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A Cooled Laminated Radial Turbine
Technology Demonstration
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A low-cost, high-temperature radial turbine has been developed demonstrating the technology required to
manufacture a small, cooled turbine using photoetched laminates bonded together to form a complete wheel. An
advanced long-life, high-performance turbine design is described which uses an iterative optimization procedure
to provide a balanced mechanical and aerodynamic design. The design efficiency was 87.2%, with a predicted
life of 8500 h in stress rupture and a low-cycle-fatigue life of 7600 cycles. The calculated bulk heat-transfer ef-
fectiveness was 0.54 with operation at 2300°F. Several wheels were manufactured from Astroloy, and the
mechanical integrity was demonstrated in a series of proof tests conducted in a whirlpit test facility.

. Introduction

HE radial inflow turbine has proven to be a very at-

. tractive component for small Army gas turbine engines.
The concept of radial entry and axial discharge, both on paper
and in actual engine operation, has clearly demonstrated a
capability to utilize hot-gas energy beyond the levels that
small axial turbines can accommodate and in a more efficient
manner. For engines with airflows of approximately S 1b/s or
less, the radial turbine permits somewhat higher-cycle
pressure ratios with higher turbine and cycle efficiencies at
essentially equivalent turbine inlet temperatures. This permits
reduced fuel consumption while also reducing the number of
parts, engine length, and cost. Though the use of radial
turbines has been limited (basically because of geometric/flow
constraints on engine size), the primary limitation has been
fabricability and the constraint to operate at lower turbine
inlet temperatures consistent with uncooled designs machined
from forgings or integral castings.

The need for increased cycle performance and further
reduced fuel consumption for Army gas turbines dictates the
requirement for higher turbine inlet temperatures—2300-
2500°F appears to be an attractive goal. In the absence of
advanced materials such as ceramics, the extension of cooling
technology from axial turbines has been attempted; however,
the design approaches integrated with fabrication technology
have been fraught with difficulty. It has been shown,
nonetheless, that a single radial turbine operating at elevated
temperatures can generate sufficient work to produce at-
tractive cycle pressure ratios and significant reductions in fuel
consumption.

Additionally, it has been concluded that, for high-
temperature operation including cooled blading, the single-
most critical parameter limiting radial turbine performance is
stress distribution. Rotor stresses limit the achievable tip
speeds to nonoptimum levels due to excessive bore stresses,
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particularly in the presence of front-drive power turbine
shafting, causing sizable wheel-bore diametets. Rotor stresses
also force the designer to utilize radial blade sections to
prevent additional bending loads superimposed on already
high centrifugal blade stresses. This creates nonoptimum
incidence at the rotor inlet.

Early in 1967 several other potential solutions to the cooled
radial turbine fabrication problem surfaced. Both in-house
and government-funded efforts at several locations indicated
new fabrication technologies existed that could be scaled up to
production processes for fabricating these rotors. While
casting technology had also advanced, it was clear that in
order to provide realistic bore diameters under properly
imposed fatigue life and burst requirements, wrought
properties in the bore are necessary to achieve maximum tip
speeds. An Army program was initiated to evaluate improved
fabrication technology for long-life, high-temperature radial
turbines, and two contracts were awarded. It is the desire of
the Applied Technology Laboratory to fully evaluate and
document this fabrication potential to provide the necessary
tools for incorporation of radial turbines in advanced fuel-
conservative engines. This paper describes the design and
development testing at Garrett that led to the manufacture
and testing of the first cooled, laminated, integral radial
turbine (Fig. 1).

Design

The cooled radial turbine was designed to meet several
major engine requirements, namely: adaptable to front-drive
power-turbine applications and a radial turbine matched to a
high-work, high-pressure-ratio centrifugal compressor.

Figure 2 is a conceptual layout of a small turboshaft engine
that utilizes a single-stage centrifugal compressor driven by a
cooled radial turbine. A reverse-flow annular burner is
employed to take advantage of the radial turbine flowpath.
This effectively provides the Army with a simple and compact
engine with a minimum number of turbomachinery com-
ponents and takes full advantage of a cooled radial turbine
configuration in a small turboshaft engine.

Design Requirements

In the smaller flow-class engines, analytical studies and
experimental data have shown the performance superiority of
radial turbines compared to their axial counterpart. The
radial turbine should be ideally suited for the gas generator
turbine for these applications. Unfortunately, the inability to
internally cool the radial rotor has been a significant deterrent
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Fig. 1 Garrett cooled laminated radial turbine.
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Fig. 2 Cross section of concept engine.

to the use of radial turbines and the amount of aerodynamic
research devoted to the radial turbine. However, the
development of laminated construction techniques will not
only eliminate this constraint but will increase the per-
formance potential of future small turbofan and turboshaft
engines.

The conceptual engine configuration that was established
combines the characteristics of a small, advanced centrifugal
compressor of about 3 lb/s mass flow with the cooled radial
turbine to produce a turboshaft engine with the turbine design
requirements listed in Table 1.

Aerodynamic Design
Preliminary Design Analysis

In recent years, both the attainable radial turbine efficiency
and the degree of accuracy of the prediction techniques have
rapidly increased. At Garrett, this was due to the number of
new designs recently developed for a wide range of ap-
plications which have allowed new correlations to be
developed from rig test programs. These programs have, in
conjunction with the extensive analytical and experimental
investigations conducted by NASA,’2? resulted in the
evolution of an accurate method for evaluating the per-
formance potential of radial turbines. The most significant
correlations derived from the experimental data are: 1) that
peak efficiency will occur at an inlet work coefficient that is
consistent with the centrifugal compressor slip factor
developed by Stanitz? and 2) that the reduction in peak
efficiency at higher or lower work coefficients can be ac-
curately accounted for by a rotor inlet incidence loss that is
calculated from the difference in kinetic energy between the
actual and optimum inlet work coefficients. The first result
can then be utilized to obtain a relationship between turbine
stage work and the required tip speed for peak efficiency.
Figure 3 shows this relationship for a range of blade number
based on zero rotor exit swirl. At the specific work required
by the laminated radial turbine, the inducer tip speed required
to achieve peak efficiency is between 2175 and 2310 ft/s for a
blade number between 10 and 20. Based on previous radial
turbine designs, the allowable tip speed is expected to be
between 1800 and 2000 ft/s with current material properties
and the large bore diameter required for a front-drive turbine.
Therefore, Fig. 3 shows that the laminated radial turbine will
be tip-speed limited, resulting in rotor-inducer incidence
losses.
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Table1l Turbine design requirements

Rotor inlet temperature, °F 2,300
Corrected specific work, AH/6, Btu/lbm 32.0
Minimum cooled efficiency, 37— 1, % 86.0
Rotor inlet corrected flow, WA8/8, 1b/s 0.633 -
Total-to-total pressure ratio, (P/P) r_¢ 3.3
Rotational speed, N, rpm 73,380
Minimum design life, h 5,000
Minimum operational low-cycle-fatigue 6,000

(LCF) life, cycles
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To reduce the rotor inlet incidence losses associated with
high-work radial turbine designs, two approaches are feasible.
The first is to adjust the inducer-to-exducer work split to
allow optimum rotor inlet conditions to be reestablished; that
is, negative rotor exit swirl. In principal, rotor inducer in-
cidence would be eliminated; however, in practice, this
solution transfers the losses to the rotor exducer and the
downstream interturbine duct due to the increase in rotor exit
Mach number and swirl. A favorable tradeoff between rotor
inducer incidence loss and rotor exit and interturbine duct loss
is possible by adjusting the inducer-to exducer work split for
tip-speed-limited turbine designs. This type of analysis,
however, requires definition of the downstream interturbine
duct and power turbine and was beyond the scope of this
program. The second approach, and the one selected for the
cooled, laminated radial turbine, is to optimize the vector
diagram based on minimizing the total losses between rotor
inlet incidence and exit swirl losses. This assumes the rotor
exit tangential kinetic energy is lost. This type of analysis is
considered desirable for the present design, since this method
does not arbitrarily favor the turbine efficiency at the expense
of unduly increasing the interturbine duct loss, and in ad-
dition, maintains high-rotor reaction.

This optimization procedure was applied to the cycle
requirement of the cooled radial turbine for a range of rotor
tip speeds and blade number during the preliminary design
phase of the program. For this analysis, the performance with
internal cooling flow was calculated by assuming all the
cooling flow discharges at the rotor exit trailing edge, and the
uncooled turbine efficiency was adjusted by a pumping
penalty based on the rotor exit mean wheel speed. The result
of this analysis is presented in Fig. 4. Based on rotor life
requirements, mechanical analysis of these solutions indicated
that the maximum allowable rotor tip speed was 1880 ft/s. At
this condition, 14 blades are required to achieve the efficiency
goal of 86.0%.

Turbine Efficiency Prediction

Historically, radial turbine performance has been based on
a specific speed correlation246 or on a detailed evaluation
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Fig. 4 Preliminary design optimization study for cooled laminated
radial turbine.

based on loss coefficients derived from previous test
results. 179 Although significant progress has been made in
terms of identifying the conditions for peak efficiency and
modeling the effects of rotor inducer incidence due to the
nonoptimum inlet conditions, all methods currently utilized
suffer from the basic inability to accurately predict the profile
and secondary flow losses in radial turbines. The problem is a
result of both the complex three-dimensional flow and the
unusually high number of design parameters that must be
evaluated in order to arrive at meaningful correlations. Rig
testing is also complex and expensive, which tends to limit the
availability and dissemination of radial turbine data.
However, current developments in flow visualizations and
three-dimensional viscous flow calculation techniques should
significantly increase the capabilities for correlating radial
turbine internal losses.

The basic model for a comprehensive radial turbine design
analysis and performance prediction technique has been
developed by Glassman.? This analysis not only accounts for
the basic stator and rotor geometry, which is required to
evaluate the profile and the secondary flow losses, but equally
important, it performs a two-dimensional flow analysis at the
rotor exducer that is required to evaluate rotor exducer
blockage, deviations, and rotor loading. When more general
correlations become available for stator and rotor losses,
Glassman’s methods can be expanded to arrive at a
sophisticated  method for radial turbine performance
predictions. The current approach utilized at Garrett is a
combination of the two basic methods; that is, a specific
speed correlation is used to obtain the base efficiency at zero
clearance and reference Reynolds number, and then in-house
correlations are used to evaluate the additional losses that will
be present. One of the most comprehensive experimental
programs conducted to evaluate the effects of specific speed
on radial turbine performance was due to Kofskey and
Nusbaum at NASA.2 This program examined the maximum
attainable efficiency as a function of five stator geometries
(varying throat areas), and three rotor configurations
(baseline, extended exducer, and cutback exducer). The
results showed the maximum total-to-total efficiency envelope
(based on the combination of the three rotor configurations)
could be defined, which would result in peak efficiencies of
92.5% over a range of specific speeds from 55 to 85, as shown
in Fig. 5.

Although these results are for a relatively low-stage-
pressure-ratio - design, correlation of Garrett’s higher-
pressure-ratio designs indicate that these same peak efficiency
levels could still be achieved. The specific speed of the cooled,
laminated radial turbine is 69.0, and at zero clearance the
peak efficiency is 94.8. Additional losses that must be ac-
counted for to arrive at the final predicted cooled total ef-
ficiency are listed and summarized in Table 2.

The effects of rotor cooling flow on turbine performance
are usually accounted for by assuming that all internal and

COOLED LAMINATED RADIAL TURBINE » 733

REF NASA TN D-6005
PEAK EFFICIENCY ENVELOPE WITH
" 0.010-INCH SHROUD CLEARANCE
AND FULL ROTOR DISK (NO SCALLOPS)
S l

=
=3

o

o

>

: / i

E i

Q

L 09 \ -

‘j ROTOR CUT-BACK

2 EXTENSION /<4\ ROTOR

5 ) . DESIGN - - o

= ROTOR ’

s N =N 0Oy .

= 0.8 e N HT i 1

- N = ROTATIVE SPEED, RPM

= Q = VOLUME FLOW RATE, FT3/SEC

2 Hy = ISENTROPIC SPECIFIC WORK, FT
20 30 40 50 60 70 80 90 100 110

rRPM SEC/?

SPECIFIC SPEED, Ng-
F13/8

Fig. 5 Composite turbine performance.

Table 2 Cooled-turbine efficiency prediction

Aerodynamic efficiency

LT Agr_p
Base efficiency from specific
speed correlation 0.948
Reynolds number effect at
Rg=3.5x10° 0.949 +0.001
Rotor inlet incidence effects 0.921 -0.028
Rotor shroud clearance effects
at 0.012-in, clearance 0.898 -0.023
Rotor backface clearance effects
at 0.030-in. clearance 0.889 —-0.009
Blade number effects with 14 blades 0.884 —0.005
Rotor backface disk friction effects 0.881 -0.003
Rotor exit blockage effects 0.872 -0.009
Final predicted aerodynamic
efficiency 0.872
Cooled efficiency
N7~ Teooled Anr_1

Rotor backface cooling for

0.60% cooling flow

based on test results 0.872 0.0
Rotor internal cooling flow at

4.94% cooling flow,

based on axial turbine

tip discharge test results 0.872 0.0
Final predicted cooled

efficiency 0.872
Design requirement 0.860

disk cooling flows do not work in passing through the turbine
and that pumping work is required to accelerate the cooling
flows to wheel speed. For the preliminary design analysis, the
rotor internal cooling flow penalty was based on pumping the
flow to rotor exit mean wheel speed, since a trailing-edge
discharge scheme was anticipated. However, during the detail
design phase, the cooling flow scheme was modified. The
final scheme results in all cooling flow discharge to the rotor
shroud and backface clearance regions. Test data evaluating
the effects of tip discharge is currently not available for radial

_ turbines, but has been investigated for axial turbines. The

results show the cooled turbine efficiency either remains
constant or rises slightly up to 3.0% internal cooling. This
characteristic is attributed to a reduction in tip-clearance
losses, which offsets the required internal cooling flow
pumping requirements. The same beneficial effects are ex-
pected to occur in the radial turbine, especially in the exducer
region where similarities between the axial and radial turbine
blading are the greatest.

The effects of rotor backface cooling flow have been in-
vestigated at Garrett for a range of cooling flow up to 6%.
This cooling flow is required to prevent high-temperature
mainstream flow from recirculating in this region. Test results
showed that the work done by the cooling flow (after entering
the turbine flowpath at the scallop region), due to acceleration
through the rotor, offsets the required pumping work done on
the rotor backface.
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This conclusion is based on two methods of calculating the
cooled turbine efficiency. The first method derives the turbine
work based on the thermodynamic mixing of both cooling
and mainstream flows. The second method is based on
calculating the turbine work from the Euler work equation by
integrating the rotor exit radial work distribution with cooling
flow and calculating the rotor inlet tangential velocity from a
constant stator loss coefficient obtained without rotor
cooling.

The internal cooling flow geometry has also resulted in a
significant increase in blade thickness compared to a con-
ventional uncooled radial rotor. Test results on the effects of
rotor trailing-edge blockage on overall performance do not
appear to be available in the open literature, although the
problem was recognized by Rogers. 10

The rotor-exit hub blockage of Garrett turbines used in the
specific speed correlation of NASA data is on the order of
30%. However, the required blade thickness of the cooled
radial turbine results in an exit hub blockage of approximately
50%. Although rotor-exit survey data indicate the radial
turbine is less sensitive to blockage compared to the axial
turbine, an order-of-magnitude effect of the increased
blockage was evaluated based on a mixing loss calculation
that accounted for the blade thickness. The loss calculation
was performed for both the laminated radial and for a
previously tested radial turbine with approximately 30% hub
blockage, which matches the NASA peak-efficiency curve.

The mixing loss calculations were based on the in-
compressible dump-loss correlations developed by
Benedict.!! The difference in mass average relative total
pressure between the subject and reference turbine was 1.16%
(AP/P), which translates to an overall efficiency decrease of
0.90 point, as shown in Table 2. The incompressible results
were compared with a two-dimensional compressible mixing
loss based on the Stewart !2 method, and the same magnitude
of total pressure loss was obtained.

Detailed Rotor Aerodynamic Design

The rotor inlet and exit flowpath dimensions were
established from the optimized one-dimensional vector
diagram. The detail rotor design is initiated with preliminary
estimates of hub and shroud contours, blade thickness, and
angle distributions. These quantities are input to a radial
turbine geometry program along specified station lines
(quasiorthogonals for the internal flow solution). The
resultant data matrix is curve-fitted to define the total blade
geometry. The computer program is a modification of a
current centrifugal impeller geometry program, which allows
an arbitrary blade to be defined. Once the final blade
geometry is established, the required tooling section coor-
dinates are calculated for manufacturing drawings. ’

In order to perform the internal flow analysis, the level and
distribution of losses in the rotor must be specified in addition
to the rotor blade geometry and thermodynamic conditions.
The magnitude of the total stage loss is determined from the
efficiency analysis described earlier. The stator loss is
estimated from previous turbine rig tests with the remaining
loss assigned to the rotor. '

The distribution of rotor losses, both in the flow-through
and radial directions, is more difficult to establish. Because of
the lack of detailed knowledge of the internal rotor flowfield,
the losses in the flow-through direction are assumed linear.
For the radial direction, a loss distribution based on recent
test data from a radial turbine of similar size and pressure
ratio was utilized.

The computer program for the rotor internal flow analysis
solves the radial-equilibrium equation by satisfying the
continuity, momentum, and energy equations in the
meridional plane in a manner similar to Refs. 13 and 14.
Blade surface velocities are then computed from the local
rate-of-change in moment of momentum, the condition of
zero-absolute vorticity, and linear velocities between suction
and pressure surfaces. Stanitz!® has shown that this method

J. AIRCRAFT

produces satisfactory results compared with relaxation
solutions of the potentiai-flow equation. A number of
iterations between the geometry program and internal flow
analysis program are required to achieve satisfactory blade
loading for each thickness distribution examined.

The criteria for satisfactory blade loadings are
monotonically increasing velocities and minimum blade
surface diffusions. For highly loaded rotors (which normally.
implies increased loading and incidence in the rotor inducer
region), this criterion is not satisfied. In addition, inlet flow
deviations based on Stanitz’s criteria are not expected to
apply; therefore, the loadings in the inducer region become ill-
defined. Under these conditions, it is doubtful that more
rigorous stream-function methods for evaluating the blade
surface velocities are warranted.

Mechanical Design
Cooling Configuration Synthesis

The requirements demanded of a radial turbine cooling
system design depend upon three variables: the operating
environment and stress level, the required life and mission,
and the material capabilities. For this application with a
mission life requirement of 5000 h, with 1000 h at maximum
rated power, and with the selection of Astroloy material for
the laminates, the operating stress levels indicate a need for an
efficient and sophisticated cooling system. A design goal was
set for a blade-metal temperature reduction of 500°F below
the uncooled blade prediction for this configuration. Using
the laminate process permits the designer a maximum degree
of flexibility in choosing an internal cooling configuration
which optimizes the internal heat transfer with precise flow
control.

Several cooling-scheme configurations were investigated
during the design, and each was judged for its efficient
distribution and allocation of cooling flow, maintenance of
structural integrity, minimization of thermal gradients, and
overall simplicity. Configuration 1 of Fig. 6 is a two-passage,
single-pass, meridional flow scheme. While it offers simplicity
and ease of flow control, its shortcoming is almost complete
reliance on trailing-edge discharge. With the high turning
angle of the blade exducer, trailing-edge discharge requires
excessive blade thickness to create sufficient flow area at the
laminate interface locations, and the associated aerodynamic
blockage becomes an insurmountable problem. Con-
figuration 2 is a modification that utilizes radial flow and tip
discharge in the exducer to overcome the trailing-edge
thickness problems. Further evaluation of this design showed
promise, but the very high level of coolant-side heat transfer
required in the inducer leading edge was unobtainable without
further changes. Configuration 3 is a design modification that
incorporates impingement cooling in the inducer leading edge
to achieve satisfactory metal temperature levels. Also, better
flow control and heat-transfer augmentation are achieved in
this design by utilizing internal baffling and pin fins. The
selected design, shown in Fig. 7, includes a serpentine passage
in the exducer for greater thermal efficiency and reduction of
cooling air usage. This design was subjected to further op-
timization and detailed analysis.

Thermal Design Analysis

The heat-transfer and pressure-drop characteristics of
laminated-blade cooling passages are higher than for smooth-
walled passages because of the inherent roughness which
varies according to laminate orientation with respect to flow
direction. Experimental work on roughness effects in
threaded passages has been utilized to develop correlations for
friction factor and heat-transfer rate in these rough
passages. 1619 Passage-roughness to hydraulic-diameter ratio
correlations indicate increases in actual friction factors of
480% and increases of wall heat-transfer rate of 140%.

Early in the design process it became clear that an in-depth
detail analysis was required to achieve the desired flow
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Fig. 6 Candidate cooling scheme configurations.
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Fig.7 Cooling geometry.

distributions within a multiplicity of series and parallel-
connected passages. Compressible flow network analysis has
been utilized to account for heat-transfer effects, fluid
friction, rotational forces, fluid transport properties, and
geometry effects. Geometric features presented in this design
include rectangular pin fin arrays of varying densities,
metering and cross-passage bleed holes, passage height
variations, and flow guides. In conjunction with computer
solutions for fluid temperatures and pressures within the
cooling circuit, a heat conduction solution yields airfoil wall
internal and external surface temperatures. External thermal
boundary conditions were calculated at the maximum power
condition from aerodynamic data and airfoil geometry using
standard methods and a flat inlet temperature profile.

As presented in Fig. 7, the airfoil inducer cooling design
includes an upper and lower circuit handling together 2.94%
of core flow. Pin fins are used extensively for heat-transfer
augmentation, and the leading edge has a preorificed im-
pingement feature with impingement air discharge at both
shroud lines. This leading-edge design provides for adequate
flow discharge if a shroud rub occurs, negligible performance
penalty from the flow discharge, and erosion or foreign object
damage tolerance. Both upper and lower circuits are oriented
to have coolant temperature increasing as external tem-
perature decreases with lower blade radius, thereby reducing
wall thermal gradients. Blade-tip discharge is employed with
attendant performance benefits due to effective tip-clearance
reduction.

The cooled blade exducer uses 2.0% of core flow supplied
in equal portions to each of 14 blades by separate passages in
the wheel hub. A serpentine three-pass design was selected
over the three-passage design because of its greater thermal
efficiency; it required 60% less cooling flow to produce
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similar peak metal temperatures and reduced-wall thermal
gradients. The greater thermal efficiency is derived primarily
from higher average flow velocities, second-pass flow
direction  oriented toward decreasing external-gas tem-
peratures, and third-pass augmentation flow balancing wall
temperatures evenly between all three passes.

The cooled radial wheel temperature predictions for steady-
state conditions at maximum power and turbine inlet tem-
perature are presented in Fig. 8. These predictions were used
for stress and life analysis of the turbine. The bulk average
metal temperature for the cooled laminated rotor was 1325°F,
indicating an effective cooling design has been attained.

A very high bulk-heat-transfer effectiveness 5, =0.54 was
calculated based on the relative turbine inlet temperature of
2000°F and the rotor cooling air inlet temperature of 750°F as
defined below:

0, = Trelative in — Tmetal bulk __ 2000— 1325 —0.54
b Trelativein - Tcooling 2000—750 '

Design Iteration

The final radial turbine design is the result of the close-
coupled optimization of many competing design parameters
encompassing mechanical integrity, life, aerodynamic per-
formance, and thermal behavior considerations. An iterative
process is required in the design to ensure that none of the
considerations are jeopardized in deference to another. This
process centers around the rotor airfoil geometry, and is
initiated within established flowpath constraints by ap-
proximations of the blade thickness distribution, which lead
to aerodynamic blockage and efficiency estimates, blade-
cooling design and temperature predictions, stress-rupture life
predictions, airfoil natural frequencies of vibration, burst
margin, and finally, low-cycle-fatigue life predictions. During
the iterations, experience gained from other Garrett radial-
turbine designs was utilized to narrow the constraints. Blade
trailing-edge root fillet design and saddle region fillet design
are two areas that received substantial attention as a result of
service experience with radial turbines.

As blade geometry definition was refined to successive
levels during the design process, the disk geometry was ad-
justed to maintain reasonable levels of localized stress and to
achieve adequate burst margin. The influence of physical
constraints such as curvic coupling extensions and balance
material were included early in the design process along with
the wheel-bore diameter restrictions controlled by the Army
requirement for a front-drive turboshaft engine con-
figuration. When analysis and experience factors dictated that
a balanced design has been achieved by all appropriate
criteria, the iterative phase was concluded, and more detailed
analysis was undertaken.

Analysis Results

During the iterative design process, analytical evaluation
was accomplished using two-dimensional approaches. For
detailed mechanical design analysis, the two-dimensional
finite-element treatment of the rotor with blades described as
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Fig. 9 3-D equivalent stresses (ksi) for combined effects of rotation
(73,380 rpm) and temperatures on blade suction surface and
corresponding disk.

plane-stress elements was retained as the optimum method for
evaluation of the hub portion of the wheel. For the blade and
blade-to-hub interface region, a three-dimensional, finite-
element elastic stress analysis was utilized to obtain better
resolution of stress concentrations arising from the complex
geometry and the temperature gradients.

Rotor-hub stress analysis led to optimization of the coolant
supply passage position and size for burst margin con-
siderations, and to the use of an elliptical inlet passage hole to
reduce stress concentration effects. Stresses were obtained
from the two-dimensional analysis for a condition of
maximum operating speed at room temperature. The average
tangential stress achieved is 82.8 ksi. A burst margin of 31%
was calculated using a material utilization factor of 0.85, and
a minimum ultimate tensile strength of 167 ksi at a rotor hub
average temperature of 1200°F. In the presence of maximum-
power condition steady-state temperatures, the peak bore
equivalent stress increased to 175 ksi from 140 ksi for rotation
only. '

The three-dimensional analysis predictions for equivalent
stress at the maximum-power condition on the external
suction side surface is presented in Fig. 9. Peak stresses
slightly above 80 ksi occur in the blade exducer fillet region on
both suction- and pressure-side surfaces.

Stress-rupture life of the turbine blade has been predicted
using conservative factors on both local metal temperatures
and rotation stress levels. Minimum stress-rupture properties
of forged Astroloy were used in the calculation since materials
testing conducted to date has indicated an equivalency with
laminate in-plane properties. A minimum expected stress-
rupture life of 8500 h was calculated with all of the significant
life consumed at the 100% rated power conditions. The
minimum low-cycle-fatigue life prediction of 7600 cycles at
the bore peak stress location was made using steady-state peak
stresses in the absence of transient solutions and using low-
cycle-fatigue data from axial strain controlled test specimens
of forged Astroloy at the appropriate local temperatures.

A three-dimensional, finite-element blade vibration
analysis has been conducted with temperature and centrifugal
stiffening effects included. The fundamental frequency is
between the fifth and sixth engine orders at 100% operating
speed, as shown in Fig. 10. Garrett experience on other radial
wheels indicates that the likelihood of vibration problems
surfacing in this frequency range in minimal.

A possible mode of failure attracting more attention in
laminate structures than in traditional castings and forgings is
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Fig. 10 Campbell diagram for first five natural frequencies at
steady-state operating temperatures. '

flaw-initiated crack propagation to critical size and growth
rate. In the rotor hub flaws at bond joints would be -
propagated most easily along the bond, but axial stresses that
would control the growth rate in the bond joint are generally
quite low. Transverse to the bond joints, the potential cracks
would be propagated by radial and tangential stresses, but
Astroloy material characteristics in the laminates include
excellent subcritical crack-growth resistance and fracture
toughness. In the rotor blades, the propagation of flaws along
bond joints from the combined presence of thermal stress and
vibratory stress is of primary concern, but analytical
predictions of vibratory stress amplitude are difficult to
accomplish and must, therefore, await strain-gage testing of
the rotor in an actual engine environment.

Laminate Manufacturing Process

The Garrett laminate manufacturing process that was
originally developed and tested under Air Force spon-
sorship20:2! is illustrated in Fig. 11. The illustration shows the
basic process operations applied to a radial turbine starting
with an 0.020-in. Astroloy sheet that is chem-milled to a
precision thickness prior to photoetching the laminates. The
radial wheel blank contains 141 laminates with 92 different
cooling passage configurations. The passages were accurately
generated using computer-aided design techniques that define
each passage with straight-line elements and with an x/y
digitized coordinate system at each Z section. To ensure
stability, the final 1:1 size Z section tooling master is
developed on a photosensitive glass plate to a tolerance of less
than +0.001 in. and subsequently transferred to a Mylar
photopositive for each laminate. Actual dimensional in-
spection of laminate details indicated an average variation
from true position of +0.0003 in. After the laminates are
photoetched, they are thoroughly cleaned to remove all oxides
and organic contaminates that could potentially have an
adverse effect on the bond joint integrity.

Next, alternate laminates are boron-coated using the
Borofuse process. Borofuse is a proprietary process of dif-
fusing boron into the base metal.surface under controlled
conditions to obtain the desired boride density that reduces
the melting point temperature at the bond interface. The
laminates are stacked, bonded, and heat-treated in a vacuum
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furnace at 2150°F for 2 h, while maintaining a constant 100
psi unit loading. A typical bond furnace thermal profile is
presented in Fig. 12. Acceptable diffusion bonding occurs in
the 2130-2170°F bond-temperature range with a 15 deg/min
heating rate. A microprocessor controller is utilized to
maintain the accurate temperature control required. This
effectively avoids either an overtemperature bond, which
produces excess liquid flow and subsequent cooling passage
blockage, or an undertemperature bond, which produces
excess porosity with reduced bond joint mechanical integrity.

The basic nondestructive evaluation (NDE) on the wheel
blank is an ultrasonic inspection, which is performed to check
the bond joint integrity. Also, test specimens are removed
from excess stock in the wheel blank to establish the
mechanical properties and to examine the bond joint
microstructure.

The wheel blank is premachined to expose the blade cooling
air passages in order to conduct an in-process blade airflow
test on the bench prior to final machining. The blade profile
machining is completed using single-spindle duplicating
methods. However, it is anticipated that electrochemical
machining (ECM) methods will be used in production.

Mechanical Integrity Testing
The mechanical integrity tests were performed on the
laminated radial wheel and consisted of an airflow test; a
stresscoat test; a growth, overspeed, and burst test; and

several cyclic endurance tests in a whirlpit test facility to
access the low-cycle-fatigue life.

Airflow Test

An in-process airflow test of the laminated radial wheel was
completed prior to final blade profile machining. A minimum
flow variation blade-to-blade of +4.2% was achieved. This
compares favorably to cast-inserted blades, which have an
allowable variation of =+10%. Also, zero leakage was
demonstrated with the blade cavity air pressurized in a
submerged water tank test. This simple in-process test
procedure established the overall integrity and conformity to
the design of the cooled rotor prior to final blade profile
machining.

Stresscoat Test

The purpose of the stresscoat test was to evaluate regions of
high-stress concentration in the rotor. This test was conducted
in the whirlpit test facility at reduced speeds (50 and 55 rpm),
and under carefully controlled temperature and humidity
conditions. The stress patterns developed are shown in Fig. 13
and occur primarily in the blade fillets, Note that small local
stress concentrations occurred on several blades in the in-
ducer-tip region of the S/N 2 rotor. These concentrations
correlated with known Zyglo and porosity indications
previously established on the rotor.

Growth, Overspeed, and Burst Test

The laminated wheel was growth-tested in order to
determine the response of the wheel structure to overspeed
conditions and to evaluate the burst speed margin. A
maximum total growth of 0.008 in. occurred in the bore under
the inducer portion of the disk. The actual burst speed was
92,200 rpm, 126% of the design speed, which is slightly below
design burst speed of 131%. A three-piece hub burst occurred,
which is typical of a homogeneous isotropic material, and
post-test mechanical properties were verified in the bore.

Cold Cycle Testing

A cold cycle test is planned in the whirlpit test facility to
evaluate the mechanical fatigue strength of the radial
laminated wheel. Since the proper thermal gradients in the
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Fig. 13 Stresscoat test results, S/N 2 rotor.

wheel cannot be duplicated, except in an engine environment,
only the mechanical or centrifugal loading will be generated.
Overspeed cycles to about 120% of design speed will be used
to compensate for the lack of thermal environment. On the
basis of whirlpit testing of forged nickel-based turbine wheels
at 70°F, no crack initiation or failure is expected in 6000
cycles. Inspections will be performed at intermediate cycles
using Zyglo and visual inspection methods to detect any
cracks that may develop.

A preliminary cycle test was conducted on the S/N 2 rotor
up to 100% design speed to check for a change in the blade
porosity indications and stress concentrations identified in
Zyglo and stresscoat. Dimensional and Zyglo inspections at 1,
10, 35, 100, 200, 350, and 500 cycles were completed. No
change occurred in the porosity indications; a slight change
occurred in the bore and tip diameters (£0.0002 in.). Zyglo
inspection of the bore and disk were clean and free of defects.

Summary and Conclusions

A small, high-temperature, cooled radial turbine rotor has
been designed for operation at 2300°F and manufactured
utilizing the Garrett laminate process. The laminate design
established represents a good balance between aerodynamic
and mechanical design which satisfies the major Army design
requirements. That is, a design efficiency of 86% vs a
predicted efficiency of 87.2%; a design life of 5000 h vs a
predicted life of 8500 h in stress rupture; and a low-cycle-
fatigue life of 6000 cycles vs a predicted life of 7600 cycles.
Also, the maximum metal temperature at the blade tip was
held at 1650°F with a bulk average temperature of 1325°F.
The inherent flexibility of the laminate process has provided
an optimized blade cooling design with a high bulk-metal
effectiveness of 0.54.

A series of whirlpit tests was conducted to evaluate the
mechanical integrity of the rotor. These tests included
overspeed, growth, and burst testing up to 126% speed and a
stresscoat test to evaluate stress concentrations. Further cyclic
testing is planned in order to establish the low-cycle-fatigue
characteristics of the rotor.

In conclusion, this program has demonstrated the
feasibility of manufacturing a high-temperature, cooled
radial turbine utilizing the Garrett laminate process. The
application -of cooled integral radial turbines in small
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propulsion engines should lead to more fuel-efficient engines
in the future.
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