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RESFARCH MEMORANDUM

COMPUTED TEMPERATURE DISTRIBUTION AND COOLING OF
SOLID GAS-TURBINE BLADES

By J. George Reuter and Carl Gazlsy, Jr.

SUMMARY -

Computations were made to determline the effects of gas temper-
ature, blade-root temperature, blade thermal conductivity, and net
gas-to-metal heat-transfer coefflcient on the temperature dletribu-
tion in a typlical solild turb.ne blade. The computations covered a
range of gas temperatures from 1500° to 2500° F, blade-root temper-
atures from 100° to 1000° F, blade thermal condictivities from 8 to
220 Btu/(hr)(sq ft)(oF/ft), and net gas-to-metal heat-transfer
coefficients from 75 to 250 Btu/(hr)(sq £t)(°F).

The computations show that for turbine blades having a thermal
conductivity approximating that of Inconel and stainless steel some
Improvement 1n the strength of the root section could be achleved by
cooling the root and applying a ceramic coating to the blade section
near the root; tha effectiveness 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 ceramlc coatings in cooling the blade is improved by
increasing the thermal conductivity of the blade material; however,
very large increases in thermal conductivity (above that of Inconel
or stainless steel) are required for these cooling methods to have
an appreclable effect on the temperature of the upper half of the
blade.

INTRODUCTION

The power output and the efficiency of gas turbines and Jet-
propulsion units are dependent on the temperature of the gases
entering the turbine-blade passages. Becauss of the decreased strength
and corrosion resistance of blade materisls &t high temperature, the
meximum gas temperature is, at present, limited to about 1500° F.
Cooling the blades would permit higher gas temperatures and hence
higher efficiencies and outputs.

UNCLASSIFIED
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Four metheds of cooling turbine blades have besn suggested:

(1) Passing coolant (eilther gass or liquid) through pessages
in turbine blades

(2) Cooling blade roocts
(3) Increasing blade thermal conductivity
(4) Applying ceramic coating to blades

Hollow turbine blaedes have been used (reference 1) that permitted
higher gas temperatures. No quantitstive results, however, are
availeble on this or the other msthoda of cooling.

As part of a general Investigation of gas-turbine-blade cooling
conducted at the NACA Cleveland laboratory, the results of computa-
tions are presented on the amount of cooling avallable by the last
three of these methods. The results of these computations show the
computed effect on the turbine-blede temperature of the following
variables: (a) turbine-blade-rooct temperature, (b} thermal conduc~-
tivity of blade material, (c¢) net gas-to-metel heat-transfer
coefficient, and (d) gas temperaturs.

METHOD OF ANALYSIS

The effects of gas temperature, root temperature, blade thermal
conductivity, end net gas-to-metal heat-transfer coefflcient are
shown by the computed results of tlie temperaturc dletribution In &
gimulated typical turbine blade undor several conditions.

4 wedge-shaped turbine blade, having the dimensional charac-
terietics shown in flgure 1, was chosen for purposes of calculations.

The temperature at any polnt in the turbline blade was calculated
by the equation developed In reference 2 for temperature distributiocn
in & wedge-shaped blade. The equation of refersnce 2 (presented here
in the form and notation used by Boelter, Cherry, end Johnson in a
summarization of heat-transfeor notes published by the University of

Californie Press) for the tempersture at any height in & wedge-shaped
blade 1s : '

T, -t Eq(iug) J,(iu) - J1(lug) Hy(iu)
To =t = El(qu) Jo(iuo) - Jl(iu.E) Ho(iuo) (1)




RACA RM No. E7Bllh

where

T, gas temperature, °F '

t temperature of blade at height x above root, °F
to blade-root temperature, °F

H,(in) Hankel function of zerc order

Hy(iu) EHankel function of first order

i imaginary valus, VA

Jo(1u) Bessel function of first kind, zero corder

J1(iu) Bessel function of first kind, first order

g (1 - tan a)

2 tan o

1/2

‘ 8
u function equal to 2b [L + —%g- -~ X 4+

=S

v B (1L - tan )
Ug: functlion equal to ZbL

2 tan o

/2

[‘ &g 6g (1 - tan a) /

Uy function equal to 2b '_L o+ 2 tan o
1/2

b function equal to (h,/k, sin a)
L height of blade, feet
'5E thickness of blade &t tip, feet
x distance along the blade from root s Teet
o angle between one side and center plane of blade

by, net gas-to-metal heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
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The blade temperature at any point is dependent on the distance
along the blade from the root, the angle between one slde and the
center of the blade, the thermal conductivity of the blade material,
the gas temperature, the root temperature, and the net gas-~-to-metal
heat-transfer coefficlent. The net gas-to-metal heat-tranafer coeffl-
cilent as defined herein includes the resistance of any Insulating
costing applied to the blade surface. In the derivatlon of equa-
tion (1), a constant gas-to-metal heat-transfer coefficient, a constant
blade thermal conductlivity, end a constant ges temperature wera assumed.

The gas velocity, and thercfore the heat-tranefer coefliclent,
veries somewhat from base to tip in actual operation; this velocity
variation is approximetely +10 percent of the average value and the
assumption of a fixed value should give a good epproximation of the
temperature distribution. The varlation in the thermal conductivity
of the turbine blade material with temperature is slso small (approx-
imetely 10 percent) for the range of temperatures Involved and should
have little effect on the distribution. In the impulse-type turbine,
the chief gas-temperature drop occurs acrose the nozzle box; the gas
in the blade passages remains at an essentially constant temperature.

The heat-transfer coefficlent of the gas film for determining
h. used in the term b 'of equestion (1) wae calculated from results

m

obtalned by the Heat Transfer Secticn of the General Englneering
Laboratory of the General Electric Campany (GE Data Folder No.
71248). The General Electric dsta were correlated by the relation

o \e/3 -0.321
g;—la —E—)Z = 0.198@&;@) (2)

where

specific heat of gas at constant pressure, Btu/(1b)(°F)

o

mass velocity of gas, (1b)/(hr)(sq £t)

heat-transfer coefficlent of the gas film, Btu/(br)(sq £+) (°F)

L~ S

thermal conductivity of gas, Btu/(hr)(eq £t)(°F/ft)

absolute viscosity of gas, (1b}/(hr)(ft)

=

v 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, having no vertical velocity component. If the gas
flow were other than parallsl to the base, the value of VYV in
equation (2) would be slightly Increased. Because h 1s inversely
proportional to the 0.321 power of VY, +the change in h (caused
by a small change in VW ) would be sglight. It was alsc assumed
that the heat transfer by radiation is smsll 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 denslty of
0.0810 pound per cublc foot, the heat-transfer coefficilent of the
gas film was calculated as 250 Btu/(hr)(sq £t)(°F) by the use of
equation (2). Because the exponent of hy;; 1is 0.5 in the term b
of equation (1}, the error introduced by neglecting the changs in
the heat-transfer coefficient due to physical property changes with
temperature would be slight, and the constant value of
250 Btu/(br)(sq £t)(°F) was used st all gas temperatures.

Computations are presented for a rangs of gas hemperatures
from 1500° to 2500° F and root temperatures from 100° to 1000° F
for several combinations of the following conditions:

Thermal condu?t—ivity ) Approximate metal
of blade material equivalent
(Btu/(hr)(sq £t) (°F/£t)]
8 Inconel or stainless steel
25 ‘ Mild steel
220 Copper
‘Net gas-to-metal | Basic sssumptions
heat -transfer ! Gas velocity ! Ges Ceramic-coating
c[:osfficient relative to | density thickness
(gguggl)xng}J blade ! (1b/cu £t) (1n.)
(£t/ssc) E L, = 0.5, = 0.6
250 1000 | 0.0810 | o 0
150 1000 ‘ .0810 .0096 .0192
75 1000 .0810 0336 .0872

1'I‘Zhe symbol X, refers to the thermal conductivity of the
ceramic coating in Btu/(hr)(sq £t)(°F/Ft).
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RESULTS AND DISCUSSION

The camputed temperatures at various points in the turbine
blade are glven in table I and are shown graphically in figures 2
to 5. Under all conditions the maximum temperature was found to
exliegt at the tlp of the blade.

The offect of gas temporature on the temperature dietribution
is shown in figure 2. It 1s assumed that the low blade-root tem-
perature could be obtained by some form of root cooling. As shown
by the figure, the upper two-thirds of the blade is gubgtantially
at the gas temperasture in all cases. '

In figure 3 the offect of root temperature on the temperature
distribution is shown. Heras again the upper part of the blade 1s
at the gas temperature and ie not appreciably effected by the root
temperature. The temperaturs of the lower part of the blade (where
the stresses are high) 1s considerably decreased when the root
temperature is rednced to 10(° F.

The effect of the turbine-blade thermar conductivity on the
temperature distribution is shown In figure 4. An appreciable
reduction in blade temperaturs is shown for very large incruasos in
blade thermal conductivity above 8 Btu/(hr)(eg ft)(°F/ft)} (corre-
sponding to Inconel or stainieess steel) indicating that a study
should be made of the thermal conductivities of heat-resistant mate-
rials to determine pogsible superlority over Inconcl or stainless
steel in thils respect.

Figure 5 shows the effect of net gas-to-motal heat-transfer
coefficient. As Shown in the table of assumed condlitions, the net
heat-tranafer coefficilent of 250 Btu/(hr)(sq ft)(°F) is obtained
with a gas voelocity of 1000 feet per second and a gas denslty of
0.0810 pound per cublc foot with no ceramic coating on the blade.
This net heat-transfer coefficlent ls reduced to 150 and '

75 Btu/(hr)(sq £t)(°F) by tho addition of various thicknesses of
coramic coatings. It is noted that with a blade thermal conduc-
tivity of 8 Btu/(hr)(sq £t)(°F/tt) the addition of an insulating
coating has o negligible effect but has an appreciable effect with
& blade thermal conductivity of 220 Btu/(hr)(eq £t)(°F/ft). Therc
appears to be no gein in blade cooling by applying an insulating
coating to the upper half of the blade in the case of the amaller
blade thermal conductivity.

Figure 5 also indicates the Increased effect of the root tom-
perature on the temperature of the turbine blade In the casu of the
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higher blade thermal conductivity. It 1s apparent that root cooling
is highly advantageous when the blade thermal conductivity is large.

CONCLUSIONS

It may be concluded, in general, that for solid turbins blades
having a thermal conductivity similar to that of Inconel and stain-
less steel some improvement in the strength of the root section
could be achleved by cooling the root and &pplying & ceramic coating
to the blade section near the root. The effectivensss of these
methods i1g negligible in cooling the upper half of the blade and
other cooling methods ars reguired. The effectiveness of reducing
root temperature and of applying ceramic coatings in cooling the
blade is Improved by increasing the thermsl conductiviiy of the
blade; however, very large incresses in thermal conductivity
(above that of Inconsel 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.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohio,
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TABLE I - COMPUTED BLADE TEMPERATURES

)
Gas temper-jBlade-root|Thormsel con- iNet gea-to- Blade temperature, %
ature, To |tempera- |ductivity of !metal heat- (°r)
(°r) ture, t, |blade mate- trenafer
(F):"  |rial, Ky coef i~ Distance from blade root, x
{Btu/(br) ?ient, h (in.)
(sq £e)(Or/ee)) | Be/(bx) [T T 051 1.01 2.0 z.8
. 51 1.0} 20! 2.
(Eq ft')(oFH ! ’ : ) (tip)
1500 500 8 £59 883 1443 | 1497 . 1500 | 1500
2000 1083 {1914 {1996 #2000 | 2000
2500 1279 2386 | 2494 | 2500 | 2500
1500 100 8 250 645 (1420 11496 11500 . 1500
1000 1134 1471 1498 :1500 | 1500
1500 500 25 250 756 {1300 | 1464 |1499 | 1500
, 220 589 | 894 11151 [1308 1454
1500 | 500 8 75 754 {1290 | 1460 {1492 : 1500
; 150 887 {1385 {1489 ;1500 | 1500
1500 500 | 220 75 S51 | 725 , 907 [1156 1241
i | 150 576 | 826 :1049 |1514 ; 1391
1500 100 220 75 171} 415 i 670 {1018 ! 1137
150 206 | 556 | 869 {1235 | 1347
| 250 | 225 | 652 | 1011 {1357 | 1436

National Advieory Committee
for Aeronautics
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