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COOLING OF GAS TURBINES
- EFFECTIVENESS OF RIM COOLING OF BLADES

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

SUMMARY

An anslysis is premented of rim cooling of gas-turbine blades;
that 1s, reducing the temperature at the base of the blade (wheel
rim), which cools the blade by conduction alone. Formulas for tem-

d perature and stress distributlions along the blade are derived and,
by the use of experimental stress-rupture data for a typical blads
: alloy, a relation is established between blade life (time for rup-
ture), operating speed, and amount of rim coolirg for several gas
temperatures, The effect of a blade parameter camblining the effects
of blaede dimensions, blade thermal conductlvity, and heat-transfer
coefficient is determined. The effect of radiation on the results
1s approximated. The gas temperatures ranged from 1300° to 1900° F
and the rim temperatures, from 0° to 1000° F below the gae ‘tempera-
ture. Thls report is concernsed only with blades of uniform cross
section, but the conclusions drawn are generally applicable to most
modern turbine blades. For a typlcal rim-cooled blade, gas-
temperature increases are limited to about 200° F for 500° F of
cooling of the blade base below gas temperature, and addltional
cooling brings progressively smaller increases. In order to obtain
increases in gas temperature of the order of 400° F either very
large increases in thermal conductivlity or very large decreases in
heat-transfer coefficient or blade length are necessary, The iIncreases
in gas temperature allowsble with rim coolling are particularly small
for turbinees of large dimensions and high specific mase flows. For
a glven effective gas temperature, substantial Iincreases in blade
life, however, are posalble wlth relatively small amounts of rim
coolling.

INTRODUCTION
An investigstion of the cooling of gas turbines is being

- conducted by the NACA that includes dlrect blade cooling by +the
pasgsage of liquid or air through hollow blades and indirect blade

SRR
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cooling by removal of heat from the blade root or tip. In part I L
(reference 1) of & series of reports written on this investigation,

calculations of the radial temperature distribution through the

rotor and blades of a gas turbine are made in which the blades are

cooled indlrectly by alr blown over fimned surfaces on the rotor

and the blade tips. The calculatlions were made for assumed cooling-

alr and gas temperatures by means of an analysls 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 incrsases in
allowable gas temperature, blade speed, or blade life, where life
1ls the time to rupture due to centrifugal etress, Speed is
ordinarily limited for aerodynamic reasons by the deslgn Mach numver
and the purpose for whilch the turbine is used usvally determines the
deslred life.

The purpose of the present report is to continue tho analysis
of indirect cooling of turbine blades, the difference between this *
report and part I belng that the blade tips are assumed lnsulsated
in the present case and an analysls 1s developed for glven rim
temperatures rather than ocooling-air temperatures, The beneflts of
blade cooling ere dotermined In terms of turblne operating conditions
by combining the temperature distribution In the blades with the
mechsnical limitations to bladse operation. The report is limited
to rim-cooled blades; that ls, blades cooled only at the base. In
this report the effectiveness of rim cooling is Iindlcated by the
increases in allowable gas temperature that can be cobtalned without
changes in blade lach number or blade life. The increage in blade
11fe that could be obtalned by a sacrifice of some of the increase
in allowable gas temperature 1s indicated, and the effects on rim-
cooling effectiveness of blade dlmensions, blade thermal conductivity,
and heat-transfer coefficient from the hot gases to the blade are
evaluated. The olongation of the blade due to creep and its
importance as e limitation on blade cperatlon are determined. Calcu-
lations are made for gas temperatures of 1300° to 1900° ¥ and for
rim temperatures up to 1000° F belaw gas btemperature.

SYMBOLS : o
a velocity of sound at Ty, (ft/sec) _
A blade cross-sectional area, (sq ft)

B number of blades
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D mean dlameter of turbine blades (2ry - L), (ft)

e percentage elongation at any blade polnt

en percentage elongation of blade metal

eg total percentage elongation of blade

F fraction of blade surface area exposed to radiation from one
side

g acceleration of gravity, 32.2 (ft/secz)

b heat-transfer coefficlent based on Ty, Btu/(hr) (sq £1) (°F)

k blade thermal conductivity, Btu/(hr)(£t)(°F)

L blade length, (ft)

M tip Mach number index, V/a

M., limiting tip Mach number index, Vyax/&

gs) blade perimeter, (ft}

r redius of turbine at eny point on blade, (ft)
ry tip radius of turbine, (ft)

R gas constant, 53.5 (£t-1b)/(1b)(°R)

2] actval stress at any polnt on blade, (lb/sq in,)

Bpax  Stress for ruopture for glven life and temperature, (lb/sq in.)

T temperature of blade at any point, (°R)

T, allowable temperature at any blade polnt, (°R)

Tg effective gas temperature for use in heat-transfer equa-
tions, (%)

ATg permissible increase 1In effectlve gas temperature due to

blade cooling for constant Mg.y, (°F)

T total temperature of inlet gas, (CR)
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TR average blade temperature used in radiation approximas- .
tion, (°R)
T temperature at blade root (wheel rim), (°R)
Ty temperature of radlating surface on inlet side of bledes,
inlet nozzles, (°R)
To temperature of radlating surface on exhaust side of
blades, (°R)
v blade tip speed, (ft/sec)
Vin blade velocity at mean diameter, (ft/sec)
Vmax  Llimiting blade tip speed, (£t/sec) X
Vir whirl component of inlet gus, (ft/sec)
X dlistance from blade root to any point on blade, (ft)
X critical blede point, (f£t) '

Y, Z parameters defined by equation (17) in appendix

o parametor equal to a/hp/kA, (£4)~1

y ratio of specific heats

€ emilssivity of metal surfaces.

ol density of blade metal, (slugs/cu ft)

G Stefan-Boltzmann constent, 0.174 x 1078 Btu/(hr)(sq £1)(°R)*
w angular velocity of turbine wheel, (radlans/sec)

THEORETICAL ANATLYSTS

Although a relation between the effective gas temperature Te
and the amount of cocling Ty - Tg for a constant limiting Mach
number index Mpayx 18 desired, the method of analysis makes it
neceasary to calculate first the wvalues of the tip speed at rupture .
and the corresponding values of Myay for assumed values of T, .
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and Tg - Tp. The method consists 1n combining calculated Gempera-
ture and siress distributions In the blade with experimental stress-
rupture data., The sclution depends upon the cholce of blade metsal,
the expected blade lif'e, and the values of two dimensionless param-
eters oL and L/rt. Means of accounting for rediation and of
calculating the blade elongation due to creep are alsc presented.

Asspumptions. - In the derivation of expressions for the temper-
ature and stress distributions, the following simplifying assump-
tlons are made:

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

2. The heat-transfer coefflcient and the effective gas tempera-
ture are constant over the blade helght. An average value for the
thermel conductlvity can be used over the blade height because the
variation of conductivity with temperature 1s small for most turblne
metals,

3. The blade tip is perfectly linsulated. This assumption has
little effect on the calculated temperature dlstributlion except very
close to the tip, because the temperature of the blade tip in the
usual case differs only a emall amount from the gas temperature and
the tip area 1s usually small compared wlth the surface area of the
blade. If cooling were applied at the tip, as In reference 1, the
temperature distribution would be considerably esffected, but the
temperature at the critical point of the blasde, which 1s nearly
always within the imner half of the blade length, would remain
easentlally the same.

4, The teuperature gradlents 1n any cross section of the blade
perpendicular to the radius of the turbine are negligible.

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

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

radiation is neglected, i
coshLa.L (z - %)]

7T, - | (1, - To) (1)
cogh ol
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vhere

a = +/hp/kA

The Inclusion of radiatlion, by means of an approximation sug-
gested in a publication of the General Electric Gompany gives

cosh[ﬁ L(l - —)]
Z
T =2 . ( 'I‘O> (2a)
Y cosh xﬁ.—f L i
" where
VEL = aL /1 + 80€F = TRS (2b)
and -
1\ 4 4 4
g Te +oeF(g) (m* + T2 + 6Tg" ) 20) )
Y = IS

14 80&1‘*‘(%) TR

For glven values of gas temperature and rim temperature, the
temnerature distribution withont radiation (ejuation (1)) as a func~
tion of x/L depends only on the dimensionless parameter oL, which
ls fixed by the blade dimensions, the blade conductlivity, and the
heat-transfer coefficient. This perameter may be congldered as a
measure of the ratio of the average temperature drop over the blade
length to the average temperature drop across the fillm between thu
hot gases and the blade., Accordlngly, as the value of ol 1is
decreased, an increased percentage of the temperature drop between
the gas and the blade root occurs through the film and all blade
temperatures are reduced. The temperature distribution including
radistion (equation (2a)) is identical to equation (1) with /Y L
substituted for ol and 2Z/Y for Te.

Stress dilgtribution, - The actual stress in the blade at any
peint x 1s found by Integrating the centrifugal losd ovdr the
portion of the blade from polnt x to the tip

o
p&f{rta - TB} pve 1 L 1. X 2 (3)
= ST " ﬂ( - 1) N .
For given values of blade metal density and of the ratio of ~
blade height to turbine radius at the bisde tlp, the stress distri- -

bution as a function of x/I. depends only on the blade tip speed.
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Limiting tip speed. -~ Experimental stress-rupture date for blads
metals glve the maximum stress the metal can withstand for a given
temperature and life, If the blade life is specifled, the maximum
stress is a function of only the temperature

Bmax = Smax (T) (4)

Equatiors (3) and (4) may be combined to find the allowable temper-
ature at any blade »oint and for any blade speed for a glven blade
metal and constant values of blade life, gas temperature Tg,, amount

of rim cooling (T - Tp), and the parameters ol and L/ry:

Ty = Tg <1Lf., v) (5)

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

Failure occurs when the actual blade tempersture at one blade
point 1s greater than the allowable tempsrature. The limlting +l1p
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 polint because the blade would fracture at this
point if the tip speed were increased. Mathematlcally, the limiting
tip speed and the critical blade point are defined by two simulta-~

neous egquations
x
T'(?%?) = Tg (}f?: Vﬁmx;) (6a)

~ =
i ¢ o
4| 5 O | Te\7» Vmax
) X\
a(F) A(E)
where T(x/I.) is the temperature distribution glven by equation (1)
or (2a). If the solution gives a critical polnt outside the blade
length, equation (6b) is invalid and the critical point is at the
root; in this case Vpgx 18 found from equation (6a) with xo/L = O.
Because of the emplrical origin of the function Ty, +hese equations

are convenlently solved by graphical methods, as 1llustrated in fig-
ure 1.

(6b)

The tip Mach number index is defined as the tip speed of the
blade divided by the velocity of sound in the gas and ls a measure
of the actual Mach mmber of the gas flowing past the blade for a
given velocity dlagram. If the veloclity of sound 1s calculated from
the effectlve gas temperature, the limiting tip Mach number Index is
expresssd
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Viax Vmax ‘-
s E A
Ve a / 78RTg

Blade creep. - Experimental data on the creep properties of
blade metals glve the poercentage elongation for a glven lifc a3 a
function of metal temmerature snd stress

m = ©m (T: S) (8)

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

equation (3) and the temperature-distribution egquation (1) or (2),

the actual percentage elongation of the blade at any point and for -
any tip speed may be found '

Xx
e = & (Z, V) . (9)

The total percentage elongation of the blade is found by integration

over the blede height for any blade spesed, -

oy =-[;l ° (% v) d(-;-i) (10) )

This squation is useful only for values of V = Vpex Decause, for
greater valueg, the elongation of the blade becomes infinite, corre-
sponding to blade fracture. The evaluatian of equation (10) may be
carried out graphically.

APPLICATION CF ANALYSIS

The foregoing analysls 1s general and applies to any blade of
uniform cross section. A blade section was assumed and the corre-
sponding values of the dimensionless parameter oL and IL/ry wore
used to obtaln quantitative results. These values are referred to
as the "basic" values. In order to zhow the effect of heat-transfer
coefficlent, blade conductivity, and blade dimensions on the results,
calculations were made for values of ol equal to 1/3, 1/2, 1, 2,
and 3 times the baslc value. A single value of L/rt wed used
throughout because the effectivenese of cooling depends very little

on L/ry for the usual rangs of values fér constant ol. The quan- oo
titative results are also demendent on the assumed mechanical prop- .
erties of the blade metal. Valuss of the effective gas tempeiature ; -

from 1300° to 1900° F and of smounts of rim cooling from 0° to 1000° F
were gggumed. The value of the limiting Mach number index was calcu-
lated for each pair of values of Tg and Te - To for a value of ¢ -
of 1.31. . ST Y LT T .
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. Blade dimengionsg, canductivity, and hest-transfer coefficient. -
The basic values of alL and L/r;y were determined from values of
the blade dimensions, the blade-metal conductivity, and the heat-
transfer cosfficient representat;ve of those found in modern high-
temnerature gas turbines: -

Area ‘of blade cross section A, B8g ft i . . ¢ o o < . . . 0.000728
(or 0.1047 sq in.) '

Perimeter of blade cross ﬂection-,p, £t . 4 4 e o v 4 o - .« 0.20
(or 2.40-in.)

Blade length I, £t T O T © I 1 13
(or 1.75 in.) _ : o o

Radius at tip rg, f8 ¢ &+ ¢ ¢ oo 0 & ¢ a0 o 0 o o . 0« » 0.570
‘(or 6.84 1in.) o '

Thermal conductivity of the blade k Btu/(hr)(ft)(oF) e o s . 12

Heat-transfer coefficient &, Btu/(hr)(sq ft)(OF) e e e . . 40

- Basic value of ali ¢ ¢ v s s- ¢ o & o o v o o o 2" o 2 « » o 4,42
Basic value Of L/T% » « ¢ ¢ « o « 4 o o o s s s s o+« « » 0.26

- The value of h of 40 Btu/(hr)(sq £t)}(°F) corresponds to relatively
low mass .flows; because of this relatively low value of h and the
- choice of a falrly short blade, the basic value of «ol. probably is
as low as is obtainable at present.

Mechanical properties of blade metal. - The assumed mechanical
properties of the blade metal gre shown In filgures 2 and 3. These
properties are based on available daeta (refererices 2 and 3) for
S497 alloy, which is a forged ferrous alloy, high in nickel, chro-
mium, and cobalt content with a demsity of 0.31 pound per cubic inch,
and are extrapolated to dnclude a wilds range of temperatures, The
stress-rupture properties (fig. 2) are typical of the atronger alloys
now available for turbine blades but the creep properties (fig. 3)
are relatively poor, S497 was selected in order to accentuate any
possgible creep limitations in blade design.

Effective gas. temperature. - The effective gas temperature Tg
rather than the total temperature at the inlet to the turbine Ty 1s
used .in the analysis because it is the temperature that entsrs into
the heat-transfer equation. The power and the efilciency of a
compressor-turbine umit, however, depend aon TS and the relation
between these two: temperatures should be known.

- The effective temperature is approximately equal %o the total
temperature relative to the moving blades; the ratlio of the total
- inlet temperature to the effective tempsrature calculated at the mean
- blade diameter is therefore

2
T v,

- 8 -1 +.Z;;j:(_9> 2 W g
Te 2 a Vi
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whers . . . .

Vi vy D

?=a2rt
For a constant blade Mach number and a given velocity diagram, whilch
determines waﬂn, the 1nlet total temperature is directly propor-
tlonal 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 Vy/Wm = 1.2

(typical of reaction blades) and Tg/T, = 1.088 for Vu/Vy = 2.0
{typical of impulse blades).

Radiatlon. - The effect of redistion on the temperature distri-
bution depends to a great extent upon the pariticular installation of
the turbine, which determines the values of the temperatures T; and
Tz as well as the validity of the approximations used in treating

radistion, .(See appendix.) - The results were calculated without -
redliatlion, but the mammer in which the various radiation assumptions
modif'led these resulis was lnvestlgated. “

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

1. The average blade temperature Tr used 1ln the approximation
¢ = amp® T - 3Tt

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

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

Tr with one found by numerical integration of the exact differentisal
squation for a typical case. For extremely high conductivitles or
low heat-transfer coefficlents, this value of TR gives blade tem-
peratures that are slightly low. A somewhat lower value for Ty
would be more accurate for thils case.

2. Values of Tp/T, of 1,0, 0.9, 0,75, and O with T; equal
to Tg were assumed; more generally, if T, does not equal T,
these assumed values correspond to values of T14 + T2% of 2,0,
1.656, 1.316, and 1.0 times the value of Te4, respectively. The
values of T; for a glven T, 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 To
on the exit side of the blades 1ls 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 (2¢}, was
set equal to 0.312. This value was obtained by assuming cloaely
spaced blades, for which the total blade-surface area exposed to
rediation from either side is approximstely equal to the annulus

‘area wDL. Consequeritly, F was set equal to naTL/Bpl. which was
evaluated as 0.312 using the basic blade dimensions and.a value of
B: of 50. The value of € wag considered equal to 1, which 1s
close to the value for oxidized metal surfaces.

RESULTS AND DISCUSSION

Effectiveness of rim cooling for basic blade. - The over-all
effect of rim cooling for the basic bleds (aL = 4.42) is shown iIn
figure 4; radistion effscts and blade elongation are not included.
Because the basic value of ol 1is lower than that for most modern
turbines, these results for the basic blade may be considered repre-
sentative of theé turbines for which rim cooling 1s most effuctive.
Blade life is plotted on a logarithmlc scale againat thc limiting
Mach number index; families of curves, each for a congtunt affectilve
gas temperaturs and several amounis of rim cooling are shown. Large
increases in blede 1ife can bs obtained with small increases in the
smount of cooling st & constant Mach ‘number index. For cxsmpls, ,
increasing the emount of cooling from 200° to 400° F at a gus temper-
atire of 1500° F and a constant limiting Mach number index of 0.5
results in increasing the allowsble life sightfold. Because tho
curveg of figure 4 are approximately parallsl, results for & single
value of blade 1lifv are falrly 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 & function of thu
amount of rim cooling for ccmstant values of the limiting Mach numboer
index. Plgure 5 indicates the effect of different amounts of rim
cooling on the allowable gas tempersturs for a glvon design bocause
the limiting Mach number index at which a turbino 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 roplotted in figure 6 as the increase In gas tem-
porature ATG groator then that allowable without cooling. The
corresponding incresse in the Iinlst total tempsraturs is from 2 o
10 percsnt greater then the value of AT, depending - tho velnclty
diagram of the turbine. Linea of constant limiting Mach numbor index
of 0.4 and 0.6 give valuos of ATG that veary lege than 30° F from
thosge in figurs 6. This amgll effcet of Mach numbor index ceaw bo
explained by the fsct thut tho lines of comstant limiting Mach mmbor
index ere approximately pardllel in figurs 5. (At lower, limiting Mach
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nvmbers, the valuss of ATy are slightly less; therefore, rim
cooling 1s somewhat less effective at high gas temperatures.

It should be emphasized that figures 4 and 5 give vealues at
rupture, whereas in actual operation a turbine would be run with
some factor of safety. The actual cperating polnt could be deter-
mined either by expresaing the desired life as some fraction of that
for rapture or by using an effective gas temperature somewhat lower
than that for rupture. If these actuasl operating conditions wers
shown In figures 4 and S, the only significant change would be a
general dlgplacement of the curves relative to the axes, If the
fTactor of safety is Introduced only by means of & specifiled 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
rupbure.

For the basic blade (al = 4.42), increases in effective gas
temperature from 140° to 200° F are made availabre by the flrst
250° to 500° F of rim cooling (fig. 6) but 1000° F of cooling gives
an additional increase of only 60° F. This effect can be explained
to same extent by the fact that, for the greater emounts of cocling,
the critical blade voint is farther from the root (fig. 7) and there-
fore more difficult to cool, Actually, the flrat amounts of cooling
and the corresponding large increases in allowable gas temperature
may not be avallable in moat turbines because the rim may be 100° to
300° P below the gas temperature as a result of the cooling of the
wheel and the shaft by lubricating oll and radiation.

Effect of blade dimenslons, conductivity, and heat-transfer
coefficient, - The value of the dimensionless parameter al. com-
pletely determines the effect of blade dimensions, conductivity, and
heat-transfer coefficients on the results when radlation 1s neglected
and the ratilo L/rt is constant.

The temperature distribution in the blade is shown in figure 8
for an effective gas temperature of 1500° ¥ and & value of (Tg - Tp)
of 700° F for seven values of ol including the limiting values of
o and O; these curves are superimpnosed on & family of allowable-
temperature curves for a 1000-hour blade life to determine the critical
blade points., For values ¢f ol. 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 oL all blade tempera-
tures are considerably lower than that of the gas. The critical
blade point 1s cloge to the rocoh for small values of .ol and
approaches the blade tip as ol. is Increased to & valus of about 4,
but for larger values of ol the critical point again becomes closer
to the root. At low valuee of dl, 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 rapldly toward the tip as cooling is lncreased

(rig. 7). : : -

The varlation in the effectiveness of rim cooling with changes

in ol 318 shown in figure 6 for a blade life of 1000 hours. The
increase 1n allowable effective gam temperabture is much greater for
the lower values of al; thus, for & valus of Tg - Tg of 600° F,
the increase is 440° F for ol of 1.47, 215° F far 4.42, and only
30° F for 13.26, At values of ol greater than 4.42 there is 1little
increase in ATy with increasing amounts of cooling above 300° %o
400° F but, for the very low values of oL, ATy continues to
increase almost proportionally with Tg - To over the entlre range
considered. This cooling can be used, of course, to increase blade
life beyond 1000 hours by sacrificing some of the increase in ges
temperature; for example, & sacrifice of aboutb 60° F in gas temper-

- ature for ol of 4.42 makes possible a tenfold Increase in lifs.

- The low values of al mnecessary 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 exemple, the value al Is halved
if k 1is increased from 12 to 48 Btu/(hr)(£1)(%F) or 1f h 1is
decreased Fram 40 to 10 Btu/(hr)(sq £+)(°F). Unfortunately, none

of the alloys now available for use at high temperatures and stresses
has a conductivity much greater than 12, In s glven turbine the
increased cooling effectiveness obtained by increasing the conductly-
ity might be offset by the fact that additional heat must be removed
from the blade to maintaln the same rim temperature.

A relstively low valus of h might be obtalned by a proper
ad justment of the design velocities over the blades, but these veloc-
ities are usually restricted by asrodynemic 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 inlitilally low valus of h, such as .
40 Btu/(br)(sq £t)(°F), although the coating can produce relativel,
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)(2t)(°F)
will reduce the over-all coefficient only 6 percent; if h is 250,
the same coating will reduce the over-all coefficlent 30 percent.
A coating, however, may weaken the blade or increase the ratio of blade
perimeter to ares p/A and thus al, whilch might completely counter-
act the favorable sffect of the reduction in the over-all film coeffi-
. cient. :

A low value of ol. can also be obtained by the use of & shord
blade. or & blade with a emall p/A ratio. In order to obtain the
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same mase flow when the blade length is decreased, the tip radlus
mugt be increased, which means that the increased coollng effectlve-
neses 1s gained at the price of increasing the slze of the turbine.
The value of L/rt is also decreased in this case with the reault
that the calculatlons are not strictly applicable; it may be shown,
however, that although a decrease in L/rt causes & conslderable
increase in the limiting Mach number index the decrease has 1little
effect on the curves of ATy against Tg - To (fig. 6). The ratio
of blade perimeter to srea, whlch depends upon the shepe and the
glze of the blade, is limited by aercdynamic conslderations and no
signiiicanb change in ol can usually be obitained by a verlation
in p/A. .

On the other hand, large high-power turblnes are likely to have
values of ol considerably greater than 4,42 for two reasons:
(a) theee turbines have large specific mass flows and consequently

the value of h 1a greater than 40; and (b) these turbines have -
dimensions greater than the basic values assumed. For example, 1f

the heat-transfer coefficient 1s increased from 40 to 120 and all -
the dimensions are multiplied by 3 (thus multiplying ‘Jp?A L by v@h, -

al. 18 lncreased from 4.42 to 13.26.

Blade creep., ~ The dlgtribution of locgl elongatlion due to creep
over the blade length and the corresponding stresa and temperaturs
distributiony @re shown in figure 9 for a particular set of condi-
tions. The total blade slongatlcon obtalned by integration of the
distribution of local elongation 1s also glven in the figure for each
tlp speed. The percentage elongation of the blade at rupture depends
primarily on the temperature at the critical point where moet of the
elongation occurs., The tempsrature at the critical point for effec-
tive gas tewperatures from 14.-00O 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 shouid be the maximum elongation for any gas
temperature.

The elongation of the basic blade for a gas temperature of
1500° F 138 plotted against Mach number index for several amounts of
cooling in figure 10, The maximum elongatlion indlcated 1s only
about one-sixteenth inch, which la less than most blade-tip clear-
ances. If a shorter bl&de life were asgsumed, the maximvm elongation
at rupture would be expected to be somewhat 1arger and might be
exceaseive. For longer blades the maximum percentage elongation ls
expected to be about the same; for such blades, therefore, the total
slongation 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 indlicated because the turbine is actually oper-
ated with a factor of safety and the elongation is greatly reduced
by & small decrease in Mach number index or & small Increase in
cooling. An actual turbine would never be opsrated at a speed
corresponding to the vertical portion of the curves of figure 10,
for very little uverspeed would result in rupture. Inasmuch as the
creep properties assumed for the blade metal were relatively poor,
actual bturbine operation will not be limited by blade creep.

Effect of radiation. - The effect of radiation on these results
varies greatly with the assumed values of the radiation temperatures
Ty and Tp. If these temperatures are equal to the gas temperaturs,
the effect of radiation is approximately the same as the effect of
an increased value of the heat-transfer coefficient or of ol. The
influence of radiation on the effectiveness of coollng can then be
Tfound by using values of VT I es effective values of ol 1n 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 valueg of TR {corresponding +to high gas temperatures),
the value of ./ L may be as much as two or three times the value of
ol; however, for the basic value of h (40 Btu/(hr) (sq £t)(°F)),
/T L is only about 1.3 times the value of ol.

If Ty or Ty is assumed less than T, as is likely for most
turbines, the effective increase in oL will be counteracted by &
decrease in 2/Y, which has the same effect on the temperature dis-
tribution as decreasing Tg. In figure 11, the temperature distribu-
tion for the basic value of ol of 4.42 and no radiatlon is compared
with that for four radiation approximations. As the value of Tg/Tl,
and correspondingly Z/Y, is decreased, all blade temperatures are
decreased and the limiting Mach number indices increase; the limiting
Mach number index for no radiation is approximately the mean of the
values for different radiation assumptions and the critical blade
point is somewhat closer to the tip than for the examples that include
radiation. The increasse in allowable gas temperature with radiation
is compared in the following table with that for no radiation for
equal amounts of cooling, T; = Tg = 1960° R, and a 1000-hour blade
life:
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o h z/Ylz/y -ty o (no [aTy (rediation)
'.'['2/'.['1 (Btu/ (ﬂI‘) (O-R}J B (OF) ak N YL ol E.d.j ai.ion) TEJ “(no radliation)
. (sq ft) TSN TR A B S & D) -
R L 2 R A L P
0:9 |7 40 ;.;‘1925” 85| 5.624 4.42] 224 1.0
L9 | 40 . |1920{*3BG |.5.76(-4v42] 173 1.0
ol sror'ﬁ£.1954 654 [13.69 {13.26 95. - - 1.0
C 9 |- U407, j1925f €657 ) .1.874 L.47| 480 | 1.0
S T 4,44 108849 624 T} 3,781 1.87] 455 7
cL75 Y T4hae, lareny 531 |'3.781 1,47 400 .9
W84 4077|1883 | 623 | 5.62 | 4.42) . 818 | 1.0
751 380 .f,.;ai?:' 687 13.69 13.26) 95 1.0

nesamet e
FRY

Resu.ts are shown for vhe two ‘moat probable rad*ation approximations,
TZ/TI' gquel, 40 0.9 and 0.75 and Tor values .of oL of 1.47, 4.42, and
13.2 . The Geses in,vhich the velues of ol of 1.47 and 13.26 are
obtained by ¥arying h- from its basic value are congldered - sepurately
from those in"which k .ar the blade dimensicns arcé variod. - When

- radiation 1s coneidered the blade’ temperature with no cooling is
mpproxlmabely z/Y; thc emount’ of cooling 1s thus 2/Y - T5. Values
Uf AT " (nod radletl on) were obtained. fram :1gure 6 a'b points whore

' o '.:"' TO Z/¥ - TOs E “"

When To/Tl is 0.9, the difference between the effuctiveness cf
rim cooling with or without *adkat?on is. Bllght Tho only significant
. varlation ‘ig for the sextrems caesa in which h - has been decroascd to
one-ninth its bagic value:. Radiation then becomes a large percentago
o the- botal Meat input and. tho cooling effectivences drops with the
all owablos incroase in. effective gas . temperaturs with radiation only
1“’0 percont: of “that without radiation. If. T2/£1 is assumed equal to
.75 Z/Y “bocahes rolatively low and, tonds to counteracht: the effcc-
- Give.sincreaBe in tha walusiof' al.” For example, for the- cxtrome case
" when h - 1e4.44 the rafdo-of ~ AT~ with radiation to AT without
‘¥adiatlon'is 1ncreased_fzom 0 7 to Q.9 whon TA/Tl s dcoruasa& from
J.9. to 0.75." N . R

CONCLUSIONS
From an analysis of the rim cooling of & typilcal gas-turbine
blads and also variation of a blade parsmeter, the following conclu-

giona were drawn:

1. The benefits of rim ccoling are limlted to lacresasvs in allow-
able gos tomporature 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 exbtramely large increases in blade
lirfe,

3. In order to obtain gas temperature increases of the order
of 400° F, extrems increases in thermel conductivity or decreases
in heat-transfer coefficient or blade length are necessary; conse-
quently for turbines of large dimensione and high specific mass
flows, the increases in gas temperature possible with rim coollng
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 typlcal blade,
500° F of cooling allows a gas temperature increase of 200° F but
additional cooling yields only relatively small gains in allowable
ges temperature.

5. In order to obtain large increases Iin gas temperature, scms
direct method of coollng would probably have to be used, in which
- e considerable portion of the blade length is cooled by contact with
a coolant fluid.

Alrcraft Engine Research Laboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX - DERIVATION OF TEMFERATURE-DISTRIBUTION EQUATIONS

A hest balance for the steady state for a differential clemont
dx betweon two plancs perpendicular to the blade length snd at dis-

tances x and x + dx fron the blade roct 1s considored.

Thu

differcnce hetweon the emount of heat leaving the uloment by con-
duction de and the amount entoring by conductidn dQ(x + dx) is

wgual tc the sum of the heat entering by convection dQc
radiatlon dQR:

4Gy - dQ(x 4 ax) = 9Q + 4%

24
(xa & ar a“m O\
kA =) - {xa &+ xa 5= ax
\ax < dx a2 J
2

If 4Q, 1is set equal to zero and hp/kf = o

62
T - aB(7, - T)

P.l
[avi=]

A solution of' this equation ias

T =T, - Cy cosh @ (x - Cp)

hp (T, -~ T) dx + dQg

and by

(11)

(12)

(13)

wherc €, and Cz are arbitrary ccnstente. Besauso the tip is

assumsd to be insulated == Oat x =L. At x=0, T =

dx

Substitution of theav boundary conditions in oquation (13) givos
the final cguation for the temperaturc dietributlon when rediation is

negloctod )
I .yl
cogh La.L (l L)_!
coah ol

=T, - (T, - Tg)

(1)

Radiatlion may be approximately accountud for by agsuming the
bladea arc faced on the 1nlet ailds by nozzles at an average bumpoura-
ture Ty and on the oxhuust gidu by oxit atators or an exhaust hood
ut an everage temporature To,. If theo fraction of the blado-surfuco

arva expoged to radiation from cither gide is F  and if contributions

to dg, from radiution botwoun tho bladus arc nogleoted,

dQg = €0 l(ml"‘ - ) v (7t - T4)]dex

(14)

Ag an aprroximation T4c 1a oxpanded lincarly about an average bleado

sanmpersture TR
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4 3 4
T = 4Tp° T - 3Tp _ (15)

When equations (14) and (15) are comblned and the result is substi-
tuted in equation (12) .
2
Sl yrrz=0 R (16)
dx : -
\ 5
hpl + 8€C FpL Ty’
v oo — ~
¥ A

- (17)

| meL T +e:7FpL(Tl +T2-+6’I'R)
TAL

t3

If Y and Z are assumed constent over the blade keight, the gen-
aral solutlon of equstion (16) is

- C; cosh [,/f (x + Ca)] b Z

- T =+ Y

(18)

The arbitrary constants Cl and 02 are determined by epplying

the same boundsry conditions as before, and the resulting equatlion
for the tempurature distrihbution when radistion is included. is

, - (& - 20) comn [,\/_L G - 5)]

= £ 2a
Y~ cogh /Y L (2a)
Equations (17) msy alsc be written
JTL = aLJl 4 80¢F %1 T33 (2b)
o 1/, 4 4 4
7 T, +0€F'Ej(?l + Tp™ + GTR )
-Y- = (20)

1+80€F%1-T.RS
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due to creep for constant rim cooling, ol of 4.42, etfective gas
tempevature of 1500° F, and blade life ot 1000 hours.
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Figure |l. - Comparlson of temperature distribution, |imiting tip speed, and critical blade position
without radiation and for various radiation ass&l)wgtions, x|l of 4,42, effective gas temperature of
F) Ta = Tg of 70C° F, and blade life of | hours.
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