


FOR MUTICS 

COOLING OF GAS TURB 

EII - COOLING EFFEGTS l?EOM USE OF C COAIFmW 

By W. Byron Brown and John IT. B e Liviingood 

The hottest part of a turbine blade is likely to be the trail- 
ing portion. When the blades are cooled and when water is used as 
the coolant, the cooling passages are placed as close as possible 
to the trailing edge in order to cool thia portion. In soaps cases, 
however, the trailing portion of the blade is so narrow, for aero- 
~JYBUKLC reasons, that water passages cannot be located very near 
the trailing edge. Because ceramic coatings offer the possibility 
of protection for the trailing part of such narrow blades, a theo- 
retical study has been made of the cooling effects of such coatings. 
m s  study calculates the effect of a ceramic coating on: (1) the 
blade-metal temperature when the gas temperature ie unchanged, and 
(2) the gas temperature when the metal taqperature is unchanged, 
Comparison is also made between the cban&es in ths blade or gas 
temperatures produced by ceramic coatings and the c s prodnced 
by moving the cooling passages nearer the trailing edge. 'Ibis cam-. 
parison was made to provide a standard for evaluating the gam 
obtainable with ceramic coatings as compared to those obtainable 
by constructing the turbine blade in such a masner that water gas- 
sages could be located very near the trailing edge. 

The cooling effectiveness of ceramic coa 
depend on the ratfo of ~ 6 a t  ckness to c 
tivity. For metals of low 
(?F/ft) ), this ratfo shoubld be ab 
in order to obtain temperature changes in either metal or gas of 
the order of those produced by moving the marest cooling passage 
from a point 0.6 inch to a point 0,365 inch trailing edge 
of an uncoated blade. When metals sf high t 
(such as copper) d, the temperatwe c 
ceramic coatings (p ter, 0.05) axe about 8 

obtained by moving cooling passage. 1Ba 
rently known that combines high the coaductidty with the 
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thoria ( V ~ F J ~  2 . o ~ ) ~  With mela ce mtds and U o y s  
with b temdlfa te  t h e m a  conducti~%i6is, between 35 a d  
210 ~ t u / ( h )  (sg f t ) (-If*), becom a m m b l e  for tuE;bfne 
urt;e i f  they m e  mt too hitidie;$. 

aircraf"t o p e m t w  coditioner, 
efficiency of p s - t m b a e  ewisnee are Ebi ted by the 
~ s s i b l e  t w e m t m e  of the combustdon gas t h a t  can be a-tted 
to  the twbine, Several of bcreasing the peplppissible gas 
tempemt- have been suggested: (1) improvement of the bhdg 
=tepid  to  a i t b t a s d  higher temperatures, an& (2)  cooling of 
existigg glaterid, Both these methods are bein@; investimted a t  
the RACA Cleveland labomto-, but the cooling of existing blade 
91stals i s  apparently the most expedient meass of obtaining higher 
met-gas temperatures. Several methods of cooling turbine blades 
havs Been analyzed in  references 9. t o  10. 

In reference 6, the temperature distribution in one type of 
water-cooled blade is camputed. It is shown that the trail ing 
edge of the blade is l a e l y  t o  be the hottest part and that it caa 
be cooled by placing a water passage in the trailing aection. For 

le,  in one case the computed trailing-edge teqera twe was 
F when the newest water passage was 0.6 inch away. Movbg 

th is  passaga to  a point 0.25 inch from the trail ing edge reduced 
the trailing-edge temperature t o  13Q0° F. Ususfly this  solution 

because the trail ing section of the b l a b  is so 
not accommodate s water passage. Another possible 
insdate  the trail ing section by coating it with 

some low heat-conduct.dtvity mter ial ,  such as a c 

"Phs effect on blade-metal. and gas teampemtugggs of a such 
coatings to  the b l a b  mertd xi th the water passage located fm 
from the trail ing edge laas been studied a t  the Clevebafld Sabora- 
tory and is reporbed hereh. A comparison is made between these 
temperature Par temperature s of uncoated 
blades obta a water passage t a- 
edge* These caPc made i~ order t o  dete relalive 
merits of c e r M c  coatings conpared to  water passages near Lhs 
LrailJlng edge. 

Ths yeis is confined t o  the trafling section of the blade 
because that is the part that is usually the most di%ficu%t to  coole 
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respeetlvely, becabuse they ars the Pa%geet a u e g !  %b m06%8$ed b l a b  
vi th  the afater passage 0.6 irseh f r a  the trail- cage cm aalL%btd 
wftfisut faibusta for 2.000 hous  a t  a t%p w e d  of EL80 per see- 
o d e  33x1 &s t(u0[9pemtu%"es BP"Q t b a  acmased ua t i l  -P;he crfticais. 

ese conUti9ns for fail- ape amin -ached. m s  proeewe 
llratts sssleolLidly t o  restor- in  tb ewted b l a b s  tb ts- %a- 

peratu"$a that gregplliled in the unco~rrted b l a b s o  F 
cooliw passage is lmmd froan a poiat 0.6 inch $0 a point 0.365 brseh 
in front of the t m i l m  edge* 92s dsemaee in tepq?e~~~kue 
with the same gats tempemtme %pi c eB as w e l l  as the a r e a s @  
i n  e ; s ~  t m e r a t u l ~ s  required t o  restore the &al t-emtu~p~t t b t  
sxjlsted before the cooling jprPssages were mveao 

The folblswing slylnbols ase used %g this  ;garis : 

b hi&t of trapezoid that approximstes trail- cut, 
(fig. 11, (fi) 

.FPo e l  fuprction, zero order 

HI e l  me t ion ,  first order 

I$ surface heat-transfer coefficient bemen ]hot gas a d  otattsHe 
blab& s e a c e ,  ~ u / ( h r )  ( sq s t )  ( O F )  

"Pg a s s e l  m c t i o n  of fbs t  IrM, zero order 



Jl bssel %urmction of first kha, first order 

K cow-t 0% proporti ity in equation (6) 

k the conductivity, ~tu/(hr) (iaq ft ) (%/ft) 

L blab s p a  f F O O ~  to tip9 (ft) 

Te effective gas teaperatme 

t thlckne~ia (fig- I.), (ft) 

3 - 1  U over-afl heat-transfer coefficient, - = - tc 
+ -9 

~tu/(hr) (sql ft) (OF) IJ h, kc 

x distance frcan blade root to blab element dx, (fig. 1)) (2%) 

y distance from blade trailing edge to blade element dy3 
(fig. 11, (ft) 

e between ebpproxation for  

tmiling edge, a = ta9" 2b 

Subscripts : 

b bass of tragezoia (fig. 1) 



t trailing edge of trapezoid (fig. 1) 

In the follo analysis, the assunrptdl6ns on which the - 
sis is based are first given. The equations asd methods for get- 
ting chordwise and sparrwise temperature distributions in the 
trailing section of the blade for various conditions for either 
ceramic-coated or uncoated blades are then presented. Finally, 
methods are given for deterinining the increase in effective gas 
temperature when coatings are applied to blades and when water 
passages are moved closer to the trailing edge. The.blade con- 
sidered and the assumed trapezoidal shape for the trailing portion 
of the blade are shown in figure 1. 

In order to simplify the analysis, the following seven assump- 
tions were kde.  The assumptions are first listed together and them 
each one is discussed and separately justified in detail. 

(1) The quantity of heat transferred per unit tirtbe between the 
blade surfaces and the heating and cooling fluids is proportional 
to the temperature difference between the fluid asd the blade. 

(2) The rate of heat transfer from the hot gas to the blade 
surface per unit time per unit surface per unit temperature differ- 
ence is constant over the trailing part of the blade surface, 

(3) The temperature at s given point is independent of oper- 
ating time. 

(4) The temperature across the bhde thickness is essentiuy 
constant. 

(5) The heat transfer into the exposea trailing edge can be 
accounted for by assuming the width extended by a distance e q W  
to one-half the blade thickness at the outer edge and no heat loss 
f r m  the end. 

(6) The actual section with curved sides can be app 
by a trapezoidal section with straight sides. 



(7) The effect of heat conduction froxu a blade section to th9 
turbine rim is negligible for the outer sections of the bbade. 

Assumption (1) has been shown to be true if the effective taao- 
perature (the temperature that the blade w i l l  assums when there is 
no heat transfer) of the fluid is used instead of the stresm tem- 
perature (references 19 asd 12 ) . 

Assumption (2) is only approximately true. Thsoretical cal- 
cubations by a number of methods (reference 13) show that varia- 
tions from the mean of this quantity over the last third of the 
airfoif section range from 3 to 5 perc to the metholb 
of calc~tion used when a turbulent b il~ assmd. 
If a laminar layer is assumed, the variation is even less. 

As the turbbe blades rotate past the nozzle blades, high- 
s in the flow into the turbine passages would be 

tion is quite a slow process, so such 
would be rapidly ed and the metal temperatures, especial 
those inside the nastal, would attain steady-state temperaturee, 
as postulated ia assumption (3). 

The relaxstion csbcula+tioas giwn in refemnee 6 inachte that 
assumption (4) is correct except near a curved water passage 
(fig. 2). 

Assumption (5) is discussed at some length 3x1 references 4 
and. 14. In reference 14, it is shown that the fin effectivemss 
fs comect to within O*% percent with this ass~tion, In mfer- 
ence 4, ths exact cdculation for a blerde of uniform thiclkne?ss 
show that in the case in which the error is the largest (high- 
temperature alloy), thet assumption is fs error by not mm thafl 
0.5 percent. With other metals and a tapered blade, the error 
wixa be less. 

Assumption (6) was compared with the results of a rel-tion 
callcdtion ia reference 6 a;nd found to agree % r i f i b  agpmx-teQ 
&zO F. 

On the basis of the results of the three-dbensional c d c a -  
tjions fi reference 4, assumption (7) was made. It is shown in 
reference 4 that the assumption is true for blade sections more 
than 1 inch from the rim for a metal conductivity of 15 ~tu/(hr) 
(sq ft) (?F/ft) ajad for sections more than 3 inches from the rim 
for a mstd conductivity of 210 ~tu/(hr)(sq ft)('~/ft), For the 
second past of this report, which deals with possible increases 
in effective gas temperature, this assumption is modified, 
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hence 

Theref ore 

Equation (1) then tabs the simgler form, 

NACA IRM No. E8HO3 

When a ceramic coating is applied to the blade, its influence 
on the blade-temperature distribution is calculated by the method 
used for scale deposits in boiler work (reference 15, p. 36). In 
equation (I), the value of C is 

c = ( .  h~ sin a 7" 
When a ceramic coating is interposed between the metal and the hot 
gas, the over-all heat-transfer coefficient U from hot gas to 
metal is given by the relation 

If U replaces h, in equation (3) , the new distribution will 
include the effect of the ceramic and the new value of C will be 

is the only one needed if a ceramic coating is added to 
the blade metal without changing the metal dimensions. If the 
original blade dimensions are to be retained and metal removed to 
malee room for the ceramic, then the metal dimensions b a.nd tmjt 
will also be altered. 



- !Dzo distributiom ewe 
caledLated in the spanwise direction: an alllomble distributioa 
based on the temperature-stress properties of the mtal ud9r srtuw, 
and an actual distribution based on the equations and the c 
reference 4 *  

In order to find the allowable temp the criterion 
of blade failure is assumed to be longit 
tension. The value of the stress at whic s rupture occurs is 
found by experiment and for a given mterial depenrds on the %W 
asd the temperature (reference 16). Tbe data presente8 in ref er- 
ence 16 for cast S816 blade metal were used as representirmg a 
reasonable sample of high-temperature alloy, A masonable 
was assumed to be 1000 hours. With these ass~tions, the 
allowable temperature a% any point on the blade depen2is ody on the 
stress at that point, which in t m  depends on the radid distabnce 
from the-axis of rotation and the rotational speed. The tip speed 
in the present report is assumed to be 1100 feet per second* 'Plhe 

imum allowable temperature therefore becomes a siqle-valued 
function of the radial distance from the rotation axis. The 
allowable-temperature curve found in this way is plotted in fig- 
ure 3 as a function of the position on the blade of the point in 
question (exp~essed here as the ratio of the distance from blab 
root to the blade span x/L). 

The actual temperature distribution spasrwise is caBcPl%l%l;ecP for 
a line parallel to the water passage and the t m i l i ~  edge thou& 
point E (fig. 9) near the rear of the trailing section, Along this 
path, a typical spanwise temperature distribution for rn uncoated 
blade is shown in curve A of f igwre 3. This c , teen frm 
reference 4, was worked out by a Fourier series calcdation for e% 
blade section of uniform thickness for a given set of csditioasr. 
It is assumed that the curve will have essentially the same shape 
for a blade section of variable thickness. 

When a ceramic coating is applied to the blade, the t-era- 
ture of the flat portion of the curve can be calclaPe3lted $som equa- 
tions (1), (41, as8 (5) and will be soznewbt lower as shorn in 
e w e  B (fig. 3)- If the assumption is mads that the addition of 
the ceramic coating does not appreciably affect the temperatwe 
of the turbine rim (blade root), then a simple proportion m y  be 
written for the teaperatwe relations between the two c 



where 

Tm, A temperature given by curve A 

%,B temperature given by c m e  B for stme abscissa 

Tm9, temperature of blade root 

The constant of proportionality K can easily be found for the 
flat portion of the curves and is assumed 50 hold for the curved 
portions also. 

Effect of Ceramic Coatings on Blade Temperature Drop 

In order to find the effect of ceramic coatings on the blade 
temperature drop, the temperatures of the blade metal (no ceramic 
coating) were calculated from equation (1). Then ceramic coatings 
were applied and new blade-metal temperatures were calculated from 
equations (I), (4) ,  and (5 ) . The difference between the old and 
new temperatures at any given point (usually E) gave the blade tem- 
perature drop. 

Effect of Ceramic Coatings on Increase 

of Effective Gas Temperature 

When curves A and B and the curve of allowable temperature 
have been found, as illustrated in figure 3 and previously 
explained, the permissible values of effective gas temperature can 
be found. This result is accomplished by adjusting the effective 
gas temperatures in curves A and B so as to cause both curves, 
first A and then B, to become tangent to the allowable temperature 
curve. 

Inspection of equation (1) shows that the ratio Te - Tm 
Te - TZ 

depends only .on other physical constants such as hi, &, h9 and 
so forth. Accordingly, if the mean water temperature T2 is 
assumed to remain constant while Te is changed to another value 
T then the new metal temperature Tm' will be given by the 
simple proportion 

Te' - T,' Te - Tm = 
T e l - T I  Te-Tz 
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By adjusting Tes by trial, the actual-temperature curve A is 
moved to a new position C tangent to the allowable temperature 
curve (fig . 3) . Then in the same r, B is moved to become tan- 
gent to the allgwable-temperature curve by changing Te 
value Tetl. !Fhe permissible increase in effective gas t 
is the difference between tbese two temperatures TeW - T e B e  

APPLICATION OF SIS 

The following values were used in d l  calculations to be 
' 

presented: 

Gas-flow rate, lb/sec . . . . . . . . . . . . . . . . . . . . .  55 
Average hot-gas-to-blade heat-transfer coefficient, 
&,~tu/(hr) (9) (sq ft) . . . . . . . . . . . . . . . . . . .  217 

Coolant-water-f low rate, lb/min/blade . . . . . . . . . . . . .  7 
Average metal-to-coolant heat-transfer coefficient, hi, 
Btu/(hr) (OF) (sq 2%) 
Two-hole blade (fig. 1) . . . . . . . . . . . . . . . . .  2370 
Five-hole blade (fig. 4) . . . . . . . . . . . . . . . .  22.34 

Gas temperature used for uncoated, two-hole blade 
cafculations when metal was assumed to be S816 (thermal 
conductivity, is ~tu/(br) (%) (sq it)), % . . . . . . . . .  1580 

Gas temgerature used for uncoated, two-hole .blade 
calculations when metal was assumed to be S816 
(thermal conductivity, 210 Btu/(hr)(%) (sq ft)), . . . .  3270 

The gas flow rate used in the calculations is the design value 
for the turbine with the blade shape used in this report, The 
estimate of the gas-to-metal heat-transfer coefficient using the 
blade dimemions shown in figure 4 was made using data from the 
General Electric Company. In this data, the values of the Regnolds 
number and the Wusselt nuniber are computed by using the blade per- 
imeter divided by x for the hydraulic diameter and by evaluating 
the viscosity and. conductivity of the fluid at the arithmetic man 
temperature between the metal and the gas. In reference 8, a sim- 
ilar method of estimating the outside blade heat-transfer coeffi- 
cient is presented. When this method is applied to the present 
conditbons, a value of about 220 ~tu/(hr) (sq ft ) (OF) is obtained 
for the blade surface heat-transfer coefficient. This value agrees 
closely w%th the value used in this report and also with another 
value caSculated using data from reference 15 (p , 236). The aver- 
age metal-to-coolant heat-transfer coefficients were obtained using 
the dimensions of the water passages shown in figure 4. The cor- 
relation equation ( ( B e ) ,  reference L5, p. 168) was used for the 



calculation. The water thermal conductivity, specific heat, and 
viscosity were evaluated at a water bulk temperature of 200° F. 
The calculated values of ho and hi agreed fairly weP1 with 
those that were consistent for temperatures obtained in the Schmidt 
water-cooled turbine (from a report by the U. S, Strategic Air 
Forces In Europe) .. The gas temperatures used in the calculations 
of the two-hole uncoated blade temperatures were the largest values 
allowed by the permissible increase in gas-temperature calculations. 
The metal-strength characteristics used in the ca,lculations "w%th 
high-conductivity metal were assumed to be the same as those 
actually available for high-temperature, low-conductivity a%loys 
such as S816. Such a material of high conductivity and strewh 
characteristics of S816 is, of course, not currently available. 

I Calculations of the decreases in blade-metal temperatures and 
increases in effective gas temperatures when ce c coatings of 
various thicknesses aad conductivities are placed on the surface of 
the two-hole blade of figure 4 were made. Calculations showed that 
it was more advantageous to place the ceramic on the original blade 
configuration rather than cut the metal back and retain the orfg- 
inal outside dimensions after the ceramic coating is placed on the 
metal surface., Point E of figure 1 was the position at which these 
effects were investigated. The assumed conditi k t  were used 
for these calculations for figures 5 to 7 are s 
following table : 

The value 0.25 ~tu/(hr) (sq ft) (O~/ft) for the ceramic conductivity 
corresponds to that of the best solid heat insulators such as mica. 
The value 2.50 Btu/(hr) (sq ft) (?F/ft) corresponds to the common 
magnesium-oxide type of ceramic material (reference 17). 

Figure 

5 

6 

7 

km 
(~tu/(b) (sq ft) 

( */ft 1) 

15 
210 

15 
210 

15 
210 

kc 
(~tu/(b) (sq ft) 

(*/ft 1) 

Uncoated 

0.25t02.50 
.25to2.50 

0.25 to 2.58 
.25 to 2.50 

t c 
( h e )  

Uncoated 

0-0.015 
0- .015 

0-0.015 
0- .015 

2 )  
1580 
32 70 

3.580 
3270 

Variable 
Variable 

T2 
(9) 

200 
200 

200 
200 

200 
200 



Calculations were dso made of the decrease in zllgtal tempera- 
ture at point E (fig. 1) and the increase in effective gas tempera- 
ture, with the spanwise distribution at position E determining 
allowable gas temperatures when the five holes (fig. 4) were used 
in the uncoated blade rather than the two holes. Equations (1) and 
(3) and the methods given in the ysis were used to determine 
these temperature c s. Calculations of blade-metal temperature 
distribution along 0-A (fig. 1) from the trailing edge to a 
distance of 0.365 inch Prom the trailing edge and near the blade 
tips for both the five-ho two-hole blades were also mde. 
These calculations were p y made to determine whether point E 
was a position that would give representative values of that 
increase when used in the determination of increase in effective 
gas temperature. The points between E and the trailing edge had 
nearly the same temperature drop as E and the permissible increase 
in gas temperature was not very different. In these calculations 
for the uncoated blades, the metal conductivities, effective gas 
temperatures, and water temperatures used were the same as those 
listed in the foregoing table. 

RESULTS AID DISCUSSIOEJ 

The isothermal lines across the cross section of the two-hole 
uncoated blade for a mtaP thermal conductivity of 15 ~tu/(hr) 
(sq ft) (*/ft) and an effective gas temperature of 1580' F are 
shown in figure 2. These temperatures are applicable spanwise to 
all points more than 1 inch from the blade root. These data were 
obtained from the work sheets used in reference 6 by converting the 
effective gas temperature from 2000~ (used in reference 6) to 1580' F 
Equation (7) was used. in making the conversion. The fact that the 
isothermal lines are nearly stm5ght across most of the trailing 
section shows that assumption (4) is a good approximation. It is 
at once evident that the leading and trailing edges are the hottest 
places on such a blade. In an actual case, the effective gas tem- 
perature and the heat-transfer coefficient would be largest at the 
leading edge and would decrease toward the trafling edge. Thus the 
leading-edge temperature woad be higher than shown and the trail- 
ing edge less, but not enough to make any substantial difference 
in the general values, that is, the trailing edge would still be 
the hottest region a d  the leading edge the next hottest. 

The five-hole blade (fig. $), provides a cooling passage 
0.365 inch from the trailing edge and the two-hole blade provides 
one 0.600 inch from the trailing edge. The results of the cd- 
culations of metal temperatures from the trailing edge to 
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0.365 inch from the trailing edge for these two blade coafigura- 
tions are shown in figure 5, The effective gas temperatures and 
metal conductivities for which the calculations were made are noted 
on the curves. The curves show that when the metal conductivity Ice, 
is I5 ~tu/(hr) (sq ft) (?/ft) and the effective gas temperature Te 
is 1580° F, the average metal temperatures for the five-hole blade 
are reduced about 250° F below those for the two-hole blade; whereas 
when ]sin i s 210 ~tu/(sq ft) (hr) ('~/ft) and Te is 3270' F, the 
metal temperature reduction is about 90' F. This cooling is unifom 
throughout the trailing section for the high-conductivity material, 
whereas for the low-conductivity material, it varies from about 
400° F at the cooling passage to 130° F at the trailing edge. The 
high conductivity would be expected to equalfze the cooling effect 
throughout the material. 

Ths difference in the shape of the temperature-distribution 
curves in the two cases (reference 4) causes the metal temperatures 
to be higher for the high-conductivity metal. It is evident in 
reference 4, as mentioned in the discussion of assumption (7),  that 
with low-conductivity metal the curve of temperature distribution 
flattens at an x/L value of about 25 percent and with high- 
conductivity metal at about 75 percent so that in figure 3 the 
point of contact of the allowable and actual blade-temperature 
curves occurs for the high-conductivity metal at a considerably 
larger value of X/L than for the low-conductivity metal, The 
allowable metal temperature at this point is higher for the larger 
X/L value because the metal stresses are smaller. In afferent 
words, the rim-cooling effect is larger for the high-conductivity 
metal than for the low-conductivity metal. As pointed out in 
APPLICATIOE OF ANALYSIS, the metal of high conductivity for tus- 
bine blades is u~availlable and the results of the ysis usiag 
this metal (fig. 5 and following fig- 3) are tentative. 

The differences between metal temperatures at point E of the 
uncoated asld ceramic-coated two-hole blade are plotted in figure 6 
against the ratio of ceramic thickness to ceramic conductivity 
tc/kc. The differences are noted as decreases in teaqperature, 
which is the decrease in temperature of the coated blade as com- 
pared to the uncoated-blade temperature. The use of the par-ter 
tc/kc enables all the different ceramic types to be plotted on a 
single curve. It shows also that a decrease in thermal conduc- 
tivity of the ceramic has the same effect as an increase in coating 
thickness and that if thickness is to be small for a given m m t  
of coolirag, then the ceramic conductivity must also be small. The 
curve for the Power effective gas texperature, 1580' F, shows cool- 
ing at point E up to 250° F whereas the curve for the higher gebs 
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temperature (3270' F) and metal conductivity (210 ~tu/(hr) ( sq f t ) 
(OE'/ft) ) shows decreases up to about 490° F. This result cormpares 
with decreases of 210° and 90' F, respectively, produced by moving 
the cooling passage nearer the trailing edge as shown by the sym- 
bols on the ordinate at a tc/kc of 0. The results showed that 
when ai low metal conductivity is used for ceramic coatings of prac- 
tical thicknesses, the very lowest ceramic conductivity (about 0 -25) 
must be used to obtain trailing-edge temperatures conparable to 
those obtained when the water passage is moved close to the trail- 
ing edge. For high metal conductivities, however, much bower 
trailing-edge temperatures, by about 400' F, can be obtained with 
ceramic coatings of low conductivity and practical thicknesses than 
by using water passages very close to the trailing edge. The dif- 
ference between the two curves of figure 6 is due almost entirely 
to the difference in effective gas temperatures. If the upper 
curve had been calculated for an effective gas temperature of 1580° F 
but with a thermal conductivity of 210 ~tu/(hr) (sq ft) (OI?/ft), then 
it would have been quite near the lower curve (within 25O F when 
tc/kc = 0.06). 

The permissible increases in the effective gas temperatures as 
a function of the same ceramic parameter tc/kc for the same con- 
ditions as those of figure 6 are shown in figure 7. For th8 low 
metal conductivity, these increases approach a'value of 400 F; for 
the high metal conductivity, the tnasrirmnn effective gas temperature 
increase for the e of tc/kc studied is almost equal to 2100~ F, 
The results on the effect of the ceramic coatings compared with the 
results on the effect of placing a water passage nruch closer to the 
trailing edge in figure 7 are very similar to those of' figure 6. 
That is, when a Pow-conductivity metal is used for ceramic cqtings 
of practical thickness (not exceeding 0.015 in.), very low- 
conductivity ceramics must be used in order to obtain increases in 
effective gas temperature caparable with those obtained by mvirg 
the water passage closer to the trailing edgeo Thus, in figure 7, 
a value of tc/kc of about 0.045 is required to obtain an increase 
comparable to that shown by the circle on the ordinate line (about 
325O F) . If tc were 0.010 inch, then kc would have to be 
0,22 ~tu/(hr) (sq ft) (*/ft) (a very Pow conauctivity) in order to 
get this gas temperature increase. For the hi&-conductivity metal,, 
however, in most cases much greater increases, (about five times) 
in effective gas temperatures are shown in figure 7 when cerac 
coatings are used than when the water passage is moved closer to 
the trailing edge. The increase for the hi&-conductivity 9letd 
indicated by the triangle on the ordinate line, is about 275O F, 
This value is exceeded for all values of tchc greater than 0.007. 



It is evidcsnt that the ap;plication of ceramic coatings produces 
the greatest effect on. either the blade metal or Lhg effective gas 
tenqpemture when the metal com;bines a high the conductivity with 
good strength at metal temperatures of l2OO0 to 1400' F. Elo metal. 
aor alloy is in current use that provides this ccanbbation. The 
high-strength metals have low the conductivities whereas the 
high-conductivity metals are we& at high temperatures. 

, 
If the blades are made of high-temperature alloy, very low 
c conductivities will be needed to produce temperature 
s compwable with those attainable by moving th8 cooling- 
ssages nearer the trailing edge. Mica at 100 F has a 
conductivity of less than 0.3 ~tu/(hr) (sq ft) (*/ft) and 
d be used for such coatings would require only a thick- 

ness of 0.Ol.5 inch to produce an increase in gas temperature of 
300° F, Thoria may have a themal conductivity of this same order 
but conductivity measurements will be required to find out. Por- 
celains and some other ceramics are available wizh thermal con- 
ductivities of about 0.5 to Oe6 ~tu/(hr)(sq ft)( ~/ft). These 
materials could produce moderate temperature increases especially 
if greater coating thicknesses could be used. A large number of 

such as beryllium-copper, andbronze, exist 
conductivities between 15 and 210 ~tu/(hr) 

and hence would give intermediate values of tgm- 
ettreen 300' and 1000~ F) if they are not too 

weak- Ceramic coatings should also be quite effective in the 
case of aluminum bla Much errperimental work must be done on 
the application of c c coatiggs to blades to determine p w i -  
cal and heat-trwfer properties. 

S OF RESULTS 

From as ysis of the effect of ceramic coatings on mter- 
cooled turbine blades, the Poll results were obtainea: 

lo The cooling effectiveness of ceramic costms dependgd 
on the ratio of the thickness of the coating to the the con- 
ductivity of the coating. 

2, For practical coating thicknesses in the case where the 
metal conductivity was low (15 ~tu/(lhr)(sq ft)(%/ft)), up to a, 
thickness of' about 0.015 inch, ceramic-coating conductivities 
had to be very low (about 0.25 ~tu/(&) (sq ft) (*/ft)) to obtain 
appreciable decreases in blade-metal temperatures or increases 
in effective gas temperatures as compared to temperatures obtafned 
with no coating. 



3. IPra order to obtain decreases in'blade-mtal traibiflg-em 
temperatures or increases in effective e s  teraperatms of the 
order of those obtained when the cooling passage was moved %mn a 
point 0.6 laach to a point 0.365 inch from the trailing e e e  of an 
uncoated high-temperature alloy blade, ceramic coatings with a 
ratio of thickness to t h e m 1  conductivity equal to about 0.05 had 
to be applied to the blade whose cooling passage is 0.6 inch Psosg 

the trailing edge. 

4. Whea the metal conductivity was very high, about equa3. to 
that of copper, ceramic coatings with a ratio of" thickness to 
thermal conductivity of only 0.007 produced the same temperature 

s, either gas or metal, that moving the cooling passage from 
0.365 inch from the trailing edge produced. Ceramic coat- 

ings with a ratio of thickness to t h e m 1  conductivity equX to or 
&seater thas 0.05 produced about five times the temperature c s 
that were obtained by mov- the cooling passage. 

5. Results showed that in order to secure practical results, 
very low conductivity ceramics will be needed, such as mica (0.3)~ 

elains (0.6)~ or thoria (very low) . With such ceramics, 
tals and alloys with intermediate thermal conductivities, 

ween 15 aria 210 ~tu/(hr) (sq ft) (%/ft), might becomet available 
for turbine use if they are not too we& initia;lly. 
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F i  gitlrt I ,  - Notation for 1 iquid-cooled turbine blade. Spanwise 

temperature d i s t r i b u t i o n  made at point E, 
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1 

Blade temperature,  OF 

700 

F i g u r e  2 .  - Temperature d i s t r i b u t i o n  through cross s e c t i o n  o f  

water-cooled t u r b i n e  b lade ,  Thermal c o n d u c t i v i t y  o f  m e t a l ,  
15 B t u l  ( h r )  ( s q  f t )  f ° F / C t )  ; e f f e c t  i ve gas temperature, ! 580O F; 

average water  temperature, 200' F. 
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/ Tsmpsr~ture survey made alo!~ center l i n e  - 
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4 Root T i p  
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Temperature d is t r ibu t ion  
along blade span made 
throuph point E 

F i g u r e  3. - Spanwise t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  c e n t e r  o f  t r a i  l i n g  
b l a d e  s e c t i o n .  
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F i g u r e  4. - Cross s e c t i o n  o f  water -cooled t u r b i n e  b lades  showing 
l o c a t i o n  and s i z e  o f  c o o l i n g  passages and b l a d e  dimensions.  
T u r b i n e  b l a d e  dimensions: b l a d e  span, 4 inches; p e r i m e t e r  o f  
b l a d e  h e a t i n g  s u r f a c e ,  3 - 0 5  inches;  a r e a  o f  b lade,  0 - 2 9  square  
inch .  
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D i s t a n c e  from b l a d e  t r a i l i n g  edge, i n ,  

Figure 5 ,  - Cornpar ison o f  blade-metal temgeratures 
o f  b l a d e s  w i t h  t w o  and f i v e  c o o l i n g  passages f o r  
two values sf  e f  fece ivk gas temperature and therma) 
conduct i v  i t y .  
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F i g u r e  6. - E f f e c t  o f  ceramic e o a t i n g  on blade-metal temperature.  
Blade-metal  tempera ture  taken 0. i82 i nch  f rom blade t r a i l i n g  
edge. 
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Thickness o f  ceramic  in .  
Ceram i c conduct i v i t y  ' kc  B t u / ( h r l  l s q  f t !  ( O F / f t )  

F i g u r e  7 .  - E f f e c t  o f  ceramic  c o a t i n g  on p e r m i s s i b l e  gas 
temperature .  Blade-metal  temperature taken 0.182  inch from 
b l a d e  t r a i l  ing edge. 






