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

SUMMARY

An analysis is presented of rim cooling of gas-turbine blades;
that is, reducing the temperature at the base of the blade (wheel
rim), which cools the blade by conduction alone. Formulas for tem-
perature and stress distributions along the blade are derived and,
by the use of experimental stress-rupture data for a typical blade
alloy, a relation is established betweeri blade life (time for rup-
ture), operating speed, and amount of rim cooling for several gas
temperatures. The effect of a blade parameter combining the effects -
of blade dimensions, blade thermal conductivity, and -heat-transfer
coefficient is determined. The effect of radiation on the results
is approximated. The gas temperatures ranged from 1300° to 1900° F
and the rim temperatures, from 0% to 1000° F below the gas tempera-
ture. This report is concerned only with blades of uniform cross
section, but the conclusions drawn are generally applicable to most
modern turbine blades. For a typical rim-cooled blade, gas-
temperature increases are limited to about 200° F for 500° F of
cooling of the blade base beiow gas temperature, and additional
cooling brings nrogressively smaller increases., In order to obtaln
increases in gas temperature of the order of 400° F either very
large increases in thermal conductivity or very large decreases in
heat-transfer coefficient or blade length are necessary, The increases
in gas temperature allcwable with rim cooling are particularly small
for turbines of large dimensions and high specific mass flows. For
a given effective sas temperature, substantial increases in blade
life, however, are possible with relatively small amounts of rim
cooling.

INTRODUCTION
An investigstion of the ceoling of gas turbines 1s being

conducted by the NACA that includes direct blade cooling by the
passage of liquid or alr through hollow blades and indirect blade
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cooling by removal of heat from the blade root or tip. In part I
(reference 1) of a series of reports written on this investigation,
calculations of the radial temperature distribution through the
rotor and blades of a gas twrbine are made in which the blades are
cooled indirectly by air blown over finned surfaces on the rotor
and the blade tips. The calculations were made for assumed cooling-
air and gas temperatures by means of an analysis developed in that
report. It was found as a result of the calculations that the base
of the blade was cooled about 500° F below the gas temperature.,

The benelits of blade cooling may be measured by increases in
-allowable gas temperature, blade speed, or blade life, where life
1s the time to rupture due to centrifugal stress. Speed is
ordinarily limited for aerodynamic reasons by the design Mach numuer
and the purpoce for which the turbine is used usvally determines the
desired life.

The purpose of the present report is to continue the analysis
of indirect cooling of turbine blades, the difference between this
report and part I being that the blade tips are assumed insulated
in the present case and an analysis is developed for given rim
temperatures rather thun cooling-air temperatures. The benefits of
blade cooling are determined in terms of turbine operating conditions
. by combining the temperature distribution in the blades with the
mechanical limitations to blade operation. The report is limited
to rim-cooled blades; that is, blades cooled only at the base. In
this report the effectiveness of rim cooling is indicated by the
increases in allowable gas temperature that can be obtained without
changes in blade }Mach number or blade life. The increase in blade
life that could be obtained by a sacrifice of some of the increase
in allowable gas temperature is indicated, and the effects on rim-
covling effectiveness of blade dimensions, blade thermal conductivity,
and heat-tiransfer coefficient from the hot gases to the blade are
evaluated. The elongation of the blade due to creep and its
importance as & limitation on blade operation are determined, Calcu-
lations are made for gas temperatures of 1300° to 1900° F and for
rim temperatures up to 1000° F below gas temperature.

SYMBOLS
a velocity of sound at Tg, (ft/sec)
A blade cross-sectional area, (sq ft)

B number of blades
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ol

M

Muax

r

Ty

mean diameter of turbine blades (2ry - L), (ft)
percentage elongation at any blade point
percentage elongation of blade metal

tofal percentage elongation of blade

fraction of blade surface area exposed to radiation from one
gide

acceleration of gravity, 32.2 (ft/s0c?)

heat-transfer coefficient based on T, Btu/(hr)(sq ft)(°F)
blade thermal conductiﬁty, Btu/(hr) (£t) (°F)

blade length, (ft)

tip Mach number index, V/a

liniting tip Mach number index, Vyay/a

blade perimeter, (ft)

radins of turbine at any point on blade, (ft)

tip radius of turbine, (ft)

gas constant, 53.5 (ft-1b)/(1b) (°R)

actual stress at any point on bla§e, (lb/sq in.)

stress for rupthre for given life and temperature, (lb/sq in.)
temperature of blade at any point, (°R)
allowable temperature at any blade point, (°R)

effective gas temperature for use in heat-transfer equa-

tions, (°R)

permissible increase in effective gas temperature .due to
blade cooling for constant Mp,y, (°F)

total temperature of inlet gas, (°R)
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average blade temperature used in radiation approxima-
tion, (°R) -

temperature at blade root (wheel rinm), (°R)

temperature of radiating surface on inlet side of blades,
inlet nozzles, (°R)

temperature of radlating surface on exhaust side of
" blades, (°R)

blade tip speed, (ft/sec)

blade velocity at mean diameter, (ft/sec)

limiting blade tip speed, (ft/sec)

whirl component of inlet gas, (ft/sec)

distance from blade root to any point on blade, (ft)
critical blade point, (£t)

parameters defined by equation (17) in appendix
parameter equal to 4@57EK, (f£)-1

ratio of specific heats

emissivity of metal surfaces

density of blade metal, (slugs/cu ft)
Stefan-Boltzmann constant, 0.174 x 108 Btu/(hr)(sq £t)(°R)%

angular velocity of turbine wheel, (radians/sec)

THEORETTICAL ANALYSIS

Although a relation between the effective gas temperature T

and the amount of cooling Te - Tp for a constant limiting Mach
number index Mp,x 1is desired, the method of analysis makes it
necessary to calculate first the values of the tip speed at rupture
and the corresponding values of Mmax for assumed values of Te
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and Tg - Tp. The method consists in combining calculated tempera-
ture and stress distributions in the blade with experimental stress-
rupture data. The solution depends upon the choice of blade metal,
the expected blade life, and the values of two dimensionless parau-
eters oL and L/ry. Means of accounting for radiation and of
calculating the blade elongation due to creep are also presented.

Assumptions, - In the derivation of expressions for the temper-
ature and stress distributions, the following simplifying assump-
tions are made:

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

2. The heat-transfer coefficient and the effective gas tempera-
ture are constant over the blade height. An average value for the
thermal conductlvity can be used over the blade height because the

variation of conductivity with temperature is small for most turbine
metals,

3. The blade tip is perfectly insulated. This assumption has
little effect on the calculated temperature distribution except very
close to the tip, because the temperature of the blade tip in the
usual case differs only a small amount from the gas temperature and
the tip area is usually small compared with the surface area of the
blade. If cooling were applied at the tip, as 1n reference 1, the
temperature distribution would be considerably affected, but the
temperature at the critical point of the blade, which is nearly
always within the inner half of the blade length, would remain
essentially the same. :

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

S. Bending stresses in the blade are negligible with the result
that the calculated blade stress is uniform over any cross-sectional
area.,

Temperature distribution. - The blade temperature at any point
is found from a heat balance of the blade. (See appendix.) If

radiation is neglected,
cosh‘[aL (1 - -f-s]

cosh alL

T = Te - (Te - TO) (l)
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where

o = l\/i-lp;kA

The inclusion of radiation, by means of an approximation sug-
cested in a nublication of the General Electric Company gives

cosh[:;/f L(l - %)] 7
T:%- ~ <-§-TO> (2a)
cosh ﬁ L
where
- 1
KL =o J1sacer z Ty (2b)
and

Te +oeF(‘~~}l-1-) (T14 + % 4 GTR4>

%= % (2c)
1 + 80eF (£ ) TR

For given values of gas temperature end rim temperature, the
temmerature distribution withont radiation {equation (1)) as a func-
tion of x/L depends only on the dimensionless parameter aL, which
is fixed by the blade dimensions, the blade conductivity, and the
heat-transfer coefficient. This paraueter may be considered as a
measure of the ratio of the average temperature drop over the blade
length to the average temperature drop across the film between the
hot gases and the blade. Accordingly, as the value of oL 1is
decreased, an increased percentage of the temperature drop between
the gas and the biade root occurs through the film and all blade
tenperatures are recduced, The temperature distribution including
radiation (equation (2a)) is identical to equation (1) with /Y L
substituted for ol end 2Z/Y for Te. :

Stress distribution., - The actual stress in the blade at any

point x is found by integrating the centrifugal load over the
portion of the hlade from point x to the tip

pu?(rtz - r? 2 12
s = 558 )=gg8\fl' [l'}'(l'%)}} (3)

L Ty

For given values of blade metal density and of the ratio of |
blade height to turbine radius at the blade tip, the stress distri-
bution as a function of x/L depends only on the blade tip speed.
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Limiting tip speed. - Experimental stress-rupture data for blade
metals give the waximum stress the metal can withstand for a given
temperature and life. If the blade life is specified, the maximum
stress 'is a function of only the temperature

Spax = Spax (T) (4)

Equations (3) and (4) may be combined to find the allowable temper-
ature at any blade point and for any blade speed for a given blade
metal and constant values of blade life, gas temperature Ty, emount

of rim cooling (Tg - Tg), and the parameters al and L/rt:

Ty = Ty (%, v> (5)

A family of curves of Ty as a function of x/L with V as a
parameter may be drawn.

Failure occurs when the actual blade temnerature at one bdlede
point is greater than the allowable temperature. The limiting tip
speed is that for which the allowable temperature is just equal to
the actual temperature at one point on the blade, which is called
the critical blade point because the blade would fracture at this
point if the tip speed were increased. Mathematically, the limiting
tip speed and the critical blade point are defined by two simulta-

neous equations
Xc “X¢ \
T <—f> = Ta (—T:-, Vmax/ (68.)
i
]

. e\ i c
d LT(éfj_l 0 [Ta(TT: Vma%>]
x\ X\

(z) o)
where T(x/L) 1is the temperature distribution given by equation (1)
or (2a). If the solution gives a critical point outside the blede
length, equation (6b) is invalid and the critical point is at the
root; in this case Vyay 1is found from equation (6a) with xc/L = O.
Because of the empirical origin of the function T, these equations

are conveniently solved by graphical methods, as illustrated in fig-
ure 1.

(6D)

The tip Mach number index is defined as the tip speed of ths
blade divided by the velocity of sound in the gas and is a measure
of the actual Mach number of the gas flowing past the blade for a
given velocity diagram. If the velocity of sound is calculated from
the effective gas temperature, the limiting tip Mach number index is
expressed
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Vmax  Vmax

Mpax = —2= = (1)

./ 78RTe

Blade creep. - Experimental data on the creep properties of
blade metals give the percentage elongation for a given life as a
function of metal temperature and siress

m = ©m (T; s) (8)

Vhen equation (8) is combined with the actual stress-distribution

equation (3) and the temperature-distribution equation (1) or (2),
the actual percentage elongation cof the blade at any poiunt and for
any tip speed may be found

« _
o =e(%, ) (9)
The total percentage elongation of the blede is found by integration
over the blade height for any blade speed,

o[ s (B ) e(®) (10)

This equation is useful only for values of V £ Vmax because, for

greater values, the elongation of the blade becomes infinite, corre-
snronding to blade fracture. The evaluation of equation (10) may be
carried out graphically,

APPLICATION OF ANALYSIS

The foregoing esnalysis is ceneral and applies to any blade of
uniform cross section. A blade section was assumed and the corre-
gponding values of the dimensionlesc parameter ol and L/rt were

used to obtain quantitative results. These values are referred to

as the "basic" values. In order to show the effect of heat-transfer
coefficient, blade conductivity, and blade dimensions on the results,
calculations were made for values of ol equal to 1/3, 1/2, 1, 2,
ant 3 times the basic value. A single value of L/rt was used
throughout because the effectiveness of cooling depends very little
on L/rt for the usual range of values for constant oL. The quan-
titative results are also dependent on the assumed mechanical prop-
ertieg of the blade metal. Values of the effective gas temperature
from 1300° to 1900° F and of amounts of rim cooling from 0° to 1000° F
were assumed. The value Yof the limiting Mach number index was calcu-
lated for each pair of values of Tg and Te - Tg for a value of ¥
of 1.31. '
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Blade dlmensionslggonduct1v1ty, and heat-trensfer coefficient. -
The basic values of alL and L,/Ty were détermined from values of
the blade dimensions, the blade-metal conductivity, and the heat-
transfer coefficient reprecentative oi those found in modern high-
temperature gas turbines:

Area of blade cross section A, sqgft . . v & & ¢« ¢ ¢ . & 0.000728
(or 0.1047 sq-im, ) '

Perimeter of blade cross section p, £t . . v « . . . .« « . 0.20
(or 2.40 in.) ' _

Blade length L, ft v .o v v ¢ o vt v o6 o0 o oo o o s 0,146
(or 1. 75 in.)". : '

Radius at tip Ty, £t & v v v v v o o v o o v o o o« s+ o« o+ 0,570
(or 6.84 in.) ‘

Thermal conductivity of the blade k Btu/(hr (ft)(oF) S I

Heat-transfer. coefficient h, Btu/(hr)(sq 1) (°F) . e« . . 40

Bagic value of L v+ 4 « 4 6 6 o 4 0 0 e 4 e 0 e e P

Basic value. of L/rt I e Fy 1

The value of h of 40 Btu/(hr) (sq ft)(OF) corresmonds to relatively
low mass flows; because of this relatively low value of h and the
choice of a fairly short blade, the basic value of al. probably is
as low as is obtainable.at present,

Mechanical properties of bplade metal. - The assumed mechanical
proverties of the blade metal are shown in figures 2 and 3, These
propertiés are based on available data (references 2 and 3) for
S497 alloy, which is a forged ferrous alloy, high in nickel, chro-
nmium, and cobalt content with a density of 0.31 pound per cubic inch,
and ere extrapolated to include a wide range of temperatures, The
stress-rupture properties (fig. 2) are typical of the stronger alloys
now available for turbine blades but thé creep properties (fig. 3)
are relatively poor.. S497 was selected in order to accentuate any
possible creep limitations in blade design.

Effective gas temperature. - The effective gas temperature Tg
rather than the total temperature at the inlet to the turbine Tg ia
used in the analysis because it is the temperature that enters into
the heat-transfer equation., T.ie power and the efficiency of a
compressor-turbine unit, however, depend on Ty, end the relation
between these two temperauures should be known,

The effective temperature is approximately equal to the total
tenperature relative to the moving ‘blades; the ratio of the total
inlet temperature to the effective temperature calculated at the mean
blade diameter is therefore

T V. V.
8- 4 2;:_l:<_9> o Y. _ 1
Te 2 a Vﬁ



10 NACA RM No. E7Bllb

where

Vi v
a

a -

D
Zrt
For a constant blade Mach number and a given velocity diagram, which
determines Vﬁ/Vﬁ,, the inlet total temperature is directly propor-
tional to the effective temperature. For example, if the Mach number
index is set at 0.5 (and D/2ry = 0.87), Tg/Te = 1.041 for Vi /Wy = 1.2

(typical of reaction blades) and Tg/Te = 1,088 for Vu/Vy = 2.0
(typical of impulse blades). )

-Radiation. - The effect of radiation on the temperature distri-
bution depends to a great extent upon the particular installation of
the turbine, which determines the values of the temperatures  T; and
To as well as the validity of th‘ approximations used in treating
radiation. (See appendix.) . The results were calculated without
radiation, but the manner in which the various raediation assumptions
modified these results was investigated.

In the application of the radiation equation (2a), the following
assumptions were made:

1. The average blade temperature TR used in the épproximation
¢ = amed T - 305t

given in the appendix as equation (15), was set equal to

Te - (1/4) (Tg - To); this value was determined by comparing the tem-
perature distribution given by equation (2) for several values of

Tgr with one found by numerical integration of the exact differential
equation for a typical case. For extremely high conductivities or
low heat-transfer coefficients, this value of TR gives blade tem-
peratures that are slightly low. A somewhat lower value for TR
would be more accurate for this case.

2. Values of Tp/T; of 1,0, 0.9, 0.75, and O with T; equal
to Te were assumed; more generally, if T, does not equal T,
these assumed values correspond to values of T14 + T24 of 2,0,
1.656, 1.316, and 1.0 times the value of Te4, respectively. The
values of T; for a given Ty depends on the difference between
the inlet total temperature and the effective gas temperature and
on the extent to which the nozzles are cooled. The temperature T2
on the exit side of the blades is particularly dependent on the
installation because the value of T, depends on whether the blades
exhaust to the stators of another stage, to an exhaust hood, or
directly to the atmosphere.
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3. The factor ¢F, which enters equations (2b) and (2c), was
set equal to 0.312. This value was obtained by assuming closely
spaced blades, for which the total blade-surface area exposed to
radiation from either side is approximately equal to the annulus
area nDL. Consequently, F was set equal to xIL/BpL which vas
evaluated as 0.312 using the basic bladé dimensions and.a value of
B of 50. The value of ¢ was considered equal to 1, which is
close to the value for oxidized metal surfaces.

RESULTS AND DISCUSSION

- Effectiveness of rim cocling for bagic blade. - The over-all
effect of rim cooling for the basic blade (al = 4.42) is shown in
figure 4; radiation effects and blade -elongation are not included.
Because the basic value of .aL 1s lower than that for most medern
turbines, theses results for the basic blade may be considercd repre-
sentative of th¢ turbines for which rim cooling is most effuctive.
Blade life 1s plotted on a logarithmic scale against thc limiting
Mach number index; families of curves, each for a constant effective
gas temperature and scveral amounts of rim ccoling are shown. Large
increases in blade 1life can be obtained with small increases in the
amount of cooling at a constant Mach number index. For example,
increasing the amount of cooling from 200° to 400° F at a gas tempoer-
ature. of 1500° F and a constant limiting Mach number index of 0.5
results in increasing the allowable life elghtfold. Because the
curves of figure 4 are approximately parallel, results for a single
value of blade lifc are fairly typical -of all values.

A cross plot of curves of the type in figure 4 at 1000 hours
(fig.  5) shows the effective gas temperature as a function of th '
amount of rim cooling for constant valucs of the limiting Mach number
index. Figure 5 indicates the effect of different amounts of rim
cooling on the allowable gas temperatureo for a given design because
the limiting Mach number index at which a turbins is to be operated
is dotermined by the design.

The data of figure 5 for a constant limiting Mach number index
of 0.5 have beon replotted in figure € as the increase in ‘gas tem-
perature ATG greater than that allowable without cooling. The
corresponding increase in the inlet total temperature is from 2 %o
10 percent greater than the value of AT, , depending on tho veloclity
diagram of the turbine. Lines of conatant limiting Mach numbor :index
of 0.4 and 0.6 give values of AT, that vary less than 30° F from
those in figurc 6. This emell effect of Mach number index cam bo
explained by thc fect that tho lincs of congstant limiting Mach numbcr
index ere approximately parzllel in figurc 5. .At lower limiting Mach .
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numbers, the values of AT, are slightly less; therefore, rim
cooling is somewhat less effective at high gas temperatures.

It should be emphasized that figures 4 and 5 give values at
rupture, whereas in actual operation a turbine would be run with'
some factor of 'safety.. The actual operating point could be deter-
mined either by expressing the desired life as some fraction of that
for rupture or by using an effective gas temperature somewhat lower
than that for rupture. If these actual- operating conditions were
shown in figures 4 and 5, the only significant change would be a
general displacement of the curves relative to the axes, If the
factor of safety is introduced only by means of a specified reduc-
tion in the effective gas temperature, the curves of figure 6 are
valid for the actual operating conditions as well as for those at
rupture.

For the basic blade (oL = 4.42), increases in effective gas
temperature from 1400 to 200° F are made available by the first
2500 to 500° F of rim cooling (fig. 6) dbut 1000° T of cooling gives
an additional increase of only 60C F. This effect can be explained
to some extent by the fact that, for the greater amounts of cooling,
the critical blade vpoint is farther from the root (fig. 7) and there-
fore more difficult to cool. Actually, the first amounts of cooling
and the corresponding large increases in allowable gas temperature
may not be available in most turbines because the rim may be 100° to
300° F below the gas temperature as a result of the cooling of the
wheel and the shaft by lubricating oil and radiation.

Effect of blade dimensions, conductivity, and heat-transfer
‘coefficient, - The value of the dimensionless parameter ol com-
pletely determines the effect of blade dimensions, conductivity, and
heat-transfer coefficients on the results when radiation is neglected
and the ratio L/rt is constant.

The temperature distribution in the blade is shown in figure 8
for an effective gas temperature of 1500° F and a value of (Tg - Tg)
of 700° F for seven values of ol including the limiting values of
o and O; these curves are superimposed on a family of allowable-
temperature curves for a lQOO—hour blade life to determine the critical
blade points. TFor values of al. greater than 4.42, the blade tem-
peratures are very close to the gas temperature over half the length
of the blade, whereas for smaller values of al all blade tempera-
tures are considerably lower than that of the gas. The critical
blade point is close to the root for small values of al and
approaches the blade tip as aL 1is increased to a value of about 4,
but for larger values of oL the critical point again becomes cioser
to the root. At low values of aL, the critical blade point actually
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remains at the root for the first several hundred degrees of cooling
but then moves quite rapidly toward the tip as cooling is increased
(fig. 7).

The variation in the effectiveness of rim cooling with changes
in oL is shown in figure 6 for a blade life of 1000 hours. The
increase in allowable effective gas temperature is much greater for
the lower values of aoL; thus, for a value of Te - To of 600° F,

the increase is 440° F for alL of 1.47, 215° F for 4.42, and only
90° F for 13.26., At values of al "greater than 4.42 there is little
increase in ATy with increasing amounts of cooling above SOQO to
400° F but, for the very low values of al.,, 4Ty continues to
increase'almost proportionally with Tg - Tp over the entire range
considered. This cooling can be used, of course, to increase blade
life beyond 1000 hours by sacrificing some of the increase in gas
temperature; for example, a sacrifice of about 60° F in gas temper-
ature for ol of 4.42 makes possible a tenfold increase in life.

The low values of oL necessary for rim cooling to be very
effective could possibly be obtained by increasing the value of
conductivity or decreasing the value of the heat-transfer coeffi-
cient from the basic values. For example, the value ol is halved
if k 1is increased from 12 to 48 Btu/(hri(ft)(OF) or if h- is
decreased from 40 to 10 Btu/(hr)(sq ft)(°F). Unfortunately, none
of the alloys now available for use at high temperatures and stresses
hes a conductivity much greater than 12. In a given turbine the
increased cooling effectiveness obtained by increasing the conductiv-
ity might be offset by the fact that additional heat must be removed
from the blade to maintain the same rim temperature.

A relatively low value of h might be obtained by a proper
ad justment of the design velocities over the blades, but these veloc-
ities are usually restricted by aerodynemic considerations. The use
of insulating coatings on the blade results in small reductions in
the over-all heat-transfer coefficient from the hot gases to the
metal blade from an initially low value of h, such as
40 Btu/(hr)(sq £t)(°F), although the coating can produce relatively
large reductions from a high value. For example, if h 1s 40, a
coating 0.010 inch thick with a conductivity of 0.5 Btu/(hr)(ft)(°F)
will reduce the over-all coefficient only 6 percent; if h is 250,
the same coating will reduce the over-all coefficient 30 percent,
A coating, however, may weaken the blade or increase the ratio of blade
perimeter to area p/A and thus alL, which might completely counter-
act the favorable effect of the reduction in the over-all film coeffi-
cient.

A low value of ol can also be obtained by the use of a short
blade or a blade with a small p/A ratio. In order to obtain the
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same 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 increasing the size of the turbine.
The value of L/rt is also decreased in this case with the result
that the calculations are not strictly appliceble; it may be shown,
however, that although a decrease in L/ry causes a considerable
increase in the limiting Mach number index the decrease has little
effect on the curves of ATy against Te - To (fig. 6). The ratio
of blade perimeter to area, which depends upon the shape and the
gsize of the blade, is limited by aerodynamic considerations and no
signi?icant change in ol can usually be obtained by a variation
in p/A.

On the other hand, large high-power turbines are likely to have
values of al considerably greater than 4,42 for two reasons:
(2) these turbines have large specific mass flows and consequently
the value of h 1s greater than 40; and (b) these turbines have
dimensions greater than the basic values assumed. For example, if
the heat-transfer coefficient is increased from 40 to 120 and all
the dimensions are multiplied by 3 (thus multiplying «p/A L by #/3),
al. is increased from 4.42 to 13.26.

Blade creep. - The ‘distribution of local elongation due to creep
over the blade length and the corresponding stress and temperature
distributions are shown in figure 9 for a particular set of condi-
tions. The total blade elongation obtained by integration of the
distribution of local elongation is also given in the figure for each
tip speed. The percentage elongation of the blade at rupture -depends
primarily on the temperature at the critical point where most of the
elongation occurs, The temperature at the critical point for effec-
tive gas teuperatures from 1400° to 1500° F is in the neighborhood
of 1350° F (fig. 8), at which temperature the elongation of the blade
is a maximun (fig. 3); accordingly, the maximum blade elongation for
these gas temperatures should be the maximum elongation for any gas
temperature.

The elongation of the basic blade for a gas temperature of
1500° F is plotted against Mach number index for several amounts of
cooling in figure 10. The maximum elongation indicated is only
about one-sixteenth inch, which is less than most blade-tip clear-
ances. If a shorter blade life were assumed, the maximvm- elongation
at rupture would be expected to be somewhat larger and might be
excessive. For longer blades the maximum percentage elongation is
expected to be about the same; for such blades, therefore, the total
elongation at rupture may be considerably greater than allowed by
the tip clearances.
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Actual blade elongations, however, will be much smaller than
the maximum values indicated because the turbine is actually oper-
ated with a factor of safety and the elongation is greatly reduced
by a small decrease in Mach number index or~a small increase in
cooling. An actual turbine would never be operated at a speed
corresponding to the vertical portion of the curves of figure 10,
for very little overspeed would result in rupture. Inasmuch as the
creep properties assumed for the blade metal were relatively poor,
actual turbine operation will not be limited by blade creep.

Effect of radiztion. - The effect of radiation on these results
varies greatly with the assumed values of the radiation temperatures
Ty and Tp. If thesge temperatures are equal to the gas temperature,
the effect of radiation is approximately the same as the effect of
an increased value of the heat-transfer coefficient or.of of. The
influence of radiation on the effectiveness of cooling can then be
found by using values of VYL as effective values of al 1in fig-
ure 6. The magnitude of the increase depends upon h and Tr alone
for a constant value of ¢F (equation (2b)). For small values of h
and large values of T (corresponding to high gas temperatures),
the value of A L may be as much as two or three times the value of
al; however, for the basic value of h (40 Btu/(hr)(sq ft)(°F)),
VYL is only about 1.3 times the value of al,

It T or T ig assumed less than T ag is likely for most
1 2 e’

turbines, the effective increase in ol will be counteracted by a

- decrease in Z/Y, which has the same effect on the temperature dis-
tribution as decreasing Te. In figure 11, the temperature distribu-
tion for the basic value of af, of 4.42 and no radiation is compared
with that for four rediation approximations. As the value of Tz/Tl,
and correspondingly Z/Y, is decreased, all blade temperatures are
decreased and the liniting Mach number indices increase; the limiting
Mach number index for no radiation is approximately the mean of the
values for different radiation assunptions and the criticel Dlade
point is somewhat closer to the tip than for the examples that include
radiation. The increase in allowable gas temperature with radiation
is compared in the Tollowing teble with that for no radiation for
equal amounts of cooling, T) = Tg = 1960° R, and a 1000-hour blade
life:
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I 8 ng Z/Y TO 1 AT, (no ATé4(radiation)
TZ/T-'(Btu/(hI) (R} 1 (F) NI?TL oL rad:atku1) AT_ (nc Tediation)
(sq Tt ' . i (°F) ©
(°F) - il ‘ ‘
0.9 | 4c . (1925 665 ! s.627).4.42] 224 1.0
90 40 19204 360 | 5.76| 4.42| 173 1.0
.9 50 1:954 | 694 13.69 {13.26 95 1.0
9| 40 liees| ess | i.e7)1.47] 480 1.0
.9 4,44 11884 624 3.78 | 1.47 455 i
.75 4 41791 s31 | 3.78)1.47| 400 .9
75 40 1883] 623 | 5.62.| 4.42] 218 1.0
5| 380 1947| 687 [13.69.13.26 95 1.0

Regults are- ghown for the -two most probable radiation approximations,
Tz/Tl cqual 0 0.9 and 0.75 and for values of oL of 1.47, 4.42, and

13,8, The cases in which the values of .al, of 1.47 and 13.26 arc
obtalned by varying 'h flom its basic value are con51dered geparately
from thoge in which k' of the blade dimensions are varied. When:
radiation. ig consadered the blade temperature with ho cooling is
app1OXLmatelv 2/Y; the _amount of cooling is thus 2z/Y - Ty. Vealues
of AT, (no rad? ‘ation) were obtained from figure 6 at points where

To. - TO Z/Y - Tg-

When TZ/Tl ia 0. 9 the difference between the effcctiveness cf

.rim ccoling with or wi+hout radi tation is slight. Tho only gignificant
variation is for the extreme case in which h hag been decreased to
one-niath its basic value RadLatlon then becomes a large percentage
of the total heat input and the coollng effectivencss drops with the
allowable increase in cffective gas temperaturc with radiation only

70 percent of that wi ithout radiation. If To/T is assumed equal to
0.75, A/Y becomes relatively low and tends” tu counteract the effcc-
tive 1ncreuau in the value of aL. For example, for the cxtreme case
when h is 4.44, the ratio of ATe with radiation to AT ' without
"’d ation is-incroagsed from 0.7 to 0.9 when TZ/Tl 1. decreased from

0.9 to 0.75.

CONCLUSIONS
From an analysis of thc rim cooling of & typical gas—turbine
blade and aisc variation of a blade paramoter, the following conclu

gions were drawn:

1. The benefits of rim cooling ars llmlted to increases in allow-
&blu gas temperature of the order of 200° F for most blades,
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2. For a given effective gas temperature, the addition of small
amounts of rim cooling allows extremely large increases in blade
life.

3. In order to obtain gas temperature increases of the order
of 400° F, extreme increases in thermal conductivity or decreases
in heat-transfer coefficient or blade length are necessary; conse-
quently for turbines of large dimensions and high specific mass
flows, the increases in gas temperature possible with rim cooling
are particularly small.

4. Rim cooling is most effective for the first 250° to 500° F
of cooling of the rim (below gas temperature); for the typical blade,
500° F of cooling allows a gas temperature increase of 200° F but
additional cooling yields only relatively small gains in allowable
gas temperature. '

S. In order to obtain large increases in gas temperature, some
direct method of cooling would probably have to be used, in which
a considerable portion of the blade length is cooled by contact with
a coolant fluid.

Aircraft Engine Research Laboreatory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX - DERIVATION OF TEMPERATURE-DISTRIBUTION EQUATIONS

A heat balance for the steady state for a diffurential-elemont
dx Dbetween two plancs perpendicular to the blade length and at dis-
tances x and x + dx from the blade root is considercd. Tho
differonce botween the amount of heat leaving the cloment by con-
duction dQ, eand the amount cntering by conduction aQ(x + ax) 1is
equal tc the sum of the heat cntering by convection dQc and by
radiation dQR:

19, - A, ag) - 99, + G ()
QcA %) ; <kA %';E . kAS—;% d.x) = hp (T, - T) dx + dgy  (12)

If dQ, is set equal to zero and hp/kA = of

a7 >
axz--dm (TO-T)
A goluatlon of this equation is
T =T, -Cq cosha (x - Co) (13)

wvhere Cy and C2 are arbitrary ccnstants Becauso the tip is

assumsd to bo insulated HF=-0atx=L. At x=0, T=T,.

Substitution of thesv boundary conditions in cquation (13) gives
ths final cquation for the temperature distribution when radiation is.

neglocted ) )
X
gosh [aL (l - f)J

T=T, - cosh al, (T, - To) (1)

Radiation may bc apprcximately accounted for by assuming the
blades arc faced on the inlet aids by nozzles at an average tempers-
ture Ty and on the oxhaust sidc by uxit stators or an exhaust hood
at an average temporaturae T5. If the fraction of the blado-surfaco
arca oxposed to radiation from cither side is ¥ and if contributions
to 4@, from radiation hetween the blados arc neglected,

ro
dgg = go}zﬁl4 - T4) + &?21 - T4)]dex (14)
Ag an apsroximation T4

is expanded lincarly about an average bdblade
tumporature TR '
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4 . 3 4 .
T = 4TR T - STR (15)
ren equations (14) and (15) aro combined and the result is substi-

tuted in equation (12)

2.
d—%‘- ~-YT +2 = Q (lG)
dx
where . 3
hpL + 860 FpL Tg°
Y = T
i<
' > (17)
g X 4 4
) hpL. T + €0 FpL <T14 + To™ + GTR)

Z =

kAL
¢

If Y and Z are asesimed constant over the bladoe height, the gen-
sral solution of equation (18) is

€3 cosh 'L.\/"f (x + Cz)] + 2
' Y

T =

The arbitrary constants C, and C2 are detormined by applying

the same boundary conditions as before, and the resulting equation
for the temperature distribution whon rediation is included is

. (% - TO) cosh [ﬁ L (l - -JLE)] |
T=y- ccsh /Y L (2a)

Equations (17) may alsc be written

JIL = qLu/l + 80CF % TRS (2v)

L (o 4 4 ot

) Ty +0cF g (T 4 2 v orp*)
?= (ZC)

?'\lr'ts
l+80€rl—1-1R
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