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EXPERIMENTAL INVESTIGATION OF THE HEAT-TRANSFER CHARACTERISTICS
OF AN ATR-COOLED SINTERED -POROUS TURBINE BLADE

" 'By Louis J. Schafer, Jr., Edward R. Bartoo, and Hadley T. Richards

SUMMARY

An experimental investigation was conducted on a static cascade to
determine the heat-transfer characteristics of an air-cooled, sintered,
porous, stainless-steel turbine blade in the gas temperature range from
300° to 1000° F. It was found that transpiration cooling was a very
effective means 'of cooling the midchord regions of the turbine blade
investigated but, because of the high flow resistance of the relatively
long flow paths in the leading and trailing edges, these regions
received only negligible amounts of coolant, and high local-wall tem-
peratures resulted. As an example of the cooling effectiveness at the
midchord region,‘the coolest temperature on the porous blade was com-
pared with the coolest temperature on a convection-cooled blade for a
gas temperature of approximately 1000° ¥, a coolant temperature of
approximately 100° F and a ratio of coolant-to-gas flow of 0.04. The
- midchord temperature of the transpiration-cooled blade was about 170° F,
whereas the midchord temperature of the convection-cooled blade was
about 530° F. The expected high effectiveness of transpiration cooling
is thus demonstrated and the possibility of a marked increase in turbine-
inlet gas temperature or a reduction in the cooling-air flow requirements
is realized. , ) '

A successful correlation of blade-wall temperature data obtained at
- different combustion-gas temperatures was made. As was expected from the
ANALYSIS section, the correlation procedure did not eliminate the effects -
of combustion-gas Reynolds number.

Blade-wall temperatures were calculated using an approximate theory
for turbulent-flow transpiration cooling and were compared with measured
blade-wall temperatures. The calculated temperatures were generally
higher than the measured temperatures.

INTRODUCTION

. The application of transpiration cooling to turbine blades is being
investigated at the NACA Lewis laboratory. This method of cooling -has
provided a very effective method of-cooling. objects such as rocket noz-
zles (reference 1) that are exposed to a hot gas stream. A study of the

.
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mechanism of transpiration cooling, a review of some earlier investi-
gations, and a discussion of the problems of applying this method of
cooling to turbine blades has been published (reference 2). Theories
of the heat-transfer process in transpiration-cooled materials for
laminar boundary-layer flow on the hot-gas side have also been
developed and published for both constant- and variable-fluid proper-
ties in the boundary layer and for various types of pressure distribu-
tion in the flow along the porous walls (references 3 and 4). Only
approximate solutions have been obtained for turbulent boundary-layer
flow and these are dependent upon numerous simplifying assumptions.
Solutions for this case are reported’ih references 5 and 6 and a com-
parison with experimental data on flow through porous wall tubes has
been made. :

In applying transpiration cooling to turbine blades, two major
cooling problems exist. The first problem is that of supplying coolant
to long thin leading- and trailing-edge sections the geometry of which
will not tolerate coolant-supply passages. The .second problem is that
of obtaining adequate cooling. of all parts of a blade with a pressure
gradient existing around its perimeter. The purpose of the present
report is to present the results of an investigation on a turbine blade
manufactured by a powder metallurgy technique, to evaluate some of the
design and fabrication problems that may occur with this type of blade
cooling, and to determine to what extent established heat-transfer
relations apply to the transpiration cooling of a typical turbine blade.

Data were obtained over ranges of gas Reynolds. numbers from
107,000 to 293,000, gas temperatures from 300° to 1000° F, and local
cooling-air to combustion-gas mass-velocity ratios from 0.001 to 0.036.

The blades used in this investigation were made at Stevens
Institute of Technology under the sponsorship of the NACA for the
development of the technique of fabricating porous sintered stainless-
steel turbine blades.

APPARATUS .
Porous Blades

The porous blades used in this investigation were nontwisted and
nontapered with a 1.97-inch chord, a 3.5-inch span, and a 0.12-inch
nominal wall thickness (fig. 1). The blades were made by a powdered-
metal technique from AISI type 301 stainless-steel powder as explained
in reference 7. The external profile was the same as that of the root
section of the rotor blades of a current jet engine. Photographs
showing several views of the blades are presented in figure 2.

U
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In the die in which these blades were made, pressure was applied
from both ends in the spanwise direction. Friction between -the metal
powder and the walls of the die was appreciable in the thin sections
and resulted in wide variations in porosity in the blade. The poro-
density of porous compact X 100
density of parent material :
The average porosity at the ends of the blade was approximately 12 per-
cent and approximately 30 percent at the center of the span. These
values were determined by cutting a blade into sections approximately
1/2 inch wide in the spanwise direction and comparing the weight of
each section with the weight of an equal volume of solid parent metal

sity in percent is defined as 1 -

- Test Facility

In the test facility, combustion air passed successively through
an orifice, a combustion chamber, a plenum chamber, the test section,
and into the exhaust system. A standard jet-engine combustion chamber
was used in order to obtain gas temperatures. from 300° to 1000° F
The inlet duct to the test section was equipped with a bellmouth to
insure a uniform velocity profile at the cascade entrance. The setup
was insulated against heat loss through the duct walls from just down-
stream of the combustor to just downstream of the test section.

"A cascade of seven blades was placed in the test section as shown
in figure 3. A porous blade was installed as the center blade, which
was the only blade cooled. The cooling air to the porous blade was
supplied at room temperature through a pressure regulator, a filter, a
rotameter, and finally through a manifold section into the blade.

The manifold sectlon, which is shown in figure 4, was formed from
~1/52 ‘inch Inconel tubing. The opposite end of the blade was capped.
The other six blades in the cascade were nonporous with the same
,proflle

Instrumentation

Blade. - The instrumentation of the porous blade for the heat-
transfer investigation consisted of eight thermocouples in the blade
wall around the perimeter at the locations shown in figure 1. The
thermocouples were made of 30 gage (0.010 in. diam) calibrated ohromel-
alumel wire. The Jleads from the thermocouples were threaded through
0.040-inch diameter double-bore ceramic tubes which were inserted in
holes in the blade wall drilled from the end of the blade. The thermo-
couples in the wall were installed as nearly as possible in the center
of the wall and those in the leading and trailing edges were installed
along the camber line.

O
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. The presence of the thermocouple tubes in the blade walls in the
midchord and leading-edge regions probably has little effect on the
coolant flow around the thermocouple- junctions because the air flows
around the tubes as in a low-velocity air stream. However, in the

trailing edge, the flow that is blocked by the tubes amounts to 9,
12, and 25 percent, respectively, for thermocouples 4, 5, and 6.

Test facility. - The instrumentation in the test section is shown
in figure 5. It consisted of a thermocouple and a static-pressure
probe in the cooling-air passage of the porous blade at the midspan
location. The low velocities encountered (160 ft/sec,-maximum) rule
out any appreciable wall effect on the static-pressure probe. Six .
equally spaced static taps were placed in the walls of the inlet-
combustion-gas duct upstream of the cascade. Three thermocouples and
three pressure probes located in the plenum chamber upstream of the
test section indicated the total temperature and pressure of the gas
stream.

TEST PROCEDURE

The effectiveness of the cooling of the porous blade was deter-
mined by measuring the blade-wall temperatures for a series of
cooling-air weight flows at several constant combustion-gas weight flows
and temperatures. The conditions covered in this investigation are
given in the following table: '

Combustion-gas|Total gas |Gas-inlet Cooling-air|Cooling-air

temperature weight flow|[Mach number|temperature|weight flow
(°F) (1b/sec) (°F) per blade
- (1b/sec)

1000 4 0.45 100 0.011-0.043

600 4 .40 95 .011- .044

300 4 .37 80 .011- .044

300 3 .29 80 .013- .043

300 6 .46 80 .007- .045

300 7 .54 80 .011- .044

\

The range of hot-gas-inlet Reynolds numbers covered was from 107,000 )
These Reynolds numbers were based on the gas veloc1ty at

to 293,000.

the cascade inlet; the gas properties were evaluated at the static
temperature at the cascade inlet; and the characteristic dlmen51on
used was the blade perimeter divided by .

L
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The porous blade used in the heat-transfer investigation was the
one which was calibrated at room temperature as described in
reference 7.

ANALYSTS
Determination of Local Cooling-Air-Flow Distribution

A calibration to determine the local cooling-air flow variation
around the blade was made before the heat-transfer investigation was
begun. The calibration procedure and the method used to correlate the
data is presented in reference 7. The final calibration curves, which
are presented in reference 7, consisted of plots of

(pv)a,x/“a,w,x against (Paz - Pg,xz)/“a,w,x2 Tw,x_Tw,x (Symbols

are defined in the appendix.) Plots such as this were made for
locations around the blade-wall perimeter that corresponded to the
blade-wall thermocouple locations. . Before the local cooling-air flows
could be determined from the flow-calibration curves it was necessary
to determine the local pressure drops across the blade wall for the
test conditions of the heat-transfer investigation. The cooling-air
pressure on the inside of the blade was measured with the pressure probe
that was located inside the blade at a point opposite the blade-wall
thermocouple locations. The static pressures on the outside of the
porous blade were assumed to be the same as the measured static pres-
sures around an impermeable-wall blade for the same external flow Mach
number conditionms.

It is shown mathematically_in reference 8 that there is practically
no difference in temperature between the cooling air and the blade wall
at any point within the wall except in a thin section adjacent to the
cooling passage due to the large area of metal which is in contact with
the cooling air in a porous material. For this reason the measured
midwall témperature was taken as the midwall air temperature and used
in determining the local cooling-air flows from the calibration curves.
The air viscosity, which is involved in the correlation plot; was also
evaluated at this temperature.

Correlation of Measured Porous-Blade Temperatures

The effectiveness of any cooling method can be judged by con-
sidering the temperature difference ratio (T, - T )/(Tg e - Tgy); the

greater the effectiveness of the cooling method the lower the value

of this ratio will be. Temperatures of impermeable-wall turbine blades
operating in a jet engine have been correlated by plotting 1 minus this
temperature ratio against the ratio of the cooling-air weight flow rate
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to the hot-gas weight-flow rate (reference 9). . Temperatures of a porous
cylinder that was cooled by forcing nitrogen through its walls while hot
gases were passing through the inside have also been correlated using

the temperature-difference ratio (T - Ta)/(Tg,e - T,) (reference 10).

An equation is derived for turbulent flow in references 5 and 6
defining this temperature-difference ratio in terms of the gas Reynolds
number, the cooling-air mass velocity, and a gas-to-blade surface heat-
transfer coefficient. In the derivation of the equation the flow is
considered to be divided into two parts: (1) a very thin laminar sub-
layer near the wall where the mode of heat-transfer is by conduction;
and (2) a turbulent part where the heat-transfer is controlled by tur-
bulent mixing. The resulting ratio presented in reference 6 is in the
symbol notation used herein

Tb,x - Ty _ r (l)
Tge ~Tg o™ _ 1 4 1

where 1r is the ratio of the velocity parallel to the surface at the
hypothetical border between the laminar sublayer and the turbulent part
of the boundary layer to the velocity of the stream outside the boundary
layer. The value of r +that was used in this report was determined
according to the relation from Eckert (reference 11)

Lo 211 : '
= (Re )0,1 (2)
g,X

Good correlation of forced-convection heat-transfer coefficients have
been obtained by evaluating the property values that occur in the
Reynolds number at the wall temperature (reference 12). For this
reason the Reynolds number in equation (2) was evaluated as

Re ’ - pg)b)x vg)x X
g,X

(3)

“g,b,x

\

The value of a used in equation (l) is-defined as

(ov)a,x c a '
- A (4)
c,X

1"IIIIIIII! B

.~ s
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' For turbulent flow with no pressure gradienf (flat plate) and for
a Prandtl number of 1.0, Colburn (reference 13) presents the following
equation for forced-convection heat transfer

Nu = 0.0296 (Rey 3, )08 (pr )0.333 (5)

g,b,x

When this expression for the forced-convection heat-transfer coefficient
is substituted in equation (4), the value of a can be expressed as a
function of Reynolds number, Prandtl number, and the ratio of, local
cooling air to combustion-gas mass velocity. The procedure for cbtaining
this expression follows. .

If both sides of equation (5) are divided by Re Pr, it takes the
form ‘ :

Nu H'c,x (6)
Re Pr ~ o v c
? 8,b,x '8,Xx "Dp,§
Nu 0.0296 . ()
Re Pr ~ 5.2 0.687
(Rey 02 (P, )

.If the right side of equation (7) were multlplled bY P b,x Vg,x </ (pv )
J
it would be equal to 1/a.

It is therefore possible to write

0.2 0.667
_(Reg,p,x)™" " (Prg p,x) (pv)q,x
= 0.0296

(8)

pg;b:X Vg’x

A consideration of equation (1) reveals that:the‘temperature;
difference ratio is a function of r and «. Since r is a function

'of Re alone and a 1is a function of Re and. (pv) p v 5

: ' g,b,x 'g,Xx
it should be possible to correlate blade-wall temperature data obtained
at a constant gas Reynolds number by plotting the temperature-difference

ratio (Tb < - /(Tg e - Ty) against (pv), x/pg,b x Vg,x- The
correlation of the blade-wall temperature data was undertaken follow1ng
this procedure.
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The local blade-wall-surface temperatures were required in the cal-
culation of the temperature-difference ratio. The wall temperatures
that were measured were the local temperatures at the midwall. Equa-
tions for the wall- and coolant-temperature variation through a
transpiration-cooled wall are given in reference 8. The solution of
the equations of reference 8 was simplified for use in this report by
assuming that the blade-metal and coolant temperatures at any point in
the wall were equal. The simplified equation relating the porous-blade

surface and midwall temperature is
T

_ MyX
(pV)a}x cP;a 2

ka,w,x

Ty,x =Tg + (Tb,x'Tza.)e (9)

During the investigation reported herein, the maximum difference between
the measured midwall temperature and the wall- surface temperature calcu-,
lated using equation (9) was 63° F.

v The effective gas temperature must also be known before the
temperature-difference ratio can be determined. The effective gas tem-
perature was determined from the relation

T - T .
A = g,¢ g (lO)
T - T,
g

where A is the recovery factor which was assumed equal to 0.90. The
gas-total temperature T was that measured in the plenum chamber and

g
the gas static temperature Tg was calculated from the relation
| Tg - ‘
T Y
e - <Plg.> g (11)
T P :
g ,

The pressure p'g was the total pressure measured in the plenum chamber

and'vpg was the static pressure at the cascade inlet.

OTOZ
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Calculation of Porous-Blade-Wall Temperatures

Blade-wall temperatures calculated using the equation presented in
the preceding section were compared with measured porous-blade-wall
temperatures. The following expression was used instead of equation (4)
to calculate a: :

o (eV)a.x ey a
o = gt R | (12)
c,X r,X :

where H'y y 1s an added coefficient to account for the heat transfer

to the blade wall by radiation. The value of H'r x was determined
from the equation ?

, 4 4
o - 0.173 Tg,e> [ To,x\ ' (13)
wx T Ty -1, ) |\ 100 100

Since the test section was insulated and only the porous blade was
supplied with cooling air, the assumption was made that all surround-
ing surfaces were at the effective gas temperature Tg,é. Emissivity
and geometry factors of 1.0 were assumed. '

In using equations (1) and (12) for calculating porous-blade-wall
surface temperature, a trail-and-error method had to be set up since-
the gas properties needed in the solution of these equations were eval-
uated at the unknown blade-surface temperature.

The blade-midwall temperatures were then determined from the cal-
culated surface temperatures and equation (9). These calculated mid-
wall temperatures were then compared with the measured midwall
temperatures. :

Experimental Gas-to-Blade Heat-Tfansfer Cbefficients

Experimental gas-to-blade heat-transfer coefficients for the porous
‘wall were calculated from the data obtained. As pointed out previously,
the cooling-air temperature deviated very little from the temperature of
a transpiration-cooled wall at ahy particular location in the wall in
the analysis of reference 8. As a consequence, the heat per unit area
picked up by the air in passing through the porous blade wall at any
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local point was set equal to (pv)a,x p,a (Tb,x - T,); Ty,x Was qal-
culated from the measured midwall temperatures Ty x - as explained pre-
viously; T, was the measured air temperature in the blade-coolant
passage; and Cp,a Vvas evaluated at the measured midwall temperature.

This heat was assumed equal to that given up by the hot gas so that the
experimental heat-transfer coefficient from gas-to-blade was calculated
using the equation

H + H. =

(ov)a,x cp,a (Tb,x - Ta)
' (Tg,e - Tb,x)

RESULTS ANb DISCUSSION
Determination of Local Cooling-Air Flow Distribution

Calculated cooling-air flow distributions around the porous tur-
bine blade for two ratios of mean coolant weight flow to hot-gas
weight flow are shown in figure 6. These flow distributions were
obtained following the procedure that is outlined in reference 7. It
is significant that there was more cooling air passing through the suc-
tion surface than through the pressure surface and that the ratio of
the flow through the suction surface to the flow through the pressure
surface increased with a decrease in the cooling-air pressure inside
the blade. This effect is discussed in reference 7. It is also sig-
nificant that there was no measurable cooling-air flow through either
the leading or the trailing edge of the blade.

1

Typical Blade Peripheral-Temperature Distributions

. Two typlcal measured peripheral-temperature distributions, which
correspond to the two cooling-air flow distributions shown in figure 6,
are presented in figure 7. The effect of the low cooling-air flow
through the pressure surface at low ‘coolant supply pressures on the
blade-wall temperatures is evident when the difference between the
suction-surface and pressure-surface temperatures are compared for a

value of (pv). _/(pv) of 0.0144. For this cooling-air to
a,m g,m

combustion-gas flow ratio, the temperature of the suction surface was
approximately 400° F and that of the pressure surface about 65C° F at
the midchord position. The temperatures for the high value of

(pv)a’m/(pv)g)m_ show that the. effect of the pressure variation around

the outside of the blade on the cooling-air flow has become less serious

#
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along the sides of the blade because these temperatures are more nearly
the same on opposite sides of the blade as shown in figure 7. This fig-
ure also shows the effect of the lack of cooling air at the leading and
trailing edges, which was evident in figure 6. Both the leading- and
trailing-edge temperatures are reduced at a value of (pv)a m/(p )g,m

of 0.0548 as compared with the temperatures at the low cooling-air
flow, but figure 6 shows no air flow through these parts with either
flow ratio. The cooling of these parts at the high cooling-air to

. combustion-gas flow ratio may be a result of conduction from these

. hot regions to the cooler midchord region of the blade. Furthermore,
the trailing edge probably receives some cooling from the air that
passes through the wall at the midchord section and flows downstream
over the trailing edge.

-

Comparison of Temperature Distributions of Permeéble- and
Impermeable-Wall Blades

In order to properly appreciate the effectiveness of a turbine
blade that is cooled by the transpiration process, the temperature dis-
tribution of the porous blade was compared with that of an impermeable-
wall blade, which was cooled by forced convection. The impermeable
blade had the same profile as the porous blade and the internal cooling-
ailr surface was increased by brazing ten tubes into the hollow blade
shell. The temperature distributions around both blades are compared
in figure 8 at a coolant-to-gas flow ratio of 0.04. The data for both
blades are experimental data which were obtained 1n the same cascade
for the same operating conditions.

For a gas temperature of approximately 10000 F and a cooling-air
temperature of approximately 100° F, the temperature of the ten-tube
blade at the midchord region was approximately 530° F and near the
leading and trailing edges about 930° and 860° F, respectively. For
the porous blade, comparable temperatures on the pressure surface were
about 390°, 950°, and 840° F, and on the suction surface, temperatures
were 235°, 950°, and 840° F, respectively. The lowest temperature on
the porous blade was approximately 170° F, only 70° F higher than the
cooling-air temperature. These values point out the possibilities of
transpiration cooling as well as the problems which must be overcome.
From figure 8, it is apparent that the leading-edge temperatures..for
about 10 percent of the chord and the trailing-edge temperatures for
about 20 percent of the chord are about the same for both blades. The
principal means of cooling these portions of both blades seems to be
conduction along the blade walls to the cooler midchord regions.
Special attention must therefore be directed to the leading-edge and
trailing-edge regions of transpiration-cooled turbine blades as well -
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as to the pressure surface in an effort to increase the coolant flow
there and approach the excellent cooling conditions attained on the suc-
tion surface of the present blade at a low cooling-air flow rate.
Further investigations are necessary in order to determine whether

local changes in permeability around the blade as well as changes in
blade design, which are acceptable aerodynamically, will result in more
uniform temperature distributions. Such investigations are well '
warranted on porous blades on the basis of the very effective cooling
results on some parts of the present blade. On the premise that a -
transpiration-cooled blade had the same cooling effectiveness over all
of its surface as that of the suction surface of the present blade at
the 30-percent chord position (fig. 8) ‘at a gas temperature of S000° F
and a cooling-air temperature of 500° F, the blade temperature would

be about 900° F.

In addition to further investigations on porous blades to improve
the over-all cooling characteristics, work must be done to improve the
strength characteristics of materials made by powder metallufgy in
order to use them for turbine-rotor blades. The strength of present
porous materials is insufficient for use in turbine-rotor blades but
work is underway at Stevens Institute of Technology for the Bureau of
Aeronautics of the Navy (reference 14) and at Rensselaer Polytechnic
Institute for the Bureau of Aeronautics (reference 15) to improve the
strength of such materials.

Correlation of Porous-Blade Temperature

. The correlation of the porous-blade-wall temperatures was
attempted by plotting the ratio of coolant weight flow to combustion-
gas weight flow against the temperature difference ratio
(T « - Ta)/(Tg,e - T,). Correlation curves were obtained for the wall-

temperature data for four locations on the blade for varying gas tem-
perature and weight flow. Curves for these locations are shown in
figure 9. The temperature data that were obtained at various gas tem-
peratures but at a constant gas weight flow correlated along a single
curve (fig. 9(a)). The data obtained at various gas weight flows at a
constant gas temperature did not correlate along a single curve

(fig. 9(b)). This might be expected because the temperature-
difference ratio is a function of gas Reynolds number as was pointed
out in the ANALYSIS. However, the data scattered considerably and

no definite trends with varying gas Reynolds number could be estab-
lished. The curves for locations 2, 7, and 8 are almost identical.

A mean curve drawn for these locations would therefore be sufficiently
accurate for design purposes. The curve for location 3 shows that
this location was cooled more effectively than any of the other three
locations. This may be a result of separation which Possibly ‘occurs
at this location on the blade. Before definite trends of the
temperature-difference ratio (Ty y - Tg)/(Tg o - T,) with varia-
tions in the gas Reynolds number can be established much more data

will be required.
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Comparison of Calculated and Measured Blade Temperatures

A comparison of the porous-blade midwall temperatures calculated
by methods given previously with measured values are shown for two
locations on the blade; one a location near the trailing edge on the
pressure surface (thermocouple 7, fig. 10(a)), and the other a com-
parable position on the suction surface (thermocouple 3, fig. 10(b)).

A 45° line has been drawn on each figure and if the temperature points
fall on this line, perfect agreement between calculated and measured
values is indicated. Figure 10(a) shows that at low blade-wall tem-
peratures, that is, high cooling-air weight flows, the predicted and
measured temperatures agreed well), but as the wall temperature increasé@
the calculated temperature became greater than the measured temperature.
At a measured wall temperature of about 580° F the calculated tempera-
ture was approximately 740° F. The relation between calculated and
measured wall temperatures for thermocouple locations 2 and 8 were the
same as that shown in figure 10(a). The comparison between calculated
and measured wall. temperatures for thermocouple location 3 is shown in
figure 10(b). For this one location on the blade, the agreement between
calculated and measured wall temperatures was good over the entire tem-
perature range. The variation of this result from those of the other
thermocouple locations may be caused by a possible flow separation at
this point on the blade surface.

. There are several factors which may affect the accuracy of the
temperature predictions that were made. -Solutions for turbulent
boundary-layer heat transfer are not exact, consequently some of the
assumptions under which equation (1) was derived in reference 6 may not
have been completely valid in this.case. Equation (1) was. derived for
the case of the gas and the coolant having a Prandtl number of 1.0 and
for a plane wall with a zero pressure gradient in the direction of gas
flow. These assumptions may introduce some error in the blade-wall
temperature predictions where the gas and the coolant Prandtl numbers
were less than 1.0 and there was a pressure gradient in the direction
of gas flow. Other possible factors that may affect the accuracy of
the temperature predictions arise from the calculation procedure that
was followed. One factor is the accuracy with which the local cooling-
air flow rates could be determined. These may have been slightly
inaccurate because the local static pressure around the outside of the
blade was obtained from an impermeable-wall blade. This outside static
pressure was used with the measured inside pressure in order to deter-
mine the pressure drop across the wall for use in the determination -of
the local cooling-air flows.
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Another possible source of error in the calculated temperatures is
the correction that was made for radiation. The porous blade received
radiant heat from the uncooled blades on either side of it and from the
surrounding insulated test section. A rough correction was made for
this effect by the assumption that the surrounding surfaces were at the
effective gas temperature and that the emissivity and geometry factors
were 1. With the complicated shapes involved, some error probably
resulted through the use of such assumptions. The maximum correction
for radiation occurred at a gas temperature of 1000° F with high cooling-
air flow rates. For this condition the correction to the outside heat-
transfer coefficient was about 15 percent. The minimum correction
occurred at a gas temperature of 300C F for the low cooling-air flow
rates. For this condition, the correction to the outside convection
‘heat-transfer coefficient was approximately 2 percent.

~

Experimental Gas-to-Blade Heat-Transfer Coefficients

Experimental heat-transfer coefficients for the transpiration-
cooled blade wall and the calculated forced-convection heat-transfer
coefficients for an impermeable wall having the same temperature as the
porous wall are compared in figure 1l. The heat-transfer coefficients
were determined for a gas weight flow over a range of cooling-air weight
flows (pv)a,x for four thermocouple locations.

Equation (14) was used for determining the experimental

H'c,x + H'. x+ DBach set of results for each thermocouple location is
B :

shown on a separate portion of the figuré. Also shown in the figure are

the calculated values of H + H for each location, which were

c,X T,X

‘obtained using equations (5) and (13). These values represent heat-

transfer coefficients for an impermeable surface with the same surface
temperature as the permeable one.

The heat-transfer coefficient that is obtained when the experi-
mental local heat-transfer coefficients for a porous blade are extra-.
polated to the point of zero cooling-air flow is the coefficient that -
would exist for a solid wall under the gas-flow conditions of these
tests. This procedure was followed in reference 6 for a porous cylinder
and the results agreed well with established heat-transfer relations for
flow through an impermeable-wall cylinder. The heat-transfer coeffi-
cients that were used in the calculations of the blade-wall temperatures
are shown in figure 11 by the dashed line. The value of the heat-
transfer coefficient increases as the cooling-air flow increases because
the gas properties that were used in equation (5) were based on the
local blade-wall temperature. Both the experimental and the calculated

-
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curve should extrapolate to the same value at zero cooling-air weight
flow. The curves for locations 2 and 3 do extrapolate.to approximately
the same coefficient at zero cooling-air flow but locations 7 and 8
drop off very rapidly and do not even approach the value of the zero
heat-transfer coefficient as calculated using equations (5) and (13).
This dropping off is probably the result of locations 7 and 8 being on
the pressure surface of the blade where there are very low cooling-air
pressure drops and the accurate determination of the pressure drop and
the cooling-air weight flow is difficult. Also, an unstable boundary
layer might prevail along the pressure surface.

The heat-transfer coefficient which was suggested for use in
reference 6 is the coefficient at zero cooling-air. weight flow, but this
constant coefficient does not take into account any variations in the
ratio of the gas temperature to the blade temperature. The effect of
this gas-to-blade temperature ratio has been shown to be quite pronounced
in reference 3 for the case of laminar flow over a porous material. The
use of equation (5) for determining the heat-transfer coefficients
partly accounts for this temperature ratio. It was for this reason that
this value of the heat-transfer coefficient was used in the calculation
of the blade-wall temperatures.-

The . curves of the calculated and the experimental heat-transfer
coefficients point out the need for more information on the heat-transfer
coefficients .for a porous material. Experimental work is needed to
investigate the effect of the gas-to-blade temperature ratio both in the
laminar-flow region and in the turbulent-flow region and 'réfinements may
be required in the turbulent-flow heat-transfer theory for transpiration
cooling. Another effect which should be studied is the effect of surface
roughness on the heat-transfer coefficient for a porous material. These
two factors must be evaluated before any accurate calculations of
turbine-blade-wall temperatures can be made.

SUMMARY OF RESULTS

i An investigation was conducted in a static cascade at gas tempera-
tures of 300°, 600°, and 1000° F to determine the heat-transfer charac-
teristics of an air-cooled porous turbine blade. The results of the
investigation are summarized as follows:

1. Temperature distributions around the blade showed excellent
cooling at the midchord locations on the blade but poor cooling at the
leading and trailing edges resulting from a poor cooling-air distribution
on this blade. ‘
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2. Transpiration cooling promises to be a more effective method -of
cooling turbine blades than convection cooling. Comparison of the min-
imum temperatures on a porous blade and a ten-tube convection cooled
blade for a gas temperature of approximately 1000° F, a cooling-air tem-
perature of approximately 100° F, and a ratio of cooling-air mass veloc-
ity to combustion gas flow of 0.04 showed that the coolest location on
the porous blade was 170° F, whereas the coolest location on the con-
vection cooled blade was 5300 F.

3. The method of blade-temperature correlation on the basis of
plotting a nondimensional temperature-difference ratio against cooling-
air to combustion-gas mass-velocity ratio gave a correlation of the
blade-wall temperature data obtained at different combustion-gas tem-
peratures. The data obtained at different combustion-gas Reynolds num-

~ bers scattered slightly but the correlation method should still be use-

ful for design purposes.

4. The blade-wall temperatures measured were generally lower than
the wall temperatures calculated by using the turbulent-flow equations
presently available. The difference between the values decreased with
increasing cooling-alr flow rates.

Lewis Flight Propulsion Laboratory :
National Advisory Committee for Aeronautics
Cleveland, Ohio
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heat-transfer
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heat-transfer
Btu/(hr) sq
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APPENDIX

SYMBOLS
symbols are used in this report:
at constant pressure, Btu/(1b) (°F)

coefficient for porous blade on hot- gas side,
) (°F)

coefficient for 1mpermeable wall blade,
£t) (°F)

thermal conductivity, Btu/(oF)(ft)(sec)

Nusselt number, H'x/k

static pressure, lb/sq ft

total pressure, lb/sq ft

Prandtl number, cpue/k

Reynolds number, pvx/u

ratio of velocities in boundary layer, (equation (1))

static temperature, OR

total temperature, °R

velocity, ft/sec

weight flow rate, 1lb/sec

peripheral distance along blade surface from leading edge to
particular thermocouple location, ft

parameter used in equation- (1)

ratio of specific heats, cp/cv

temperature-recovery factor

Viscosity, lb-sec/sq ft -

II Y
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P density, lb/cu ft

T thickness, ft

Subscripts:

a air inside bladé at midspan location

b blade surface, hot gas side . -

c convection

e effective

g combustion gas

m mean

r radiation

w  midwall (ﬁhen used with temperature, denotes blade temperature at

midwall position)

X local (refers to condition at distance x from leading edge in
direction of gas flow)
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Figure 1. - Blade dimensions and thermocouple locations.
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Figure 3. - Cascade geometry.



24 ARESTRICTED NACA RM ES1KO8

Pressure

Suction surface
surface
Coocling-air .Cooling-air

pressure probe pressure probe

Boss for cooling—éir
thermocouple probe

Manifold
section

C-26753

Flgure 4. - Porous blade with cooling manifold attached.
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Cooling-air weight flow, (pv)a %’ 1b/(sec)(sq ft)
J
o
/
/

NACA RM ES51KO08

| { | T
Cooling-air to ~NACA
combustion-gas
ratio

(pv)a,m/(pV)g,m

——— 0.0548

_——— -.0144

1.0
Suction surface v : Pressure surface

27 N1
/ N\

N\

\ . .

\ _— T ey
0 - 20 40 60 80 100 80 60 40 20 0.
Leading Trailing . Leading
edge edge . edge

Blade chord, percent

Figure 6. - Two typical coolant-flow distributions around blade
perimeter in 1000° F gas stream at Mach number of 0.45. Gas
weight flow, 4 pounds per second; mean combustion-gas weight flow,
24.05 pounds per second per square foot.
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Figure 7. - Peripheral-temperature distributions on a porous turbine blade

at two cooling-air flows. Gas weight flow, 4 pounds per second.
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: Figure 8. - Comparison of porous~blade peripheral-temperature
| distribution with temperature distribution of ten-tube blade.
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Temperature-difference ratio, (Tb,x - Ta)/(Tg,e - Ty) ’
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Figure 10. - Comparison of calculated and measured blade-wall temperatures with varying

cooling-air weight flow and combustion-gas temperature.
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-Calculated midwall temperature, °F
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