UNCLASSIFIED

AD NUMBER

AD481395

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; 28 NOV 1958.

O her requests shall be referred to Bureau of
Aeronautics, Navy Departnent, Washi ngton, DC,

AUTHORITY

CFSTI per DDC-1 DF, 15 Jul 1966

THISPAGE ISUNCLASSIFIED




F-W- Y, T O 7O > Moo cotle e T T =

\ L}

&Qwr‘tm—txqg:A L

<

v

AD 48l 395

7D -l 2987

y
1

Co\*]oRo REPORT N’Oo 300"39

EXPERINMENTAL INVESTIGATION OF THE COOLING

CHARACTERISTICS OF TRANSPIMATION AIR-COOILED

TURBINE BLADES IN A HIGH TEMPERATURE GAS CASCADE

g

54

FINAL KEPQRT

4;:‘33‘.-.%(

Department of the Navy
Bureau of Aeronautics
Power Plant Division

Contract l0as 56-495-¢c

Security Control Mo, RE 58-11-61 LT s _
CA 58-12-3 i CABLRILATON O e i
Copy Mo, :}.‘::’ 21 AU RITY OF Uga “’

HSHIEES. dilid Frrd) |
N be 28 1958 /; / J w ..... / .
ovember 20, |/ .7'»7/,'_&/_ - % o s ;




CoWoR. REPORT IJOO 300-39

NOTICES

When Govermment drawlings, specifications, or other data are used
"ur any purpose other than'in connection with a dafinitely related Govern-
nment Procurement Operation, the Tnited States Govermment thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated; furnished, or in any way supplied the said draw-
ings, specifications, or other data; is not to be regarded by implication
or otherwlse as in any manner licensing the holder or any other person or
corporation, or comveying any rights or permission to mamufacture, use, or
sell any patented invention that may in any way be related thereto,

The information Murnished herawith 1s made available for study
upon the understanding that the Government!s proprietary interests in and
relating thereto shall not be impaired, It is desired the Legal Officer of
the Bureau of Aeronauntics be promptly notified of any apparent conflict be
tween the Governmamnt!s proprietary interests and those of others,

This document ccntalns information affecting the National defense
of the United States within the meaning of the Espionage Laws, Title 18,
U.S.C., Sections 793 and 79k, Its transmission or the revelation of itas
centents in any mamer to an unauthorized person is prohlibited by law,
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FOREMCRD

Under Bufier Contract NOas 56-495-c, the Research Division
.f the Curtiss~Wright Corporation conducted analytical design and
development work on a transpiration air-cooled turbine rotor blade con-
cept. The following work statement is quoted, in part, from the con-

tract under the heading of Articles or Services?

"Item 2 - Conduct a program of study, design, and rig testing
to compile and report experimental and theoretical
data on transpiration air-cooled turbine blades.*

(Under this item reference is made to the statement of work
as put forth in Curtiss-Wright Research letter dated 5 October 1955 which
proposed a cascade rig program to obtain experimental heat transfer data
in the range of 1600°F to above 2000°F gas temperature,)

This report is submitted in fulfillment of the requirement to
sumarize the work conducted on item 2, above, which culminated in the
design, fabrication, and testing of a completely instrumented transpira-

tion air-cooled turbine stator cascade,
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OBJECT

To evaluate by means of cascade testing the performance of transpira-
tion cooled turbine blades in a hot gas stream ranging from 1600CF
to 2050°F,

To measure the savings in coolant demand realized by chordwise meter-
ing in porous turbine blades.

To study the effects of capping the tip of a transpiration-cooled
rotor blade (of the type used in the full-scale engine test) thereby
foreing all the coolant through the blade wall,

To evaluate by experiemental test the validity of the analytical do-
sign procedure as presented in Reference 7.

To apply advanced instrumentation techniques in an attempt to obtain
dependable turbine data,
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SUMMARY

An experimental investigation was conducted on a transpiration
air cocled stator cascade to evaluate the heat transfer characteristics, to
obgerve the temperature patterns, and to verify the existing transpiratior-
cool:éng theory for hot gas streams ranging in temperature from 1600°F to

/3'0 F,

A total of L9 hours and 55 minutes of cascade testing were loggece
ot gas Reynolds numbers computed at ten span-wise posltions on the blade
varied between 7800 on the pressire aide rear the leading edge and 200,000
at the convex side Just upstream of the trailing edge. Hot gas welght flow=
of 2,146 1b/sec and 1,6l 1b/sec were directed at the cascade section,

A comprehengilve analysis of the aat: accumulated along with de-
tailed descriptions of the test facility, ‘he component test hardware, ard
the problems associated with instrumentation is prescnted,

In order te adequately prepare for this test two preliminary ex..
peximental configuratiorns were designed, built, and tested. A porous tube
was set up to provide a msthod of experimentalsy determirdng skin permez-
bility. Another prelimirary rig was bulit to evaluate the approximate lccal
heat transfer ccefficient in the laminar boundary layer around a porous
wedge in high veiocity streams. Based on the findings of these two investi-
gations the material for the cascade test was procured,

In the finsl study; & J-65 transpiration-cooled turbine rotor blade
was installed in the gas stream to compare its performance with the cascade
blades. This blade was tested with the tip cypen and closed, The open tip
corfiguration provided for a combination of convection and transpiration
cooling, With the tip sealed; all the coolant was forced through the porous

walle, In this way a comparison of the two methods was made at temperatures
up Lo ZCIFP,
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CONCLUSIONS

The transpiration cooling method is extremely effective in high tem-
perature turbine operation. Based on the test resulits reported herein,
it is anticipated that the blades fabricated for full-scale engine
testing will perform sa*’sfactorily.

In order to minimize local over-cooling and total bleed requirement,
it 1s necessary to employ chordwise metering of coolant. Considering
coolant economy, chordwise mstering accomplished by varying the cool-
ant pressure level is, at best, second to metering by controlled
veriations in permeability.

In the hot gas temperature range up to 2000°F a combination of trans-
piration and convection cooling (open tip - porouu wall) is more ef-
fective than either method used independently.

The design procedure (Reference 7) predicts with good accuracy the
wall temperature that will prevall under given conditions of coolant
flow, hot gas temparature, pressure, and permeability.

Instrumentation in turbine blade applications should be arranged so
that a reasonably complete set of related data could be obtained from
a single blade,
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RECOMMENDATIONS:

Inasmuch as the transpiration cooled blade has been found to be a reason-
able approach to solving the problems encountered in extreme temperatures

.operation, continued efforts should be directed toward the development

of the technique for operational use,

Refine the manufacturs of porous material so that controlled variation
in permeability is attainable,

Until such time as Recommendation No. 2 can be accamplished, a reapprais-
al of the strut cross-section as regards to the positioning of a partition
in the trailing edge passage should be made., The difference in statie
hot gas pressure between the pressure and suction sides makes it unreal-
istic to use a single coolant supply to serve both surfaces,

Seek new methods of instrumentation for utilization in the high tempera-
ture - limited space applications enco:mntered in turbines,
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DISCUSSION

INTRODUCT ION

To date, the two principle reasons given for cooling the blades
of turbines are: (a) reduction in critical material content; and (b) in-
crease in the turblne inlet temperature. Cooling is also desirable to
permit an increase in the turbine stress level, i.e., higher allowable
engine speeds resulting in increased mass flow and thrust per unit frontal
area.

A program to reduce critical material content is not of first
order priority at the present time., In the event of high level production,
however, such a program undoubtedly would be emphasized,

In order to increase the operating temperature of the gas ture
bine above the limits possible with convectional solid turbine blades,
various methods of convection cooling have been studied and developed over
the past decade. Nearly all of these methods employ the passage of a cool-
ant through the hollow interior of a bladse.

Film cooling, which strives for the prevention of heat transfer
from hot gas to blade, requires the passing of cooling air through longi-
tudinal slots in the airfoil. This method is sensitive to external gas
velocities and pressures, in addition to which the strength of the blade
is seriously impaired by the slots,

The heat transfer rate from blade to coolant has limited the po-
tential of convection cooling. For this reason, it was decidsd to investi-
gate other blade cooling methods., Transpiration cooling, also called sweat
or porous wall cooling appears to be a substantial improvement., In this
cooling method air passes through the porous or screen walls of the compon-
ent and insulates the surface, An inherent disadvantage to be overcome is
the poor strength of most transpiration cooled materials, Therefore, de-
signs minimizing the airfoil stress level were sought.

It has been shown that high pressure gradients around the perip-
hery of gas turbine blades require the blade wall permeability to be varied
in order for uniform cooling to be obtained over the entire blade surface,
This condition can be verified in a static cascade rig. Moreover, feasi=-
bility studies of new porous blade designs are best evaluated on the cas-
cade rig because of the relatively simple arrangement and the ease with
which various configurations can be interchanged,

Page 6
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The series of tests reported herein were designed to evaluate
commercially available porous material applicable to jet engine turbine
blades, Initially it was hoped that these tests could compare blades of
constant and variable chordwise permeability., In this way the coolant
demands of the local areas of the skin profile could be satisfied, 1.e.,
the hot section on the pressure side and leading edge could be more po-
rous, thus allowing for more cooling air flow. Inasmuch as these blades
are mads from wire wound tubes which are formed into airfoil contours,
the permeability is very difficult to keep constant, let alone controllad
or varied precisely, Thus it was necessary to substitute an analagous
system of chordwise metering; that of varying the inside coolant pressure
around the skin periphery., By this system, flow of coolant, which depends
on the difference between the squares of the coolant and hot gas statiec
pressures, could be varied to fulfill the local needs, This was accome
plished by using eight passages with separate air supplies. Tests were
conducted to obtain a relative evaluation of the blades at high operating
gas temperatures and to determine the savings in cooling air afforded by
the use of a system of chordwise metering,

Page 7
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TEST FACILITY

STAND EQUIPMENT

The cascades tests reported herein were conducted in the air flow
laboratory at the Wright Aeronautical Division of Curtiss-Wright in Wood-
Ridge, New Jersey.

The air is supplied by two rotary Nash pumps working individually
or in parallel, They are positive displacement type pumps with a combined
sapacity of LOOO standard CFM (approximately 5 lbs/sec at 20 psig). At air-
rlows up to 8000 1b/hr only one pump is necessary. Above this flow bnth
are used. The maximum obtainable discharge pressure is 22 psig. Airflou
through the system is measured by a set of various sizes of calibrated ori~
fices located at the inlet, These orifices vary in diameter from 1" to v,
The atmospheric and downstream orifice pressures are fed to the inputs of a
sensitive 60" inclinometer. The discharge line of the pump incorporates a
steam fed heat exchanger (maxinum temperature 2L0°F) and water separator, For
ihe purpose of this investigation, the heat exchanger was not used. To heat
the air, a segment of a J-65 combustion chamber liner (See Figure 1) was in-
stalled in a burner housing, upstream of the cascade. A manually controlled
Bosch pump supplied LO to 300 1b/hr of JP-4 fuel, In order to maintain
maximum cascade inlet gas temperature, the hot duct work and cascade section
were insulated with four inches of asbestos. The maximum hot gas tempera..
ture recorded at the cascade inlet was 2100°F.

The cooling air was taken from the 90 psig test stand auxiliary
supply line at 80°F to 100°F (See Figure 2). In the control room (Figure 3
and Figure };) this air was directed through a rotometer for flow measurement,
Eight 4" hand operated needle valves were used to meter the air to 8 indi-
vidual lines, one for each of the cooling air passages in the test blades,
To reduce the clogging effect of particles on the permeable wall of the
test blade; a 5 micion filter was installed in the line., Under actual engine
operation conditions the terperature of the coolant air aprroaches 600°F.
To simulate this condition; two Chromalox thermostatically controlled elec-
tric preheaters were installed that were capable of heating LOO lb/hr of
inlet air at ambient termperature to 600°F,

TEST VEHICIE
The cascade consisted of three blades located in a test section
(Figures 5, 6, T, 8)s The hot gas approached the cascade with a uniforn

temperature distribution, was turned by the blades, and exhausted upwards,

Page 8
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TEST APPARATUS

ATR COOLED POROUS STATOR BLADES

The transpiration cooled test blades used in this investigation

(Figures 9, 10) were non twisted, constant section stators with the same
profile as the tip section of the J-65 turbine first stage rotor blade with
onie exception -- the chord was twice size. The assembly consisted of a

rous airfoil spot welded to the solid strut (Figure 11). In addition to
«viing as the load bearing member, the surface of the strut was cast wita
-ibg which, when placed into the airfoil, formed eight distinct passages.
~ight individual plenum chambers supplied air to the passages.

The 2.L3" chord airfoil was press formed from a wire wound porous
tube that was tapered 0.10 inches on the diameter per 12 inches of length.
The diameter of the tube was 1,82 inches and the blade length was three
inches, The material was ALSI310 for both skin and strut. The skin was
brazed to the stru% as detailed in Reference 1l :

WATER COOIED NON POROUS BLADES

Of the three blades used in the cascade; the middle one only was
the test piece. The other two were convection; water-cooled workhorse blades.
These blades had three straight through passages (See Figure 12, 13) with
inlet piping and plerums to accomodate coolant., The water flashed to steam
and accumulated in an exit chamber from which exited one "steam out" line,

The material used was A.I.S.I. 310 - sheet metal for the airfoils, dividing
partitions, plenums, and tubing. So that additional liquid cooling data
could be gathered.these blades were fully instrumented as detailed in the
following sectione

POROUS TUBE AND WEDGE

The porovs wedge, (Figure 1, 15) and porcus tube (Figure 16)
were desigred to provide preliminary indications of the properties of porous
material while subjected to varied conditiors of gas weight flow and tempera-
ture, The determination of heat transfer coefficients and permeability was
given specific attention so *that an optimum material could be selected for
the actual tests. From these investigations the desired permeability of -
the air foils was established.
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The four inch long porous tube was instrumented with three coolant
static pressure probes, two external hot gas static pressure taps, four
coolant temperature thermocouples, and two wall thermocouples,

The wedge test assembly consisted of a 1,00" Dia x .125 wall tube,
from which a segment 140° by 1,60 inches was cut. Over this gap in the
tubing a 2,00" wide by 1.89" long wedge of porous material .022 thick (wedge
angle = 26°) was fitted and spot welded. On the two surfaces of the wedge
were placed nine thermocouples and nine static pressure taps to measure

-irface phenomena, Three additional pressure taps and theimozouples meas-
ved the inlet coolant conditions before passing through the porous surface,

The test procedure called for each test gpparatus to be rotated
in the gas stream so the stagnation temperature could be established at a
point where pressure read maximum, For a test point to be set, sufficient
cooling air flow would be maintained to keep the stagnation wall tempera=
ture low. Then the air flow was decreased until desired temperature was
obtained, The difference in surface temperatwe at the same distance from
the wedge apex is an indication of the variation in permeability.

Readings of internal and external pressure, air flow, ambient air
temperature and barcmeter were taken for each points, In calculating the
flow area, allowance was made for brazed or weld filled areas in the porous
material so the trues effusion area could be used in the permeability calcue
lations,

POROUS ROTCR BLADE

The final test of this program was conducted on a standard shape
J-65 transpiration cooled turbine rotor blade (Figures 17, 18), The porous
skin of this blade was made of H.S. 25 wire and the strut cast of H.S, 31
material, This test was conducted to determine the temperatures that would
be experienced by the skin (particularly leading edge), and the internal
structural member of an actual rotor blade when 'subjected to hot zas tempera-
tures of over 2000°F., In reality, this blade can be considered as an ap-
plication of two coolant principles; transplration cooling, since the skin
was made of porous metal, and convection cooling, by virtue of the fact that
the tip section was open thus allowing some of the coolant to flow directly
spanwise through the blaede, without ever penetrating the porous wall, Based
on the results of this phase, decislons on the capability of the naterials
selected wouid be made prior to the full scale engine test reported in C.W.R.
Report No. 300-38,
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INSTRUMENTATION

TEST VEHICIE

' The duct work upstream and downstream of the cascade section was
instrumented so that main gas flow data could be gathereds Approximately
li feet upstream wers four C/A thermocouples, two total pressure probes,
and two static pressure probes {Figure 1), This section was in a duct 8

-~ :ches in diameter, The thermocouples and total pressure probes were in.

-crted to several depths so a complete picture of the approach profile
sould be obtained,

At the cascade inlet section (B-B Figure 19) were sixteen static
pressure taps and two stagnation type total temperature thermecouples, This
instrumentation set up was duplicated at the exit section (D-D). Data ac.
cumulated from this instrumentation was used to determine the approac::. '
velocity, static pressure, density and viscosity of the gas at ten stations
around the periphery of the test blade,

A portable manometer was set up in the test stand so that manual
pressure traverses could be taken of the total pressure front in the cascade
throat,

Two thsrmocouples, one upstream of the cooling alr rotometer, and

one downstream of the electric heaters, were installed to give information
on coolant temperature before entering the cascade,

POROUS STATOR BLADES

Ideally a single blade should have been instrumented to provide
all of the data sought for in this analysis, Practically, this posed an
impossible situation due to the large amount of instrumentation required
for tls spuce available. Consideration had to be given to the axiom that
the best instrumentation should make its presense unknown; while measuring
flow, for example, the flow measuring device must not in anyway alter the
magnitude or direction of the measured quantity. To achieve this is an
inswrmountable problem. Railiation to and from a thermocouple junction is
a cause ci error, Moreover the brazing of a thermocouple in a porous metal
gives rise to a partially clogged area caused by the body of the couple and
the flow of the braze material, In this test the Ceramo wire to the thermo-
couple was placed in machined grooves and cemented over, Thus the only error
was caused by the junction and braze. The error in the temperature measured

Page 11
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will be on the high side for the porous metal. When temperature of coolant
in a passage is desired the thermocouple will read high due to radiation
from the porous metal wallse

It was therefore deemed necessary to divide the required instru-
mentation over three blades; to perform the test in three segments under
identical conditions; to consider the data taken from the three blades at
different times to be representative of the data that one blade would yield
provided it contained all the instrumentation of the three blades,

Two of the blades were instrumented for temperature data (Figure
"0) ‘and the third was instrumented for pressure data (Figure 21). Refer to
Mgure 22 for the passage numbers referred to in the following tables, The
static pressure taps located 11" from the plenum chamber at the midspan
location of the blade measured the existing local pressure of the coolant
inside the hlade in the given passage. The code to the abbreviations used
in the instrumentation Tables I (a), I (b) and I (c) are as follows:

PL., CH, = Plenum chamber for the passage under consideration

D.E. - dead end. This refers to the end of the coolant
passage farthest from the plenum chamber., The
passage ends at this position,

C.L. - Center line of blade (approximately 2" from plenum
chamber)

L.E. - Leading edge' of blade (in passage 1)
TeBe - Trailing edge of blade (in passage 5)
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Passage _
No, Sparwise Position Type of Instrumentation
Fl. Ch, Air static pressure
Pl. Ch. Alr thermo
2" from Pl. Ch. Skin thermo
C.L. Air thermo
D.,E. Alr thermo
Pl. Ch, Air statie pressure
1" from Pl. Ch. Skin thermo
2" from P1, Ch. Skin therro

Pl. Ch.

Air static pressure

C.L.

Air static pressure

2" C.L, Fl. Ch.

Skin thermo

Pl, Che.

Alr static pressure

(9 Strut thermo

2" from Pl, Ch, Skin thermo

Pl. Ch. Adir static pressure
Pl, Ch, Eir thermo

C.L. Air thermo

2" on T.E. %in thermo

D.E. Air thermo

71, Ch, Air static pressure
2" from plen Skin thermo

Fl. Ch, Air static pressure

1" from Plen. Ch,

Skin thermo

2" from Plen, Ch.

Skin thermo

DNV N oo sl irmlwiwiwin|d|olHIHEIRFP =

8 | _Pi, Ch, Air static pressure
8 C.L. Static pressure
8 2" Pl, Ch. Skin thermo

INSTRUMENTATION SCHEDULE-TELNPERATURE TIISTRUMENTED CASCADE BLADE
BLADE NO. R110021 N1

TABLE I (a)
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Passage

No, Spamrise Position Type of Instrumentation
1 Pl. Ch, Air thermo
1 Pl, Che Air static pressure
1 Pl, Ch, ' Air static pressure
z 1 C.L. Air static pressure
3 1 1" fronm Pl. Ch. on L.E. Skin thermo
2 Fl. Ch, Adr static pressure
2 CiLs Skin thermo
2 D.E. ' Air thermo
3 P1, Ch. Air thermo
: 3 Pl, Che Air static pressure
3 1" from Pl, Chs Skin thermo
3 C.Le : Air thermo
3 DB, Adr thermo
4 Pl. Ch. ' Afr thermo
L Fl. Ch. Adr static pressure
; L 1" from Pl. Ch. Skin thermo
L Cala Air thermo
L D.Es Air thermo
5 P, Ch. Air static pressure
5 1* from Pl. Ch. or T.E. Skin thermo
5 C.L. Skin thermo
: 5 2" fron P1. Ch. Sicin therro
. 6 P1, Ch, Air staiic pressure
6 i" from Pl, Ch. Skin thermo
. 7 Pl. Ch. : Air static pressure
: 7 .l Skin thermo

7 D.Z. Air thermo

8 Pl, Ch. Air static pressure

8 2" from "1, Ch. | __Air static pressure '

8 P, Ch. Air thormo

i 8 1" fron ¥1, Ch. Skin %lhermo
8 C.L. Air tiermo
8 D.E. Air thermo

TNSTRUMENTATION SCMEDULE-TE:PERA [URE LNSTRUMENTED CASCADE ELADE
, ELADE 0. R110021 N-2 o
TABLE T_(b)

Paze 1)




Spamwise Type of
Passage lNoe Position Instrumentation
1 P, Ch, Air static pressure__
< ik _..Pl. Ch, Air thermo 7
S DeE. . ______ ) Ar theom :
1 i from plenun Skin thermo
Land between 1 & 2 €Cole Gas static pressure _
AL 2 Pl, Ch, Air static pressure
Land between 2 & 3 C.L. Gas static pressure
3 Pl, Ch, Alr static pressure
Al R Air thermo
-3 DB, Air thermo
Land betwesn 3 & Ly C.L, Gas stetic pressure |
:-_ P Pl, Ch, R Air static pressure
Land batween L & § C.L. ___Gas static pressure
|__Zend between 4 &5 | 22" from Ple Cha __|__ Strut_therma
5 D.E. Air thermo |
S o o PleChe | Air static pressure
e T Y e, Afr thermo
LA —i:5_ R S 7 o A Gas static pressure _
Land bzieen 5 & 6 C.L. Gas static pressure
6 Pl. Ch. Air static pressure
e ?l. Ch. Air thermo
6 -] P.cn, Ar therzo
Lond between 6 & 7 |  C.L, Gas static presswre
ik 7 Pl. Che Air siztic pressure
| Land betueen 7 & 8 Cates L. Gas static pressure
Land betwecen 7 & 8 3/ from P1, Ch. Strut thermo
8 ). Ch, Air static pressure
Land between 8 & 1 C.L. Gas static pressure
INSTHUILNTATLCY SCIEDULE~FRESSii DISTRUMENTED CASCADE =LATE
ELaADE 112 RI10031
TAEER I 03) ;
~= 15
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WATER COOLED BLADES

The two workhorse blades were identically instrumented as follows:
On the skin at the mid-span section were four thermocouples; one each on tha
leading edge; concave side, trailing edge, and convex side. Temperature - ..
inlet water, steam in each of the three passages, and steam out were also
measured,

The instrumentation set-up used on the porous tube and porous
wedge has been outlined under “Apparatus® in the previous section,

POROUS ROTOR BLADE

The porous engine rotor blade used in the final test was instrumented
with a thermocouple on the leading edge at midspan, a thermocouple on the strat
near the root section, and a thermocouple in the plenum chamber measuring the
inlet air temperature,

CONTROL ROOM

Tha control room of the test stand was equipped with ten illuminated
banks of 1C tule, 0=60" manometers « 5 mercury filled and 5 water filled
(Figure 3). For greater accuracy in reading pressures in the cascade,
typical pressure tap was tagged "reference"® and hooked up to a mercury manoe-
meter and the reservoirs of two water manometer banks, The readings were
then taken in terms of the difference between the water manometers and the
treforence”, The reference reading was read in mercwry and on a W, and T,
pressure gage., Of course, the resultant pressure was the sum of the indi-
vidual water reading, the reference mercury reading, and the barometer,

Main gas flow was taken as the sum of the air flow as determined
from the inclinometer and the fuel flow as read on a stand rotometer,

The exhaust pressure and temperature from the cooling air roto-
meter was measured so the readings could be corrected.

The thermocouples were read on two potentiometers with LO channels
each ~ one for C/A thermocouples and one for I/C thermocouples,

There were three water rotometers of different sizes to measure
the water flow to the workhorse blades.
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TEST FROCEDURE

POROUS STATOR BLADES

The test program for each of the transpiration air cooled stator

blades in the cascade rig was divided into three phasés.
’ The first phase was essentially a cold flow aerodynamic check-out
of the rig proper and adapting ductwork. This phase was necessary to detes-
mine if the gas stream approached the test blades with a flat velocity prec-

.le. Pressure patterns at the cascade throat showed evidence of free vorte:
wistribution, Inasmuch as this data was taken using a single blade in th=
cascade, 1t was anticipated that with the addition of the two water-cooled
workhorse blades, there would be more surface presented to deflect the ras
stream and a flat approach velocity pattern wouid be obtained., This prenisaz
proved correct,

Whern each of the cascade blades were installed in the rig, a por-
osity calibration was run, The reasoning herc was to evaluate the consistaviiy
of the pcrous material. At zero main gas filow the alr pressure in each plenum
chamber was set to 10" water; L" mercury, and 7% mercury. By recordirg the
barometric pressure and the total coolant flow. the permeability of ea:h
blade was established. With rio main gas flow the higher pressures were im-
possible to attain in the large passages (specifically the trailing edge)
with their correspondingly large flow area. When there was a main flow,
and a pressure pattern existed around the blade periphery, cooling air pres=-
sure build.up was possible., This calibratior was repeated at main gas ap-
proach velocities of 150 FPS; 250 FPS, and 320 FPS, No fuel was added to
the main gas stream used in the calibration. Cold flow cali*rations intrce
duce a minimum of error inasmuch as the differential expansions caused by
a non-linear temperature distribution are absent. After the actual hot
testing cf each blade this calibraition was repeated while the blade was
still hot and again after the blade reached ambien® temperature. In this
way changes in porosity due to exposure to high temperature and possible
particle contamination were measured, -

By far, the major part of the testing of each blade; was comprised
by the third phase, The hot gas test was performed in as close to the sams
manner as possible for each of the three blades. After starting the Nash
pumps and buildirg the air flow up to about 2500 lbs/hr. a bypass valve was
partially closed forcing approximateiy half the air through the rig. The
fuel primer supply and ignition system made up of standard J65 igniters ard
hardware was actuateds A thermocouple at the combustion chamber exit gave
immediate indication of light-up at which time the bypass valve was shut
completely forcing all the air through the cascade, Simultaneously the
main fuel supply was turnied on and the Nash pumps-accelerated t¢ previde a
preselected flow ard gas temperature,

Page 17
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Assume that a point was tc be set at the foliowing conditions:

Gas temperature - 1800°F
Wall temperature - 1L400°F
Gas velocit; = 550 FPS

To insure that the blade was not damaged by over temperaturing, the coolant
supplies were cpened to maximum flow, A series of stand operating curves,
(Figure.23) were drawn up cn which main gas velcoity versus total to static
agsure ratio was plotted for gas temperaturzs of 1500°F; 1800°F, and 200°F,
w1ile the theory behind the pletting of this graph was good, the velocities
o set were only approximate berause of the irnherert inaccuracies of statis
pressure measurement. As was pointed cut in the "instrumentation? secticn
the orly total pressure readings were taken upstream of the cascade in the
8 irch duct, During the test it was fourd that the maximum point of the
total pressure profile was constaniiy shifting dus to the influence of the
bends in the duciwork in combination with the vaeried effects on flow caused
by the different gas velocities and temperatures. 1In view of the fact that
these readings were not deperdable, an iteration process was used to calcu-
late the actual total pressure at the iriet, This process also took into
account any friction lossz2s thatl may have occurred in this system,

Nevertheless, the pressure ratio was taken under running conditions
by averaging the 16 statlc pressures at the irlet and dividing the value
thus obtairned into the average valus of the two upstream tectal mressurcs,
Reference to the operating curve yielded the approximate velocity of the gas
stream., Hence in order to set a given velocity, the necessary pressure ratic
was determined from the curve, A trial and error system of varying the main
alr supply, compating the resuliing pressure ratio, and correcting the flow
in the proper directicn was empluyed, For the sampls psoint under considera~
tion, at a desired velocity of 550 FPS; the proper curve in Figurs 23 ylelds
a pressure ratio of 1,0L45. When this ratlo w.s achieved the fuel-air ratio
wa3 adjusted %0 provide the proper gas temperature by varying the fuel only,
Addition of the fuel did not materially effect the wvelocity that had been
set, At this point the skin temperatures were read. If the temperature in
passage 1. vas beiow the desired 1LOCOF, the air flow to this passage was
reduced, In this manner the temperature at each passage was set. In this
-geries of tests it was calculated that the inlet air would reach a temperae
ture of 350° to L0OOO by radiatiorn and condusticn in the piping, ductwork,
and plenumis pricr to entering the blade passages. Thus, in these cascade
tests, the cooling air was not preheated,

The rurning instructions containing all the "hot" points to be
rar. for each blade are tabulated in Table II,

Page 18
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'
Gas Temperature °F Wall Temperature °F Gas Velocity
(Ft / sec)
1500 | 1800 | 2000 | 1000 | 1200 {1L4OO | 2600 || 450 | 550
|| . .
X X X
X X - X
I
N x
Lid x x -
X X X
X X X
X X X

TABJLATICH OF RUNNING TEST SCHEDUIE,

4% KXV

TABLE IT
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The average hot gas mass flow recorded at veleccities of LS50 FPS
and 550 FPS were 1,6L3 ibs/sec and 2,464 lbs/sec respectively, Several
points were run at gas velocities of 250 and 650 FPS. At the lowsr wvelow
city the combustion chamber was apparsntly working far below design level,
Burning of fuel was taking place downstream of the chamber along the ir.
side walls of the ductwork due probatly to the small amount c¢f sir needed,
The ductwork gicwed light red especially at the high iemperature-low fiow
points. On the other hand the very high flow points ( Me >.4) presented
a problem of a different nature., The large amount of instramentation Ieads

:zessitated several cpenings from the blade to the rig exterior, Although
.~carances were kept to a minimum and packing was used through-out, the hot
ga3 exnausted from all the cracks and damaged the instrumentation. For thess
reasons, the high and low flow points were not rerun with the second and thiri
blades and were therefore not included in Tsble II.

POROUS KOTCR EIADE

Testirg of the J-65 turbine rctor blade proceedsd in a manner very
similar tc that used in the cascade tesis. Instead of a separate air suprly
for each passage, one total supply was hooked up through a rotcmeter. In
this test the heaters were used tc supply 60COF coolant to simulate engine
corditions. One set of points wasy, however; run with coolant air at ambient
temperature in order to get data for ccmpariscn.

An additional test cbjective was added at this point of the investi-
gatior., It was observed that the data taken during the test indicated a
marked improvemert over existing convection cocled rotor blades, Thought
centered on the fact that this blade; being itself cooled partially by cor~
vection cooiing, could be further improved by capping the tip section and
forcing ail the &ir through the wall, Upon cempletion of the openwtip test~
ing, the tip section was brazed closed, and the blade assembly reinstalled
into the cascade rig for retest, 3
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ANALYSIS

REDUCTION OF DATA

3efore analysis of the heat transfer parameters could be under-
taken, it was necessary to confirm the validity of the aerodynamic data upon
which turbine heat transfer calculations depend. Of paramount importance
was the accuracy of the total to static pressure ratio of the free stream,
For on this quantity depends the Mach number and therefore, the Reymolds
rnumber of the gas stream,

Gas mass flows were calculated based on the measured pressure
ratio using the relationships

KRAN -
Qo ——— . (1)
: /Tt

The parameter "N" 1s based upon static to total pressure ratio and the specitic
heat ratio ( ¥ )»
— 4
2

16 -@*

N a

(@ -E

ah—

For a given gas at a given pressure, the value of ¥ decreases with in-
creasing temperature. This value was obtained from a curve of ¥ versus
total temperature plotted for the products of combustion of JP-l fuel at a
pressure of 1,5 atmospheres. For the higher flow rates the value of gas
weight flow as calculated from equation (1) were in poor agreement with the
value obtained by adding the test air and fuel flows, At the lower flow
rates agreement was excellent., Several calibrations of the inclinometer
removed any doubt as to its accuracy. The source of error, then,appeared
to be one of the components of the pressure ratio, The sixteen static pres-
sure taps locoted in the cascade section agreed closely. The difference
between the high and low values divided by the low value fell within 1%,

Maximum Pressure = Minimum Pressure < 1%
Minimum Pressure

It is highly improbable that these values were in error. The fact there
was good agreement between calculated and measured weight flows at low flow
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and poor agreement at high flow suggests that the gas pressure profile shape
changed markedliy. Turbulerce in the duct work may have caused the two tctal
pressure probes to see a pressure that was not in the path of the maximum
velocity heads It is evident that ten or more probes inserted to different
depths would have presented a more complete pressure picture. However, to
insure that the hot gas approached the cascade with a flat velocity profile,
protruding ur Sream instrumentation was held to a minimum. Moreover, in.
accuracies of total pressure readings at the higher flows may have been
caused either by improper installation or by bending of the probes under

the influence of gas load and temperature causing them to read a value be=
tween static and total pressure. Nevertheless, the total pressure test data
was deemed inaccurate and a substitute iteration procedure for evaluating
the pressure ratio was employed.

Acceptance of the gas weight flow as read by the inclinometer was
a pre-requisite to the use of the substitute procedure. On a coordinate
system, pressure versus gas weight flow were plotted on Figure 24he A hori-
zontal line representing the inclinometer weight flow was drawn. For each
test point several assumptions of B were made. These values divided by
the recorded value of P at the given point yielded a ratio from which a
corresponding weight flcw was calculated and then plotted, If the total
pressure was assumed equal to the siatic pressure; then a ( R / ) ratio
of 1 would yield a flow of 2cra. By successively increasing %he total pres-
sure assumption, the magnitude of the flow, when plotted,eventually falls.
above the inclinometer flow line. A smooth curve drawn through the plotted
points intersects the inclinometer flow line at that total pressure which
will cause the refererca weight flow. In this mammer the irlet total pres-
sure at each point was read off the iteration curve,

The gas Mach number is obtained by solving the equations

R 1y 2] ET
I—;t- = E'i» (!—2—) Mn:' : (3)

for various trial values of Mn . When agreement is ottained between both
sides of the equation, the static to total temperature ratio is d=termined:

—i [ Mn]" 1)

of th> gas was measured so that s can be evaluated. Equations (3)
ard (4) =re solved for various values of & in reference (u).
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To cbtain the acoustic velccity and gas velocity, eguations (5)
and (6) were solved for each peripheral station.

Vg =(Ms) (2g) (6)

The gas static pressure was measured at nine peripheral pusitions
on the test blade. Gas velocity and Reymolds number were calculated at each
position (Tables IV and V). The Reynolds number was evaluated as:

:.:7‘,-_‘.‘: Vax X
Reg x = i%"_sx_.
J‘-gx

using the static conditions that occur at each station.

' The porous material specified for the airfoils called for a per-
meability K=1.2i2x 10" Y w20r a R/ = Le6x j0°'%f4. At the onset of the test,
calibrations were performed to check on this value. The total coolant air-
flow through the btlade was recorded along with the stati: pressure in the
root of each passage. The total flow through the blade is given by

Qa ={/ v&)A (7)

(oVa = 22 (8)

From referen:z (3) the mass velccity ( Y 1s

(/)V'a.) = C (P 2- P 2)N (9)
a'a/x K Us,27 syq Jx
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The valve of @, a Was found by calculating a weighted average
internal pressure. :

P‘:na = Z F%’d-slaAl i E,a.,Z,Az +'””"”"+F§a°$aa As
ATOTAL

The value of the exponent N i: determined emperically ard is a
function of the type of porous material; the value of Cj¢ is a funstion of
material permeability and thickness, and of ccoling air properties based on
the porous wall temperature. For the calibration B , . is taken as the
barometr:z pressure, For several types of porous she 'fmaterials equation (9)
well approximates the correlaticn between cooling air mass velocity and the
internal and external pressurese

The value obtained for Ci¢ in equation (9) is now employed to detere
mine an overall value of k/X in the relationship (10)

5
Ck = 3.050 B% ,%-,-;J ° (10)

Upon completion of the calibration, equations 7, 9, and 10 a're
used to determine the airflows in the individual passages knowing the pres-
sures and permeability.

The entire sequence of operations with resulting values of air-
flow through all eight passages is shown in Tables III-A and III-B for a
typical test point,

The relative effectiveness of dissimilar cooling methods are judged
by correlating measured data and comparing it to some datum, Correlation of
measured porous-blade temperatures can be achieved by evaluating the tempera-
ture difference ratfo  T,T. /To-Te ;3 the greater the effectiveness
of the cooling method t.. lower will be the value of this ratio.

Blade wall temperature data obtained at a constant gas Reynolds
number can be correlated by plotting the temperature difference ratio agairst
the mass velocity ratio ( PV a,x: /(PV)qsx (Reference 1)

In as much as a primary objective of this investigation was a
verification of existing theory, a brief outline of the design precedure
from a heat transfer standpoint for turbine blading is included here,
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Passage T. 74 |
Nurber - x 109 B - B ¢ C g
LR [Ieec.ft] x1077 | X107 X107
1
Pressure 1590 25,54 34,88 «5173 1.578
1
Suction 1590 25,54 34,88 «5173 1,578
2 1498 211,52 35,66 «521,8 1,601
3 1503 2h.52 36,54 «5330 1.626
L 1535 25.20 33.82 | %078 1,549
Prassure 1,499 211052 3506h 052!45 1.600
5
Suction 1499 2h.52 35.6l «521i5 1,600
6 1,55 2L.19 37.22 5392 1,645
i
—— 1363 23.18 11,55 5775 1,761
8 1620 25,87 31,26 11832 147k
» k‘ L0 i “615-
Ty gas = 2362°R k = 1,31 x 10~10F¢

Py gas = 3L.86" Hopgs,

‘Jgas = 106!43 Lb/sec

o

t s 0020‘ ".022"

TRANSTIRATION COOLED TURBINE BLADE.

TABULATION OF COOLANT FLOW PARAMETERS FOR A SAMPLE POINT,

TABIE III A~

Page 25
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Passage | P, P D (f«\')a A Qacz

Humber 1 = 2 X 10"§ s X 107

w2y ue)® | fTn/e%sep TIT | Ib/sce
1 : .

Pressure | 1711,5 | 13,2 | 6765.0 |10,675 | 400321 _ | 3.L2) |
l . .

Suction | 1711.5 |1180.6 (10373, |16,369_ | «0038L_| 6.28l
2 15L2,1 | U115 | LhA7.7 | 7.07340].0050L | L.128
3 1605.6 |135%.i4 | 642647 [10,500, |+00608 | 6,388
L _].518.7 1349.8 506345 I’_s_la_o_Q .Q_Q.Q'?SE‘____S_QQ’JIZ_.
5 .

Pressure | 1195,1 |1133.7 | 2689.6 | 1,,303,0|,01862 | 8,01} |
5

Suetion } 1195.1 | 913.2 | (970.0 |11,152, [.01867 |20.82
6 1483.8 | 920.5 [19,762, |17,70L4 [4COC60  |25.22 |
7 1195.1 |929,6 b_(-‘?zhoo _1;._,8131 +00823 9eTMh__|
8 1629,7 |916.3  |12)16h. 118,372  ].00786 {1k |

— o, 7%e '
D = P@ax:“régx

Ty, gas = 2362°R
Pt gas = 3h.86"IﬂA$.
~ Wgas = 1,613 Lb/sec.

TRANGPIRATION COOLED

Y

'MBINE BLADES.

TABULATION OF COOLANT FLOJ PARAIETERS FOR A SAMPLE POINT,

TABLE III B
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PBliii ps pS/pt Ts Ts/Tt Mn a Y
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qiﬁg;abg o R N Ft/sec |Ft/sec

= ST emmesrmiotte——aeg

1-2 1 140.39 | .9538 [ 2136 19891.5(.2706 | 2213 | 598.8

2-3 [ 4o0.29 | .9515| 2185 (o986 |.277h4 | 2213 |

3-4  [38.39 | .9066 | 2161 |9775.3 [,3907 | 2200 | 859,51

L-5 [1L0.Oy | .ou56 | 2182 (9872 .2%h2 | 2211 | 650,48

5 30,19 | 7129 | 2044|9243 17359 2140 11574 .8

S-6 31.0h4 .7330 | 2058 [9311 « 7023 2147 [1507.8

57 13040k | 07094 | 2042 19238  L7L1h | 2139 [1536,0

7-8 30,94 | .7307 | 2056 9302 l.7015 | 2146 |1518,0

8-1 30,1y .7118 | 204) 92116 01375 2140 1{1578.0

T, gas = 2210°R W, = 2.6l Lb/Sec
¥ =1.30,45 Py gas = 37.26" Hg. sbs.

TRANSPIRATION COOLFEVL CASCADE 2LADE
PRESSURE, TEMPERATURE, MACH NULNBERS, ACOUSTIC VELOCITY, AND
GA3 VELOCITY PROFILES TABULATED FOR' A SALPLE RYNNING POINT.

TABLE IV.
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it | ¥y | i, | B g
e .02L5 $98.8 | L0292 3.6 | 13,50
233 +02hk 61349 0625 31.6 29;621;
3-4 0236 85946 | 40958 3L.6 61;520
5 023 650.5 | .1358 n6 | 67,9
5 Concavd 0196 157k.8 +2258 3046 227;787
5 Convex| 40196 1574.8 I'.26h2 30,6 266;162
56 0200 1507.8 ___.1750 30,8 171,335
67 +0195 1585,0 01233 30.6 124,6L6
7-8 #0199 1518,0 0708 30.8 69;!470
8;1 <0195 1578.0 0233 30.6 23,463

Ty, gas = 2210°R Wg w 2,6l Lb/Sec

I L 1.30115 Pt gas = 37026" Hg. ebs,

TRAISPIRATION COOLED CASCADE BLADE

TABULATION OF HOT GAS REYNOLDS NUIEERS CALCU‘LATED AROUND THE BLADE
PERIPHERY FOR SAMPLE RUNNING POINT.

TABLE ¥
Page 28
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CASCADE BIADE DESIGN PROCEDURE

Assume that a turbine capable of operation at 2000°F is contem- -
plated. Based largely on experience and on previous design the structural
engineer produces a trial section that will have the required strength to
operate at 1L4O0PF. This temperature is limited by the properties of the
material. Of course, an alloy with sufficient strength to operate at 20000F
would eliminate the need of blade cooling. In actuality, however, the heat
transfer engineer must remove that amount of heat which will allow the struce
tural member of the blade to operate within the temperature limit,

At the onset of a specific design the velocity and pressure dis-
tribution of the main gas stream chordwise around the blade must be deterw
mined, For on these values will depend the coolant to gas pressure ratio,
the flow of ccolant, and, therefore, the temperature of the blade skin,

The aero-dynamic properties of the gas at a point just upstream of the tur-
bine inlet are predicted with good accuracy by the compressor and combustion
chamber anaylsis, From this information the establishment of gas velocity
and pressure profiles around the blade can be accomplished by the use of
aerodynamic network theory or electrical analog methods (Reference 6),

The static pressure of the coolant flow in the blade at the root
section i1# assumed and the pressure at any spanwise position (y) due to the
centrifugal effect is calculated for the blades from the relationship,

n
>3
')
NE

Ra RT (m\9F  (m
]d L rwzcos.ﬁ-z-p;(-;\-)gf“(‘x) 3‘ Z\T'GA+ o0 ()

S.a

from Reference 7, using notation of this report. The root pressure can
be established by metering orifices in the system. The data taken in this
investigation substantiates the supposition that the pressure along the
passages of stator blades will remain constant even at relatively high
flow rates. Thus, in the design of stator blades, with the effects of
centrifugal force removed, equation (11) is greatly simplified,

The maximum allowable temperature ( T, ) for the blade skin
as limited by material properties is used to calculate the cooling air
velocity through the porous wall (Equations 9 a.nd 10).

Pa:e 29
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The parameter, fw , is calculated using the value of velocity
obtained. ' '

2
ut |

X a\fgox

Thus, the value of T-T /Tad'I can now be found for both the laminar and the

turbulent regions, In the laminar region Figure li of Reference 7 gives
Tw-'E/Tad-'l; at different Euler numbers and coolant flow parameters ( fw )

For the turbulent region:

2.11
T T _ Re©!

Tad-To  exp 7.3(PVR-%3x | 2l I
ReO.q p7y +_R_Q'5.|-'

The individual values of T, calculated around the blade are now
compared with assumed values. If they do not check, the calculation is re-
peated for a new T, . If the value of T, that must be assumed for the
trial and error procedure is not compatible with design requirements, a new
value for the blade root internal coolant pressure ( R ) is tried, When
a satisfactory skin temperature has been obtained at all locations for which
a calculation has been made, ,2v 1is determined at each location from
equaticn (9). The coolant requirement for each passage Qa 132, ete,
is obtained by summing the product of each faVa. and assoclate& skin area
over the entire passage. The sum of the Q4 quantities for all the passages
represents the total coolant requirement per blade. Each passage is now
equipped with an orifice such that the cooling air pressure available, R.p
is attenuated to the desired value of B , \ . The diameter of each orifice
is calculated from the following equat.lons in the notaticn of this report
(Reference 8).

P
For subcritical pressure drops, ;,a.,r' > 0.528

V Cn /sar(%, %,;,r)

’

Page 30
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P
For supercritical pressure drops, -SaZs" < (0,528

R.b
/IR Qa [T
A, = £ /. a

’9
The orifice coefficient, B, is estimated from Figure 5, page L2,
Reference 9.

et
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RESULTS

PRESSURE PROFIIES AROUND PERMEABIE ATRFOILS

Measured chordwise pressure distribution at the midspan location
relative to the gas total pressure is plotted in Figure 25, It is signifi-
cant that there is a very sharp drop of pressure on the suction surface
immediately downstream of the stagnation point. Coolant flow data taken in
this investigation has indicated that in a region of rapidly changing out-
side static pressure, the cooling air will flow mostly to the lower pres-
sure areas. Unless some type of awdliary compressor is employed to in-
crease the coolant pressure, the placement of a strut fin joined to the in-
side skin at the stagnation point is perhaps mandatory to prevent the hot
gas from entering the blade. To compensate for the lack of coolant exiting
at the leading edge, a slightly greater than adequate amount of coolant
should be routed through the two passages created by the fin, Thus, the
lower skin temperatures immediately downstream of the leading edge will
serve as heat sinks for conduction of heat away from the stagnation point,
The curves in Figure 25 show that at a given gas flow rate, increase in
the gas temperature causes higher velocity (greater specific volume) and
therefore, lower static pressure. At nearly equal gas temperature, lower
gas flow results in higher static pressure profiles. Inasmuch as flow of
coolant depends on the outside static pressure, improved cooling character-
istics will result from higher turbine gas velocities,

CORREIATION OF POROUS METAL TEMPERATURE

The method of correlating porous blade wall temperatures, which
is described in Reference 1, was utilized in reducing the data presented
in this report. By plotting the ratio of coolant weight flow ( 2V ) to
combustion - gas weight flow ( Ve ) against the temperature dlfference
ratio ( To iy Y/ ( T,e s‘l'& ) on semi logarithmic paper, a definite
trend toward: straight line correlatlon is achieved. for a constant gas weight
flow,

In Figure 26 this information is plotted for a gas weight flow of
1.6L3 1b/sec at two suction side passage positions, one pressure side pas=
sage, and at the leading edge. When the gas temperature was varied between
202703, 22L,20R, and 2379°R, the temperature-difference ratio plot resulted
in a straight line at each chordwise station.

S
In Figure 27 the same cwrves were ﬁotted for a gas weight flow of
2,16l 1b/sec. For these curves data taken at 3 pressure side passage posi-
tions and one suction side position at temperatures of 1995°R, 2210°R, and
2,80°R plotted fairly well,
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It can be shown (Reference 1) that the temperature difference ratio
is a function of the gas Reynolds number (©vXx/#)., This suggests that any
data obtained at various gas weight flows and at constant gas temperature
would not correlete along a single curve., That this is true is shown in the
curves =avpearing in Figure 28, The temperature at which data was taken was

2231°R and 2412°R, The gas flow rates were 1.693 1b/sec and 2,L6L 1b/sec,

A measure of the effectiveness with which a surface is cooled is
the relative magnitude of the temperature-difference ratio for a given mass
velocity ratio. Smaller temperature-difference ratios result when the wall
temperature approaches the coolant temperature. Thus, with more B.T.U.'s
being given up to the coolant,the numerator of the fraction decreases, there-
by decreasing the magnitude of the fraction. Similarly, for a given tempera-
ture-difference ratio, the coolant mass velocity required for a given hot
gas mass velocity should be minimized. The smaller the value of (ARVe //-g vy )
then, the better the cooling efficiency (at Tw-T = constant),

Tq=Te

EXPERIMENTALLY DETERMINED COOLING CHARACTERISTICS OF TRANSPIRATION
COOLED CASCADE BLADES .

Fluids and gases, like electricity, if given the alternative, will
choose to flow in the path of least resistance. In almost every turbine ap-
plication the static pressure level near the trailing edge on the pressure
side is 20% greater than the corresponding pressure on the suction side., In-
asmuch as the flow through each wall is a function of the difference between
the squares of coclant and gas pressures, it is apparent that the suction
side will receive more coolant. Justification of this phenomenon is partially
" attained due to the fact that the gas velocity, and therefore the coefficient
of heat transfer from gas to blade is greater on the suction side. In the
test being reported, however, there were two instances in which the gas pres-
sure on the pressure side was greater than the static coolant pressure. In
these cases it can only be premised that there was flow of hot gas instead
of coolant through the wall,

In addition to the obvious problem that arises here is the fact
that the deviation angle (the angle between the blade mean camber line and
the direction of the gas leaving the blades at the trailing edge) is ine
creased considerably. The power taken by the turbine is a function of the
gas turning angle., With a substantial flow of coolant exiting at the con-
vex side, the gases are deflected causing less gas turning (hence, a larger
deviation angle).
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At first glance it appears that the situation, as regards lack
of coolant flow to pressure side, can be corrected by increasing the coolant
pressure., This is not the case since the suction side will still take the
bulk of the air flow, .

The middle set of curves in Figure 29 show the area of negative

- flow to be between 65% of the chord and the trailing edge. It is seen that
by increasing the coolant pressure level and, therefore, the mass flow, the
effects are lessened,

For a given coolant pressure increase, the percent increase in
flow through the suction side was greater than for the pressure side, Thus,
it is seen that merely raising the coolant pressure level does not solve the
problem, but does appreciably increase the total coolant flow,

By introducing different amounts of fuel in the combustion chamber,
the temperature of a hot gas stream was varied between 1995°R and 2L,80°R
- while maintaining the total gas flow constant, Independent control of the
coolant pressure level allowed control over the coolant flow rate ( 2R Ve ).
Figure 30 shows that at Tg = 2210°R, the ( 2V ) term was set at a low
value with resulting increase of the temperature difference ratio and the
skin temperature., At a gas temperature of 2L80CR, the ( /@V¢ ) was increased
in each passage. It is observed that the tenmperature-difference ratio is
proportionately lowered as is the skin temperature,

: Figure 29 illustrates the effect of increasing the gas weight flow
on skin temperature and temperature-difference ratio with the coolant mass
velocity as a parameter., Attempt was made to offset the increase in gas
mass flow by increasing the coolant velocity ( 2% ). Although the skin
temperature was reduced, the proportional increase in ( /2 Vo ) was greater
than the gas flow increase. Inasmuch as neither temperature-difference
parameter seems to be obviously more advantageous, the benefits that occur
from high termperature operation must be equated against the necessary amount
of bleed air before any system is adopted, )

It has been shown mathematically,in Reference 5, there is practi-
cally no difference in temperature between the cooling air and the blade wall
at any point within the wall, (Exception to this is experienced in the thin
section of wall adjacent to the cooling passage.) This is due to the large
area of metal which is in contact with the cooling air in a porous material.

In this investigation, however, there were thermocouples in the
passages that measured air temperature. Although the coolant temperature
readings were undoubtedly subjected to error by radiation from the passage
walls, the temperatures so measured are entirely plausible and present a

’
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more realistic value than can be obtained by measuring the coolant tempera.
ture before entry into the blade. Moreover, the temperature of the air be=-
fore entry into the wall is necessary if the heat transferred to the air is

to be found.

Reduction of the amount of cooling air necessary for high tempera-
ture ‘turbine operation is of paramount importance. To achieve more efficient
cooling, and to increase the power output of the turbine by reducing the
deviation angle, the following can be done:

1, Utillze a convection-cooled skin segment on the suction side
of the blade near the trailing edge. This would f{orcz all the
cooling air through the pressure side and convective , .22l
the sucticn side. At the solid segment, the advantages of
‘ transpiration cooling will not be realized but the deviation
¥ angle will be at least as good as with solid blades. .

2. Utilize a convection-cooled skin segment on the pressure side
of the blade near the trailing ecdze. This would force all
the coolant through the suction side, Inasmuch as there is
less static gas pressure on the suction side, a lower coolant
pressure level could be used than in case 1, The higher gas
velocities prevalent in this area increase the heat transferred
to the blacde, Thus, the more complete cooling of this area as
can be realized by the porous wall is desirable,

3+ Partition the trailing edge so that each wall can be supplied
with air according to its individual needs, '

In lieu of the tact that turbine operating temperatures of 2500°F
are contemplated, the usc of the more efficient transpiration method of
cooling is necessitated thruughout., Moreover; the deviation line will be
improved by virtue of the fact that there will be no gas passing through
the blade trailing edge and the amount of coolant effusing through the skin
will be optimi=zed with resulting improvement in the uniformity of the skin
temperature around thz blade periphery. The adherence to alternative Number
3 is therefore recormended,

EFFECTS OF HOT GAS REYNCLDS NUMBER VARIATIONS

{ The peripheral variation of gas Reynolds number (/3 Vé"/./"g ) at
weight flows of 1.65 1lb/sec and 2.L6 1b/sec is plotted in Figure 31, The
data was taken at four hot gas temperatures ranging from 2027°R to 2L,80°R.

R S e A T TR e



C.W.P\-o REPORT NO. 300-39

At a constant temperature the Reymolds number will increase with increasing
values of weight flcwe The excellent cooling characteristics that have been
exhibited in this test can be attributed in part to this phenomenon of in-
creasing Reynolds numbers, Since the coefficient of heat transfer from the
gas to the blade varies with the Reynolds number to the .8 power, it can be
concluded that less heat was actually transferred to the blade than if the
Reynolds number remained constant. Additional data taken for geometrically
identical blades cooled by various methods is necessary before a correlation
could be made between the Reynolds number and the type of cooling employed,
“he effects of the coolant exiting through a porous wall on the boundary
iayer of gas are not exactly known. Because coolant film builds an insula-
ting layer between the blade wall and the hot gas, and because this film is
continuously renewed, the blade temperatures will be more uniform along the
blade chord than if film cooling or convection cooling were employeds The
insulating effect of a gas layer is good because these gases have a lower
thermal conductivity than any other known insuwlating material. The tendency
to decrease the transfer of heat from the hot gases to the blade surface is
brought about by the continuous slow movement of the coolant away from the
blade surface. New coolant, being continuously forced through the pores,
maintains thig flow, A counter flow is created between the heat flowing
from the hot gases towards the blade surface and the cooling air flowing
away. By continuously carrying away heat from the blade surface through
convection, the cooling air decreases the over-all heat transfer to the sur-
face,

TRANSPIRATION-COOLED ROTOR BLADE

_ The transpiration-cooled rotor blade was tested in the hot g
cascade at gas temperatures up to 2510°R. The total time of 1L hours,aﬂS

minutes was divided almost equally into two phases; first with the blade
tip opengthen, sealed. Upon completion of the test careful inspection re-
vealed the blade was in perfect condition,

One of the important criterions by which cooling configurations
are evaluated is the coolant flow required to achleve adequate heat removal
relative to some datum. In engine tests, this datum is the total air flow
delivered by the compressor, and the bleed 1s expressed as a percentage of
this flow. As more bleed is demanded, total engine performance decreases,
The benefits derived from high temperature operation are equated sgainst
the decrease in performance so that an optimum bleed can be chosen for
maximum engine performance. :

The cooling effectiveness in the cascade could be measured in two
ways. Using the gas flow that is attained in a test engine ag the datum by
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which the cascade coolant flow is divided is an indication of the tempera-
ture which will exist in the engine (at the same per cent bieed and gas
stream temperature). Since the strut is not affected by such gas flow para-
meters as Reynolds number, an idea of the amount of heat that can be removed
from the strut by the coolant can be obtained. The variation of strut tempera-
ture with per cent coolant relative to engine gas flow (taken at 124 1b/sec)
is shown in Figure 32 with gas temperature as a parameter. The flattening

of the curves suggests that beyond a certain point additional cooling air does
not appreciably lower the temperature of the strut. Since the rate of con-
duction of heat from the skin to the strut is a function of the difference

in these temperatures; the cooler the strut, the more effective it is &3 a
heat sink, Thus, as its temperature approaches that of the coolant; it gets
exceedingly difficult te cool it further without excessive coolant flow,
Figure 32 is plotted for the condition where the tip of the blade is uncapped.
In addition to passing through the porous walls, air was permitted to exit
axially at the blade tip., Following this test; the tip section was brazed
forcing all the air through the porous walls. The philosophy here was to
experimentally establish the temperature range in which transpiration cooling
transcends convection cooling as the best available method. It is believed
that below some temperature, and therefore, some coolant flow rate, convection
cooling is more effective than transpiration cooling., Above this point there
may be a transition range in which either method used separately is not as
effective as both used simultaneously. At low coolant flows there may not

be a sufficient air film on the blade surface to afford the full potential

of transpiration cooling. The accompanying sketch shows that in order to run

CONVYECTION

CONVECTION- TRANSPIRATION
(TiP OPENL/

TRANSPIRATION
(TP caPpeD)

ALLOWARLE GAS TEMPERATURE,
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at a given gas temperature; the flow required for adequate cooling is higher
for transpiration cooled than it is for convection cooled configurations up

to a break-even pocint. The point "A" shows the point at which the coolant
flow has built up to that level which could sustain an insulating film, For
higher temperatures comparitively small addition of coolant would be required.
At steady state conditions the amount of heat removed ir the purely convection
cooled configuration is a direct function of the temperature difference be-
tween the metal and wne coolant. Thus, at increased gas temperatures the heat
removed increases proportionately. The break-even point in gas temperature
above which it is more beneficial to use transpiration cooling techniques is
at "Bft. For the condition in which the tip of the blade was open,the data
taken shows better cooling effectiveness than for the capped configuration

as evident by the curves in Figures 3l and 3%,

The dotted line in the sketch, previous page, describes a condition
which is believed to exist in a still unattainable temperature region.

It is thought that a porous-walled cpen-tipped blade would perform
better than one of solid wall construction. This can be caused by the greater
surface area and roughness in the porous—walled passage. Added to this is
any small advantage that may cccur due to the builiding up of the air film,
At the flow which supports this Ybuifer® film, cooling characteristies will
improve (dotted iine). It is unlikely that such a blade will be effective
at very high temperatures because there is nct the complete washing of all
the pores in the skin as occurs in the fully transpiration cocled blade,

The data taken suggests that gas temperatures oi 17799F to 2050°F fall to
the left of the secord break-even point Bz, In this area it is apparent
that the combination of both methcds is most efficient,

Transpiration cooling promises to be a very effective method of
cooling objects in contact with high-temperature high-velocity gas streams.
The cascade investigation reported herein confirms this., Comparison of the
results of this analysis with that of a convection cooled configuration
demonstrates the possibilities offered by transpiration cooling. Reference
10 reports the results of a full scale engine test in which strut supported
impermeable airfoils were employed. At a gas temperature of 1650°F and 2%
coolant flow, the skin temperature was 1250CF and the strut temperature was
990°F, For the rotor blade placed in the cascade of 2050°F gas temperature,
2% air flow cooled the skin to 80CPF and the strut te 600°F. Although no
justifiable conclusion can be deiuced in the comparison of an engine test
to a cascade test cperating at far less weight flow, the potential of the
cooling method is clearly seen., Figure 33 grarhically illustrates the com-
parison. Here, again, there is an assyrntotic approach of "the metal tempera-
ture t» the coolant temperature with increasing air flows. The engine test -
coolant flow demand is in terms of engine bleed percentage., Because the

’
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heat transfer characteristics of the porous airioil is affected by the mag-
nitude of the gas mass flow, the cascade coolant demand is given relative to
total cascade gas mass flow. The data for this figure was taken for a capped
blade, :

: The leading edge skin temperatures at various gas temperatures are
plotted in Figure 34. Coolant blesds of 2% and 3.6% of engine total flow
were used for both the capped and uncapped conditions. The steeper sleope of
the 3.6% 1line supports the existance of an optimum bleed. At this bleed
it is seen that as high gas temperatures are reached there is only mcdest in-
crease of leading edge metal temperature, At 2C0CCF gas temperature, the
leading edge metal temperature was 50°F lower for ‘the open tip than for the
capped tip blade. To ccrreiate the data in which the open tip configuration
seemingly performed better than the capped tip; the curves in Figure 35 were
plotted. As is expected; increase in the raiio of coclant to gas flow de-
creases the strut to gas temperature ratic. Again, with the addition of
coolant, the rate of desreass cf metal temperature tapers off to the extent
that there is small sdvartage derived from additioral bleed. The two curves
plotted for 2005CF gas temperature seem to approach each other. This can
be interpreted as evidence in support cf the theory that the fully trans-
piration cooled blade will be more effective at the higher temperatures,.

PERMEABILITY

Befcre and after the hot testing of each blade, a porosity cali-
bration was performed so that any change in the permeability during a given
hot test cycle could be measured. Bescause of the direct dependence of the
air flow on permeability, the extznt of variation of permeability with
temperature was disired. Figure 36 is a pist of the total coclant flow ver-
sus plenum chamber pressure for twe blades of slightly different permeabili-
ties. Datay, teken before and after ine test, with the skin hot, and at room
temperature, shows there is no appreciable change in the permeability during
9 hours and 35 minutes ( % =|. 5| x |O'9ft, ) ard L hours and 35 minutes
($=131x |O~'°ft, ) of high temperature tesiirg. Moreover, the per-
meability, and therefore; the average effusion rate, was not affected by
the change in the skin temperature Zram 7U°F ‘o appreximately 600°F. The
five micron filter placed in the coclant supply line appears to have per-
formed satisfactorily.

It should be pointed cut that the coolant flow rate necessary to
maintain a predetermined wall temperature is a function of gas Reynolds num-
ber, the gas temperature, and the coolant temperatura., It is not directly
dependent upon the wall permeability. However, once the coolant supply
pressure is estanlished, the coolant ficw is metered by the effective crifice
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offered by the permeable walle.

Clcse control and inspection ¢f the permeability of porous material
is necessary, This is illustrated by the fact the calculated values of
are less by factor of 2% - %% than +hcse spe:ified for the fabrication of the
cascade blades ( K= 4.6)‘ |O7'CF%. ).

COMPARISON OF CALCULATED AND MEASURED GAS TEMPERATURES

Upon ccn."2tion cf the report outlining the design procedure
(Curtiss=Wright Rescar ch Division Report No. 300-37) it was decided to utilize
the IBM 7Ch computor vo calculate the wall termperatures that would result at
a given set of gas temperature, coclant flow, and gas mass flow conditions,
The actual input values wers taken from three points run on the cascade.
Comparison of the wall temperatures measured in the cascade with the tempera-
tures predicted by the computor was made, The cascade running points selected
were at neasured gas temperatures of 22iC°R, 2027%R; and 23620R. The skin
temperatures at these points varied between 1350°R and 1950°R. At the 23620R
point the gas fiow was 2,45 1b/secs fiow at the other two points was 1.6l
1b/sec.

In a check out procedure such as this it is desirable for the
mathematical method to be entirely and independently hypothetical and for
the experimental phase to be comprised of physicai data. However, a departure
from the rigzid comparison was necessary because heat transfer characteristics
depend on boundary conditions and zssumption of these boundary conditions in
the theoretical apprcach could be very inaccurate. Therefore, a verification
of the solutions cbtained from the design method based upon the static pres-
sure profiles measured in the cascade seition was attempted, Any inaccuracy
in the static pressure measuring taps and tctal pressur: probes would throw
the calculations off. Errcrs in flow measurement devices were no doubt pres-
ent in thc experimental methcd., The solutions fer turbulent boundary-layer
heat transfer equations are not exact; censequently, some of the assump-
tions under which the equations were derived may not be completely valid,
Another facter is the accuracy with which the local cooling air flow rates
could be determined. These may be slightly iraccurate because the leccal
static pressure arown! the ocutsids cf the blade was cbtained by a tap brazed
to the wall from the inside, This lmmediate vicinity; therefore; was im=
permeable., Notwithstanding these very plausible reasons for deviation of
results between the two approaches. the temperatures of the wall as calcu-
lated, fall on the average within 15% of the measured temperatures.

y; v ,pl\ ,:m‘ .1},
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The blade wall temperatures were measured at eight chordwise posi-
tions, three spanwise positions, three different gas temperatures, and two
gas flows. The comparison of a portion of this varied sampling of data with
the calculated values is shown in Figure 37. A L5° line has been drawn on
the figure. If the temperature points fall on this line, perfect agreement
between calculated and iecasured values is indicated. In the curve there
appears to be no correlation between the gas temperature and the agreement
obtained, There exists a 15% tolerance on both sides of the lire of perfcct
agreement along the entire range of test temperatures,

In the process of determining the blade wall temperatures, there
cre other check points that are available, Agreement of the gas Reynolds
qumbers and coolant flow per passage between the calculated and measured
values was good. It cannot be over emphasized that the calculation method
will give dependable data provided the aerodynamic engine data that is pre-
dicted will actually prevail, :

TURBINE PERFORMANCE

The final measure of the effectiveness of turbine cooling is the
performance of the engine in which it is utilized, Utilization of the best -
available heat-transfer data for the outside and the inside of the cooled
blade should be made. The coolant flow requirements for the anticipated
range of operating conditions imposed on the turbine are then determined,
These operating conditions are functions of the turbine configuration, tur-
bine inlet temperature, turbine speed, compressor pressure ratio, flight
Mach number, end altitude. The last factor must be considered because of
the significant effect it has on coolant requirements and losses. The
principal factors to be ccnsidered are the thermodynamic effects of heat
logs, friction, the internal pump‘ng in the flow passages, the external
punping before bleed off; the decrease in mass flow through the turbine,
and the mixing of the coolant with the working fluid. The summation of
these effects in a turbojet engine is a decrease in Jet nozzle inlet tempera-
ture and pressure, which adversely effects performance of the engine,

The results of this cascade test indicate that for the very high
gas temperature contemplated, transpiration cooling techniques shall ap-
preciably further the state of Jet engine technology.
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APPENDIX

NOMENCLATURE .

-~

The following nomenclature is used in this reports

- Flow are.a, 8q. fte

a Acoustic velocity, ft/sec,

8 (D= .
Ck Quantity containing permesbility coefficient,s'::g:;)gl ol
Cn Orifice flow coefficient

Cp Specific heat at constant pressure, BTU/1bOF

T Specific heat at constant volume, BTU/1bOF

Dh Hydraulic diameter of coolant passage, fte

Eg Euler number of gas flow over blade, -%:; -:—-:ﬂ

£ Cooling pessage friction factor

fw Coolant flow parameter for laminar flow region

q Oravitational constant, ft/sec?

K Constent based upon units used

K .Pemeability coefficient, sq. £t,

- " Mass coolant flow,lb/sec,

Mn Mach nunber |

N _(%)%’ _ (%) T |
R

L\y+] y+1/°7
Pr Prandtl number

=X ' Static pressure, 1b/sq. ft. abs. except when noted otherwise
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Total pressure,1b/sg. ft. abs. except when roted otherwise
Weight flow rate, lb/sec. or as ncted

Gas constant, ft-1b/1b°F

Reynolds Number based on combustion gas properties, %x_
Radius, ft.

Adiabatic gas temperature,°R

Static temperature, °F or °R as noted

Total temperature, °F or R as noted

Velocity, ft/sec.

Peripheral distance along biade surface from leading edge to
particular staticn being investigated, ft.

Angie between blade axis and rotor radius sector
. C

Specific heat ratio

P 9 ts

Absolute viscosity, 1b/sec, ft.

Density, 1b/cu, ft.

Aig . lar velwii'y, ses-]

Thickness of porous material, ft.




SUBSCRIPTS .

B-B
D-D
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Derotes cooling zii while inside blade passage
Compressor bleed air upstream of turbtine blade
Denctes ccoling air while in skin pores

Combustion gas

Indicates section just upstream c¢f cascade blades
Indicates secticn just downstream of cascade blades
Orifice

Turbine Blade Root

Porous blade wall

Local (Refers to condition at distance x from leading edge in
direction of gas flcw)

Spanwise distanze in coolant passage from blade root, ft.

Specific stations around blade periphery
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FIG. 3

VIEV/ OF THE 8 COOLART CONTROL VALVES ARND 3 BANKS OF
MERCURY MAKOMETERS WHICH REASURED STATIC PRESSURE.

FIG. 4 VIEW OF CONTROL ROOM
AT LEFT ON DESK IS COOLING AIR ROTOMETER. AT EXTREME RIGHT
IS 100 INCH MAROMETER USED AS A CHECK ON ROTOMETER.
UPPER LEFT - INCL:NO/AETER FOR MAIN FLOW MEASUREMENT.
ROTOMETER TO RIGHT OF DESK MEASURED FUEL FLOW. TWO BLACK
PANELS ABOVE DESK ARE THE C/A AND 1/C BROWN POT[NTIOMETERS
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PITCH

CHORD

SOLIDITY

ANGLE OF INCIDENCE

64°24'

[ ]
174"

2.43"
134

0*

POROUS TEST BLADE

WATER COOLED
WORKHORSE BLADES (2)

FIGURE 6
CASCADE GEOMETRY
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Exhaust Duct

F16. 7 EXPLODED VIEW OF CASCADE RIG ADAPTING PARTS.
INSULATION ON TRANSITION DUCT NOT SHOWN.

4
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FI16. 8 YIEW LOOKING DOWNSTREAM INTO CASCADE HOUSING.
BLADES ARE NOT INSTALLED. ’
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L Plenum Chambers

FIG. 9
TOP; OVERALL VIEW OF TEMPERATURE INSTRUMENTED BLADE

- PART NUMBER R11002IN-1. CENTER AND BOTTOM; BEFORE AND

AFTER VIEWS OF CONCAVE SIDE. IN BOTTOM PHOTO NOTE HOLE
FROM WHICH THERMOCOUPLE JUNCTION WAS BLOWN OUT.
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FIG. 10
CONVEX SIDE OF PRESSURE-INSTRUMENTED TEST CASCADE BLADE

PART NUMBER R110031 SHOWN BEFORE AND AFTER TEST. NOTE
STATIC PRESSURE TAPS AT MIDSPAN. LONGITUDENAL BEADS

RESULTED FROM THE TRAVERSE OF THE RESISTANCE WELDING HEAD.
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Inlet Plate

a Plenum Shell
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// N Instrumentation Plate

Inlet Shelf

Strut
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Dead End Shelf

Dead End Cap

FIG. 11 EXPLODED VIEW OF A CASCADE BLADE ASSEMBLY
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FIG. 13 WATER-COOLED VIORKﬂORSE,CASéADE BLADES
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