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By Lincoln  Wolfenstein, Gene L. Meyer , and John S. McCarthy 

An amlysie  is preeented of rim cooling gf gas-turbine blades; 
that € s ,  reducing  the  temperature st the  base of t'ne blade (wheel 
rim), which cools  the blade by canduction alone, Formulas for tan- 
pera twe and stress dfetributions &low the blade are derived ard, 
by the uee of e-erfmental streee-rupture data f o r  a typical  blade 
alloy, a re l a t ion  i8 established between blade lfr'e (time f o r  rup- 
ture), operating speed, and. amount of rim coolire f o r  several gas 
temperatures. The e f fec t  of a blade F a m e t e r  combining the effect6 
of blade dimemione, blade thermal conduct idty,  enit heat- t ramfer  
coefficient  , ie determined. The e f fec t  of radiat ion on the r e su l t s  
€e appyoxb ted .  The WE temperatures ranged from 1300° t o  1900" F 
and the rim temperatures, from Oo t o  1000° F belm the gas tapera- 
ture,  This report  is cclncerned only with blades of uniform c m s ~  
eectitm,  but the canclusions drawn are generally applicable t o  ~108% 
modern turbine blades. For a typical.r in-coaled blade, gae- 
temperature increases a r e  limited t o  about 200' F for 500' P 'of 
cooling of the  blade  baee below gas temperature, and additional 
cooling br fngs  prameseivelg emaller increaees, In order   to  obtain 
increases i n  gar3 temperature of the order of 400' F either aery 
large increaees i n  thermal  canductivity o r  very large decreases in 
heat-kramfer  coefffcient or blade length are raceasmy, The increases 
i n  gas temperatwe a l lomble  KLth rim coolfng are par t icu lar ly  mll 
for  turbine0 of large dimemione and high specif ic  -8 flows. For 
a given effect lve gae tenperatwe,  sublstantial  fncreases fn blade 
l i fe ,  however, a r e  possible w i t h  r e l a t ive ly  -3.1 mounts of rim 
cooling. 

An inveetfgstlon of the  cooling of gae turb:nes is being , 

cordlucted by the W A  that includes d i r e c t  blade cooling by %he 
passage of l iquid o r  air t hough  hollow blades and indirect  blade 
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cooling by removal of heat from the blade  root or t i p .  In par t  I 
{reference 1) 02 a series of reports   wri t ten on this  invostigation, 
calculations of the radiaL te~i~persture  distrfbukion through  the 
ro tor  and blades of a gas  turbine are made in  which the  bladea a r e  
cooled indirect ly  by air blown mer finned anrfaces on the rotcrr 
and the blade tips. The calculations were made for assumed cooling- 
air and gas temseratures by means of an analysis developed i n  t h a t  
r epor t .  It was found as a rosu l t  of the calculatione that the base 
of the blade h'a~ cockrd about 5QQ0 F below the  gas temperature. 

The benecite of blade  cooling nay be measured by increaees i n  
a lhwable gas temperature, blade speed, o r  blade life, where life 
i a  the t h e  t o  ruptnro due t o  centrifugal stress. Speed l e  
ordina3cily limited f o r  aercdymmic  reasom by the design Wch numhr 
and the purpose for which the  turbine  ia ueed u s w l l g  determines  the 
desired l l fe .  

The p r p o s e  of the present  report i~l t o  GontFnue tho  analysis 
of indirect  cooling of turbine blades,  the difforence between this 
report  and p a r t  I being that the blade t i p s  are assumed insul.ated 
i n  the present case and an analysis i s  developed for given rim 
temperatures rather than oooling-air  temperatures. The benefita of 
blade cooling a r e  doteimined i n  terms of turbine operating conditions 
by cclmbining the temperature  didxibution Fn the blades with  the 
mechanical l imi ta t iom t o  blade operation. The report  ie limited 
t u  rim-cooled blades; tha t  is, bladee cooled anly at  the base. I n  
t h i s  report  the effectiveness of rim cooling is indicated by the 
increases  in  allowable Gas temperature t ha t  can be obtainod  wlthout 
changes i n  blade l'hch number or blade l i fe .  The increase  in  blade 
l i f e  that could be obtained by a sacr i f ice  of ~ a m e  of the increase 
In  allowable gas  ten;?eratwo is indicated, a d  the  effect6 on rim- 
cooling effectivocese of b l d o  dimensions, blade t h e m 1  conductivity, 

heat-tl*msfei* coefficient from the hot gases t o  the blado a r e  
evaluated. Tl;e olon@ation of the blade due to creep  and its 
impartance ae e. lFmitation on blade  operation are determined, Calcu- 
la t ions a r e  m e  f o r  gas temperatures of 1300° t o  1900' F anct for 
rim temperature8 up t o  1000° F below gas temperature. 

a velocity of sound a t  T ~ ,  ( f t /sec)  

A blade  cross-aectional area, (aq f t )  

B number of blades  
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- 
D mean diameter of' turbine blades ( 2 r t  - L), (ft) 

e percentage elongation at any blade point 

% percentage elongation of blade metal 

et t o t a l  percentage elongation of blade 

F fraction of blade swface azea exposed to radiatfon f rom one 
side 

6 acceleration of' gravity, 32.2 (ft /sec2) 

h heat-transfer  coefficient based on Te, Btu/(hr) (sq ft) (9) 

k blade thermal conductivity, 9 t u /  (hr) (f t) (OF) 

L blade length, (ft) 

M tip Mach  number index, Q/a 

%x l w t i n g  tip Ikch rimer index, V . / B  

P blade perimeter, (f t) 

r radius of turbine at any point on blade, (ft) 

rt tip  radius of' turbfne, (ft) 

R gas Co-tmt, 53.5 (ft-lb)/(lb) (OR) 

S actual stresa at any point on blade, ( lb/sq in,) 

amax st ress for rv.pture f o r  given l e e  and temperature, ( ~ b / s q  in. } 

T temperature of blade at any paint, (9) 

Ta 

Te temperature f o r  w e  in heat-transfer equa- 

allowable  temperature at any blade point, (?R> 
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average blade temperature wed i n   r ad ia t ion  approxima- 
tion, ( O R )  

temperature a t  blade root (wheel rim), (%) 

temperature of radiat ing surface on I n l e t  side of blades, 
i n l o t  nozzles, (OR) 

temperature of radiating  aurface on exhaus t  aide of 
blades, (9) 

blade t i p  speed, (ft/sec) 

blade velocity a t  mean diameter, (ft/sec) 

limiting blade t i p .  speed, ( f t l aec )  

whir l  component of inlet g m ,  (ft /eec) 

distance from blade root t o  any point on blado, (ft) 

c r i t i c a l  blade point, ( f t )  

parmeters  defined by equation (17)  i n  appendix 

parameter equal t o  ,,,Ti%, (ft 1-1 

r a t i o  of specific  heats 

ernisslvity gf metal surfaces. 

demi ty  of b ~ e  metal, (slugs/cu f t )  

Stefan-Boltmam constant, 0.174 x Btu/(hr)(sq ft)(?R)4 

angular veloctty of turbine wheel, (radiam/sec) 

THMZRE;TICAL ANALYSIS 

Althw& a relation between the effective gas tangerature T, 
and the amount of c o a l h g  T, - TO f o r  a constant limiting Mach 
number index I s  deeired, the method of analyeie makes it 
necessary t o  calculate first the valuee of the t i p  speed at rupture 
and the corrsaponding  values of f o r  assumed values of Te 

.. 

L 

I 
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and Te - TO.. The method  consiate in combining calculated tempera- 
- t u r e  and  s.hress distributiom in the blade xlth experimental  stress- 

rupture data. Tlze solution  depende upon the  choice of blade  cetal, 
the  expected blade l s e ,  and the  values of two dimensionless param- 
eters dt and L/rt. bema of accountfng f o r  radiation arx~ of 
calculating  the  blade  elongation  due  to  creep are also presented. 

Assumptiom. - In the derlvatlon of expressions for the temper- 
ature ard stress  distributions,  the followiw simplifying  assump- 
tions  are made : 

1. The blade is of uniform croes-sectional area and perimeter. 

2. The heat-transfer  coefficient and the  effective gas tempera- 
ture  are  constant  over the blade height. An average  value f o r  the 
t h e m 1  conductivlty can be used over the  blade  height  because  the 
variation of condrct-ivity  with  temperature ie sal1 for m w t  turblne 
metals. 

3. The blade tt2 18 peY'f8Cf~ly imulakd .  This &BELlZllptiQll haa 
little  effect on the  calculated  temperature  distribution  except  very 
close  to  the  tip,  because  the  temperature of the blade  tip in the 
u s u a l  case d i f f e r s  on ly  a mall amount fron the gaa temperature  ard 
the  tip  area  is usual ly  amall compared  wlth the surface area of the 
blade. IT cooling were applied at the  tlp, a6 in reference I, the 
temperature  distribution  would be considerably ef fec ted ,  but  the 
temperature at the  critical  point of the blade, which is nearly 
always within the inner ha19 of the blade length, would ramin 
essentially  the E-. 

4. The  temperature  gradients in any cross section of the  blade 
perpendicular  to  the radius of the turbine  are  negligible. 

5. Bending stresses fn the blade are negligible  Kith  the  result 
that  the  calculated  blade  etrees i n  unfform over any cross-sectional 
area. 

Temperature  distribution. - Tha blade temperature  at any point 
is found from a hoat  balance  of  the  blade. (So6 appendix. ) If 
radiation is neglected, 

1 

cosh dL 
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vhere 

. -  

.. 

The inclnsion of radiation, by means of an 
Gested i n  a 3nblication of the General Electric 

where 

and 

approximation 
Company givee 

For glven values of ~;as.temperatcre. and r f m  temperature, 
te:rl?eratura dis t r ibut ion witho!lt radiatzon  (equation (1)) as a func- 
t i o n  of x/L dependB only on the dimenoionle68 parameter aL, which 
18 fixed by the b lade  dimenaim,  the  blade  conductivity, and the 
heat-transfer  coeTficient. This pemmeter nay be cxmidered aa a 
measure of the  rat ' lo of the average t a p e r a t u r e  drop over the  blade 
l e w h  t o  the average tmperatura drop across  the film between thu 
hot  gases and the blade, Accordingly, a8 the value of' aS; is 
decreased,  an  increased  percentage of the tanperatme drop between 
the gas and the blade m o t  occurs  through  the film and all blade 
tempex-aturea a re  roduced. The temperature  distribution  including 
radiation  (equation (Za) ) fs identical   to  equation (I) w i t h  f i  L 
subatituted for aL and Z/Y for Te. 

Stress  distribution. - The ac tua l   s t r e s s   i n  the blede at any 
point x is  found by i n t e g r a t i q  t'ne centrifugal load over the 
portion of the  blade fran point x t o   t he  t i p  

For given val l lea of blade  metal  density and of the r a t i o  of 
blade height t o  turbine radius a t  the biede  t ip,  the s t r e s s  d ie t r i -  
bution as a fmc t ion  of x/L depends only on the blade t i p  speed. 

L 
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Limitiw t i p  speed. - Experfmental etress-rupture d a f x  for blade 
metals  give  the 1;rax-5mn s t r e s s  the metal can withstand f o r  a given 
temperature and l f fe .  B the  blade l e e  f a  specified,  the maximum 
etrees  is a function of only the  temperature 

Equatiom (3) and (4) may be comb- to f 2nd the  allowable temper- 
ature  at any  blade  Toint and for any blade speed for a given  blade 
metal and constant  values of blade l i f e ,  gas temperature T,, amount 
of rim cooling (Te - To), and the parameters dl; and L / r t :  

A family of curves of T, . a s  a function of X/L w i t h  v as a 
parameter may be drawn. 

Failure  occurs when the  actual blade temperature at  one blade 
pofnt is greater  than the allowable t a q e r a t u r e .  The limiting ti3 
speed is that f o r  which the allowable  temperature is just equal t o  
the  actual  tenperature  at  one point on the blade, whfch is called 
the  cri t ical   blade  point bemuse the blade would f rac ture  at t h i s  
point if the ti:! speed were increaeed.  Mathematicallg,  the 1Fmiting 
t i p  speed and the c r i t i c a l  blade point  are  defined by two simulta- 
neous ecuatiom 

where T(x/L) 15 the  temperature  distribution given by equation (1) 
or  (2a). If the solution give8 a crlttical point outaide  the b b d e  
length,  equation (a) 5s invalid and the cr i t fca l   po in t  is a t  the 
root; I n  thfs caae V,, is  found frm equation (sa) with q / L  = 0. 
Because of the empirical origTn of the function Ta, these  equatlom 
a r e  conveniently e3lved by graphicalmethda,  as i l l u s t r a t e d  -Ln fig- 
u r e  1. 

The t i p  Kach number index ie defined as the t f p  epeed of the 
blade  divided by the velocfty of sound tn the gae and is a measure 
of the a c t u a l   b c h  nmiber of the ga8 flowing past the   blade  for  a 
given velocity diagram. E the  velocity of oound is calculated from 
the effect ive gas tempratme,  the l imiting tis Mach umber index l e  
expremed 
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B l a d e  creep. - Experfmental data on the creep  properties of 
blade metals give t h e  percentage elongation for a given lifo aa a 
function of metal   tempratwe and s t r e a e  

\Then equation (8) ke combine.d with the actual s t ress-dis t r ibut ion 
equation (3) and the ~mpera ture-d is t l~ ibut ion  equation (I) or (Z), 
the actual  percentage e l o r g a t i o n  of the blade a t  any point end f o r  
any t i p  speed may be found 

I -  

& .  

" 

" 

e = e (;, v\ 
/ 

The total percentage elongation o f  t;Im blade l e  found by integration 
over the blaae height for any blab speed, 

This equatlon Fgl uaeful only f o r  values of V 5 Vmax because, for 
greater valuee, the  elongation of t h e  blade becomee infinite, come- 
szonding t o  blade fracture .  The evaluat&m .of equation (10) mag be 
carried out graphically. 

APPLICATION OF -4NALYSIS 

" 

The foregoing a n a l y ~ i a  i s  general and appl ies  to any blade of 
uniform cross  section. A bLde  section was assumed and the corm- 
aponding values of the ~ m n s i o n l e a e  pararn_eteL_._dl;. -@- ~ / r t  wore 
uaed . to obtain  quantitative  results.  Them values a m  referred to 
a8 the ,"ba-BIC" vahma. In order t o  3 h o w  the.  effect of heat-transfer 
coefficient,  blacle conductivity, ana blade aimener-lons on the results, 
calculations were made f.or values of CIL equal t o  1/3, 1/2, 1, 2, 
and 3 time8 the basic value. A eingle value of L/rt x e . a  used 
thro@uut because t h e  effectiveness of cool- depnds very l i t t l e  
on L / r t  f o r  t h  usual r w e  of values for constant aL. Tho q m -  
titative results ere  also deyndent on the aseumed mchanlcal prop- 
erties of the blade  metal.  Values of the effective gaa tempei-ature - 
Tram 13000 t o  1.9~00 E .  amounts of rim cool- from -00 to LOOOO F 
were assumed. The value of the limiting Mach number indox wan calcu- 
la ted f o r  each pa i r  of values of T, aad Te  - To for a value of y 
of 1.31. 

* 

. .  - . .  " 
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Blade dinermiom,  carductivity, 'and heat-transfer  coefficient.  - 
.The basic values of a3; and L,'rf; were detemfned f m m  values of 
the b l a b  -dimensicme, the ,blade-m&al conductivity, and the heat- 
transfer.coeffihient  representati-ve of! those found i n  modern high- 
tem-w.ratpe gas furbfnes: , _  

Area.'& blade ~r0.88 aect i& f?!, 'sq ft . . . . . . . . . . .  O.CO0'728 

Perimeter of blade cro88 aection..:p, f t  . . . . . . . . . . . .  0.20 

. .  

(or  0.1047 eq fn.) . . .  

(or' 2 . 4 0 . a . )  

( o r  1.75 in.) , .  . 

BLaAe. length- L, f t  . .  i . . . . . . . . . . . . . . . . . .  0.146 
Radlus at t i p  rt, f t  . . . . . . . . . . . . . . . . . . . .  0.570 
'(or 6 - 8 4  in.) 

Thermal conductivity 03 the blade k, Btu/(br) (f t ) (9) . . . .  12 
Heat-transfer  coefficient 6,. Btu/(hr)(eq f t )  (9) . . . . . . . .  40 
Basic  value of LC, . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.42 
Basic  value of L / r t  . . . . . . . . . . . . . . . . . . . .  0.26 

The value of h of 40 Btu/(hr) (eq f t ) ( ? F )   c o r r e q o n d ~  t o  r e l a t ive ly  
low mass .flows; beceuse of t h i s   r e l a t ive ly  low value of h and kh6 
choice of a f a i r l y  s h o r t  blade, the  baaic value of CGL probably i e  
ae Low as   ie   obtainable  a t  preeent. 

Mechanical properties of blade metal. - The axeumed mecb.mical 
properties af the  blade  metal are shown in f igures  2 md 3. These 
properties are based ai availgble data (refererices 2 and 3) for 
S497. alloy, which is a forged  ferrous al loy,  high. in nickel, chro- 
m i u m ,  and cobalt  content with a 6ansfty of 0.31 pound per cubic  inch, 
and axe extrapolate& t o - h c l u d e  a wide range of temperatures. The 
strese-rupture  pruperties (fa. 2) are tgpical  of the  atx=oxer al loye 
n m  available for turb?ne. b l a b s  b ~ r t  the creep  properties (fig, 3) 
are  re la t ive ly  poor: 8497 m a  selected in  order t o  accentuate any 
posaible .creep Limitations  in blade desi-gn. 

EEective  ges.temperature. - The effective gas temperaturo Te 
- .  

ra ther  %Plan the   to ta l  temperat&w at the i n l e t  t o  the tu rb im Tc is 
used . in  the ana~yeis because ~t 1s t b  temperature that enters  G t o  
the heat-transfer equation. The poxel** and the  ef2iciency of a 
c&pmmor-twbine s i t ,  .however, depend on Ti, and the reletton 
between these two temperatures shopld be hm. 

The effective  temperature ie approximately equal to the t o t a l  
tempzmcrture r e l a t i v e  to the novfng blades; the ratio of the total 
In le t  temperature to the effective temprat-are  calculated  at the mean 
blade diameter 1s therefore '. 
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where. 

vm V D 
a a 2rt 
- = ”  

For a constant blade Mach number and a given  velocity  diagram,  which 
determinee Vw/Vn, the  inlet k t a l  temperature is directly propor- 
tional to  the  effective  temperature. For example, if the  Mach  number 
index is set  at 0.5 (and D/2rt = 0.87), Tg/Te = 1.041 f o r  Vv/Tm = 1.2 
(ty-ptcal .of reaction blades) ana T ~ / T ~  = 1.088 for vW/vm = 2.0 
(tmical of impulse blades). 

. .  
Radiation. - lpne effect of radiation on the temperature  dietri- 

bution  depends  to a grea t  extent upon the particular Installation of 
the  turbine,  which determinee the values of the  temperatures T1 aad 
T2  as well as the validity of the approx-lmatiom  used In treating 
radiation, , (See appendix, ) . The result$ w e e  ’ calculated  without 
radiation,  but the manner in whlch the various radiation asemptions 
modified  theee results was investigated. 

In the  application of the radiation  equation  (2a), t h e  f o l l o x i n g  
amumptions were made: 

1. The average blade temperature TR used in the approximtion 

fi E 4TR3 T - ~ T R ~  

given in t h e  appendix  as  equation (15), was set equal to 
Te = (1/4) (Te - TO); this value w a ~  determined by comparing the ta- 
perature distribution  given  by  equation (2) for several  values of 
TR with  one found by numerical  integration of the exact  differential 
equation for a tgpical  case. For extremely high  conductivities or 
low heat-tramfer coefficients, thia v a l u e  of TR giva blade t em-  
peratures  that a r e  slightly low. A somewhat lower value  for TR 
would be more  accurate for this case. 

2 .  Values of Tz/Tl of 1.0, 0.9, 0.75, and 0 with T 1  equal 
to Te were assumed; mre generally, If TI does not equal To, 
these assumed value8 correspond t o  values of T14 + Tz4 of 2.0, 
1.656, 1.316, and 1.0 times the value of Te4, respectively. The 
values of T1 for a given Te depends on  the  difference between 
the  inlet total taperature and the effective gae temperature and 
on the extent to which the nozzles are cooled. The temperature IC2 
on the ex i t  side of the blades ie particularly  dependent on t h e  
installation  bf3CaUSe  the value of Tz depend0 on whether the blades 
exhaust t o  the  statore of another stage, to an exhaust  hood, or 
directly  to  the  atmosphere. 



NACA RM No. E p l l b  11 -. 

.. 

c 

* 

13 .. Tho factor cF, whzich enters squationa (2b) and (Zc), wa0 
8et equal t o  0.312. This value ~ E I  obtained by a s e d n g  cloeely. 
spaced blades, f o r  which the total blade-surface area expoeed to 
radiat ion from either side ie approximately equal t o  the annulus 
area nBL. Consequently, F w m  sat equal to n%/BpL. ~ J c h  wa8 
evaluated as 0.312 us- the basic bl-ade dim6naions an- value of 
Bm d.50. The v a h e  of wag ccdlsidered equal to 1, wbich 18 
cloae t o  the value f o r  axidized metal e-&ace&. 

REhmn;Ts AETD DISC[TSSION 
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numbers, the values of AT, are s l igh t ly  leas; therefore, rim 
cooling is somewhat less e f fec t ive   a t  high gas  temperatures. 

It should  be e q h a a i z e d  that figures  4 and 5 give Value8 a t  
rupture, whereas in  actual  operation a turbine would be run  with 
same fac tor  of safety. The actual  ogerating  point could be deter-  
mined e i ther  by e-xprossing the  desired  l l fe  as some f rac t ion  of that 
f u r  ruptLlre or by ueirq an e f f e c t i w  gae  temperature a o m h a t  lower 
than that f w ruptwe.  If these actual  operating conditione were 
shown in figrures 4 and 5, the only signif icant  change would be a 
genel-a1 displacement of the curves r e l a t ive  t o  the axes. If t h e  
f ac to r  of aafety is  introduced o n l y  by m e a m  of a apeclfied  reduc- 
t ion   in   the   e f fec t ive  gas t empra twe,  the curves of f igure 6 a r e  
valid f o r  the  actual  operating  conditions  a8 well 88 for thoee a t  
rupture. 

For the  basic blade f a L  = 4.421, Increases in e f f e c t i v e  gas 
temperature from L4Oo to 200' F are nade available by t h e   f i r e t  
250° t o  50.0' E of rim cooling (fig. 6) but 1000' F of coaling gives 
an  additional  increase of only 60° F. This e f fec t  can be  explained 
to acme extent by the   fac t   tha t ,  for the  greater amount8 of cool iw,  
the  cri t ical   blade  point is far ther  fmm the  root ( f ig ,  7)  arld there- 
fore more d i f f i c u l t   t o  cool .  Actually,  tho first amounts of cooltng 
and the cwresponrling  large  increases in allowable gaa t a p e r s t w e  
may not be available Fn most turbines  because  .the rim may' be loo0 t o  
300° F below tke gas temperature as a r e s u l t  of the   cool iw of the 
wheel and the a h a f t  by lubrfcating oil and radfation. 

Effect of blade dinensiom, conductivity, and heat-transfer 
coefficient,  - The value o f  the dimensionless paraneter aJ; cam- 
pletely determinee the offect of blade d i m m i o m ,  ccnductivity, and 
heat-tranafer  coefficient8 on the r e su l t s  when radiation ie neglected 
and the r a t i o  L / r t  i s  c m t a n t .  

The t a tpera twe  d i s t r ibu t ion  in the  blade is 8 h m  in f i g u r e  8 
f o r  an effect ive i;ae temperature of E0Oo I3 and a value of ( T e  - To) 
of 700° F f a r  seven values of aL including  the limiting valuee of 
0) and 0; theee curves are superim~osed on a family of allowable- 
temperature curves ffsr a 1000-hour blade lFfe  to determine  the  critloal 
blade  pointe. For mluea of' a;L greater than 4.42, the blade tom- 
peratures are very close t o  the gaa temperature over half the  length 
of the blade, whereas f c)r Bmaller values of aJ, ali blade  tempera- 
tures are  considerably lower than that of the gas. The c r i t i c a l  
blade  point i.8 close t o  the r o o t  for small values of aL and 
approaches the blaae tip a8 aL is increaeed t o  a value of about 4, 
but  for larger values af aL t h e   c r i t i c a l  point again become  closer 
to   the   roo t .  A t  lcw values of aL, the critical:.blade point actual ly  

.. . 
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remains at t h e  root f o r  the  firet  several huntired degrees of cooling 
but  then  movos quite rap id ly  thrd the tip a6 cooUng is  increased 
( f ig ,  7) .  - 

The variation in the effectivenee8 of rim cooling  Kith  changes 
in aL is sham in figure 6 for a blade  .life of 1000 howe. The 
increase 111 a l l m b l e  effective gas temperature  i8  much  greater for 
the lower value8 of dl; thm, for a value of T, - To of 600° F, 
the increase is 440° F for aL ot' 1.47, 215' F far 4.42, and only 
90' F f o r  13.26. At values of (if, greater than 4.42 there ie little . 

increase in AT, with increaaing amount6 of cooling  above 300' to 
400' F but, f o r  the very low values of aL, ATe continues to 
increase almoat proportionally wfth T, - To over the entire r8mp . 
considered. This coo1izq  can be used, of course, to increase  blade 
life  beyond 1000 home by sacrificing 8ome of the increase in gaa 
temperature; f o r  example, a eacrifice of about 60' I? in gas temper- 
ature  for aL of 4.42 m&ee pOB8ible a tenfold increase in life, 

The low values of dL necessary for rim cooling  to  be very 
effective could possibly be ob-kined by increasing the v a l u e  of 
conductivity or  decreasfng the value af the heat-transfer  coeffi- 
cient from  the  basic  values. Fgr example the value cr3, is halved 
if k 18 increased from 12 to 48 Btu/(hrj (ft)(%) or if h is 
decreased frm 40 to 10 Btu/(hr) ( ~ q  ft) (9) . U d o r t u n a t e l y ,  nme 
of the  alloys now available f o r  use at  high  tem3eratures and stresees 
has a conductivity  much  greater khan 12. In a e v e n  turbine  the 
increased  cooling  effectiveness  obtained by increaeing the conductl-8- 
Ftg might be offeet by the  fact that additional  heat  must  be  removed 
f rom the b M e  to maintain  the s&-rim temperature. 

A relatively low value of h night be  obtained by a proper 
adjustment of t h e  deslgn selocitfee over the blades,  but  these  veloc- 
ities  are usually reetricted by amodpmic consideratione. The uee 
of insulating  coatings on the blade results in mall reductions in 
the over-all heat-transfer  coefficient frm the hot gases to the  
metal  blade from an initially low value of h, such a8 
40 Btu/(hr) (eq ft) ( O F ) ,  although the  coating can produce  relatively 
large reductions fbm a high value. For example, if h is 40, a 
coating 0.010- inoh Yalck with a conductivity of 0.5 Btu/(hr)  (ft) (9) 
will  reduce the over-all  coefr'icient o n l y  6 percent; if h ie 250, 
the 8ame coating wi l l  reduce the over-all coefficient 30 percent. 
A coating,  however, may weaken t h e  blade or bcreaee the  ratio of blade 
perimeter  to area p/A and thua aL, which  might  cmp1etel.y  counter- 
act  the  favorable  effect of the  reduction in the over-all fihz coeffi- 
cient. 

A low value of &;L can ale0 be  obtalned by the uae of a ah& 
bhae. or a t ~ e  wlth a mall P/A ratfo. ~n order t o  obtain the 
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S a m  mass flow when the  blade length is decreased,  the  tip  radius 
must be increased,  which  means  that  the  increased  cooling  effective- 
ness is gained  at-the  price of Umeasing the s i z e  of the  turbine. 
The value of L/rt .€E alBo decreased. in this case wlth the retsult 
that the calculations are  not  strictly  applicable;  it may be sham, 
however, that althoum a decrease in L/rt  causes a coneidarable 
increase in the limi-t;en(: Mach number index the  decrease ha0 liktle 
effect on the curves of AT, againat . Te - To (fig. 6) . The ratio 
of blade porimter ta area,  which  depends upon the 8h&p and the 
s i z e  of the  blade, ia limited by  aerodynamic  considerations and no 
significant change in dL pm umal ly  be obtained by a variation 
in P/A. 

On th .e  other hand, large high-power  turbinee are  likely to have 
values of c& cmafdera'bly greater than 4,42 f o r  tu0 remom: 
(a) theee turblnes have large specific maes f l c p  and consequently 
the value of h IA -eater than 40; and (b) these turbinea have 
dimemiom greater -than Vae basic values..asemd. For example, if 
the heat-trmefer coefficient is increased from 40 to 120 and all 
the dimensions a r e  multiplied by 3 (thua multiplyine; a L by f i ) ,  
aL I s  increased fram 4.42 to 13.26. 

. -  

' *  

Blade creep, - The distribution of -local  elongation due to creep 
over the  blade  length and the  corresponding  etr&as aM temperature 
distributiom m e  shown in figure 9 for a particular  set of condi- 
t i ons .  The total  blade elowation obtained by integration of the 
distribution of local elongation is also given in the figure  for  each 
tip speed. The per.cEjlitag~  elongation of' the blade at rup tu re  depende 
primarily on the  temperature at the  critical  point where moat of t h e  
elongation occurs, The temperature at the  critical  point for effec- 
tive gas ternperaturw from 1400' to 1500° F 1s in .the neighborhood 
of 1350' F (fig. 81, a t  which  tkmperature  the  elongation of the blade 
is a maximun (fig. 3); accordingly,  the maxinum blade elongation f o r  
these  gas  temperatures  shouid be tho maximum elongation for any gas 
temperature. 

The elongation of the basic blade f o r  a @e temperature of 
150O0 F is pl3ttod against Mach  number index for several amounts of 
cooling in fi<Tux 10. The maximum elongation  indicated is o n l y  
about  one-sixbeenth  inch,  which is lass than most  blade-tip  clear- 
ances. If a shorter  blade l i f e  were assumsd, the maximum elongation 
at rupture  would be oxpected  to be somewhat larger and might be 
exceesive. Far longer blades  the m a x i m u m  percentage  elongation is 
expected  to  bo  about  the same; for  such bladea,  therefore,  the  total 
elongation at rupture nay be considerably @eater than allowed by 4 

the tip clearances. . .  
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Actual  blade  elongations,  however, will be much smaller than 

t h e  maximum values  indicated because the  turbine is etctually oper- 
ated with a factor  of safety  and the  elongation is greatly reduced 
by a small decrease Fn Mach number -ex or  a mall increase in 
coollng. A n  actual  turbine would never  be operated at a speed 
correspondhg to the  vertical portion of the  curves of figure 10, 
for very little  overspeed would result in rupture.  Fnaamuch as the 
creep  properties assumed f o r  the blade metal were relatively poor, 
actual  turbine operation will not be 1Fmited by blade creep. 

Effect of radiation. - The effect of radiation on these  results 
varies greatly with  the  asaumed  values of the  radiation  temperaturea 
T1 and T2. E these taqeratures are equal  to  the gas temperature, 
the effect of radiation is approximately the eame aa the effect of 
an increased value of the  heat-transfer  coefficfent  or of aL. The 
influence of radiation on the  effectiveness of cooling can then be 
found by using values of f i  L as effective values of CiL Fn fig- 
u r e  6. The magnitude of the  increase  depends  upon h and FR alone 
for a constant value of EF (equation (2b)). For small values of' h 
and ~arge values  of % (correspont~ing to high gas temperatures), 
the value of X L  map be as much a~ two or three t h e  the mlue of 
aL; however, for the  basic  value of h (40 Btu/(hr) (sq f t )  (OF>), 
f l  L is o n l y  about 1.3 time the value of &. 

If T1 or T2 ie aseumed less  than T,, a8 is likely for most 
turbines,  the effective increase fn aL w i l l  be counteracted by EL 

decrease in Z/Y, which ha8 the same effect on the temperature dls- 
tribution as decreasing T,. In figure 11, the  temperature distrlbu-t 
tion  for t he  basic value of CYL of 4.42 and no mdlation is compared 
with that for four  radiation  approxlmatiom. A8 the value of Tz/Tl, 
and carrespondFngly Z/Y, is decreased, all blade temperature6 m e  
decreased and the Umiting Mach  number indices Increase;  the  limiting 
Mach  number Index fa? no radiation is approximately  the mean of the 
values for  different  radiation  assumptions and the critical blade 
point  is amwh8t closer  to  the  tfp than f o r  the examples thst  include 
radiation, The increase Fn allowable gas temperature  with  radiation 
is compared in the f ollowin@: table with that for no rdfation for 
equal m m k s  of cooling, Tl = Te = 1960° R, and a 1000-hour blade 
life : 



: L -  T, '(no AT, ' (radiation) 

c 

. 
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2. For a glven effectfve gas temperature, the addition of mll 
amounts  of rim cooling  allows elctramely large iucreases in blade 
life. 

3. In order t o  o b t a i n  gas temperature  increase8 of tfie order 
of 400' F, extrene increaeee in thermal cmductivity or decreams 
in heat-transfer  coefficient or blade length are  necessary; come- 
quently for turbines of large dimenalone and high apecffic mas8 
f lows ,  the increase8 in gae temperature possible with rfm cooling 
a r e  particularly small. 

4. Rim ~0017Jlg 18 most  effective f o r  the f e e t  250' to 500' F 
@T cooling of the  rim (below gas temperature); f o r  the  typical blade- 
500' F of c o o l i w  allme a gas temperature  increaae of 20O0 F but 
additional c o o l l ~  yields onlg relatively small gains in allowable 
gas  temperature. 

5. Ln order  to  obtain large increases in g8e temperature, sane 
direct method of  cooling would probably have to be med, In which 
a considerable  portion  of  the blade length i a  cooled by contact with 
a coolant f l u i d .  

Aircraft Ene;ine Research Laboratory, 

Cleveland, Ohio. 
National Advisory CoIlrmfttee for Aeronautics, 





T4 = 4TR3 T - 3TR 4 

Equatione (17) may also bo writtsn 

. 



20 NACA pM No. E7Bllb 

1. Bmwn, I T .  Bwon: Cooling of Gas Turbines. I - Effect of Addi- 
t i o n  af Fins to.Blade Tip8 and Rotor,  AdmiBsion of Cooling Air 
through P a r t  of Nazzl-ee, and Change in Thermal Conductivity of 
Turbine Com3mmts. NACA RM No, E7811a, 1947. 

2. Croa~, H. C., Stewart, W. C., and McCann, W. J.: Compilation of 
Current Data an Selected Alloys Suitable for High Tem2erature 
Servioe in Gae Turbine and Supercharger Parte. Ser. "12, 
OSRD Xe-p. 722, IW. Acad. Sci., Nat. Res. Council, W a r  Metal- 
lurgy Committee, July 22, 1942. 

3. C ~ O E B ,  Howm-8 C., and SimmonEi, Ward F. : Progrese Report on Eeat- 
Re.sistin$ Metals f a r  M e  Turbine Parts (N-102). OSRD No, 3651, 
Ser No e 14-280, NDRC, OSRD, War Metal3.urgy Div., May 10, 1944. 



N A C A  RM NO. E781 I b  - F i g .  I 

Blade  t e m p e r a t u r e  
"" -" A 1  lowable b l a d e   t e m p e r a t u r e  

R a t i o  o f  b l a d e  p o i n t '  t o  I e n g t h ,  r j L  

F i g u r e  1 .  - M e t h o d  of d e t e r m i n i n g  l i m i t i n g  s p e e d  a n d  c r i t i c a l  
b l a d e  p o i n t  f r o m  c u r v e s  o f  t e m p e r a t u r e   d i s t r i b u t i o n  a n d  
a 1  IowabIe t e m p e r a t u r e .  

NATIONAL ADVISORY 
COWITTEE FOR AERONAUTICS 
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F i g .  3 

- S t r e s s ,  'lblsq In. 

F i g u r e  3 .  - f f f e c t  of s t r e s s  on elongation due t o  c r s e p  f o r  S497  a t  
c o n s t a n t  m e t a l  temperatures r n d  b l a d e  l i f e  o f  1000 h o u r s .  ( P o i n t s  
from exper imenta l  d a t a  I n  ro farences  2 end 3.1 

COLMlTTEf FOR ALRONIUTICS 
NAT I ONAL ADV ISORY 
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Limit ing t i p   h c h  number index, kx 

figure 4. - Effect  o f  l i m i t l n g ' t l p  Mach number index, rim cooling, and exhaust-gas temperature on sxpectcd life 
o f  turbine blade when KL Is 4.42. - 
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Fipure 5. - t f f e c t   o f  rim cooling on allowable ef fect ive  QBS temperature for various l imit ing Mach nunbcr 
indices. aL o f  4.42, and blade l i f e  of IO00 hours. 
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F i g .  7 

R I ~  cool l a g ,  f, - T o t  O F  

F i g u r e  7 .  - E f f e c t   o f  r i a  cool Ing on l o c a t i o n  o f  e r l t i c a l  blade 
p o i n t  f o r  v a r i o u s  v a l u e s  o f  aL, effective gas temperature  o f  1500° F, 
a n d  b l a d e  1 i t s  of IO00 hours.  

NAT I ONAL ADV I SORY 
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Figure 8. - E f f e c t   o f  aL on temperature  dlStribUtlOn ana location o f  blade c r l t l c a l  p o i n t  f o r  
r f f e c t l v e  gas temperature  of lW0b F, T, - To of 7000 F, and blade l l f e  of IO00 hours. 
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Rat io  of blade poiat  to length. x / L  

F i g -  9 
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Figure 9. - Distr ibut ion o f  temperature stress, and 
elongation due t o  creep for  aL of 4.49 effectlve gas 
temperature of I W 0  F, T, - To of 700% F, and blade 
I I f e  of loo0 hours. 
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T i p  Mach number index.  M 

F i g u r e  10. - E f f e c t  o f  t i p  Mach number i n d e x  on b l a d e  elongation 
due t o  c r e e p  f o r  c o n s t a n t  rim cooling, aL o f  4.42, e f f e c t i v e  gas  
t e m p e r a t u r e  o f  15000 F ,  and blade L i f e  o t  1000 h o u r s .  
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R a t i o  o f  blade  point to  length, x / l  
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Figure 1 1 .  - Coloparlson of temperature dlstribution, l i m i t i n g  t i p  s w o d ,  and c r l t i c a l  blade posi t ion m 
without   radiat ion and for   var ious  radiat ion assum tions, U L  o f  4.42, e f f e c t i v e  gas t s a p r a t u r e  of 
15000 F,  Te - To o f  7W0 F, and blade l i f e   o f  i d  hours. - - 
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