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A theoretical  analgais of the effects cdl varioue methods of 
oooling turbine blades with consequent increase i n  permiesible gars 
tempereture op turbine-cyale efficiency is presented. A study w a s  
made c f  the heat-transfer pracese in turbine blades and the effects 
on blade te~geraturea of cooling the blade root  and t fp ,  changing 
the dimensions of the blade, rebieing the cycle temperatwee, fneu- 
lating with ceramfos, and cooling bg circulat ion of air or water 
through hollow blade8 were detemined. It w88 found that cooling 
the root of the blade, ebortening the blade, and cooling hollow 
bladers internally with air or liquid offer poeei%ilitfes of substan- 
t i a l  increase8 in permissible gaa temperatures a d  correspondingly 
in cycle efficiency. Cooling the t i p  of t he  blade and coating the 
blade with ceramio were relatively fneffectfve. 

INTROIUCTION 

The ma;ximum penniseible gae tanperatme impose8 limfte on both 
the effioiency and the power of gas turbines as has been shown by 
the calculations of Gtodola (ref‘erence I) and Piening (reference 2) .  
Currently used 4388 turbfnes c.an be made more compact and powerful 
than t h e  conventional reciprocating  gmoline engine, but bec&uss of 
the temperature limitatiom, the efficiency is much lower. It is 
particularly desirable therefore to i n c r w e  the cycle temperatures. 

Cycle taperaturss are limited br the destructive Mfects  of 
high temperatures on turbine blades, nozzles, and ombustion chambers. 
In reference 3 it w&8 pointed out that tbe turbine blade8 operate fn 
gas at a lower temperature than the gaer in the combustion chambers 
and the nozz7;es but that khe blades aP the turbine operate under 
much higher stress &8 a result of the high rotstive speed. In fact, 
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the rotative..speed is limited by the high-temperature-failurn- prop- 
erties of the blades and &eel. Consequently, the mast importan% 
problm mcountered in inc.roeainf: cyclo tcmporaturos is providing 
meam of prsventing  turbine  failures due t o  overheating. 

.. 

The tondency of t u r b k e  bladea t o  fail in the presence of hi&- 
temperature @ea may be redmed by solectLng blade ma3eriala more 
resistant to creep and rupture and by so cooling  the  blades that 
they operate at safe tmpera twas  , The following means af Cooling 
turbine blades have been props& or  used:  conduction of heat t o  
cooled  root or  t i p ;  protection,of the blades with layera of ceramic 
heat insulator;   internal  cmling of hollow blades with air, water, 
o r  other fluid; cooling by radiation t o  cold radiation  shielde; and. 
altern&te flaw of hot and cold gas through the turbhe .  

An analysis waa made at the NACA C3.eveland Laboratory in the 
spring OCP 1945 t o  determine whether twblne-blado cooling  can pro- 
vide  sufffcient increme in permlsaible- cycle t a p e r a t w e e   t o  
Justify a program af ressarch on tiurbine cooling. The heat-tranafer 
processes in turbine  biades are ,mJ-yz-ed and an -equation f o r  the com- 
putation of the approxlmatt, blade tomperaturee is deriued. In one 
specific. we, the approximate one-dimensional solution is compared 
w i t h  a more irforma,tf.ve two-dimensional solution to i l lue t ra te  the 
magnitude of' the error in the one-dmmsional approximation. Sur- 
face heat-tranafer coefficients, creep characterist ics,  and rupture 
characterist ic8 were obtained from l i t e ra ture .  The aparoxlmate ono- 
dimensional solution is used to compute the affecta an blade tanper- 
atures of cooling the blade root  and tip,  changingthe  dinensions of 
the blade, raising the cycle temperatures,. insulating w i t h  ceramice, 
and cooling by oirculation af air o r  water through hollow bledea. 
I n  each c u e  the effectiveness of the  cooling in reduccng  creep and 
increasing the 5lme to rupture was estimated and the equivalent 
increase in  permissible cycle temperatures WEIB detemnined. The 
results af these computatione are uaed aa a bas18 f o r  rocommondiq 
r o s e m h  on turbine cooling. 

LIST OF SYMBOLS 

The f a l l a w l w  spnbols are used in  the  analysis : 

A cross-eectional area af blade . . .  

a, b., experimental  comtanta 
c; m 

C perimeter of turbfna  blaile 
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specific heat at con&& pressure 

inside diameter baaad on hydraulic r a w  

activitation e-mrgy 

ma86 velocity of gas 

coefficient of heat transfer between turbine blade and 
inter& coolant 

coefficient of heat tranafer between hot gae and turbine blade 

equivalent r e t i o n  Seat-tsansfer oaefficient 

length of tuP;bFne blade 

parameter defined by M c h$ '/kA 
h C  

parameter defined by P = (l + 2 + 3 
heat flow per unit tinie along fA10 blade 

he& radiated per unit time f r o a n  turbine blade 

heat trmefel-red per unit time fram turbine blade to fnternal 
coolant . 

heat abaorbed per unit time by eurface of turbine blade 

radius of turbine wheel st blade root 

radius of turbine wheel at b l a d e  tip 

applied temile stress 

temperature at any point on turbine blade 

teaperatwe of internal coolant of turbine blsde 

initial temperature of internal coolant of turbine blade 
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temperature at bass of blade 

equivalent temperalxre defined by R/P 

temperature of hot gas 

temperature of cold body 

velocity of gas 

width of turbine blMe 

dietance from leadlng edge to point under consideration 

distance f m m  base of blade to  aqy poin t  on blade 

increase in entropy 

increment along length of blade 

ra te  of elongation 

abeol1;te viecoaitjr 

klnamatic visccrefty of gae 

density of gas 

Stefan-BoltRmRnn constant 

ANALYSIS 

Heat-Transfer Procesees in Turbine  Bladee 

Equation for temperatwe  diitribution- in turbine blades. - The 
heat-trmafar proceseea a2e -first analyzed for a hcllow blade cooled 
by fnkernal cbculatiaii of coolant a& by conduc+,:on and radiation. 
By praper subetitution of ccefficienta,  the resultant equation 
reduces tc a simpler one for a sol-fd blade. A one-dimenaiond 
a&y8i8 simil&r tQ that given by Car*Elaw (rofermC0- 4 , p.  66)  fCW S 

thin rod radiating  heat is wed. In tho preeont mlys3 .s ,  the heat 
transfers by convoction and radfation are soparately accounted fijr 
and the taqerature of only one and. of the  bide is  assmod h o r n .  

The following sketch show6 the significant dimensions and 
onviroment&.l tnmpsraturos: 
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In the case of a solld blade, M reduces to zero and the eqaa- 
t ion be cmee 

where P and T, becae 



Surface coefficient of heat- t ransfer  Fram hot gas. - Lelchuk 
(ret’erence 5) found. by exyeriment wlth flow imide a pipe that the 
oqustion developed by Mikuradee for computing the coefficient of 
r’rlction and heat  transfer and the numerical values of the constante 
usually use& with this equation applied equally well for a range of 
airspeeds up t o  a Mach number of 1 provibed that the stagnation tan- 
porature of the g a ~  -Is usad rather than the froe-etream temperaturo. 
ThiR principle m a  asgumed by Crocco (reference 6) t o  apply t o  the 
cam of heat transfer from a flat  plate  t o  a etream of high-velocity gae. By substi tution of the  eymbole used herein, h i e  equation for  
tho average  coef‘ficient i s  

The camputed value of hg is ahown i n  figure 1 at the following 
conditions assumed f o r  the calculatlorm In  thie  report: 

L 

Nozzle pressure ratio- . . . . . , . . . . . . , . . . . . , 3.43 
Preasure in t a i l  pipe, go&.& per S ~ W O  k c h  . . . . . . . 14.7 
Mean peripheral  velocity of blade, f ee t  por second . . . . . 1200 

Actually tho  coefficient of heat transfer varioe f’rcm a high 
value at the lading oilge of the blade t o  a low value a t  the trailing 
d g e ,  as hae been shown by Squire (1-oference 7) i n  the 0888 of an 
airfoil. Equation ( 4 )  f o r  tho average cceffioient was. derivod by 
integrating tho heat, dissipation from the leading d g o  t o   t h e  trail- 
ing &go and dividing by the chord. The following equation for the 
loca l  coefficient of heat  trsnsfer I s  thereby  obtained by 

.the proper  differtrntiation of tho equation f o r  the averago coeffi- 
cient 

hgloc 

The local  csefficfent of hhaat transfor ie ahom i n  figure 2 
when the temporaturo of t he  gas in khe nozzlo box is 1600° F and the 
other conditione m o  the seme as for f igwe 1. Theee l o c a l  cooffi- 
c-ionts were us&. Fn the two-dimensional m l y e i e  made t o  detormbo 
tho wror in the slmyle om-dlmeneionai eolution. 

Coofficiunt of heat t ramfar  t o  cooling f l u i d .  - The cooffi- 
ciont of heat tran8fer betwoon the blade a d  t h o  coolant circuluting 
insidu m e  aesumod to bc the 8 m o  as In a circular pipe of tho ~ m 8  
hydraulic radiue. Tho coefficient of‘ heat tranefer in a circular 
p ipe  m a  shown in refcranco 8 (p .  168) to bo 
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Canparison of temperature dfertributions in a aolid blade 
obtained with one-dimsns~onal aud with two-dimensional analysis. - 
The tenpemture distribution  throughout the solfd blade m8 computed 
by a two-dfmensional network. TLe nethod consist8 in selectfng a 
oonvenient nmber of poin58 tlroughout the blade, aee~ming them to 
be connected bg heat-oondmtlng rds, and s~ldng sFmulttrneouely the 
eqUstion8  obtained by aettlng Cz8 t o t a l  .he€& f l o w  into each junction 
or' the netwrk qua3 to zero. This method permits the prcper recog- 
nition of the sffeots  of t h e  notzd variation in thfcknees of ths 
blade section and the variation h surface coefficfent of heat tram- 
fer froan the leading, edge to the trailing edge. This method, howaver, 
is too ted.iow and C M ~ ~ I X C S C ~ ~  for gzners3 m e  in the prel imbarg sur- 
vey of methods of coollng turbtne blades. A more simple and approxi- 
mate relaxation mothod as formuat& in raferonce 10 be wed .  

The results of these ccanylrtattcne for one specific c a m  are  
canpared in figure 3 with the one-dimemional solution for the sac10 
comiitions. The one-diznsnsional solution agrees very WOU wl.th the 
twc-dhensionsl solution for t h e  center of tPle bladc but the two- 
dhleneicnal solution ahavs both the leading edge and the traflfrV3 
adge t o  bo hotter.  The hfgher tmpuraturc of tho leading and trail- 
ing ed.gm is exp~cted bscaulse tho aurfaco  coofffciont ie hfghcst 
over tho forward surfacss and. the t a p o r h g  of khc trailing edge makes 
hcjat removal by conduction more difficult. 

The-rupture and cree;r characteristics of turbine-bMo mato- 
rials. - H i g h  blade temperature8 majr came blade failure in aeveral e euch BB termile npture a d  creep, axldation, and chipping and 
dietor t ion of t h l n  blade edges. The tensile rupture and the creep 
are *he most important and are "herefore corusiaered in this 
& Y E ~ . S ~  ~ The the-rupture properties probably Lave more effect  on 
turbice failure than the creep characteristics but the equation8 
re la t ing  creep to strese aud temperature havo boen more fu l ly  
developed than thoee for time rupture. Mast of the analy8ia of the 
effectivenese of blElde ccoling is therefore k a e d  upon creep and 
in one case the reeulte  obtainea by creep 9salysis a r e  compared with 
an analyaie wfng tine-rupture  characterietice. 

. 
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Creep ckLs;racterietic8. - The following empirical ecuations 
relating  second-stage  creep Go stress and temperature were proposed 

reference 11: 

(m)= 10'3L9 ' 4.577 T 4.577 T *a - E 
lo% 5 

Sufficient  data m t h e  second-stage  creep of alloys used i n  gas 
turbines to evaluate the constants f o r  those equations are unavailable. 
The beet alloy f o r  which adequate data are  available waa l8:8 etain- 
less steel  (reference 12, p. 219). !!?be values of the constant8  for 
this metal are f ollc:ws : 

AS = -10.66 

c = -1.695 

b = 1135 

Time-rupture chamcterietics.  - Rella'icle time-rupture data were 
obtained from investigations  carrfed out a t  the University of 
Michigan for materials congfdored f o r  blades o f  gaa turbines. The 
allay Vitallium  having the followin8 percentage  composition wa8 
chosen for this analysis : 

c rn si Cr m i  co Mo . Fe 

0.24 0.98 0.63 27.6 3.06 Balance 5.13 1.76 

The mme type of eanplrical  aquation wa8 used f o r  t he  correlation 
of the time-rupture data as for the creep data. 

Stresees i n  the turbine bladee. - Only centrifugal loads were 
coneidered in the computation of blade stresees. The eheariw atross 
resulting fram the force of the gas on the blade is amall and dofor- 
mation i n  bending  praceeds unttl a neutral confZgurEttion with no 
bending strsse ie achieved. With high peripheral speed, the deflec- 
tion t o ' t h l s  equilibrium conf'igqration 18 emall. Btrees concentration 
a t  the root of the blade l a  also  neglected. This e~rnpliffcat1o-n IS 
justified by the agreement between the indicated point of failure 
shown in t he  following section8 of t h i e  report  and the  exmination 
of actual blade failures in  accelerated deatruction 'tests. 

. 

t 
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The following  equation f o r  the streas fn the turbine blade waa 
derived from simple kinematic  principles: 

The outer radius w m  assumed t o  be U.$8 inchee and th0 periph- 
eral velocity st 9 inches was assumed to be 1200 feet per second. 

EVALUATION OF m 0 I E  OF COOLING TUHBRKE BLADES 

The methods of cooling turbine b3.ad88 and reducing thefr creep 
are considered in  thie  eection and are lieted below in the order in 
which they are discuseed: 

1. Cooling root OP blade 

2. Cooling t i p  of blade 

5. Thermal insulation wTth ceramic coating 

6. Circulation of aIr throw hollow blades 

7, Circulation of water t h r o u  hollow blades 

Coollng root of blade. - The sff ects af root temperature on 
blade temperaturea were cGputed by the one-dimeneional eolution for 
a blade whose dimensions and operating conditions were as follows : 

Blade length I,, inchee . . . . . . . . . . . . . . . . . . .  2.48 
Blade perimeter C, iaches . . . . . . . . . . . . . . . . .  3.4 
Croes-sectional area of blade A, equare inch . . . . . . . .  0.18 
Temperature of surface absorbing  radiation, ?F . . . . . . .  1000 

When the root af the blade ia cooled t o  400° F, blade tampera- 
t u r e s  i n  ths vic in i ty  of the root are reduced, but half the length 
of the blade i f j  unaffected (f Fg. 4 ) .  The s t rese  ie a maximum at the 
root, howemr, and d w n i s h e s   t o  z e m  at the  t ip .   emputat ion of 
the local creep rates and rupture time along the b l a b  show that 
points of highest creep and ahortest time to rupture  l i e  in  the zone 
influenced by cooling af the  root. (See figs. 5 and 6.) Cooling of 
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the  root progreselvely shifted the we&esi; point from the root in  
the c a m  of IIG cooling t o  a p o h t  0.6 inch Z r c i i  the root when the 
temperatum wa.8 reduced t o  40O0 F. A more detailed Eulalyeis of tho 
affect  of root cooling ie presented in reference 13. 

A digreseion on the distribut!.on of creep and rgpture tlmo 
along the  blade would be desirable to shDw the natura of blade fa i l -  
we13 i n  8a.s turbines. Tho tsnth root  of the rate of creep has been 
plotted fn figure 5 t o  aako poeeible the r&iq of  t h e  craop from 
the curv6. . The cree-p rate plotted.  directly i n  figure 7 shows a 
narrow region of  hi& craop 0.6 inch from tho  root and practically 
no creep ei ther  nearer t o  o r  farther fi-om the roc t .  This w r o w  
region of high creep l a  a we& zone whers tSo blab would bo expoctcd 
t o  fa i l  in teneile creop. . An ~ Y S I S  wing t h o  iwpturo ti.m.0 yields 
approximately the sat0 rostal t .  ExttmimClon of turbine8 tha t  have 
been tested to ha t ruc t lon  in accelerated t o r q u o - s t a d  tes ta  aloarlg 
show such a zonc of tamperatlu'e domarcation and rupture. 

Figures oimilar to   f igure  5 wijre prqarod fcr CWOEI whom t h o  
temperature of the gas i n  tho mzz1.e b q  2s leQOo and, 200Go F and 
the maximum valuee of' creep a l o q  the blade were read from the curve6 
amd plotted in  figur6 8. Frm figure €3, an estimate of tho increaeo 
in permissible nozzle-box tempratu-e accm" reduction of 
blade-root tamperatwe c m  be obtained. Thw, If IL noszle-box tem- 
perature of l6OO0 F is permitted when tho m o t  tamperatme is U92O F, 
then cooling the root to 800* F will permit a nOZZl6-bOX tmrgeraturo 
of 1700° F. 

. Cocling t i p  of blade. - Cooliw of t h e   t i p  of tho  blade t o  COO0 F 
has no effect on the tomporature of the  crf t fcal  region of the blade 
(fig. 9). Consequently, cooling of the t i p  of the blade is inef- 
fective i n  raisin6 the pemLssible temperature of the gas in the 
nozzle bcx when b l d e e  of t h i s  length 9;ro ueod. -Cooling of  t he   t l p  
would be bmef ic ta l  with v&ry ahort blades. 

Roduoing bl& length. - Reducing the l e q t h  of t h o  $lzrbine 
blade had l i t t l e   e f f e c t  on temperaturs  distribution bocause blads 
temperaturea a r a  m..iform at d i a t m c o s  greater thm 1 .O inch from the 
base. The shortening of the blade,, hoffevar, reducas the tensi lo  
strass and cmequent ly  the rate of creep a8 shown i n  figure 10. 
The reduction inmimum creep with decrease in blado length l e  80 
great that reduclng  tho b l a h  length frorn 2.5 inches t o  1.5 !riches 
purmits an increase In nozzle-box tmperature of more than 400° F. 

Decreasing value of C/kA, - Incrcaeing th" conduction of hoat 
t o   t he  root  of the blade could be achieved by ducroaaing t h o  ratio 
of the perimeter to t h o  area of the C ~ O B B  section of tho bladu C/kA 
and by increasing t h e  thermal conductivity of  thc b h d o  naterial. 



These factors influence temperature and creep through t he i r   e f f ec t  
on the parameter 

The effects  of t h i 6  parameter P on the ma;gfmum rate of creep 
are ehmn in  f igure 11. when P is rectuced frm 25 t o  15 inches 
(which is equivalent to a 40-percent  reductim i n  tple r a t i o  of perlm- 
a te r   t o   a r ea   o r  a 67-percent lncreaee fn thermal conductivfty), the 
perm.t.ssl.ble nozzle-box terrpemture iB increaeed 40' F. 

T h e m  insulation with cexruic coating. - Ccqutations were 
aade of the ef'fectivenem of a layer of a cerm3c material. on the 
surface of t h o  b l a b  in imuhtlr& the b h d e  frm the  hot @e and 
thereby reduclng its tanperatwe and creap. A l a p r  of i h m i n m  aili- 
cate 0.02 inch thick w m  mssruod for a blade whcse m&m thickness 
waa 0.20 inch. The ce,-amic aesumoct t o  b6 aelfaupporting. The 
creep of the  blade (fig. 12)  l a  not e5gnlficantly reduced. This con- 
clusion does nct apply t o  the solid c o r d c  blade nor does it ovaluato 
the   e f fec t ivanee~~ of t h e  ceramic  costing Zn preventing corrosfan and 
c h i p p a  of the blade edgss. 

Circulation of air through hollow turbine blades. - Circulation 
of a9r thr~u& holluw turblne  blade^ as 8 m e a m  of cooling the blade8 
 ha^ been used. by Lorenzen (wference 14). The cooling air io Intro- 
duced at the prevailing atmosphsrfc preaeure through an ope- at . 
the  center of the turbine wheel and flowa radrally through the hollow 
wheel and blades where it is discharged at high velocity to a 
8tatLonary &iffuser, which recorer8 t h e  BXC~BB kinetio energy of the 
air by converting it t o  pressure energy. This arrangament i6 shown 
i n  f igme l3. 

- 

For purpose0 of th i8  - d e ,  the following asmmptiolvj wore 
made : (1) Tho external &ape of the hollov b l d e  m e  the same aa 
that w e d  in the canputation of figure 3 f o r  the so l id  blade; (2) 
the air passage m a  assumed to be 75 percent of the to ta l   c rom-  
sectional area of the.bla&; (3) the tmbine wheel had 70 blade8 anR 
operated xith a f l o w  of 30 pound3 of work- f l u i d  per second thereby 
pormittfng the quantity of cooling air t o  be q r e a s e d  BB a perccnt- 
aga of the working f luid;  and ( 4 )  the blade-root tongaratwe waB 
maintained at 6Wo F. 

The effectiveness of the cooling afr in roaucfng blade tmporct- 
tures is shown in  figure 14. Evan a azlall flow of cooL1ng air 
mounting t o  2.5 percen-k of t h o  workfng f lufd raduced tho ntrhxhun; 
blado temparaturs fram 1192' F in the case of the eolid blade t o  



990° F with air cmling,  Tbe correepohding reductione in  maximum 
rate of creep are  shcwn In f i@re 15. If a solid blade with 8 root  
temperature of 600° F can operate  with a t e rnpwatm in the nozzle 
box of 1600' F, the hollow blade with an air circulatlon of 2.5 per- 
cent of the working f l u i d  should be able t o  operate with a noezlo- 
box tamperature of 1940' F. 

A compari8on of the over-all cycle efficimcieer of a gas turbine 
with aol id  bladea and m e  with air-cooled blades is shown in the f o l -  
lowing table. A nozale-box t empra tme af 160O0 F wae meumed f o r  
the turbine with the  ao l id  blades and 2000° F f o r  t he  one f i t h  the 
air-cooled blades; efftciencios of 0.9 were assumed fo r  -the turbine 
and the compressor; and optimum proesure ratio, a5 ahown in figure 16, 
wae used i n  each cam. 

Prcsmra recoveq Over-all cycle 
for cooling air eff'fciency 

0.338 
.395 
.393 
.391 

This compm-iaon.sho~~l that even in the extreme case whorsnone 
of the energy of tho cooling air €8 recovered, a net improvenent in 
cycle efficiency resul ts  from the higher psrpliesible tsmqeraturo in 
the  nozele box. Cooling of the  turbine bladoa by circulation of air 
through hollow bladee therefore Etppeam t o  be practicable In eplte 
of the fact  tha t  the air-cmled blades which ham heen tried have 
met with l f t t l e  8ucce88. The probable d t f f  i cu l ty  with thgea tur- 
bines is that a l l  of the vorkl.ng f lu ld  first p m s  ed through the 
hollow bladee as coolant and received the n a t u r a l   c ~ p r s s s i o n .  
Because this compreseion efficiency is low ae a resu l t  of limita- 
tions on the proportione o f .  the blades and the cycle off  iclency 
is very senaitive t o  campreesor efflciencg,  the  efficiency of mch 
a pa-turbine engine ie neceaearily low. m e  advantage uf afr cool- 
ing can be realized only :n Gnglnea using & mal1 flow af Cooling 
air with reapect to working f lu id  flow.. 

Circulation of water through hollow blades. - Computations were 
made on the temperatures in the k-ater-cooled blade ehown i n  figure 17, 

- 
which campares the two-dimensional temperature diatributlon i n  the 
water-oooled blade with that of the s o l i d  bled0 (fig. 3). The @mal 1 
coolant flow of 0.0222 pound per second W ~ E I  vary effective  in rcducing 
blade tampra twee .  Computation of the pmar rsqufred to   c i rc l l la te  
the  water by the c m m  method of computing f r i c t i o n  in pipas e h m  

I 



NACA RM Xo. E7Bllg 13 

a very small power diesipatfon of 0.0012 horsepower per  blade. The 
statement WEXI made in reference 15 (pp, w8-161), however, that the 
f l u i d  f r i c t i o n  in a plpe in t h e  fie34 af high acceleration inducee a 
superturbulence, which hay fncrea6e the friction loss EE much 98 a 
thousand t€nes. h i d e  from thi8 poslribfllty of very high pumpfng 
l o w ,  weter coolfng of turbine blades appeme t o  be effective and 
practicable . 

F r o m  a theoretical analpsia of the various methode of c o o l h g  
turbine b l d e s ,  it wae founrl that  euff ic ient Improvmente in the 
efficiency of gae-turbine engines magr be cbtainsd through cool-ing 
the  turbine blades t o  Justify extensive misearch in  turbine cooling. 
Cooling of the root 0;P the bI.hde, shortening the blade, and cooling 
hollow blettee internally w f k h  air or liquid &fer poss€bflities of 

the  t i p  of the blade and ooatfng the blade vith a ceramic were rel- 
atively  ineff  ecfive. 

Substantial inCr€amS h t  FeXBLi88ibh gas tmper23tW0S. C o d k g  Of 

Aircraft Engine Research Laboratory, 

Cleveland, Ohio. 
Nat€onal Advieorg Ccsmittee for  Aeronautics, 

b 
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The hefit absorbed per uult  time over the 'surface of an olement 
of' the blade length Ay from the hot working f lu id  1s 

Only a negligible amount of heat ie. direct ly  tmsferred 1Trm 
the gas to the blade by radiation but heat j.8 radiated dlrect ly  
frem the blade t o  the cooler tail pipe and p e r k p a  t o  tho  nozzle 
box. The entira blade w-ae a a a m d  t o  be radistbg to a region at 
1000° F. Tho heat radtatod p r  unit time from the  elttment of the - blade is - .. " 

*qrg = 0 (@ - To4) CAY ( 1 2 )  

where (3 is the Stefan-Boltzmmn constant. The w e  of this relation 
meul.ts i n  a nonlinear differential equation, which is d i f f i cu l t  t o  
aolva.  Harmer, McAdms (rePeronccl 8, f ig .  27) ha8 computed tho 
oqulvalcnt heat-trmfer coefficients based upon the Piret paror of 
the  temperature difference. T h  radiation is therefore cssumrld to 
follow the l a w  . .. .. - - . "_ " 

where h, l e ,  In t h i e  caw, t.he coefficient eqnivdent far r d i a -  
t ion.  A men velua takcn from ruferonce 8, figure 27, was used. 

Tho heat flow through the element Ay in ths d i r m t i o n  slow 
t h e  blade is 

The heat romovod from tho blado section of lm&h by bq' tho c i r cu -  
lation o f  tho lntormal coolant is 
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Letting 

hgc (- hg C h d  k& 
p x -  1+-+-- h, C '  

When t h e  limit is taken .w Ay approaches zero, the following dff-  
ferential equat lon  ie obtained: 

" PT + R + Mcg = 0 
dY2 

The general aolution of the reduced equation ie 

where a3, and a2 ' are constants of integmtfon. A particular 
eolution af the equation fe 

T = p y + p  Mc R 



The general solution ie the sum of these two solutione 

The final equation then bSCOD.I08 
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Hozrle-box temperature, OF 
Figure 1. - Effect of notrle-box temperature on surfaue coef f io lent  of 

heat transfer at turbine blades when pressure ratio and blade velocity 
are maintained oonstant. Pressure ratio,  3.0:  m e a n  v e l o c l t y  of blades, 
1200 feet per seoond. 
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+ Computed one-dimsnslona1 
temperature distribution 

Figure 3 D -  Computed two-dlmenslonel temperature dl8trfbUtion in 
turbine blade. Nozzle-box temperature, 1600~ F; pllessure ra t fa ,  
5.0; mean blade v e l o c i t y ,  1200 f ee t  per second; blade-lroot 
temperature, 800° F; r a d i a t i o n  t o  c o l d  body a t  10000 p. 
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14 
Dl8 t m e e  from root o f  blade,  in. 

Figure 4. - Effect of blade-root temperature on temperature distribu- 
tfon in gas-turbine blade.(hC/kA), 21.4; radiation t o  oold body a t  
10000 P; blade length, 2.48 inches. 
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FLmre 5. - Creep d l s t r l b u t l o n  along blade of gas turbine when the 

blade r o o t  is cooled t o  specified temperatwes. Pressure rat io ,  
3 . 0 -  mean b l a d e  velocL t y ,  1200 feet per second; blade material, 
18:b s t a l n l e s s  steel;  nozzle-box temperature, 16000 F. 
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D l 8  tanoe from roo t of blade, in. 
Figure 6. - Dlstributlon of rate of failure by high-temperature rupture 

along gos-turbine blade when blade root is cooled to specif ied tempera- 
tures. Mean blade Velocitp, 1200 feet per second; material, Vital l im; 
nottle-box temperrturc, 16000 F. 
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0 .4 .8 1.2 
Distance Prom root of blade. in. 

Figure 7.  - Illustration of crit ical  zone of faLlure i n  turblne blade. 
Mean blade v e l a c l  tg ,  1200 f ee t  per aecond; blade materlal, 18:8 s ta in-  
less s t e e l ;  nozzle-box temperature, 1 6 0 0 ~  F. 
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~oetle-box ternpepatwe, OF 

Figure 8. - Efreat of nozzle-box temperature on maximum creep pate in 
turbine blade with blade-root temperature maintained at 11920, 800: 
and 400° P. 
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Distanoe from root  of blade, In. 
Figure 9 .  - Effect of temperature of blade t i p  on temperature dis tr lbu-  

tlon in gaa-turbine blade. (hG/kA), 21.4; r a d l a t i o n  to a oold bod7 
at loo@ F; blade length, 2.48 inohes. 
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Nozzle-box temperature, 6 p  

Fi m e  10. - Effeot of blade length on maximum rate of blade  creep. P, 
35; pressure ratio,  3.0; mean blade veloc i ty ,  1200 feet per second; 
blade  materlal, 18:8 stainless steel. 
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f i g .  I I  N A C A  HM N O .  E761  i g  

Figure 11. - Effeat of blade parameter P on maxlmm rate of creep in 
blade. Mean blade velocity 1200 f ee t  per second; blade length, 2 . u  
lnches; blade material, 18:h atainless s tee l .  
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Nozzle-box temperature, OF 
Ffgure 12. - Effect of oeramic Coating on maximum rate of epee in blade. 

Mean blade velocity 1200 See t per second; blade length, 2.4 B inches; 
blade material, 18:8 stainless steel. 
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Figure 13. - Method of elrculatfng cooling air through hollow turbine 
blade . 
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Figure 14. - Effect on blade temperatures of' cLrculating c o o l i n g  a'ir 
through hollow blades. Root temperature maintained constant at 600* F; 
nozzle-box temperature, 1&00* F; pressure ratio, 3 . 0 ;  mean blade speed, 
1200 feet per aeaond. 
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Noszle-box temper a ture ,  OF 
Figure 15. - Effeot of oirculat lon or cooling alr on maxlmm rate of 

oreep in hollow air-oooled blades. 
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Temperature of gas i n  nozzle box, OF 

Figure 16. - Effect of gas tern rature and pressure ratio on cycle 
eff ic iency of gas-turbine eng 9 ne. Adiabatic efficiency of corn reasor 
0.90; efficiency of turblne, 0.90: lntake-afr temperature, 100 F. 8 
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Figure 17. - Computed two-dimenslonal temperature distribution  in 
rater-oooled turbine  blade. Nozzle-box temperature, 16000 F; pres- 
1 w e  ratlo,  3.0; mean blade v e L o c l t ~ ,  1200 f e e t  per second: blads-  
root temperature, 8000 F; radiatlon'to cold body a t  1000° F; in le t -  
rater temperature, looo F; outlet water temperature, 1840 F. 
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