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INTRODUCTION

Knowledge and technology in gas turbines improved rapidly in the decade
following World War II. Ouring that period much of the ground work in two-
dimensional flow analysis and turbine cooling was done. Convect,on, film, and
transpiration cooled vanes and blades were studied analytically and experi-
mentally. A cooled turbine with aluminum blades was run with a 1650 K (2500°
F) inlet temperature in 1947. Also, an engine test program utilizing 1iquid
hydrogen for a turbine cooling air heat sini. ran a successful test with a
3000° F turbine inlet temperature. While there were severe operating problems
that precluded practical use of these concepts at that time, these experiments
did demonstrate the potential of turbine cooling. Since that time, turbine
inlet temperatures in production engines for civii aircraft have increased
from 1000 to 1650 K (1400° to 2500° F), largely through experience, developing
technology, improved materials, and more rigorous design techniques. Figure 1
shows the history of this temperature increase from the early turbojets to the
curront high bypass turbofans. Note the leveling off in recent years. This
will be discussed later.

Currently, quasi-three-dimensional inviscid ilow analyses are standard
design tools for flow analysis and these are used with empirical and calcu-
lated boundary layer and endwall effects. Hot gas side heat transfer calcula-
tion methods range from the use of flat plate hest transfer correlations to
fairly sophisticated boundary layer codes with var.ous turbulence models,
transition criteria, and geometric provisions. Internal flow and heat trans-
fer calculations for coolant side heat transfer typically use one-dimensional
convection rodels with empirical correlations for impingement, pin fins, and
turbulence promoters. Metal temperature prediction systems use these heat
transfer calculations with two-dimensional conduction codes that employ raired
rows of elements, inside and outside, along the blade profile at several span-
wise positions. The calculated temperatures are then tied together spanwise,
recalculated if necessary to reflect spanwise conduction, and used to evaluate
the cooling system. This method provides an approximate three-dimensional
solution for metal temperature distribution.

while currently used design methods provide turbines with high aerody-
namic efficiencies, substantial uncertainties continue in the prediction of
Jocal metal temperatures. Figure 2 shows the learning curve in turbine design
technology as I see 1t and also shows an assessment of the current ability to
predict metal temperatures. Note that gas-side heat transfer coefficient un-
certainty is 35 percent while the :oolant side uncertainty is 25 percent.
These uncertaintics, combined with only approximate knowledge of gas and cool-
ant temperatures, lead to an uncertainty of about 100 K (180° F) in local



metal temperature. This in turn leads to uncertainty in 1ife prediciion of a
factor of ten. An analysis of this subject was presented at the 1980 Jaint
ASME /ATChE Mational Heat Trancfer Conference vreferance 1 1t <hould he noted
that a significant contributor to this 1imitation on metal temperature predic-
tton abiltty 1s the lack of precise knowledge of the real engine environment.
There is a rea! need for accurate measurements of temperature, pressure, and
turbulence distributions. The price paid for this uncertainty in metal tem-
perature prediction can be quite high in terms of development cost as well as
subscquent maintenance costs. Ff’gure 3 shows a pie chart on the cost of
development of a new engine. About four years ago I surveyed four or f:ve of
the major engine comparies to get this information. This representation aver-
ages the response. The total engine development costs in 1979 ranged from
$500 mi11ion to $1.2 billion. 1In 1983 this would scale up to about $600
million to $1.6 billion. Of that total cost, 10 to 40 percent were incurred
in the core turbine. And two thirds of that was in fixes. That amounts to
about $40 to 3400 million in core turbine changes through flight certification
and perhaps one year of operating experience. Recent conversations with, and
research proposals from, the engine companies indicate that this picture has
not significantly changed.

Current efforts in computational fluid mechanics, instrumentation, and
computer technology hold promise of another period of rapid advancement in
turbine design technology. We won't see dramatic ‘ncreases in turbine inlet
temperature such as the 550 K (1000° F) increase in the 50's and 60's, but we
will see greatly increased computer involvement in design optimization and the
simulation of component and full engine operaticn. For the aerodynamic and
heat transfer codes, we will see significantiy more accurate definition of
boundary conditions because of improved high temperature instrumentation and
greatly improved modeling of combustors. Figure 4 summarizes very simply the
changes we can expect in the next ten years. [ belleve that three-dimensional
viscous computer codes will be standard design tools, and that the uncertainty
margins in heat transfer coeffizients will be reduced by a factor of three.
This, in combinatton with accurate knowledge of the cnvironment, should permit
metal temperature nrediction with an accuracy of 14 to 28 K (25° to 50° F) and
greatly reduced component and engine development times and costs. We can 2also
axpect major improvements in specific fuel consumption, thrusi-to-weight
ratios, and time between engine overhauls.

A great deal of Interesting worx )s underway in research, development,
and design technology. High fuel costs have resulted in increased emphasis on
high cycle efficiency and consequently higher cycle pressure ratios and tur-
bine inlet temperatures. Much current work, therefore, is in high temperature
turbines with complex cooling systems tha. employ rather hot cooling air.

Many innovative aerodynamic concepts are also being explored. These include
leaned or bowed vanes with contoured endwalls, variations in radial distribu-
tion of work, winglets, various endwall trenching and grooving, and several
variable geometry techniques. The proyrams to be highlighted herein are in
radial and axtal turbines for the 1990's and beyond. Also, mission and cycle
studies for alrcraft of the period will be discussed along with the long range
turbine pei formance goals.




RADIAL TURBINES
General Characterictica

Radial turbines are suitable for many applications ranging from very
small superchargers to hydroel~-tric power plants. In all of these applica-
tions they show many desirable cnaracteristics such as high efficiency, ease
of manufacture, sturdy construction, and high reliability. Francis and Kaplan

turbines are employed in hydroelectric systems generating more than 10C 000 KW.

These typically have variable radial-inflow stator vanes. The Francis has a
radial inflow rotor with b-ides extending partially around the bend toward
axial flow, while the Kaplar turbine includes a vaneless vend downstream of
the vanes followed by an axiil rotor. All, of course, have axia) exit flow.
References show that both types have peak efficiencies near 93 percent. In
the small sizes, radtal turbines have demonstrated an efficlency advantage
over axial turbines. Small radia) turbines generally look like the sec.ion
shown in figure 5. Flow enters the vane section from a duct that can be in
the form of a torus, which is a doughnut-shaped large plenum, or a volute that
provides flow soiraling into the vanes with a significant whirl velocity com-
ponent. Vanes desigred for a volute inlet generally nave 1ittle or no cam-
ber. In most small radial turbines the solid hub does not extend out to the
tip as shown. The blades then have running clearance on both the hub side and
the shroud side.

Radial or swept blades may be employed. In most applications radial
blades are selected hecause of unacceptable bending stresses in the case of
swept blades. A typical velocity diagram 1s also shown in figure 5 along with
that of an axial stage designed for the same speed, work, and work factor.

The two significant differences are in the optimum incidence angle indicated
by the radial rotor inlet relative velocity vector and the lower exit wheel
speed corresponding to the lower exit mean radius. The optimum incidence
angle provides minimum inlet loss by positioning the stagnation streamline
right on the leading edge. This results in an optimum work factor smaller
than 1.0, which 1imitc stage work for applications requiring maximum effi-
ciency. Backsweep and profiled leading edges have been explored for increased
stage work and are discussed later in this paper.

An unattractive characteristic of radtal turbines is the relatively large
volume required by the inlet ducting that lies outside the vane assembiy and
consequently greatly increases the diameter of the total package. This, of
course, also increases the weight. Another is the difficulty of manufacturing
a cooled radia) rotor for high performance 1ight weight engine systems.
Extensive work is underway to develop this technology and is discussed herein.

There are many references describing the general characteristics znd the
highly efficient performance of radial inflow turbines. One of the most com-
prehensive and enthusiastic is Homer Wood's paper of 1962, reference 2. This
is recommended reading for any designer considering the selection of radial or
axial stages for his application. There is a persuasive argument for the
selection of higher tip speeds and high stage loadings for the radial in view
of the relationships amcng blade stress, disc stress, efficiency. and stage
loadirg. The radial turbine chapter in NASA SP 290, reference 3, discusses
many fundamental considerations in the design of radial turbines with particu-
lar emphasis on effects of changes in geometry.
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Efficiency

The radial gas turbine is in competition witn the avial turbine mostly in
the small size range. Here its packaging and weight disadvantages are offset
by the inherent advantages in efficiency. Small axial turbines are very sen-
sitive to aerodynamic c¢ promises associated with manufacturing 1imitations
and inaccuracies. These comprorises are in the areas of airfoll thickness,
surface roughness, rotor tip clearance control, and general dimensional con-
trols. Reference 4 details a study of a six inch tip diameter axial turbine
that performed with as-manufactured rotor blades at an efficiency level of 18
percent at its design operating point. Correcting the surface roughness
gained one point. Reworking a large part of the profile tn reduce trailing
edge thickness by 21 percent further increased efficiency by 4 percent. These
changes raised the efficiency to 83 percent. Tralling edge thicknesses were
st111 relatively large, however, with a blockage of about 13 percent, and hurt
performance. Another significant penalty is in rotor tip clearance. While
large ajrcraft turbines operate with tip cleararces near 1 percent of passage
height, small turpines typically operate with tip clearances of 2 to 3 per-
cent. This penalizes efficiency in three ways. The tip section unloads, re.
ducing turning, a significant amount of working fluid bypasses the rotor
blades, and there are viscous losses incurred by the tip clearance flows. The
tip clearance loss reduces turbine work and eftficiency by one to three percent
for each percent clearance depending on clearance configuration and rotor tip
reaction. For a high reaction rotor tip with o« smooth shroud wall, the figure
i< three.

The radial turbine experiences the same absolute clearance controls and
levels, but its flow path provides a very minimal clearance penalty. This 1is
perhaps the key factor in the radial turbine's erficiency advantage over the
axial. Minimum tip clearance achievable depends on bearing clearances, shaft
excursions, differential thermal and centrifugal growths, and manufacturing
tolerances. In general, the clearance gap is proportional to the clearance
radius. Note in figure 5 that the radial turbine exducer radius is only about
two thirds that of the axial while the blade is about three times as high.
This provides a radial clearance to passage height ratio about one quarter
that of the small axial turbine and well under the 1 percent achievable in
even large axial turbines. This <learance-efficiency relationship was studied
with a low pressure radial turb'ae designed for a space power system and re-
ported in reference 5. The key results are shown in figure 6. Axial clear-
ance was varied near the leading edge and the radial clearance over the
exducer with smooth variation between. The sensitivity for the axial (inlet)
clearance 1s only one-tenth that of the radial (exit) in the zero to three
percent clrarance range. This insensttivity to axtal clearance at the large
inlet radius results from the low relative velocity and consequently low vis-
cous clearance flow loss. There is no real loss in turbine work because the
stator vanes provide the inlet angular momentum +hile the tight exit running
clearance ensu:es near-design extraction of this angular momentum and conse-
quently near design work. The adverse effects of large axial clearances are
thus 1imited to the clearance flow losses and a slight redistribution of the
blade loading. Another radial turbine advantage is {he unguided acceleration
in the vaneless space. This reduces vane loading and losses, particularly in
a case of high stage work where the vaneless s.ace ccula provide acceleration
1o supersonic velocities. Two other assets are the 1ight blade loading and
the lower average kinetic enercy levels. The very hiah rotor solidities re-
sult in relatively 1ight blade loading with low blade svrface diffusion and




the low average velocities lead to somewhat lower rotor viscous losses. Al
of these efficiency advantages stem from the radial-axial flow path 11lus-
trated in figure 5.

Current Problem Areas

There are several problem areas being worked by various engine companies,
Jaboratories, and universities. Much of the motivation and funding comes from
the Department of Defense and the Department of Energy. Research and Develop-
ment (R&D) efforts are underway for the future use of radial turbines in
applications ranging from helicopters to trucks. The importance of low fue)
consumption leads to wok toward 1ighter and more efficient turbines to oper-
ate in the high temperature high pressure environment of high performance
helicupter engines. This identifies cooling and materials as candidate ‘tems
for R&D effort. Low cost is important in any application, but critical in
ground vehicle engines because of the advanced manufacturing and performance
technology of competing diesel and spark ignition engines. This consideration
directs efforts toward low pressure ratio systems with recuperated cycles and
turbines with 1i1ttle or no cooling. The major concerns being addressed for
future engines are as follows:

(1) Increased turbine inlet gas temperatures

o highly effective cooling with multi-pass coolant passages,
turbulence promoters, and some film cooling

o improved manufacturing technology tu provide complex coolant
passages at reasonable cost

o metals that can tolerate high temperatures

o ceramic coatings

o solid ceramics

(2) Improved part power performance
o better aerodynamics
o varlable geometry

(3) Improved duct design
0 2-D axi-symmetric viscous flow codes
o 3-D viscous flow codes

(4) Increased stage loading
0 blade backsweep
o downstream stators

(5) Improved off-design performance prediction
o better loss models
o variable geometry
o cooling effects

Recent and Current R&D Programs

A variety of programs in radial turbine technology have been carried out
in recent years with varying degrees of success relative to their objectives.
Topical areas included air cooling, materials, fabrication techniques, and
variable qeomei.y. Many of these efforts were funded by the U. S. Army with



engine requirements derived from helicopter missiorn studies. These studies
have shown that for engines w#ith flows of five pounds per second or less, a
radial stage 1s a very attractive component for the compressor drive. It

nackages well with a2 centrifugal comorescor and roverce flou annular combuc
tor, and frontal area i1s not of serious concern. Most applications require
front-drive power turbines with concentric shafts. This ,»eans fairly large
bore diameters in the core compressor cnd turbine. High bore stresses require
high mechanical integrity of the radial turbine rotor. Much of the develop-
ment work for high temperature applications with air cooling, therefore, have
been in this area of mechanical strength and durability in the rotor hub as

weil as in the blades.

Bicast cooled rotor. - One of the early programs for developing a cooled
radial turbine was initiated with funding by U. S. Army AVLABS in 1968 (ref.
6). This program called for development of a design and fabrication method
for an air cooled rotor for an engine air flow of 5 pounds per second and a
torbine inlet temperature of 1530 K (2300° F). The turbine tip speed was 2300
feet per second and expansion ratio of 5:1. This roter had a relatively small
bore; smaller than current front-drive requirements. The blade cooling was
relatively simple with a single two-pass channel in each blade discharging the
coolant through a radial slot on the blade surface as shown in figure 7. Ini-
tial attempts to cast a one-piece rotor were not successful, with gross non-
f111, ceramic core breakage, and distortion. Subsequent attempts involved
bicasting, fiqure 8. This was unsuccessful also, however, with insufficient
rotor strengtn to support the high speed stresses.

Cast/HIP cooled rotor. - Detroit Diesel Allison (DDA) was awarded an army
contract in 1977 to provide and demonstrate the technology required for the
economical manufacture of an efficient high temperature radial turbine (refs.
7 and 8). The approach selected included an air-cooled airfoil shel. HIP
bonded to a high strength hub. The shell was a monolithic casting that in-
cluded all rotor blades and a thin hub section. The bond joint surface was
conical under most of the blade section with a shost cylindrical surface under
the exducer section. The cooling scheme was relatively simple with two
smooth-walled channels discharging air on the pressure surfuce of each blade
near the trailing edge. The cooling passages and the HIP (Hot Isostatic
Pressing) bond surfaces are shown in figures 8 and 9.

The aerodynamic and chermal desiygn involved a tradeoff s.udy among many
variables. These included blade-jet speed ratio for high efficlency, blade
and endwall contcurina, coolant flows, and various stresses. With an engine
output of 1000 horsepower, the core turbine was designed for 55 000 rpm, 1258
hp, 170 psia, 1530 K (2300° F), and 5.2 1b/sec. An excellent bond quality was
achieved. This was demonstrated by ultra-sonic non-destructive testing,
macro/microstructure examination of a sectioned rotor, and rotor-burst
strength testing. Production cost estimates made this approach very attrac-
tive relative to the cost of a comparable axlal turbine.

Low temperature aerodynamic performance tests were run over a range of
speeds and pressure ratios. Varying coolant flow rates from 0 to 150 percent
of design flow ratio were run in order to learn the effect on perfoirmance.
Figure 10 shows a performance map with efficiency referenced to only the pri-
mary flow. Design point efficiency of 86 percent 1s somewhat short of the 88
percent goal. The goal should be achievable in a developed turbine. Figure
11 shows the effect of coolant flow on thermodynamic efficiency defined as the




ratio of output work divided by the sum of primary and coolant flow avallable
energies.

Laminated radial wefer cooled rotor. - References 9 and 10 describe an
Army coniraci effort at the Garrett Turbine tngine Company. This eftrort par-
alleled the DDA program with a different fabrication approach. A large number
of thin photo-etched sheets of MAR-M 247 were stacked axially and HIF-bonded
to form the rotor. The external surfaces forming ine blades and the nub were
then machined to provide smooth flow passages. Photo-etching permitted the
use of complex cooling passages formed by the etched openings in the Tami -
nates. These openings were normal to the laminates giving rise to the steps
shown in figure 12. The discontinuities enhance internal heat transfer by
promoting turbuience, but they result in thick blades in the exducer region
because of the discontinutties. This turbine also included a separately
formed hub bonded to the laminated assembiy. This program experienced many
difficulties in the achievement of high integrity bonds between the laminates
and also in the bond inspection process. The radial wafers support centrif-
ugal stresses well, however, and the test rotors exhibited good burst
strength. The problems experienced indicate a 1imited future for this design
approach.

Split blade concept. - A program jointly funded by NASA and the U. S.
Army Research and Technology Laboratories is currently underway at Solar
Turbines, Inc. This concept, shown in figure 13, employs two monolithic cast-
ings, a "star wheel® inlet section, and an exducer section. The *star wheel"
ys cast with split blades. An iron core for each blade is formed with grooves
and cavities to be f13led with the same high temperature alloy used for the
blade-wheel casting. This is HIP bonded into the split blades. The iron is
subsequently leached out with acid leaving complex internal cooling passages
with flow boundaries and turbulence promoters where the iron core had been
grooved. This technique permits the use of highly effective internzl cooling
and also flexibili.y in the internal geometry. Modifications may be made
readily in the iron matrix with no reworking of the casting patterns or
cores. The exducer casting can be produced with highly effective ~ooling
passages and with no difficult casting problems. It's too early in the pro-
gram to assess the success in meeting objectives, out the concept is attrac-
tive. Figure 14 shows an exducer at the top and the split blade casting at
the left. The casting shown on the right is a company-funded alternative to
the split blade approach. 1t is a cored casting. Both of these *star wheels®
discharge the coolant from the trailing edges into a gap between the radial
part of the blades and the leading edges of the exducer blades forming a cool-
ing f11m on the exducer blades. The exducer blades themselves are internally
cooled with trailing edge ejection. It should be noted that the design re-
quirements are rather severe with a turbine rotor inlet gas temperature of
1800 X (2800° F). A paper describing this program in some detail is being
prepared for presentation by A. Hammer of Solar at the 1983 SAE Aerospace
Meeting.

Variable geometry. - The need for improved part power fuel consumption
led the U. S. Army Research and Technology Laboratories to award two study
contracts in 1979. The purpose was to define approaches in variable-geometry
components that would provide an output power range of 2:0 while maintaining a
nearly constant thermodynamic cycle. The full power flow was specified at &
1b/sec and two turbine inlet temperatures were to be examined, 1650 X (2500°
F) and the maximum attainable with an uncooled rotor. One of these studies,




performed by Teledyne, resulied in the concept shown in figure 15. Each of
two centrifugal compr2ssor stages 1s equipped with variable iniet guide vanes
and mcveable diffuser sidewalls. The radtal core turbine also employs a move-
able stator side~7.) wnile the axial free power turbine has pivoting stator
vanes wiivh, 17 e the compresser i1niet guide vanes, rotate about the radii of
concentric soh« -icai endwalls. The rotor blades are not cooled. All of the
variable components are linked mechanically to simultaneously vary the flow
area through the range of 50 to 100 percent of the full power flow area.

Shaft speeds and turbine inlet temperature are to be held constant so that all
component pressure ratios and flow-specific works are also approximately con-
stant. This results in a net power output that also varies from 100 down to
50 percent, except, of course, for whatever performance penalties are incurred
by the variable geometry. This study ~ontract effort led to additlonal con-
tracts for the design, fabrication, and experimental evaluation of a variable
radtal tnflow turbine with vartous mechantcal approaches to the translating
endwall. These included straight and contoured endwalls on the hub side and
the shroud side. Each of these configurations, 2C in total number, involved
stationary vanes and one moveable endwall with holes matching the vane pro-
files to permit the translating movement. So far in the program, 24 configu-
rations have been tested. For the most efficient, 50 percent area reduction
resulted in an efficiency decrease from 87.5 percent to 83.5 percent and a
flow reduction of 38 percent for a n=t power reduction of about 40 percent.
Figure 16 shows one of the preliminary data plots for a moveable hub wall.
This curve shows a somewhat lower part power efficiency than the best moveable
shroud configuration, but the shape of the curve is typical. These data were
taken with the vane-profile-wall clearances completely sealed. Some data
taken with a workable high temperature seal 'n-talled indicat: that leakage
flows and aerodynamic losses can be held to very low and acceptible levels.

It 1s 1ikely that the compressor stages and the axial power turbine will
exhibit similar characteristics. That is, decreasing efficiency and less than
1:1 flow/area reduction as flow areas in the static vanes and diffusers are
reduced. Consequently, engine power may be expected to decrea<e to a level
near 50 percent of full power as fuel flow is controlled to maintain core
shaft speed as flow areas are reduced by 50 percent while specific fuel con-
sumption increases reflecting the lower component efficiencies. A paper
describing the experimental program as well as the system study background is
being prepared for the 1983 SAE Aerospace Meetina.

A second contract study was carried out by the Garrett Turbine _ngine
Company. An early decision to pursue the cooled rotor approach was made, with
a laminated radial wafer fabricution assumed. The variable geometry in this
turbine was simply a pivoted trailing edge section on each vane. The station-
ary parts of the vanes included contoured endwalls for low aeroc;namic loss.
The flow path and the articulated vanes are shown in figure 17. The laige
vane exit flow angle results in 2 required angular movement of only 10° for
the 50 percent area reduction. Flat parallel endwalls should facilitate the
action of the moving tradling edges with minimal leakage problems. .Although
this program was not carried through aerodynamic testing, a detatled analysis
with good loss models indicated a stage efficiency of 0.866 including stator
leakage and all cooling penalties. Reference 11 is the final report cn the

program.
Both of these approaches are promising and worthy of continued attention.

Ceramic turbines. Ceramics for various turbine engine components are
recelving a great deal of attention because of the potential multiple benefits
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'n cost, welght, corrosion and erosion resistance, and the elimination of
cooling in high temperature areas. Reference 12, published in 1970, dliscusses
many of the design considerations in the use of ceramics, makes comparisons
with high temperature metals. and includes many references on the subject that
were published during the 50's. Some of the problem areas detalled therein
have been worked extensively with sorwe measure of success. Reference 13 pro-
vides a more recent overview of the subject with a summary of R D program ef-
forts and progress. This paper asscssed fairly well the state of the art and
the problems that must be solved to enable exploitation of the potentials of
ceramic components. Some of the conclusions reached were as follows:

(1) Large utility gas turbines offer a great potential for conservation
of current fuels as well as the potential for using lower grade, more corro-
sive alternate fuels.

(2) Use of solid ceramic components in aircraft is sti11 pretty far into
the future because of high risk. One exception might be the static shroud
over the high pressure turbine rotor blade tips.

(3) Earliest use of solid ceramic turbines will be in small sizes for
application in automotive passenger vehicles, trucks, buses, remotely piloted
alrcraft, and portable power units.

(4) R D needs are in improved matertals and processing, design criteria
and approaches, and non-destructive evaluation techniques.

The Department of Energy has been 3nd 1s currently funding programs in the
development of components for ground transport vehicles. Two of these are the
CATE (Ceramic Applications in Turbine Engines) and AG1 (Advanced Gas Turbine)
projects. Work to date on monolithic ceramics has shown that these materials
have good high temperature strength and good oxidation resistance, but they
are brittle and currently have low reliability. Maximum operating tempera -
tures for various parts made of silicon carbide and silicon nitride range from
1600 to 1900 k (2400° to 3000° F) depending upon stress levels. Processing
begins with powders of submicron particles which are sintered with various
additives. Hot isostatic pressing, injection molding, or slip-casting 1s then
employed to form the “green” bodles. Densification by sintering and, again,
hot isostatic pressing finally forms the fully dense monolithic ceramic body.
The densification process results in an overall linear shrinkage of about 17
percent. Ceramic axial and radial turbines are being developed for the AGH
project by the Garrett Turbine Engine Company working with Ford (AGT 101) and
Detrolt Diesel Allison working wi*h Pontiac (AGT 100). The actual p.ocessing
of the ceramics ‘s being carried oLt by companies including Ford, AiYResearch
Cisting Company, Carborundum, and GTE Laboratories.

fFigure 18 shows the ceramic parts under development for the AGT 100. The
-adial turbine rotor was fabricated by Carborundum of siYlicon carbide. An
alternate rotor of silicon nitride is being developed by GTE Lavoratories.
Reference 14 provides 1982 status of the AGT 100 program and referenc: 15
covers the AGT 101 effort in ceramics.

Improved of f-design performance. It was mentioned earlier that most
radial turbine rotors have thin radia) blades at the inlet. This feature
leads to a falrly limited range of low loss incidence angle and consequently
high losses at of f-design operating points. The Cummins Engine Company has




carried out an Interc,>ting program with a series of rotors with thick leading
edgss shaped to expand the range of low-loss incidence angles. The applica
tion assoctated with the need for this program 15 in supercharger turbines for
large die<el engines. These turbines muct operdate in pulsating engine exhaust
fiow over a wide range of engine operating condttions. At any particular
engine operating point the mass flow nulsate. as much as 20 to 39 percent.
During these pulsations a thin blade rotor, upper left, figure 19, develops
large intermittent separated rectirculation zones. Several rotors with thick
blade leading edges were designed, bullt, and tested for aer ~;. - mic perform
ance. Three of these, round nose, forward curved, and ba ¥ a-d ved, are
also shown in figure 19. Aerodynamic performance of all qree is . ‘scribed in
reference 16. lests used to determine this performanre were rdan av 4 number
of steadv flow conditions representing various instantanevus operat'sg points
in the real engine environment. Stgnificant improvements in f’ww capacity and
efficiency were observed. Maximum efficlency improvement was .u percent at
the high work factor end of the range and 18 percent at the low end. These
improvements were for, in Cummins terminology, forward curved and backward
curved rotors respectively. The round nose rotor was intermediate between the
thin blades and the preferentially curved blades and experlenced most of the
performance gatns at both ends of the range. Subsequent tests in an engine
exhaust system verified the performance gains measured in the steady flow
tests. The thick blade concept can be adapted to and optimized for a variety
of applications for which the conventional geometry Ys not optimum. OStresses
would be more manageable than those of a thin swept blade and design velocity
diagrams could be varied freely. :

Production Turbines

Most radial turbines that are cutrently in production are small and used
principally *a superchargers, ircraft APU's, ang aldrcraft starters. The-e
are scime exceptions. Turbonetics tnergy, Inc., a4 subsidiarv of Mechanical
Techaology, Inc., has radial steam turbines In producttion with output power
ratings of 500 to S000 horsepower. Tlhese are sultable for cugeneration, en.
hanced oi! recovery cogeneratinn end mechanical drive applications. Rotor tip
diameters up to 12 inches have been designed with operating speeds of 24 GOO
to 46 000 rpm. Stage effictencies ¢f 88 percent hdve been achleved. Flqure
2C shows one of thelr rotors. Thedr system includes two radlal turbine stages
in sertes coupled to a common output shatt through step down gears.

Another noteworthy application of radial turbines s otfered by Kongsberg
ot Norway. Tlheir kG 2 engine hds a centritugal compressor and a sadicl intlow
turbine mount>d back to bdack and cantilevered on a single snatt. This shaft
drives the generator through a two stage gear reducer. Output power ranges
trom 1000 to 1700 xW with optional gaseous or lTiguld fuel systems. The tur
bine tip diameter s about 24 inches. Figure 21 shows a section through the
engine and 1l<o a photograph of the rotor assembly.

solar Turbines, Inc. has produced a large number of Sparian gas turbine
engtnes employing radtal turbines. These were relatively small, in the 350 to
400 horsepower tange. While no longer in production, these engines dre in use
wor 1d wide. There are very large radtal turbines running on blast turnace gas
tn Russla. Output powers range from 8 to 13 MW.  Radlal *urbines srere
selected tor thedr ruggedness and eroston resistance in this very dirty
enviranment .
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Mixed Flow Turbines

mixed flow turbines are mentioned briefly here because there is some cur-
rent effort related to possible aerospace and automotive applications. It
appears that a mixed flow turbine can offer the efficlency advantages of a
radial turbine. Also, blade backsweep for higher stage work can be incorpor-
ated with radial blade elements and consequently no centrifugal bending
stresses. This provides the best features of both the axial turbine and tne
radial turbine. A program at the NASA Lewis Research Center includes a cer-
amic mixed flow turbine as a candidate compressor-drive for an advanced high
temperature rotorcraft engine. Other candidates are a small cooled high work
axial stage and a cooled metallic radial stage. The mixed flow siage is still
in preliminary design, but will look 1ike the configuationr shown in figure
?2. The use of backsweep with thin blades is essentially unlimited by cen-
trifugal bending stresses, so that stage loading can be increased substan-
tially beyond that of a comparable radial stage. Tip speeds of 2000 feet per
second are reasonable for this geometry with either silicon nitride or silicon
carbide. Mixed flow stages are suitable and are being considered for a
single-shaft automobile turbine engine as well as small powerplants for target
drones and other remotely pilotted aircraft.

AXIAL TURBINES
Major Concerns and Problem Areas

A continuing ¢lalogue with each of the major aircraft engin> companies is
carried out by various segments of the Lewis Research Center staff. in the
areas of turbine design and tecnnology this dialogue has identified a number
of uncertainties in the various elements of turbine design and the prediction
of aerodynamic and thermodynamic processes. These are listed in figure 23.

Basic boundary layer behavior. - The need to minimize engine welgnt and
the cooling flows that penalize cycle thermodynamic efficliency has Ted to
highly loaded vanes and blades with low solidities. The need for low specific
fuel consumption has resulted in high cycle pressure ratios and high turdine
inlet temperatures, particularly in high bypass engines for passenger and
cargo aircraft. The high core pressures and relatively low flows resulting
from the high bypass ratios lead to high turning vanes and blades as well as
low passage heights and consequently strong boundary layer flows. The high
loading, high turning, and small passage heights compound the difficulties in
predicting boundary layer flows. The unsteadiness associated with combustor
flows, wakes, and rotation affects the transition from laminar to turbulent
flows, making 1t unsteady with development of an unsteady transition region.
Some experiments have showii heat transfer rates intermediate between laminar
and turbulent predictions. Separatton bubbles with reattachment are not
unusual in highly loaded airfoils. Much work must be done to develop good
prediction technigues for these conditions as well as the influences of turbu-
lence, pressure gradients, surface curvature, and the addition of fi1m cooling
flows .

Secondary flows. High turning and low aspect ratlos in turbine passages
enhance the development and strength of cross-channel boundary layer tlows.
The horseshoe vortex formed on each endwall just upstream of the leading edge
provides a major redistribution of (nlet wall boundary lavers, with both legs
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of the vortex moving to the suction-surface-endwail corner. Some experiments
in a 2-0 cascade of high turning vanes showed with an ink-dot technique that
all of the %alet boundary layer flow close to the wall 1s wrapped up in this
vortex. A} of the endwall flow downstream of the vortex is fresh, develuping
trom the tree Siream ficw and fiowing Trum the biade SuiTaces. This helips
explain som: past experience with unpredicted endwall hot spots. Rigorous 3-D
viscous comiuter codes will be required to make these phenomena predictable.

Trailing edge losses and deviation. - The hich turning angles in the core
and fan drive turbines of current engines are presenting problems because of
high bl .ckage and high flow area sensitivity to ¢mall changes in blade angle.
Better prediction techniques are needed to reduce current development time and
cost. .

Reynolds number effects. - Low pressure turbine stages with highly loaded
vanec and blades are sensitive to Reynolds number effects. Some engine manu-
fdcturers have ruported rather severe performance losscs in the latter stages
at high al*1tul'c cruise conditions. Reynolds numbers based on axial chord
drop to values in the 50 CO0 range where laminar separation and the prediction
of transition begin to be problems. Some cascade and full stage research with
these critical airfolls is needed to provide a better understunding of airfoll
behavior at these very low Reyno' . numbers.

Tip clearance losses. - Tip clearance losses increase rather rapidly with
increasing clearance gap as mentioned earlier. The losses are of particular
concern to designers of small turbines because running clearances are rela-
tively large. While there 1s no shortage of Toss-gap correlations for conven-
tional shrouded and unshrouded blades, there is a shortage o: good ideas for
minimizing losses. Some work 1s underway in various locations to examine and
evaluate unconventional geometries in the tip region. These include active
clearance control devices, non-uniform work distribution, winglets, clearance
recessed in the static shroud, and tip treatments that include ~all grocves.
These approaches have shown promise, and it is 11*%ely that different combina-
tions can be optimized for design cases with various gaps, blade row reaction,
and blade loading

Accuracy of heat transfer predictions. - Uncertalnties in tne knowledge
of the external blade environment and boundary layer behavior necessarily re
sult tn uncertainties in the prediction of external heat transfer. Similarly,
coolant side heat transfer prediction is difficult because of uncertainties in
actual fluw rates and coolant conditions as well as the behavior of the cool-
ant in a rotational field, and as it passes through the entrance to the blade
cavity, through the sharp turns, ant past the turbu.ence promoters. There is
a great need for improved research inst.-smentaticn, better experimertal corre-
lations, and, of course, 3-D viscous flos codes.

Disk cavity flow and heat transfer. - Current technolcgy does not provide
precise knowledge of the cooling 'lows, leakage flows, circulatory flcw pat-
terns, and heat transfer in the disk cavity. Consequently, expiriemce factors
play a large part in the design and developm...“ of turbine disks. Most
designers agree that disks are cur-ently overdesigned and therefore hecavier
than necessary. Also, cooling flows are kept on the high side to avoid inges.
tion of hot gas into the cavity at the blade roots. This penalizes the cycle
thermodynamics and ~1so d.grades vane and blade roct aerodynamics. Another
major consideration s the control of blade tip clearance 45 the disk, blades,




and shroud chsnge diimensionally because of therinal expansion and centrifuga’
forces. Research 1s neede' 1o permit reauctions in leakage flows and disk

weight to minimum all.wables.

Current Engine Technology

NASA has funded several eng. - design studies in recent years in two
major programs for civi) aircraft. One of these programs, the Energy EtfY-
cient Engine (EEE or E3) was for _.r~ge commercial passenger aircraft, while
the other was the Quiet Clean General Aviation Turbofan (QCGAT) for small air-
craft. Both programs were chartere¢ to define the engine cycles, components,
and technology needs for future aircraft with good fuel economy, low noise,
and low pollutant emissions.

Enerqy efficie t engine. - General Electric and Pratt & Whitney were
awarded contracts .n this program and have progressed through component demon-
strations. These programs have been well documented and publicized. Figure
24 siows a sectional view of the General Electric concept The flow path,
cycle numbers, and key features are shown. The first core turbine stage has a
blade height of only 1.6 inches, demonstrating the effect of the high cycle
pressure ratios ir even a very large engine such as this with a takeoff thrust
of 36 000 pounds and an overall nacelle diameter of about 7.9 feet. The
second stage has a blade height of 2.7 inches and 2 tip diameter of 30
inches. The turbine inlet temperature and high rotative speed combine to re-
quire a total core turbine cooling of 18 percent of core comnressor flow.

High turring angles were employed with a first stator exit flow angle of 74°

from the axial direction. Second stator exit flow angle was 69°. The first

stage vane cooling included impingement and film cooling ot the leading edge

and pressure surface. There is also trailing edge ejection. The first stage
rotor blades included two multipass cooling passages with 1imited amounts of

leading edge film cooling and with tip and trailing edge ejection. Turbula-

tors were used in the cooling passages. The second stage was ccoled without

surface f1lm cooling.

The GE low pressure low speed turbine has ¥ive stages to drive the fan
and the 1/4 booster stage. Airfoill internal cooling is used in only the first
vane. Vane =2xit angles are 61° to 64° in thr first four stages and 56° in the
last. Rotor turning is around 110° in the first four and 74° in the last.
Aspect ratios are high in all vane and blade rows.

The Pratt & whitney engine 1s significartly different. A low pressure
compressor on the fan shaft is used, the core turbine has only one stage, and
the two shafts rotate in opposite directions. This engine also has a sea-
level thrust of 36 D00 pounds, and the nacelle outer diameter is about 8.7
feet. Core turbine cooling is 14 percent of core flow. Vane turning is very
high, 78°, and the stage work factor, defined as the change in whirl velocity
divided by wheel speed, is 1.6. Rotor turning is 120° and an exit whirl of
-44° sets up prewhirl for the counter-rotating low pressure turbine. Vane
cooling includes three passages with impingement and film cooling of the lead-
ing edge and the pressure surface. The trailing edge has internal turbulators
and trailing edge ejection. The rotor blades employ multipass passages with
internal turbulators. Coolant leaves the blades alony the leading edge for
f11m cooling, the tip pressure surface, and trailing edge. Reference 18 has
the details on this turbine.
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The Tow pressure turbine has only sour stages, with 15% of turning tn the
tYrst vane AlY rctors have about 110Y ot turning An exit guide vane was
destagned to accept & 40° swit] angle trom the Tast torbine stage and turn the
tlow to the avtal diiection with o decelerattos ot about 0 percent

The overall engine destgn and the turbine des tgn tn particular have
demonstrated a signitican® step In the achievemer - ¢t another general goal of
engtne destyners.  That goal Iy the reduction of cosvt and welght through the
reduc tlan Yo numhers of stages and atrtolls,

Qu!vt Ciean general avigtion turbetan, Two companies, AVCO Lycoming andd
Garretl, were awarded contracts tn 1976 tn this program of vycle study, engline
destgn, and engine demonsttration.  the nrogram qoals were to demonstrate sy
mitbcant teducttons 1o nolse, pollutant emisstons, and tuel consumptlon 2rom
the Tevels character atde of adrplanes tlying at that time.  AVCO Lycoming
pndet took a very ambdtious ettort that departed stgniticantly trom the tech
nelogy at then current engtnes.  tor a t3ight Mach number of 0.6 at an alt)
tude of % 000 feet AVEO selected the cycle shown e tigure b Nate that the
hypass tatto ts higher than those ot the o engines while the tan pressure
ratlo Iy Yower . ThYS engine was very quiet w'ih low emisstons, bettering pro
qram goals tn those areas. While tuel convumption exceeded the goal, the rea
cony were in o the ooea of component deve lopment the program did not have
Altowance tor this This Yooa tatrty small engine with a sea tevel static
thrust ot 1600 pounds the nacelle outer diameter ¥y about 21 Ynches.  Roth
the corte turbine Lod the power turbine are one stage machines with a gear box
speed reduce: vetween the power turbine and the tan The core turbine stage
woth factor was on the high shde at 1 8, and cooling was requited tor both
vanes ard blades he rotor blade het "t was 0.6t taches at the leading edge,
0 86 Inches ot the tratling edge.  Vane cooling was accompliished with two pass
conved tion cooling and edection an the pressure stde of the tratling edge
PN tins were used as turbulators tn the nose and tralling edge sectYons Ne
t1Im cooling was used The totor blades of the core turbine were Cooled n
about the same way but whith o apltt tradiing edye

The power or low pressure turbine s uncooled The shatt speed, A0 000
tpm, In well below Jhat of the core turbine, 49 000 rpm, but high enough to
sppor t the stngle stage design The work tactor s )1 % Reterence 19 3s the
tinal destgn report

The Gartrett engine Y shown o tYgqure M1 1t wis designed tor a crulse
Kach numbey of 08 at an altttude of 40 000 teet The bypass tatto, 37, i
coms tderably Tower than AVEU'S with a geared 1an pressure satto ot 1 b the
engine Vs oa med it voatton of an existing turbotan engtine This was theretore a
Tower sk enterp. e Rypass ratlo was Increased siightly trom that ot the
hase engine Uther cnanges e tuded adaptatton ot a tan trom a ditrerent
engine, 4 new gear bon, o new Tow pressure turbine, and a mixer conpound
evhaust nossie This ergine met or exceeded all of the major program goats
NIy engine 1y somewhat Targer than the AVECD engine witi a sea Jevel stat i
thrust of about 000 poumds The nacelle dyameter Y8 about 38 Ynches No
detadd on the core turbine was Incduded in reterence MO because of propristary

Scemsbderations aid the tact that 1t was an existing destgn and not g product

ot this program the three stage fow pressure L bine §s tatrly corventional
with shrouded rotors amd stage work tactors of 11 to VS



tang Range Needs in lurbine Technology

Improved aerodynasde and thermodynamic tinbine design tools are needed to
devrease the Tite cyute casts of operating endines.  Theve tools can reduce
development costy, Increase hot part 1Vte, and reduce tuel consumption.  There
has been an awareness ot these specitic needs tor many years as incremental
improvements In design techniques were continually developed.  Huture Ymprove
ments will depend upon improved Instrumentation, new and Ymproved computer
vodes, and the continuing ‘mprovement 1n computer tigure '8 11ty the malor
needs that have heen Ydentitted by designers of turbhines tor large and small
engines 0 D codes tor annular ducts and turbomachinery blade to blade tlow
suttaces are already 1n wide spread tise, and at least one 3 D code has been
used with some success by one of the engine companies  Many people and organ
Yzattons are working on diverse approaches to the 3 0 problem.  These codes,
with varfous Tevels of sophistication, wiil graduaily be integrated toto the
destign system tiqure J8 outlines the teatures that will be Yncarporated inte
the codes.  In addition *o those Nisted, unsteady low eftects muvt be handled
n some . way The uther needs have already been discussed to some extent, and
vertatnly must be Sncluded Yo this Tist Yhe tast VYtem Yy the commonly used
term to Ydentiy blade root centrigual stress level.  This product of annulad
tlow ated and the squate ot rotattonal speed v directly proporttonal to blade
centritugal stress glven a matertal denstity and a taper factor Incteasey in
current ly 1imiting ANS values are destred by a1 atrcratt turbine destgners
tor the Improvement of serodynamic pestoramng e Improved mater tals and ool
Ing are the keys to fmprovement here

Misston and Cyode Studies tor tuture tngines

Misston andlyses and cycle studdes are routinely careYed oot by NASA an
well v the adroratt and atrorat! engine corpanies tor g vartety of civil and
mylitary applicattons Tarbotans and advanced prop tans tor thight 'n the
vear 000 are the subtects ot some current studles Advanced technology pro
Jecttony, cydcle trends, engine conttgurations, and operating covts are betng
analyvzed through parametttc caleulations with ranges ot cycle pressure ratto,
turbine 1nlet temperatures, and component ettt doderoles taloalations of this
nature have been and are betng vare ted out tar seseral t1ght altudes, Mach
number s, ramges, and mission protiles : )

Phigure 29 vhows the elements constdered tor large (60 €00 poumds thrust)
and small (0% 000 poaunds thrust) tarbotan engines tar civil transposrt A
typioal display of cyete study tesults Yo sl wn In tigure 30, with theirmal
etthoYency as a4 tunctYon of combustor estt temperature tor several component
etticteniy levels and overall pressure ratlos Overatl ettidlency Iy the pro
durt of this thermal ettdctency and propulstve efttotency, and speditic tuel
vonsumpt ton s Yaversely proportional to the overall ettdclency tach ot
theve etttutency termy Yy usetul Yo evaluating the total propulsion systoem
The components tepresented by theve et bolency levels are the tan Yoaner duet,
the compressot, and thy core twrbine.  The curves have optimum bypass 1atios
and tan pressure rattos butdt tn tor thie tVight condition.  Note also that
the tuttdine cooling tlow was assumed to be sero The ettect of cooling tlows
van be avvounted tor by egquating the penalty te a Joss In turbine cttdodency

CThe computer code used to generate this tatrly stmple display I comples
amd a4t oany polint on this matr iy partial derdvattves or Int tuence coettbotents



can be calculated tor each vardable in the program. Comparisons among these
Influence coetticients identify the high and low payoff areas, and thus aild in
the planning of R D efforts. Curves of this type, along with estimates of
future technoloqy. are also used to prolect future cycle trends. Fiqures 31
and 32 show a preliminary view of the trends indicated by this study.

1t appears that cycle pressure ratios will continue increasing to levels
near 60 compared to todays maximum values near 30. Turbine inlet temperature
‘ncreases, however, wtll be minimal, with changes of only 55 to 110 K (100° to
200° f). The effect of these changes on the turbine will include smaller pas-
sage heights and aspect ratios while higher heat fluxes will result from the
higher pressures. Also, the coolant will be hotter. Therefore, both the
aerodynamic and the heat transfer design problems will become more difficult.
Improved cooling and materials will be needed to avold cycle performance
penalties assoclated with high turbine cooling flows. A1l during the history
of the alrcraft gas turbine increases in inlet temperatures have been paced by
materials. As allowable blade surtace temperatures increased inlet gas tem-
peratures increased, piving the way for the enormous gains in engine thrust.
to-weight ratio and the reductions in specific fuel consumption. Figure 33
shows the evolutton of turbine materials as they were developed to provide the
required strenath at ever increasing surface and bulk metal temperatures.
There has been a continuing increase in allowable surface temperatures with
occasional discontinuities reflecting "break throughs® associated with new
materials and new processes. Two of these, mentioned previously, are pro-
Jected for ceramic coatings and solid ceramics.

Turbine Performance Goals

Studles made recently and currently in progress have identified perform.
ance goals for the next generation of civil aircraft turbofans. Similar stud-
Yes made for propeller driven alrcraft were made. Fflight Mach numbers and
altitudes were somewhat lower than those specified for the turbofan studies,
0.75 anoc 35 000 feet for the turboprop. The turboprop studies so far have
assumed that the high pressure spool would use essentially the same core com-
pressor and turbine technoleay as the turbofan. Projections for small engines
have also been made for various general aviation and rotorcraft applications.
A very brief summary of the turb'.ae performance goals and operating character
Istics Ys shown in figure 34.

Military engines and related technology have not been discussed herein
Lecause much of the misston related numbers and the engine operating cond?.
tions are classified. In general, thrust to-weight ratio outwelghs considera
tions of nolse, fuel economy, and long 1ife. Turbine temperatures are
therefore somewhat higher than in civil engines and transients are certainly
more severe. Core turbine technology is not greatly different from that of
civil engines, however, and as time goes by there is progressively greater
commonality. In the ecarly days of jet engines, milita.y engines led the way
with technology transfer to civil engines ceveral years later. That tech
nology transfer has become a two way street in recent years. Much of the work
on design methods and turbine materials s led by the designers of civil air.
craft engines and in many cases the pioneering efforts are jointly supported.
The long range goals in turbine technology for military and civil applications
are nearly the same. Achievement of these goals will require continuing
efforts in the analys)s and design of turbine main flow passages and coolant




charnels. Figure 35 shows schematically tne projected change in turbine tech-
nology from today's approximate and highly uncertain methods of flow and metal
temperature prediction to future techniques with greatly improved accuracy in
the derodynamivs aind heat transfer. The critical element, of cource, i< the
development of rigorous and verified computer codes.

CONCLUDING REMARKS

The material presented here has been gatherec from a variety of sources
describing many research and deveiopment programs. These efforts over the
past thirty-five years have resulted in the current high levels of engine and
component performance. Americin dominance of the international aircraft
market 1s now being seriously :hallenged by several countries and consortia of
companies. The improvements 1 1urbine design technnlogy required for con-
tinued U. S. Yeadership in the aircraft engine industry will come largely from
a thorough understanding of fluid behavior in turbine passages and the con-
comitant ability to predict this behavior. Critical elements in the develop-
ment of rigorous computer codes for hot gas flow field prediction include
precise non-interfering instrumentation, thorough experiments for accurate
modeling, and experiments in near-engine environments to validate the computer
codes. Our t:ork is cut out for us.
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Figore 22. - Mixed flow turbine.
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e ABILITY TO RODEL TRANSITION AND SEPERATION
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SECONDARY FLOWS
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D .n CAVITY LOSSES AND HEAT TRANSFER

frqure 23, Aajor concerns in turbine technology.
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*3D VI>COUS FLOW CODES

- LEADING EDGES

- TRAILING EDGES

- ROTATION

- HEAT TRANSFER

- COOLANT ADDITION

*FLOW AND HEAT TRANSFER CODES FOR LOCAL AREAS

- COOLING HOLES AND SLOTS
- COOLANT PASSAGES WITHIN VANES AND BLACES

*FLOW AND HEAT TRANSFER CODES FOR DISK CAVITIES

o\VE'L DEFINED TURBINE ENVIRONMENT
- TEMPERATURE AND PRESSURE PRCFILES
- TURBULENCc
- COOLANT FLOW CONCITIONS AND DISTRIBUTIONS

eREDUCED T1P CLEARANCES AND SENSITIVITY
«INCREASED AN?

figure 23. - Long range needs in design technology.
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