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RllsEARcE MEEIO- 

coMIeuT.ED TIlBfPERATuRE I?ISTRlBUTION AND COOLING OF 

SOLlDCA8-TURBINEBLADES 

By J. George Reuter and Carl Cazley, Jr. 

Ccqwtatione were made to determine the effects of gas temper- 
ature, blade-mt temperature, blade thermal conductivity, and net 
gae-to-metal heat-transfer coeffioient on the temperature dietribu- 
tion in a typical solid turbine blade. The computations covered a 
range of gas temperaturee from 15CO" to 25CO" F, blade-root temper- 
atures from 10C" to 1000° F, bIade thermal conductivitles from 8 to 
220 Btu/(hr)(eq ft)(°F/ft), and net gae-to-metal heat-transfer 
coefficient8 from 75 to 250 Btu/(hr)(sq ft)c°F). 

The ccanputations show that for turbine blades having a thermal 
conductivity approximating that of Inconel and etainlees steel 8ome 
improvement in the strength of the root section could be achieved by 
cooling the root and applying a ceramic coating to the blade section 
near the root; the effectivenese of these methods is negligible in 
cooling the upper half of the blade and other cooling methods are 
required. The effectiveness of reducing root temperature and of 
applying ceramic coatings in cooling the blade ia improved by 
increasing the thermal conductivity of the blade material; however, 
very large increases in thermal conductivity (above that of Inconel 
or stainless &eel) are required for these cooling methods to have 
an appreciable effect on the temperature of the upper half of the 
blade. 

INTROIEETION 

The power output end the efficiency of gae turbines and jet- 
propulsion units are dependent on the temperature of the gaees 
entering the turbine-blade passagee. Because of the decreased strength 
and corroeion reeilstance of blade materials at hi& temperature, the 
maximum gas temperature ie, at present, limIted to about 1500° F. 
Cooling the blades would permit higher gae temperaturee and hence 
higher efficiencies and outputs. 
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Four methods of oooling turbine bladce have boen.suggeeted: 

(1) Paeeing coolent (either gae or liquid) through paesageer 
in turbine biadoe 

(2) Cooling blade roots 

(3) Increasing blade thermal Gonductivity 

(4) Applying ceramic coating to blade8 

Hollow turbine blades have been ueed (reference 1) that permitted 
higher gae temperaturee. No quantitative reaulte, however, are 
available on thie or the other mthoda & cooling. 

As. part of a general inveetigation af gas-turbine-blade cooling 
conducted at the NACA Cleveland l.abor&tory, the reeulte of cumputa- 
tione are presented on the amount of cooling available by the la& 
three of these methods. The result8 of the80 computations show the 
computed affect on the $lrrbine-'blade tempcr@,ure of the f~ollowing 
variablee: (a) turbine-blade-ract temperature, (b) thermal conduc- 
tivity of blade material, (c) net gas-to-metal hGat-tr&nefer 
coefficient, and (d) gae temperature. 

ME!EHODOFANhLYSIS 

The effect8 of gas txmperatwe, root tomp_eratFe, blade therma 
conductivity, and net gee-to-metal heatrtranafer .coofficient are 
shown by the computed results of the temperature distribution in a 
simulated typical. turbine blade Kdor several conditione. 

A wedge-shaped turbine blade., having the dQn~n~io~1 c&xrac- 
terietice shown in figure 1, W&B chosen for purposes of calculatione. 

The temperature at any point in the turbine blade W&B calculated 
by the equation developed I.n reference 2 for temperature distribution 
in a wedge-shaped blade. The equation of reference 2 (preeentod here 
in the form and notation uaud by Boelter, Cherry, and Johneon in a 
eunraarizat-lon of heat-traneftir notes published by the University of 
California Preee) for the temperekuro at any hefght in a wedge-ehaped 
blade is . 

Too -t Hl(fu& J,(iu) - J1(iuE) H&d 

L -to = El(i%) Jobo) - Jl(fy$ Hoho) (1) 



where 

%l gas temperature, OF 

t temperature CIF blade at height x above root, oF 

t0 blade-root temperature, oF 

I Hankel fun&ion of zero order 

Hlb) Henkel fun&ion of first order 

1 imaginary value, fi 

Jotid Beeeelfunction Orp first ktnd, zero &or 

J+-d Bessel function of fire-b kind, flret order 

U function equal to Zb 
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r BE (1 - tan a) 112 
function equal to 2bt- 2tana 3 

6E (1 - tan a) 1 l/2 
function equal to 2b 

2 tan a 

function equal to 

height of blade, feet 

thickness of blade at tip, feet 

distance along the blade frm root, feet 

angle between one side and center plane of blade 

net gas-to-metal heat-transfer coefficient, Btu/(hr)(eq ft)@) 
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The blade temperature at any point is dependent on the distance 
tllcmg the blade fra the root, the angle between one eidc and the 
center of the blade, the thermal conductivity of the blade material, 
tha gas temperature, the root temperature, and the net gas-to-metal 
heat-transfer coefficient. The net gas-to-metal heat-transfer coeffi- 
cir?nt as defjued herein includee the resistance of any insulating 
coating applied to the blade surface. -In-the derivation of equa- 
tfon (l), a constant gas-to-metal heat-transfer 6oefficlen%., a conetant 
blade thermal conductivity, and a conetant gae temperature wera aeeumed. 

The gae velocity, and therefore the heat-tranf$er coefficient, 
varies eomswhat from base to tip in actual operation; this velocity 
var?ation is approximately 210 percent of the average value and the 
aeeumption of a fixed value should give a good approxitition of the 
tenperature distribution. The variation in the the+1 conductivity 
of the turbine blade material with temperature is also small (approx- 
imately 10 percent) for the-range of temperatures involved and should 
have little effect on the diet~ibution. In-the fmpulee-type turbine, 
the chtef gas-temperature drop occura across the nozzle box; the gas 
in the blade passages remaine at an eeeentially constant temperature. 

The heat-transfer coefficient of the gas film for determining 
%I used in the term b 'of equation (1) wae calculated from results 
obtained by the Heat Transfer Secticn of the General Engineering 
Laboratory of the General Electric Ccmpany (GE Data Folder No. 
71248)" The General Electric data were correlated by the relation 

/3 -0.321. 
= 0.198 0 !E cL 

where 

cP 
G 

h 

k 

P 

* 

specific heat of gas at constant pressure, Btu/(lb)@) 

maae velocity of gas, (lb)/(hr)(eq ft) 

heat-tranefer coefficient of the gas film, Btu/(hr)(eq ft)('F) 

thermal conductivity of gas, Btu/(hr)(eq ft)(?F/ft) 

absolute viecoeity of gas, (lb)/(hr)(ft) 

mean perimeter of blade, feet 
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In the calculation of the heat-transfer coefficient, the flow 
of gas over the turbine blade was assumed to be parallel to the 
base; that is, havu no vertical velocity component. If the gas 
flow were other than parallel to the base, the value of Q in 
equation (2) would be slightly increased. Because h is inversely 
proportional to the 0.321 power of Qtr, the change in h (caused. 
by a small change fn \I, ) would be slight. It was also assumed 
that the heat transfer by radiation is small compared with the 
total heat transferred. 

For a gas temperature of 1500° F, a relative velocity between 
gas and blade of 1000 feet per second, and a gas density of 
0.0810 pound per cubic foot, the heat-transfer coefficient & the 
gas film wae calculated as 250 Btu/(hr)(sq ft)(OE) by the use of 
equation (2). Because the exponent of h is 0.5 in the term b 
of equation (I), the error Introduced by neglecting the change in 
the heat-transfer coeffkfent due to physical property changes with 
temperature would be el.i@t, end the constant value of 
250 Btu/(hr)(sq ft)(°F) was used at all gas temperatures. 

Computations are presented for a range of gae tempemtures 
from 1500° to 2500' F and root temperatures from 100° to 1000° F 
for several combinations of the following conditions: 

Thermal Approximate metal 
of blade material 

i&u/k) (a ft> (-/=>I 
equivalent 

-I--- -_ _II-- 
8 1 lhconel or stainless steel 

25 Mild steel 
220 Copper . 

--- 
Net gas-to-metal----- 
heat-transfer 
coefficient 
btu/(hr ) 
(%I ft) (WI 

.-. 
250 -.- 
150 

75 

%h e symbol kc refers to the thermal conductivity of the 
ceramic coating in Btu/(hr)(sq ft)(q/ft). 
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RESULT6 AND DISCUSSIOK 

The computed temperatures at var-ious points in the turbine 
blade are given in table I and are shorn graalcally in figures 2 
to 5. Under all conditions the maximum temperature was found to 
exist at the tip of the blade. 

The effact of gas temperature on the temperature distribution 
is shown in figure 2. It is assumed that the 1~ blade-root tem- 
perature could be obtafned by some form of root cooling. As shown 
by the figure, the upper two-thirds of the blade is aubstmt~ally 
at the gas temperature in all.cases. 

In f:gure 3 the effect of root temperature on the temporaturo 
distribution is shown. Hera agafn the upper part of the blade is 
at the gas temperature aud 18 not apprec:ably affected by the root 
temperature. The temperature of the lower Rart of the blade (where 
the stresses are hQh) is consldorably decreased when the root 
temperature is reduced to lo@ F. 

The effect of the turbine-blade therma2 conductivity on the 
temperature distribution is shown kt figure 4. An appreciable 
reduction in blade tmperature is ehown for very large lncroasos in 
blade thermal conductivity above 2 Btu/(hr)(sq ft)(%/ft) (corre- 
sponding to Inconel or stainlees steel) indicating that a study 
should be made of the thermal cotiductlvities of hea*-resistant mate- 
rials to determine poesfble superiority over Inconol or etainless 
steel in this respect. 

Figure 5 shows the effect of net gas-to-metal heat-transfer 
coefficient. As dhown in the table of assumed conditions, the net 
heat-transfer coefficient of 250 Btu/(hr)(sq ft>(OF) is obtafned 
with a gas velocity of 1000 feet per second and a gas density of 
0.0810 pound per cubic foot with no ceramic coating on the blade. 
This net heat-transfer coefficient is reduced to 150 and 
75 Btu/(hr)(sq ft)(*) by tho addition of various thicknesses of 
ceramic coatings. It is noted that with a blade thermal conduc- 
tivity of 8 Btu/(hr)(sq ft)(?F/ft) the addition of an insulating 
coating has a negligible effect but has an appreciable effect with 
a blade thermal conductivity of 220 Btu/(hr)(eq ft)(OF/ft). Them 
appears to be no g&n in blade cooling by applying an insulating 
coating to the upper half of the bladti in the ca8e of the smaller 
blade thermal conductivity. 

Figure 5 also indicates the Lncreased effect of the root tom- 
perature on the temperature. of the turbine blade in tke cas6 of the -. 
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higher blade themal ooriductivity. It is apparent that root cooling 
is highly advantageous when the blade themaL conductivity is large. 

CONCLUSIONS 

It may be concluded, in general, that for solid turbine blades 
having a thermal conductivity similar to that of Inoonel and stain- 
less steel some improvement in the strength of the root section 
could be achieved by cooling the root and applying a ceramic coating 
to the blade section near the Poet. The effectiveness of these 
methods is negligible in cooling the upper half of the blade and 
other cooling methods ara required. The effectivcneas of reducing 
root temperature and of applying ceramic coatings in cooling the 
blade is improved by increasing the thermal conductivity of the 
blade; however, very large increases in thermal conductivity 
(above that of Inconel or stainless steel) are required in order 
for these cooling methods to have an appreciable effect on the 
temperature of the upper half of the blade. 
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Figure I. - Wedge-shaped blade used in computation of temperature 
distribution. 
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COWITTEE FOR mm~AuTlCs 
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1 2 3 
Distance from MaUe root, In. 

rQllre 2,- Effect of gas temperature on temperature M.strlimtlon in turbine blade. Root tempera- 
ture, 5000 F; blade thermal oonductlvity, L4 Wu/(hr) (aq ft) (W/ft); net heat-transfer caefflcl- 
ent, 250 Btu/(hr)(eq ft)(‘F). 
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Dlatanae from blade root, In. 
n&e j,- Effeot of root temperature on temperature c¶letrlbutlon in turbine blade, kae tempera- n 

ture, 15000 P; blade thezmal cogduotivity, -. 
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w . 



NATIOMAL AovlsoRv --._.. --- --- ._- -..... _.A^ I I I I I I I 

0 1 e 3 
Dletanoe from bl,ade pmf , in. 

Figure 4.- $ffsot of blade thermal oonductlvlty on temperature diatHbutlon In turbine blade. 
Gas temperature, lWO” B; mot temperature, 5000 B; net heat-transfer coefflolent, 
250 w(Wbq ft)l’Fl. 
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Figure 6. - Comparison of net heat-transfer ooeffioisnt effeote at different root tsapsraturca 
and blade thermal oonduotivj,tiss. Oae temperature, 1600° F. 
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