Zatey, W

.
® i e ——

[T PRy &

ltpetacepcels . COPYNO.

RESTRICTED RM No. E7B11g

i -
M-'——
A ; I LT oLl IS
“ﬁ o=

e

RESE ARCH "FAEMORANDUM

THEORETICAL EVALUATION OF METHODS OF COOLING

THE BLADES OF GAS TURBINES
By J. C. Sanders and Alexander Mendelson

Aircraft Engine Research Laboratory
Cleveland, Ohio

CLASSIFIED DOCUMNENT

This document oontains clasaified information affeo—
ting the National Defense of the United States. within
the meaning of the Espionage Aot, USC 50:3!1 and 32.
Its transmisgion or the revelation of its contents in
any manner to an unauthorized person is prohibited by
law. Informstion so classified may be imparted only
to iersons in the military and naval Services of the
United States, appropriate oivilian officers and em-

oyees of the Federal Government who have a legit—
mate interest therein, and to United States citizens
of known loyalty and disoretion who of necessity pust
be informed thereof.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
February 11, 1847 N A C A LIBRARY

NAUTICAL

TECHNICAL
EDITING
WAIVED

RATORY
Langley Field, Va

ALl t'va__e,«c;{«.b{/



H T

NACA RM No. E7Bllg g

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANTAM

THEORETICAL EVALUATION OF METHODS OF COQOLING
THE BLABES OF GAS TURBINES

By J. C. Sanders and Alexander Mendelson

SUMMARY

A theoretical analysis of the effects of various methods of
cooling turbine blades with consequent increase in permissible gas
tempersture on turbine-cycle efficiency 1s presented. A study was
made of the heat-itransfer process in turbline bledes and the effects
on blede temperaturss of cooling the blade root and tip, changling
the dimensions of the blade, ralsing the cycle temperatures, Iinsu-
lating with ceramics, and cooling by circulation of alr or water
through hollow blades were determined. It was found that cooling
the root of the blade, shoritening the blade, and cooling hollow
blades internally with air or liguid offer possibllities of substen-
tial increases in permissible gas temperatures snd correspondingly
in cycle efficiency. Cooling the tip of the blade and costing the
blade with ceramic were relatively ineffective.

INTRODUCTION

The maximum permissible gas temperature Imposes limits on both
the efficlency end the power of gas turbines as has been shown by
the calculations of Stodola (reference 1) and Plening (reference 2).
Currently used gas turbines can be made more compect and powerful
than the comventlonal reciprocating gasoline engine, but because of
the tempersture limitatlons, the efficisncy 1s much lower. It is
particularly desirable therefore to Increase the cycle tempersastures.

Cycle temperatures are limited by the destructlive effects of
high temperatures on turblne blades, nozzles, and combustion chambers.
In reference 3 it was pointed out that the turbine blades operate in
gas g8t a lower temperature than the gas in the combustion chambers
and the nozzles but that the bledes of the turbine operate under
much higher strese as & result of the high rotetive speed. In fact,
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the rotative.speed 1s limited by the high-temperature-fallure prop-
orties of the blades and wheel. Consequently, the most important
problem sucountered in Inecrecasing cycle temporatures is providing
meens of preventing turbine fallures due to overheating.

The tendency of turbine blades to fail in the presence of high-
temperature gases may be reduced by sclecting blade materials more
resistant to creep emd rupture and by sc cooling the blades that
they coperate at safe temperatures, The following means of cooling
turbine bledes have been proposed or used: conduction of heat to
cooled root or tlp; protection of the blades with laysrs of ceramic
heat Insulator; internal cooling of hollow blades with alr, water,
or other fluld; cooling by radiation to cold radlation shlelds; and
alternate flow of hot and cold gas through the turbine.

An analysis wams mede at the NACA (leveland Laboratory in the
spring of 1945 to determine whether turbine-blade cooling can pro-
vide sufficient incresse in permisslble cycle tempsratures to
Justify a program of research on turbine cooling. The heat-transfer
processes in turbine blades are analyzed and an equation for tho com-
putation of the approximate blede temperaturvs is derlved., In one
apecific. case, the approximete one-dimensional solution is compared
wlth a more Informative two-dimensional solution tao 1llustrats the
magnitude of the error in the one-dimenslional approximation. Sur-
face heat-transfer coefficlents, creep characteristics, and rupture
characteristics were obtelined from literature. The approximate one-
dimensional solution is used to compute the effects on blade temper-
aturss of cooling the blade root and tilp, changing the dimensiona of
the blade, raising the cycle temperatures, insulating with ceramics,
and cooling by clrculation of alr or water through hollow blades.

In each cage the effectiveness of the cooling in reducing creep and
Increasing the time to rupture was estimated and the equivalent
increese In permissible cycle temperatures was determined, The
results of these computations are uged as a basis for rocommending
roseaxrch on turbine cooling.

LIST OF SYMBOLS
The followlng symbols are used in the analysis:

A cromsg-gectlonal arsea of blade

a, b, experimental constants

LY

C perimeter of turbins blade

c! internal perimeter of hollow blads
®LTER T
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ér Q #H o m?

B

2]

speclific heat at constant pressure

inside dlameter based on hydraulic radius
activitatlon ensrgy

mess veloclty of gas

coefficient of heat transfer bstween turbine blade and
internal coolant

coefficient of heat transfer between hot ges and turbine blade
equivalent rediation heat-transfer cosfflcient

thermal ccnductivity of turblne blade

thermal conductivity of coolant

length of turbine blade

parameter defined by M = h,C'/kA
B C hr + h
= 2 x .8l &
parameter defined Dy P = A (l + hg +T R
heat flow per unilt time along the blade

heat radlated per unit time from Hurbine blade

heat transferred per unit time from turbine blade t0 internal
coolant

heat absorbed per unit time by surface of turbine blade

h ©C hr C* ha
parameter defined by Eﬁ% Tg + E; To + E—'E; Tas
radiue of turblne wheel at blade root
radius of turbine wheel at blade tip

applied tensile stress

. temperature at any point on turbine blade

temperature of internsl coolant of turbine blade

initlal temperature of intermal coolant of turbine blade
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Ty temperature at base of blade

Teo equivalent temperature defined by R/P

TS temperature of hot gas

Ty temperature of cold body T

v veloclty of gas

v wldth of turbine blade

X distance from leading edge to point under consideration
¥y distance from base of blade to any polint on blade
As increase 1in entropy

Ay increment along length of bladse

o] rate of elongation

B absolute viscoalty

P kinematlc viscority of mas

o) density of gas

o] Stefan-Boltzmann constant

ANATYSIS
Heat-Transfer Procesesses in Turbine Blades

Equation for temperature digtribvtidn in turbine blades. - The
heat-transfer processes are first amalyzed for a hcllow blade cooled
by internal circulation of coolant and by conduction and redisation.
By proper substltution of ccefficients, the resultant equation
reduces tc a simpler ona for a solid blade. A one-dimensional
analysis similar to that glven by Carslaw (referenco 4, p. 66) for a
thin rod radiating heat is used. In the present analysis, the heat
transfers by convection and radiation are separately accounted for
and the temperature of only one end of the blade is assumed kmown.

The following sketch shows the significant dimensions and
envirommental temperatures:
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In the one-dimensional solution, the temperatures at all points
in a gection perpendicular to the axis of the blade are assumed
equal and the surface coafficlent of heat tranefer i1s constant over
the entire surface of the blade. The Tinal equation for the temper-
ature distribution in the blade, whlch ie derived In the appendix,
as equetbicn (25) is .

cosh [P (L - y)]- Mc sinh (/B y) Mo
% = oo &P L) (Tp = Te) - p3/2 cosh WwPL) P °

In the case of a solid blade M reduces to zero and the equa-
tlon beccmes

T - Te cogh [‘\/? (L - y)]

(1)

T, - Te  cosk (/P L)
where P . and 'I“3 become

. o/ B A

Petof14X (2)
kA h

24

Th_ + Tohr
Ty = 428 _or (3)
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Surface coefficient of heat transfer from hot gas. - Lelchuk
(reference 5) found by experiment with flow inaide & pipe that ths
equation developed by Nikuradse for computing the coefflcient of
friction and heat tranafer and the numerical values of the constants
usually used with thle equatlon applied equally well for a range of
airspeeds up to a Mach number of 1 provided that the stagnation tem-
porature of the gas 18 used rather than the free-stream temperature.
This principle was asgumed by Crocco (reference 6) to apply to the
cagse of heat transfer from a flat plate to a stream of high-veloclty
gas. By substitution of the symbols used hersin, his eguation for .
the average coefficient is

o 1/5
- 0.0356 pogV (ﬁ) (4)

ﬂkﬂf

The computed wvalue of h8 is shown in figure 1 at the following
condltions assumed for the calcnlatlionms 1in this report:

Nozzle pressaure ratlo . . . . . e O N o
Presaure Iin tail pipe, pourds per square gnch D - S
Mean peripheral veloclty of blade, feet per second . . . . . 1200

Actually thoe coefficilent of heat transfer varies from a high
value at the leeding edge of the blade to a low value at the trailing
odge, as hes been shown by Sguire (reference 7) in the case of an
airfoil. Equation (4) for the average coeffiolent was derived by
integrating the heat dissipation from the leadlng edge to the trail-
ing edge and dlviding by the chord. The following equatlon for the
local coefficient of heat transfer hgl is thereby obtalined by

the proper differentiation of the equation for the average coeffl-

clent
1/5
_4 v ~1/5 5
hg =% [o.osss ooV (_v ] x (5)

The local coefficlent of hsat transfer is shown in figure 2
when the temperaturc of the gas in the nozzle box is 1600° ¥ and the
other conditions are the seme as for flgure 1., These local coeffl-
clents were uscd in the two-dimensional analysls made to determine
the error 1n the simple one-dimensicnal solution.

Coofficient of heat btransfer to coollng fluid. - The coeffi-
clent of heat transfer between the blade and the coclant circuluting *
inside was assumed to be the game as in a circular plpe of the same
hydraullc radive. The coefficient of heat transfer in a circular
pipe was shown in reference 8 (p. 168) to be ‘
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Thermal conductivity. - A survey of alloys of high nickel-~
chromivm content (reference 9) led to a selection of 0.674 Btu/(hr)
(sq in.)(°F/in.) for the thermal condnctivity in this analysis.

Comparison of temperature digtrlibutions in e solid blade
obtained with one-dimensional and with two-dimensional analysis. -
The tempersbure digtribution throughout the solid blade was compuled
by a two-dimensional network. The method consiste In selecting a
convenlent number of poinis throughout the blade, assuming them to
be connected by heat-conducting rods, and solving simultaneously the
equations obtained by setting the total heat flow Into each Jjunction
of the network equal to zero. This method permlts the proper recog-
nition of the effects of the actual varlation in thickness of the
blade section and the variation in surface coefficient of heat trans-
fer from the leading edge to the trailing edge. This method, however,
is oo tedious and cumberscme for general use in the preliminery sur-
vey of methods of cooling turbine blades. A more simple and approxi-
mate relazation method es formutated in reoference 10 can be used.

The results of these computaticns for oms specific case are
campared in figure 3 with the one-dimensional solution for the samo
conditions. The ono-dimensional solution agrees very well with the
two-dimensional solution for the cember of the blade but the two-
dimensicnal solution shows both the leading edge and the trailing
adge to be hotter. The higher tempuraturc of the leading and trail-
ing edges 1s expocted because the surfaco coofficlent is highcst
over the forward surfaces and the tapering of the tralling odge makes
hoat removal by conduction more difficult.

Time-rupture and creep characteristics of turbinoe-blade mato-
risls. - High blade temperatures may cause blade failure in several
ways, such &s tenslle rupture and creep, oxldation, and chipping and
distortion of thin blade edges. The tensile rupture and the creep
ars the most important and asre therefore considered In this
analysis., The time-rupture properties probably have more effect on
turbire failure than the creep characteristics but the equations
relating creep to stress and temperature have boen more fully
developed than those Por time rupture. Most of the analysis of the
effectiveness of blade ccoling is therefore bzsed upon cresp and
in one case the resulits obtained by creep enalysis oare compared with
an analysis ueing time-rupture characteristics.
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Creep characteristics, - The following empirical equations
relating second-stage creep to stress and temperature were proposed
wn reference 1ll:

& = 2m sinh (aS) (7)
m Ag E
10810<E>= W39 + 15777~ 2.577 T (8)

log, & = —(c + %) ‘ (9)

Sufficient data on the second-stage creep of alloys used in gas
turbines to evaluate the constants for these equations are unavallable.
The best alloy for which adequete data are available was 18:8 stain-
leass steel (reference 12, p. 218), The valuea of the constants for
this metal are ag follows:

As = -10.66
E = -2778
¢ = ~1,695
b = 1135

Time-rupture characterigtics. - Reliable time-rupture data were
obtained from investigations carried out at the University of
Michigan for materiels considered for blades of gas turbinea. The
alloy Vitallium having the following percentage composition was
chosen Tor this analysis:

C Mn S1 Cr Ni Co Mc - TFe
0,24 0.98 0.6 27.6 3.06 Balance 5.13 1.76

The same type of empirical equation was used for the correlation
of the time-rupture date as for the cresep data.

Stresses In the turbine blades. - Only centrifugal loads were
consldered In the computation of blade stresses, The shearing strces
resulting from the force of the gas on the ®lads 1s amall and defor-
mgtion in bending praceeds until a neutral conf'lguration with no
bending stress is achleved. With high peripheral apeed, the deflec~-
tion to this equilibrium configuration 1s small. Btreas concentration
at the root of the blade 18 also neglected. This simplification is
Justified by the agreement between the indicated point of fallure
shown in the following ssctions of this report and the examinatlon
of actual blade failures in accelerated destructlion tests.
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The following equatlon for the stress in the turbine blade was
derived from simple kinemstic principles:

2 2
V2 2 . fe, - (L -

The ocuter radlus was assumed to be 11.48 inches and the periph-
eral velocity a2t 9 Inches was assumed to be 1200 feet per second,
EVATUATION OF METEODS OF COOLING TURBINE BLADES

The methods of cooling turbine blades and reduclng thelr creep
are considered in this section snd are listed below in the order in

which they are discussed:
1. Cooling root of blade
2. Cooling tip of blade
3. Reducing blade length
4. Decreasing value of C/ka
5. Thermal insulation with ceramlc coating
6. Circulation of air through hollow blades
7. Circulation of water through hollow blades
Cooling root of blade. - The effects of root temperature on

blade temperatures were computed by the one-dimensional solution for
a blede whose dimensions and operating conditions were as follows:

Blade length I, Inches . « ¢ « o« « ¢ « o o o o o » « o o ¢ « 2,48
Blade perimeter C, Inches .« « + v ¢ « ¢« + s & o o ¢ = s ¢ « 3.4
Cross-~sectional area of blade A, esquare Inch . . . . . . . . 0.18
Temperature of surfsce absorbing radiation, °F . . . . . . . 1000

When the root of the blade is cooled to 400° F, blade temperea-
tures in the vicinity of the root are reduced, but half the length
of the blade 1s unaffected (fig. 4). The stress is & maximum at the
root, however, and diminishes to zero at the tip. Camputation of
the local creep rates and rupture time along the blade show that
points of higheat creep and shortest time to rupture lle in the zone
influenced by cooling of the root. (See figs, 5 and 6,) Cooling of
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the root progressively shifted the weskest point from the root in
the cage of no cooling to a point 0.6 inch from the root when the
temperature was reducsed to 400° F. A more detalled snalysis of the
offect of root cooling 1s presented in reference 13.

A digression on the distribution of creep and rupture time
along the blade would be desirable to show the nature of blade fall-
ures in ges turbines. The tenth root of the rate of creep has beoen
plotted in figure 5 to make possible the reading of the crwep from
the curve. The creep rate plotted directly in figure 7 shows a
narrow region of high crsep 0.6 inch from the root and practically
no creep either nearer to or farther from the roct. This narrow
region of high creep 1s a woak zone whers tho blade would be expectod
to fail in tensile creop. An analysis using the rupture time ylelds
approximately the same result. Examinatlon of turblines that have
been tested to destruction in accelerated torquo-stand tusts clearly
show such a zonc of tamperature demarcatlon and rupture.

Figures oimilar to figure 5 wore preoparod for cases where tho
temperature of the gas 1n the nozzle box is 1800° and 2000° F and
the meximum values of creep along the blade were read from the curves
and plotted in figure 8. Fram figure £, an eatimate of the increasc
in permissible nozzle-box temperature accompanying reduction of
blade-root temperature can be obtalned. Thus, 1f & noszle~box tem-
perature of 1600° F is permitted when the root temperature is 1192C F,
then cooling the root to 8Q0° F will permit a nozzle-box temperature
of 1700° F. B o

Cocling tip of blade. - Cooling of the tip of the blade to 400° F
has no effect on the temperature of the critical reglion of the blade
(fig. 9). Consequently, cooling of the tip of the blade is inef-
fective in raising the permisseible temperature of the gas in the
nozzle bex when bladea of this length are used. Cooling of the tlp
would be beneficial with very short blades.

Reducing blade length, - Reducing the lengbh of the turbine
blade had Iittle effect on temperature distribubtion because blade
temperatuwres arse uniform at distances greater than 1.0 inch {rom the
base. Thé shortening of the blade, however, reduces the tenelle
strasssg and consequently the rate of creep as shown in figure 1Q.

The reduction in maximum creep with decrease in blade length is so
great that reducing the bladc length from 2.5 inches to 1.5 inches
pormits an increase In nozzle-box tomperaturs of more than 400° F,

Decreasing value of C/kA. - Incrcasing ths conduction of heat
to the root of the blade could be achisved by ducreasing the ratlo
of the perimeter to the area of the croes section of the blade C/kA
and by increasing the thermal comductivity of the blade material,
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These factors influence temperature and creep through thelr effect
on the parameter
hr

h C
EA.— n8
The effects of this parameter P on the maximum rate of creep
are shown in figure 11, When P is reduced from 25 to 15 inches
(vhich is equivalent to & 40-percent reducticn in the ratio of perim-

oter to area or & 67-percent increage in thermal conduotivity) the
permissible nozzle-box terperaturs is increased 40° F.

Thermal insulation with ceramic coating. - Computations were
made of the eifectiveness of & layer of a ceramlc material on the
surface of the blade In insulsting the blade from the hot gas and
thereby reducing its temperature and cresp. A lsyeor of alumimm .glli~
cate 0.02 inch thick was assumed for a blade whose mazimum thickness
was 0.20 inch. The ceramlc was assumed to be selfasupporting. The
creep of the blads {fig. 12) is not significantly reduced. This con-
clusion does nct apply to the solid ceramic blade nor does it evaluate
the effectiveness of the ceramic coating in preventing corrosion and
chipping of the blade edgss. '

Circulation of alr through hollow burbine blades. - Circulation
of alir through hollow turbine blades as g means of cooling the blades
has been used by Lorenzen (reference 1l4). The cocling ailr 1s inbro-
duced at the prevailing atmospheric pressure through an opening at
the center of the turbine wheel and flows radially through the hollow
wheel and blades where it is discharged at high veloclty to &
stationary diffuser, which recovers the excess kinetic energy of the
air by converting it to pressure ensergy. This arrangement 1s shown
in figure 13. .

For purposes of this analysis, the following assumptlons were
made: (1) The external shape of the hollow blade was tho same as
that used in the computation of figure 3 for the solid blade; (2)
the alr passage was assumed. to be 75 percent of the total cross-
sectional area of the. blade; (3) the twrbine wheel had 70 blades and
operated with a flow of 30 pounds of working fluld per second therseby
permititing the guantity of cooling alr to be expressed as a percent-
ages of the workling fluid; and (4) the blade-root tumpsrature was
maintained at 600° F,

The effectiveness of the cooling air in reducing blade tempora- -
tures 1s shown in figure 14, ZIBven a small flow of cooling air
gmounting to 2.5 percent of the working fluid reduced the muximum
blade temperaturs from 1192° F in the case of the solid blade to
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990° F with alr cooling. The corrosponding reductions in maxlimm
rate of creep are shown In figure 15. If a solid blade with a root
temperature of 800° ¥ can operate with a temperature in the nozzle
box of 1600° F, the hollow blade with an alr circulation of 2.5 per-
cent of the working fluld should be able to opersate with a nozsle-
box temperature of 1940° F.

A comparison of the over-all cycle efficlencles of a gas turblne
with solid blades and one with air-cooled blades is shown in the fol.-
lowing table. A nozezle-box tempsraturs of 1600° F was assumed for

the turbine with the solid blades and 2000° F for the one with the
alr-cooled blades; efficlencles of 0.9 were agsumed for the turbine

and the compressor; and optimum pressure ratioc, as shown in flgure 16,
wag used in each case.

Pressure recovery Over-all cycle
for cooling air efficiency
Uncooled turbine - 0.338
Alr-cooled turbine 1.0 . 395
R B ettt .8 .393
Do~memmmmmemcaaaaa 0 .391

This comparison ehows that even in the extreme case where none
of the energy of the cooling air is recovered; a net improvement in
cycle efficiency results from the higher permissible temperature in
the nozgle box. Cooling of the turbine blades by éirculation aof ailr
through hollow bladee therefore eppears to be practicable In splte
of the fact that the alr-ccoled blades which have heen tried have
met with little success, The probable difficulty wlth these tur-
blnes is that all of the working fluld first pasmed through the
hollow blades as coolant and recelved the natural compression.
Because this compresesion efficiency 1s low as & result of limite-
tione on the proportions of the bladea and the cycle efficiency
is very sensitive to campressor efficlency, the efficiency of such
a gaa-turbine engine 1ls neceassarily low. The advantage of air cool-
ing cen be realized only in engines using & amall flow of cooling
air with reapect to working fluid flow.

Circulation of water through hollow blades. -~ Computations were
made on the temperatures in the water-cooled blade shown in figure 17,
which compares the two-dimensional temperature distrlbution in the
watsr-ocoled blade with that of the soclid bledo (fig. 3). The small
coolant flow of 0.0222 pound per second was very effective in reducing
blade temperatures. Computation of the power required to circulate
the water by the common method of computing friction in plpes shows
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8 very smell power dissipation of 0.0012 horsepower per blade. The
statement w=2s msde in reference 15 (pp. 158-161), however, that the
fluid friction in a pipe in the £isld of high scceleration induces a
superturbulence, which may Increase the frictlon loss s much as a
thousand times. Aslde from this possiblility of very high pumping
loss, wabter cooling of turblne blades appeers Lo be effective and
practlicadble.

SUMMARY OF RESULTS

From e theoretical analysis of the varlious methods of cooling
turbine blades, it was found that sufficient Improvements in the
efficiency of gas-turbine engines may be cbtained through cooling
the turbine blades to Jjustify extensive rssearch in turbine cooling.
Cooling of the root of the blade, shortening the blade, and cooling
hollow bledes intermally with air or liquid offer possibillties of
substantial increases in permissible gas temperatures. Cooling of
the tip of the blade and coating the blede with a ceramic were rel-
atively Ineffective.

Alrcraft Engine Research Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, @hlo.
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APPENDIX - ONE-DIMENSIONAL TEMPERATTRE DISTRIBUTION

The heat absorbed per unit time over the surface of an element
of' the blade length Ay ifrom the hot working fluld is

Agg, = hg (Tg - T) CAy (11)

Only a neglligible amount of heat is directly transferred Irom
the gas to the blade by radiation but heat i1g radisted directly
frem the blade to the cooler tail pipe and perhaps to the nozzle
box. The entiroe blade was assumed to be radiating to a region at
1000° F. The heat radisted per unit time from the element of the
blade is ' o ) - o T o

Bap, = 0 (7% - T,%) cay (12)

vhere O i1is the Stefan-Boltzmann constant. The use of this relation
results in a nonlinear diffsrential egquation, which ls difficult to
solve. However, McAdame (reference 8, fig. 27) has computed the
oguivalent heabt-transfer coefficients based upon the flyrst powsr of
the temperature difference. The radiation is therefore cssumed to
follow the law oo T Ty T

AGpg = by (T - Tpy) CAy (13)
where h, is, in thlas case, the coefflcient equivalent for radia-
tion. A meen value taken from reference 8, flgure 27, was used.

The heat flow through the element Ay in the dircction along
the blade is
2
Ag, = -kA 9*% Ay (14)
ay

The heat removed from tho blade assction of lumgth Ay by the circu-
lation of the intermal coclant is

Agg, = hy (T - T,) C'ay (15)

The temperature T, of the cooling air riscs aa tho air passes
through tho blsde. Tho assumption that the temporature Iincreases in
proportion to its distunco of travel in the blade is rensonably
accurate and producss equations simpls enough to solve

Ty = Tg, + oF (18)
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Then
Bags = By (T - Ta, - o3) C'o¥ (17)
The oguation for the tomporaturs distribution along tho blado
is derived by equating the sum of the heat flows through the blodo

portion Ay +to zero and solving the resultant linear difforontiul
equation for T.

Substituting the expressicns for these terms glves
a2

g2 Ay - ha@-Ta_i-cy>c'A3' =0

(13)

hg(Ts - T)CAY - hnp(T - T,)CAY + KA'

Letting -
il (e 1

=% by C hg)
h C h + h \
C 8
Ragom T + LT+ 22w,
IANCHE ¢ B, 1)
hC'
M=

When the limlt is taken as Ay approaches zero, the following dif-
ferential equation is obtained:

ii—zg-PT+R+Mcy 0 (20)
dyz
The general solution of the reduced equation is
T = aley“/—+ age -wW'F (21}
where &y and, a, "are constants of integratiop. A particular

solution of the equation is

Mc R
T=—P_y+P (22)
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The general solution ig the sum of these two solutlona

e JVE -y P | Mc R 23
T = a0 + 80 +5- ¥+ 5 (23)
Let R/P =T,
WP -¥/P | Mo
T -~ T, = a;0 + age r5 7 (24)

The oonstants are svalusted by letting T = Ty whoen y = 0,
and &L = 0 when y = L. '
dy

The final equation then becomes

cosh | /B(L-y) ] Me Slmh &/F L)
T - T o (U D) (Ty — Te) " em (AL TP (25)
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Figure 1. - Bffect of nozszle-box temperature on surface coefficlent of
heat transfer at turbine bladea when pressure ratfio and blade veloclty
are maintained constant. Pressure ratio, 3.0; mean veloclty of blades,
1200 feet per second. :
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Flgure 2. - Variation of surface coefficlent of heat transfer from stream
of gas at high velocity to flat plate parallel to the wind stream.
Veloeclty of gas stream, 1,25 feet per second; free-stream temperature,
1090° F; stream pressure, 1L.7 pounds per square inch.
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Figure 3 .- Computed two-dimensional temperature distribution in
Nozzle-box temperature, 1600° F; pressure ratio,

turbine blade.
3.0; mean blade veloclity, 1200 feet per second; blade-root

temperature, 800° F; radlation to cold body at 1000° F.
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Figure 4. - Effect of blade-root temperature on temperature distribu-
- tion in gas-turbine blade., (nC/kA), 21.4; radlation to cold body at
1000° F; blade length, 2.48 inches.
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nozzle-box temperature, 1600° F,
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Figure 7. - Illuvstration of critical zone of fallure in turbine blade. .
Mean blade veloeity, 1200 feet per second; blade materfal, 18:8 stain-

less steel; nozzle-box temperature, 1600° F.
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Pigure 9. - Effect of temperature of blade tip on temperature distribu-

tion in gas-turbine blade. (hG/kA), 21.4; radiation to a cold body
at 1000° F; blade length, 2.4 inches.
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e 10, - Effect of blade length on maximum rate of blade creep, P,
pressure ratio, 3.0; mean blade wveloclty, 1200 feet per second;

blade material, 18:8 stalnless steel,
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Figure 12. - Bffect of ceramic coating on maximum rate of creep in blade.
Mean bdlade veloclty, 1200 feet per second; blade length, Z.L;g inches;
blade material, 1838 stainless steel.
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Figure 1li. - Effect on blade temperatures of circulating cooling air
through hollow blades. Root temperature maintained constant at 600° F;
nozzle-box temperature, 1600° F; pressure ratioc, 3.0; mean blade speed,
1200 feet per second.
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Figure 17. -~ Computed two-dimensional temperature distribution in
water-cooled turbine blade, Nozzle-box temperature, 1600° F; pres-
sure ratio, 3.0;mean blade velocity, 1200 feet per second; blade-
root temperature, 800° F; radiation’®to cold body at 1000° F; inlet-
water temperature, 100° F; outlet water temperature, 18,° F,
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