020 
0.063 0.130 2 -020 .045 ,106 1 .050 
(4 (a) 1 0.020  0.026  0.160 1 0.020 

.020 

.048 -066 1 -050 

(4 (a) 3 
0.75 0.041 0.076 1 0.020 0.027 0.054 1 0.020 0.005 

Turbine-Met temperature, TL, 3500' R 
0 .so 0.041 

.085 
,060 
.078 

0 . 055 . 069 
-050 .075 

O.ll2 
.050 .090 c 

0.75 0.005 0.020 1 0.108 
-050 1 .090 

a ~ o  solution. 
I 
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TABLE I. - Concluded. COOLING REQUIREMENT8 FOR CORRUGATED- 

INSEIRT B W E  USED IN SINGLE-STAGE TURBOJET ENGINES 

[Flight Mach number, 2.0; altitude, 50,000 ft.3 

(b)  Turbine  stator  blade. Corrugation thickness, 0,005 inch 

Turbine 

radius 
ratio, 

hub-tip 

rdrt 

Corru- 
gation 
S p a C -  

i n g r  

in. 

COIII- 
pressor 
bleed 
point 

I Turbine  tip  speed, Ut, ft/sec 

I I no0 1700 
~ ~- 

corru- 
flow gation 
coola?lt- 

CS tude, 
ampli- ratio, 

y, y, 
in. in. 

Turbine-inlet  temperature, Ti, 2500° R 

0.60 0.020 

-036 0041 .029 . 042 ' 3 -050 
,036 -042 . 025 ,041 3 . 035 0.036 0.047 0.023 0.060 3 

0.75 0.020 3 0.032 0.029 0.049 0.039 

Turbine-inlet  temperature, Ti, 3000' R 

0.60 

0.104 0.071 0.064 0.060 3 0.020 0.75 

0.060 0.083 0.046 0.098' 3 0.020 

.OS0 3 . 055' .068 
.133 .130 -056 -075' 2 -020 
.154 -069 

0.60 

0.75 

Turbine-inlet temgemture, Ti, 3500' R 

0.020 0.077 0.140 3 . 050 
-089 . 150 2 ,020 
0.103 0.095 3 0.020 

.llO .140 3 
( 4  

" . . - " 

I 

. " 

.:  %o solution. 
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c 

. 

(a) Actual t e s t  blade. 

Insert  shell 

Blade shell 
m t~ 

(c) Typical corrugated section. 

Figure 1. - Air-cooled  corrugated-insert bltrde. 
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Relative location, 
compressor bleed point 2 Compressor discharge, 

bleed point 3 
Relative  location, 
compressor bleed  paint 1 7  ,--Turbine inlet ,  point 4 

Stator cooling-air  dlscharge 
7 R o t o r  cooling-air  discharge 

r 

Turbine rotor Impeller 

(a) Air-cooled turbojet engine. 

Air-cooled corrugated-insert h h d e  7 
I 

. 

a ir  

(b) Turbine rotor impeller and air-coolad blade. 

Figure 2. - Schematic diagram of slngle-s$age turbojet engine and air-cooled  turbine. 
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NACA RM 35Z09 - 

Corrugation emplltude, Y, in. 

Figure 3. - Variation of required rotor coolant-flow ratio, 
blade-outlat coolant Mach n-r, an5 blade-outlet cool- 
ant s t a t i c  preesure with corrugation amplitude. 
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. 

Corrugation 
thicknees, 7, 

i n .  \ \ .  .IO - - 0.010 y"""" 
.005 

.06 

Corrugation  spacing, m, in. 

r 
.05 

. 

Figure 4. - Variation of corrugation 
amplitude and required rotor 
coolant-flaw ratio  with corruga- 
t i on  spacing for two values of 
corrugation thLcknees. 
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*Oo0/r 

4000 

2000 c 
.04 

. o z ~  

0 
.06 

I I  Compressor bleed point 

Average gas static 
pressure across rotor 

" "- 
1 

10 14 .18 .22 
Corrugation amplitude, Y, in. 

Figure 5. - Variation of coolant static preasure at 
blade outlet and required ro tor  cmlant-flaw 
ratio with corrugation amplitude for  two campres- 
sor  bleed points. Corrugation thickness, 0.005 
inch3 corrugation spacing, 0.020 inch. 
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. 16 
0 
-P 

V 

0 
4 

$ t .12 

d 
R 

d 
3 

.04 

. 

0 
2000 24.00 2800 3200 3600 

Turbine-inlet temperature, Ti, 9 
Fi- 6.  - A p p r n ~ i ~ ~ ~ a t e  rnLnfmm cwlant-f  OW 

f o r  corrugated-insert blade used for s ta tor  and 
rotor blades of single-at- air-cooled turbine. 
Flight Mach number, 2.0; a;ltitu&, 50,000 feet. 
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." . . .  

Thrurrt speclflc f ~ ~ l  ccmemptlm, (lb/br)/lb 

(b) Turbine hubttip radius ratio, 0.60.  

P l g u r e  7 .  - Concluded. AfterburningT and nonafterburaing-englne performance far 

flight Mach number, 2.0; altitude, 50,000 feet .  
range of turbine &alga varisblee. Afterburning outlet temperature, 350@ RJ 
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NACA RM E55C09 39 c Turbine-Inlet  Turbine  tip 
temperature, Ti, speed, Ut, 

ft/sec 

1700 
1700 

Stress-ratio factor 

Figure 8. - Variation of corrugation  amplitude 
and coolant-flow  rat€o with stress-ratfo 
factor.  Hub-tip radius ratio, 0.75. Corru- 
gation  thickness, 0.005 inch; corrugation 
spacing, 0.020 inch; compressor bleed point, 
I; flight Mach nufber, 2.0; altitude,  50,OOO 
feet . 
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i.4 1.8 2.2 
Flight Mach number, M 

2.6 

Figure 9. - Effect of flight Mach number oa corrugs- 
tion amplitude and coolant-flow ratio. Turbine- 
inlet  temperature, 3000° Rj hub-tip radius ratio, 
0.75; corrugation thicknelsa, 0.005 inch; corruga- 
tion spacing, 0.020 inch; compressor bleed point, 
1; altitude, 50,000 feet. 
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4 

Altitude, f  t 

Figure 10. - ESfect of altitude  on  corrugation  amplitude and 
coolant-flow  ratio. Flight mch number, 2.0; turbine-inlet 
temperature, 3000'3 Rj turbine  hub-tip radius ratio, 0.75; 
corrugation thickness, 0.005 inch;  corrugation  spacing, 
0.020 inch. 

5 
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.16 

.12 

.08 

.04 

0 

Cooling-air-impeller efficiency, qi, percent 

Figure 11. - Effect of impeller efficiency on corrugation 
amplitude and coolant-flor ratio. Hub-tip radius ratio, 
0.751 corrugation thlcknsss, 0.005 inchi corrugation 
spacing, 0.020 Inch; flight Mach number, 2.0; altitude, 
50,000 feet. 
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.1 .2 .3 .4 .5 .6 
Total-pressure loss in friction 

Total bleea pressure 

Figure 12. - E e d  of cooling-air  ductlng losses on corrugation amplitude. 
Hub-tip  radius ratlo, 0.75; corrugatLon thic-68, 0.005 inch3 c o n -  
t ion epacing, 0.020 inch3 flight Mach num%er, 2.03 &ltitu.de, 50,000 feet. 
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4000 

2000 

r 

-Impulse blade 

- --Eq. (2) 

--"Reaction blade 

(ref'. 14) 

(ref. 14) 

-r 
1000 

800 

600 

400 

0.155 ( Reav) 0.68 pr1/3 

0.092 (Reav) 0.7 &3 

0.688 (Re,) 0.52 -1/3 

0.53 (Reav) 0.5 &3 

6 8 lo 
Average Reynolds number, Re, 

1 
20x10~ 

Figure 13. - Comparison of heat-transfer relation 
used herein with extreme experimental relations. 
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Change In outside heat -tramfer coefficient, percent 

Flgure 14. - EfPect of changes in outside heat-tmsfer 
coefficient on coolant flow. 
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