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SECTION I
INTRODUCTION

This final report has been prepared by the AiResearch Manu-
facturing Company of Arizona, a Division of The Garrett Corpora-
tion, and submitted to the U.S. Air Force Systems Command, Aero
Propulsion Laboratory. The report covers the Integral, Low-Cost,
High~-Temperature Turbine Feasibility Demonstrator Program (Small
Laminated Axial Turbine Program), which was conducted under
Air Force Aero Propulsion Laboratory Contract No.
F33615-74-C-2034. This 3l-month program was a manufacturing
study and evaluation of an air-cooled laminated axial turbine
rotor design. The program included design, fabrication, and
cold spin-pit test of an air-cooled, laminated, (high-pressure)
turbine wheel derived from the AiResearch Model TFE731-3 Engine.

The outstanding technical manufacturing problem that limits
the achievement of high operating temperatures in small gas tur-
bines has been the inability to provide internal passages for
effective cooling of turbine components without an associated
high cost of production. A manufacturing technique that can
provide the required complex internal passages, and allow more
effective cooling schemes for this class of turbine is the
lamination concept. This concept permits utilization of combined
impingement, convective, and film=cooling techniques in small
turbines of either radial or axial configuration. The cooled
laminated turbine is produced from numerous thin laminates
that are bonded together. Complex internal cooling passages are
formed from a combination of laminate configurations that are
initially photo-etched from sheet material. When properly
stacked and bonded, the resulting component is finish-machined
to provide the desired aerodynamic and structural configuration.
The concept is applicable to turbine stators, shrouds, and rotors
(either axial or radial). Axial rotors can be produced with
either integral or inserted blades.

An AiResearch-funded research and development program
started in 1970 demonstrated the feasibility of the laminated
turbine concept through the manufacture of a radial-flow turbine
rotor from Waspaloy sheet material. A Waspaloy wheel of this
configuration was successfully spin-tested at room temperature
with speeds up to 70,200 rpm (1900 feet-per-second tip speed).

With the feasibility of the manufacturing concept having
thus been established, the program requirement was for the
further development of the photoetching process, bonding
parameters and alloys, and finish-machining procedures leading to
the production of an air-cooled laminated turbine rotor that
would permit a subsequent high-temperature test evaluation.




Successful completion of the program could lead to lower
engine costs per pound of output power due to lower component
costs, increased operating temperature capability, reduced fuel
consumption, and increased power density (and hence weight reduc-
tions) from gas turbine propulsion engines and auxiliary power
systems. Preliminary cost analysis, based on a 7.5-inch diameter
turbine wheel, indicated that a 2400°F integral, cooled, lami-
nated turbine would have a 35-percent lower production cost than
a conventional inserted-blade turbine wheel. A more recent cost
comparison of the 1ll.13-inch diameter laminated, cooled, axial-
flow turbine with the existing production TFE731-3 inserted-blade
turbine wheel indicates a 50-percent cost savings in production
for the integral laminated configuration.

This program included design and manufacturing studies.
The design study considered possible axial wheel configurations,
various cooling schemes, and design of manufacturing tooling and
equipment. The manufacturing study included evaluation of
processes for photo-etching Waspaloy laminates, bonding
processes, bond alloys, and evaluation of small test stacks and
one large stack (simulating the thermal mass and dimensions of a
full-size wheel). The manufacturing study also included mechani-
cal property testing of the test stacks, and definition of the
final process and materials to be used. After the study phases
were completed, one full-scale laminated axial turbine wheel was
bonded. The wheel was completely machined, and an evaluation and
test phase including cold spin-pit testing was performed for
the purpose of establishing the integrity of the turbine wheel.
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SECTION II
SUMMARY

In March, 1974, AiResearch Manufacturing Company of Arizona

initiated a program for the United States Air Force Aero Propul-
sion Laboratory to prove the feasibility of manufacturing a
small, integral, cooled, ixial turbine wheel using a laminated
construction concept. 'he cooled laminated turbine was produced

from numerous thin laminates that were bonded together. Complex
internal cooling passages were formed from a combination of
laminate configurations that are initially photoetched from
sheet material. Additional objectives of the program were to:

e} Utilize a complex cooling configuration design
that will be compatible with operation up to
2600°F.

o Further develop the photoetching, bonding

parameters, and finish machining procedures to
permit manufacture of the laminated axial
turbine wheel.,

o Design and fabricate a laminated turbine wheel
using the established procedures.

o Evaluate the wheel material properties and
bond-joint characteristics.

o Prove the wheel integrity utilizing overspeed
test procedures.

Figure 1 is a flow chart of the Small Laminated Turbine
Program.

L DESIGN

The AiResearch Model TFE731-3 high-pressure turbine wheel
(see Figure 2) was selected as the baseline design to be
modified for the integral laminated wheel concept. The TFE731-3
turbine is a conventional cooled turbine utilizing a forged
disk and inserted cast cored blades. The design effort consisted
of the study, analysis, detail design, and tooling design of a
laminated, integral, cooled axial turbine. The most significant
activities were:

o The study of three cooling concepts with the most
complex design compatible with operation up to 2600°F
being selected for detail design. The selected
cooling concept, as seen in Figure 3, utilizes
impingement cooling of the leading edge with film-
discharge slots, convection cooling of a two-passage
center section, and convection cooling with trailing-
edge center discharge in the trailing-edge section.
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Figure 2. AiResearch Model TFE731-=3 Cooled Turbine Wheel
with Inserted Blades.
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The final design utilizing a total of sixty-two
0.010- and 0.020-1inch Waspaloy laminates, each
with a different photoetched cooling passage.

The accomplishment of the thermal and stress analysis,
ind the successful attainment of the temperature and
life goals as shown in Table 1.

The development of very accurate computer graphics
design techniques to automatically make tooling
plots for each of the laminate configurations.
Photoetch tools were simply made from these master
tooling plots by lithography techniques. 1In
addition to improving the accuracy of the tooling
and the resulting photoetched parts, the previously
requlired tooling lead time was reduced by more

than half.

The completion of estimates of the preliminary
production costs,which indicated that the turbine
could be fabricated for one-half that of the con-
ventional inserted blade TFE731-3 turbine.

TABLE 1. TEMPERATURE AND LIFE PREDICTIONS
FOR THE LAMINATED TURBINE WHEEL.

' Life at
Turblpe Temperature Temperature
Material (458 (Hours)
Waspaloy 2320 20
Astroloy 2530 20
AF2-1DA 2600 29
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A MANUFACTURING METHODS

The manufacturing methods task consisted of optimizing the
photoetching and bonding parameters to an extent that would
permit fabrication of an integral-cooled laminated turbine
wheel. The most notable contributions to the program realized
during this task were:

o) The definition of the preferred activated-diffusion
bonding (ADB) alloy composition.

0 The development of high-quality bonding tape
permitting more uniform, yet cost effective,
bond-alloy application.

o The optimization of the bonding pressure, tempera-
ture cycle, and load for small stacks.

o The definition of the photoetch acid bath chemistry
and life.

o The optimization of the photoetch process procedure
and the associated process quality control.

o The establishment of a sheet stock cleaning proce-
dure for Waspaloy that would allow high-quality
photoetch parts to be produced (see Figures 4

and 5 .

o The development of a full-scale wheel bonding
tool.

o The development of a full-scale wheel bonding
method.

o The determination of the critical bonding transient

thermal cycle reguirements.

o The development of an ultrasonic nondestructive
testing method to verify the soundness of bonds
in the turbine disk.

o The successful bonding and machining of an
integrally-cooled laminated turbine wheel as
shown in Figure 6.

3 EVALUATION AND TESTING
Evaluation and testing was conducted on the finish-machined
integrally-cooled laminated turbine to verify its integrity.

The tests consisted of:

(6} Stress analysis using the latest design information
in order to establish the predicted overspeed and







Figure 5. Completed Final Wheel Blank Laminate Sh wing
Center Section Convection Cooling Passages.
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burst margin of the wheel. The predicted burst
margin is 1.26.

o Stresscoat testing to determine the relative
stress levels in the disk and blades.

o A series of overspeed and growth check tests
up to ll5-percent speed. No evidence was seen
of any cracking in the bonded lamination joints.
The maximum bore growth of 0.042 percent was
somewhat less than that of another AiResearch
uncooled integral turbine wheel in production
for long life commercial and military applications.

4. CONCLUSIONS

The program established the feasibility of designing and
manufacturing an integrally-cooled laminated turbine wheel
incorporating complex cooling passages. It was also proven
that the turbine wheel possessed good integrity.

It is recommended that this concept be further developed
incorporating more advanced bonding processes and materials
developed under United States Air Force Materials Laboratory
Contract F33615-75-C-5211. Heat-transfer testing should be
conducted in order to correlate predicted characteristics with
actual test results. Testing of laminated turbine wheels
should be conducted in a high-temperature rig to further
establish confidence in the wheel integrity,and to determine
life characteristics. This should be followed by redesign of
the turbine rotor,and testing in a gas‘'generator or turbine
engine.

12




SECTION III
DESIGN

L GENERAL APPROACH

The laminated approach is bhelieved to provide the most
cost-effective method for fabricating a cooled, axial-flow,
integral turbine wheel when the cooling scheme effectiveness is
comparable with that of a separately bladed disk. With this
fabrication technique, photochemical machining (PCM), or photo-
etching, is the most straightforward and cost-effective method
of producing stress-free, intricately shaped laminations from
the required high-strength superalloy sheet. Following PCM, an
activated-diffusion-bonding (ADB) type of process is used to
join the individual laminations to form the wheel shape, since
only low-bond pressures are required for producing high-strength
joints. Following wheel bonding, the process sequence is com-
pleted by post-bond diffusion, final heat treatments, wheel
inspection, and machining. Figure 7 is a flow diagram of the
design and manufacturing method used in fabricating a cooled
axial turbine wheel of laminated and bonded construction.

Par BASELINE TURBINE

The baseline axial-flow turbine wheel design chosen for
the AFAPL Low-Cost, High-Temperature Turbine Feasibility
Demonstrator Program (Small Laminated Axial Turbine Program) was
the AiResearch Model TFE731-3 Engine high-pressure turbine
rotor. The TFE731-3 Engine requires an air-cooled configuration
for the high=-pressure turbine. The conventional design consists
of 62 separately cast blades attached to a forged disk. The
blades contain cooling passages, and the disk is externally
cooled. This 11.13-inch diameter turbine has a design speed of
29,692 rpm.

The Model TFE731-3 Turbofan Engine (shown in Figure 8) is
a 2.7-bypass-ratio, two=-spool, geared-front-fan engine rated at
3700-pounds thrust at sea-level, standard-day takeoff condi-
tions; and 8l7-pounds thrust at maximum cruise, 40,000-feet
altitude, standard-day, 0.8 Mach number. Corresponding thrust-
specific-fuel-consumption values of 0.506 and 0.818, respec-
tively, reflect the excellent fuel economy of this engine.

The single-stage air-cooled high-pressure (HP) axial turbine
of the Model TFE731-3 has a maximum operating inlet temperature
of 1935°F (average). This is a modest operating condition for
air-cooled turbines, since larger engines in commercial service
operate to 2400°F. Also, as explained below, further conserva-
tism exists because the TFE731-3 HP turbine was designed for
temperatures well in excess of 1935°F in order to permit further
engine growth without significant HP turbine redesign. Actual
operating metal temperatures of the turbine parts, which is a

13
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Figure 8.

HIGH-PRESSURE TURBINE ROTOR

AiResearch Model TFE731-3 Turbofan Engine.
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significant determinant of life, are less for the TFE731-3 than
for the uncooled TFE731-2.

The design-life criteria for the TFE731-3 HP turbine
included the assumptions of an average turbine inlet temperature
(TIT) of 2000°F concurrent with a maximum stress environment and
minimum material properties. A minimum 10,000-start capabilility
was required, as was growth capacity to accommodate a 2100°F
average turbine inlet temperature (compared with the current
TFE731-3 Engine maximum operating temperature of 1935°F;.

The forged HP turbine disk carries air-cooled inserted cast
blades (Figure 9). Internal cooling of the unshrouded blades
1s provided through three radial passages discharging at the
blade tip. Air-metering to these blades is controlled by indi-
vidual orifices at each blade shank. The stationary casing at
the tip 1s segmented to minimize thermal growth, providing for
minimum running tip clearance and high turbine efficiency.

Cooling air from the HP turbine rotor is extracted from
downstream of the HP compressor diffuser ahead of the deswirl
vanes (refer to Figure 10). It then travels down the backside
of the outer transition liner, and is taken on board the HP front
seal plate through small orifices between the two labyrinth
seals. The front seal plate provides for axial blade retention,
and forms a pumping cavity through which the cooling air 1is
directed to the blade shank.

Air enters each blade through a controlling forward shank
orifice. This orifice and the tip configuration may be modified
to accommodate higher inlet temperatures, but the internal con-
figuration need not be changed. The blade is divided internally
into three separate cavities. The forward cavity discharges at
the tip on the suction side, with the other two cavities dis-
charging to the pressure side of the blade, as shown in Figure 9.
Pin-fins are used to improve heat-transfer characteristics in the
trailing-edge cavity. The larger central cavity employs pin-fins
to increase flow resistance, reducing the flow to this cavity,
and encouraging flow in the leading and trailing edges.

3. PRELIMINARY DESIGN

& Blade Preliminary Design

This program was a manufacturing study of an integral
cooled, laminated, Waspaloy wheel. The cooling scheme was to be
sultable for operation at turbine inlet temperatures up to
2600°F with compromises as required to favor the laminated
process. Compromises that were investigated included cooling
scheme simplicity with material changes to achieve 2600°F capa-
bility, modified blade chord, increased blade thickness, and
reduced number of blades. An additional requirement during the
preliminary design phase of the progran was the consideration
of two cooling schemes. All of these factors were considered

le
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Figure 9. Air-Cooled TFE731-3 High-Pressure Turbine Blade.




TFE731-3 Secondary Cooling Airflow System

Figure 10.
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in varying degrees during the preliminary design phase of the
program.

The first cooling scheme considered was a three-passage,
single-pass, radial-outflow configuration. That scheme was
selected on the basis of simplicity. Analyses indicated an
upper turbine inlet temperature limit of approximately 2200°F
with relatively short life. Although the inlet temperature
limit and/or the life could be increased by switching to a
better material, this design was Jjudged to be marginal, and a
higher capability cooling scheme was a preferable approach to
satisfy the 2600°F representative cooling scheme requirements of
the program.

A single-passage, three-pass scheme was investigated and
had somewhat lower operating temperature limits than the three-
passage, single-pass scheme; however, in the region where both
schemes are satisfactory, the three-pass scheme has somewhat
lower coolant flow requirements. A three-pass, two-passage, tip
and trailing-edge discharge scheme is shown schematically in
Figure 11.

This scheme has high-cooling capability and is typical of
one of AiResearch's cooled-blade configurations; however, it can
be cast. It was judged more advantageous to consider a cooling
scheme with an even higher cooling capability, and that did not
need to be cast. This approach would permit attainment of the
2600°F objective, and would demonstrate the unique capability of
the laminated fabrication process to provide complex cooling
schemes.

A number of variations were considered with these objectives
in mind. The leading edge should be impingement cooled, and the
trailing edge should be cooled with internal passages that dis-
charge through the trailing edge. The trailing edge could also
be film cooled, but some loss of coolant flow control, and a
compensatory higher coolant flow rate, was anticipated with
trailing-edge film-cooling protection. The center-body region
of the blade would be cooled with the leading- and trailing-edge
coolant, except near the blade tip where some center-body flow
would be required. The resulting cooling scheme is shown
schematically in Figure 12, and the overall wheel design approach
is shown in Figure 3. As illustrated, the photoetched laminate
process allows the incorporation of a sophisticated high-
effectiveness cooling scheme, even in a small turbine (11.13-
inches in diameter). The high-effectiveness cooling scheme
incorporates impingement and film cooling in the leading edge,
convection cooling in the center section, and convective-
cooling trailing-edge discharge.

ey
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The center body region would have internal fins, probably cf
the pin-fin variety. Coolant air flows radially outward in the
center-body region, which also serves as a manifold for both the
leading and trailing edges. Some of the coolant discharges at
the blade tip in the center-body region to both cool this
region, and also to provide dust holes to eliminate any dirt in
the passages tHat could cause blockage problems. Coolant
impinges against the leading edge, turns, and flows to discharge
slots on the pressure and/or suction sides of the blade. Near
the tip of the blade, there may be insufficient room for the
coolant to turn and discharge on the sidewalls. In this region
of the leading edge, the coolant will flow radially outward, and
discharge at the tip of the leading edge.

The only compromise required on the blade profile was the
trailing-edge thickness. The trailing edge was cut back to a
thickness of 0.060 inch to permit all passages to be made by the
laminated process, thus eliminating any coolant passage machin-
ing. To mailntain the same mainstream flow-rate throat area and
vector diagram, the blade row was closed 1.5 degrees from the
current TFE731-3 configuration.

A preliminary estimate of the coolant flow requirements for
2600°F operation was 5 percent of the throughflow. Detailed
calculations were required to solve the heat-transfer, flow-
distribution, and stress problems for this design. The features
of this design included all of the requirements for high-cooling
capability, and it was on that basis that the concept was
selected for detailed design.

I Disk Preliminary Design

The preliminary design of the cooled, laminated, axial
turbine disk (for the AiResearch Model TFE731-3 Engine) was
‘onducted, and since the basic laminated Waspaloy mechanical
properties were not available, the turbine disk was designed as
1f the material were isotropic and homogeneous (Waspaloy,
Condition A).

The turbine disk was analyzed under three loading condi-
tions:

(L) Centrifugal loading at 29,692 rpm
(2) Thermal gradient in the radial direction

(3) Thermal gradient in the axial direction
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Figure 13 shows the preliminary disk configuration. Figures 14,

15, and 16 illustrate the displacement and stress distributions

it 29,692 rpm. It should be noted that the radial and tangential

stress distributions across the disk web are quite uniform. It

indicates that the blade loads are dispersed into the disk direc-

tly by means of radial and tangential stresses so that the shear-
stress 1s minimized, and not a significant factor.

Fhermal stresses were studilied with arbitrary thermal gradi-
lhe results indicate that every 1l00°F of temperature
ence between bore and rim will add approximately 10,000-psi
1le stress to the bore. However, 100°F of axial temperature
1 ence across the disk does not add any significant thermal
tress to the disk.

Table 2 summarizes the maximum stresses of the disk at
29,692 rpm, and the burst margin at room-temperature conditions.

TABLE 2. DISK STRESS RESULTS.

R
Average Tangential Stress = 6109 ks
Maximum Tangential Bore Stress = 94.0 ksi
Maximum Radial Stress at Web 45.3 ksi
Maximum Shear Stress = 23.5 ksi

Burst Margin (Cold)* = 135
; //0.84 x ultimate strength
*Burst Mar = . s re
BUEEL Makgin \/(Average Tangential Stress)’ Wia
1ltimate strength at 29,692 rpm = 140 ksi; and
the estimated minimum bond shear strength = 40 ksi.

4. DETAIL DESIGN

a. Blaue Detail Design

The design objectives for the high-temperature laminated
blade had to satisfy specific requirements. These included
engilne operating conditions, either hypothetical, or taken from
data gathered on an existing engine with growth potential suit-
able for higher turbine temperatures. The blade life and the
type of service conditions used to calculate life are a prime
requirement., In this regard, the blade profile, aerodynamic
design, turbine inlet temperature profile, wheel design speed,
and fluid pressure levels were taken from the TFE731-3 design
for the laminated axial turbine rotor design. Major departures
in similarity with the TFE731-3 were the average turbine inlet
temperature level (targeted for 2600°F), integral blade and disk
instead of firtree attachment, increased complexity in the blade
internal passages, and an increase in cooling flow to sustain
the higher-temperature level. The blade life requirement was
targeted for 20 hours with two-percent creep life at steady-
state maximum turbine inlet temperature conditions.

23
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The selection of a blade material was an important design
consideration since satisfactory mechanical properties are
critical for the achievement of the desired life. Waspaloy
Condition A was selected for the laminated turbine feasibility
demonstration because of its availability in sheet form of the
desired thickness, the amount of knowledge and experience con-
cerning etching and bonding Waspaloy laminates, and the general
suitability of the mechanical properties for an integral disk and
blade design.

Possible compromises to the design included modified blade
chord, increased trailing-edge thickness, and the use of a
material other than Waspaloy (Condition A) which was readily
available in laminate form for manufacture of the demonstrator
wheels. Astroloy and AF2-1DA are being investigated as possible
material candidates for future turbines, under another Air Force
contract.

The selected cooling scheme utilizes radial flow with heat-
transfer surface augmentation, impingement, and trailing-edge
discharge. The cooling flow enters each of two centerbody
passages from a common plenum at the blade base, and flowing
radially through pin-fin arrays, cools the suction and pressure
surfaces in this region. As the air flows radially outward in
the more forward passage, portions are bled off into a leading-
edge cavity through slots in the intervening wall. The cooling
air discharges through these slots at high velocity, and impinges
on the blade wall in the stagnation region, then flows aft on
the suction side wall until it exits the blade through film.
slots in the suction surface. Similarly, air flowing radially
outward in the aft portion of the centerbody passages 1is distri-
buted through orifices into a trailing-edge slot through which
it travels aft through pin-fin arrays, cooling both surfaces of
the blade in the trailing-edge region, and discharging into the
mainstream at the extreme trailing edge. Figures 17 and 138
will aid in visualizing the cooling flow pattern described.

(1) Impact of the selected cooling configuration

The most prominent impact of this cooling scheme selection
was the required increase in trailing-edge thickness to permit
the incorporation of trailing-edge discharge in the TFE731-3 HP
turbine blade profile. The laminate thickness and orientation
required the use of a 0.060=-inch minimum trailing-edge thickness
to maintain adequate slot area. It was necessary to utilize
0.010-inch thick laminates over the entire trailing-edge region
to ensure adequate slot area instead of the 0.020-inch thick
stock used in the center section of the blade. The 0.060-inch
minimum thickness was achieved by cutting back on the blade
chord length, but this, in turn, necessitated rotating the blade
row closed 1.5 degrees from the latest TFE731-3 design in order
to maintain the desired throat area and turbine vector diagrams.
The aerodynamic effects of rotating and shortening the blade were
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examined to predict variations in the surface velocity diagrams
for the new configuration versus the TFE731-3 design. Altera-

tions of the loading diagrams at all radial stations were sig-

nificant for the laminated blade. Qualitatively, the greatest

change was an increase in suction- and pressure-side velocities
over the aft-half of the blade chord.

A secondary impact of this cooling scheme selection was the
necessity for placement of three radially continuous walls span-
ning the blade cross section from suction to pressure surfaces.
The location of these walls would simultaneously determine flow
areas, and influence the stress distribution in the blade. I'hese
walls would also be subject to thermal gradients and stresses
due to thickness, location, and thermal boundary conditions.

The factors that were initially considered in determining
the cross—-section geometry for the given aerodynamic profile
were the cooling-passage areas and the blade-metal areas at
varigus radial stations. In the high-temperature laminated
blade, the location of these divider walls determines the flow
area split between the two centerbody radial passages, and the
leading- and trailing-edge cavities., The metal area at any
radius, or taper ratio, determines the total-flow area for all
cavities at that radius. The most forward divider wall, or
impingement plate, was located from considerations of impingement
heat-transfer performance as determined by probable slot height
and distance to the leading-edge stagnation region. The other
divider walls were located to yield smoothly converging flow
areas, when viewed from the base to the tip of the blade. The
intent was toc keep coolant velocity in the center passages up as
the flow decreases from distributed bleed.

The blade-wall taper ratio was determined by considering
the stresses generated due to radial centrifugal loading only.
It was determined that an area 1.33 times the l/4-section
area was required at the base section (radius = 4.295). The
selection of blade-wall thicknesses at stations outboard of the
1/4 section was based upon manufacturing tolerance considera-
tions and blade design experience.

The turbine 1inlet temperature profile selected was deter-
mined from TFE731-2 engine testing. This profile has a peak
local temperature that is 125°F above the radially integrated
average, and it occurs at the 1/4 section of the blade.

Figure 19 illustrates this profile. To simplify analysis of

the design, the 1/4 section was taken as the critical section for
purposes of detailed thermal, stress, and creep-life calcula-
tions. High metal temperatures and loads on this section will
make it life limiting for the blade.
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{2) Coo Lixni system design

The external heat-transfer boundary conditions (the
blade external adiabatic wall temperatures, turbulent and laminar
heat-transfer coefficients, and surface static-pressure dis-
tributions) were computed at the design target level of a 26060°F
average turbine inlet temperature (T4 ). The blade relative

AVG
total pressure, as well as all other pressure levels 1n this
design, were compatible with TFE731-3 cycle design point values.
The surface velocity ratios used in these calculations included
the effects of rotating the blade and cutting back the trailing
edge as previously discussed. The tangential and axial gas
loading on a blade section were also computed for later use in
the stress analysis. Figures 20([ (a) through (e)] and 21[(a)
through (e)] show the results of these calculations at various
sections of the blade.

The stagnation region of this blade has typically high
external heat-transfer coefficients in combination with unusually
high adiabatic wall temperatures for small engine turbine blades
with relatively sharp leading-edge radii. The leading edge
can only be coocled by the generation of equally high convective
heat-transfer rates on the wall inner surface. The best method
for achieving these high cooling rates, in a fashion that makes
them proportional to the local external heat-transfer coecffi-
cients, was by impingement. Items critical to successful
impingement design are the cooling-jet stagnation location on
the wall inner surface, and geometric factors such as impingement
slot height, gap distance from slot to wall, and leading-edge
inner radius.

Blade curvature and the laminate design restriction (slots
may only be normal to the surface of a laminate) force the place-
ment of the impingement slot to be close to the pressure wall in
order to impinge directly on the leading-edge stagnation point.

A high-velocity jet flowing near the pressure-side wall prevents
any possibilities of partial or complete film discharge onto the
pressure surface. Suction-side gill-pgsition discharge was the
logical choice, and was desirable for two reasons. Firaet, the
flow of cooling air aft along the rough suction wall after
impingement is desirable for heat-transfer performance. The
second was the consideration of mainstream static pressure at

the film discharge locations for pressure- or suction-side

slots. An 1sobaric plot for the suction surtface revealed that
the maximum radial static=-pressure variation was approximately 7
psi; whereas, the pressure-surface static-pressure variation was
on the order of 15 psi. Minimizing the film-slot discharge pres-
sure variation was beneficial to achieving the proper radial
distribution of cooling flow within the leading-edge cavity.

From this standpoint, suction-surface discharge was much
preferred. In regards to the selection of single-side film
discharge, it should also be pointed out that the magnitude of
surface static pressure differs substantially from suction side
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