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FOREWORD

This report presents a technical summary of work ac-
complished on the Advanced Turbine Technology
Applications Project (ATTAP) under NASA Contract
DEN3-336, from contract inception (October 1987)
through the calendar year 1988. This technology
project is funded by the U.S. Department of Energy,
Office of Conservation and Renewable Energy,
Transportation Systems, Heat Engine Propulsion Divi-
sion. Project management and technical direction are
provided by the NASA Lewis Research Center (LeRC),
Aeronautics Directorate, Propulsion Systems Division,
Terrestrial Propulsion Office.

The overall intent of the ATTAP is to bring the automo-
tive gas turbine engine to a technology state at which
Industry can make commercialization decisions. Key
to this goal is the development and demonstration of
structural ceramic component technology as the criti-
cal high risk/high payoff element in this type engine.
Such ceramic technology Is the prime ATTAP focus.
Automotive gas turbine attractions include the follow-
ing potential advantages:

o significantly Increased fuel economy

o ability to meet federal emission standards with
untreated exhaust

o ability to operate on a wide range of alternate
fuels

o inherently smooth, low-vibration operation

General Motors (GM) is addressing the ATTAP with a
team which draws on:

o the extensive ceramic design, analysis, and
materials database and expertise in place at Al-
lison Gas Turbine

o the substantial experience, design and test
capabilities, automotive gas turbine technology
and hardware, and test vehicle resources that
were developed under GM funding as back-
ground to this project and are in place at GM's
Advanced Engineering Staff (AES)

o the infrastructure of expertise and resources in
place In the American ceramics industry and the
working relationships between that industry and
GM

o the unigue capabilities and resources existing at
universities and at national laboratories, such as
the High Temperature Materials Laboratory at
Oak Ridge

In this arrangement, Allison serves as prime contrac-
tor. Major ceramic industry development subcontrac-
tors to date are: The Carborundum Company; GTE
Laboratories Inc.; Corning Glass Works; Manville
Corp; and the Garrett Ceramic Components Division
of Allied-Signal Aerospace Company. Exploratory
technology efforts were initiated at Ceramics Process
Systems.
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SUMMARY

ATTAP activities during the past year were highlighted
by an extensive materials assessment, execution of a
reference powertrain design, test-bed engine design
and development, ceramic component design,
materials and component characterization, ceramic
component process development and fabrication,
component rig design and fabrication, test-bed engine
tabrication, and hot gasifier rig and engine testing. Al-
though significant technical challenges remain, all
areas experienced progress.

Materlals assessment activities entalled engine en-
vironment evaluation of domestically supplied radial
gasffier turbine rotors that were available at the con-
clusion of the Advanced Gas Turbine (AGT) Technol-
ogy Development Project as well as an extensive sur-
vey of both domestic and foreign ceramic suppliers
and Government laboratories performing ceramic
materials research applicable to advanced heat en-
gines. A Carborundum alpha-SiC thickened airfoil
radial rotor was engine tested for a total of 23:43 hr in
three separate engine builds. The rotor was success-
fully tested through three low temperature cycles
(899°C [1650°F])), followed by three thermal cycles to
1080°C (1976 °F) with a steady-state dwell time of 9.5
hr on the final cycle. A total of 38 candidate ceramic
suppliers were identified and surveyed. Based on this
survey, the current state of the technology was as-
sessed and the initial ATTAP major ceramic develop-
ment subcontractors were selected.

A reference powertrain design was executed to reflect
the selection of the AGT-5 as the ceramic component
test-bed engine for the ATTAP. The RPD describes an
advanced automotive gas turbine powertrain system
installed in a 1988 Pontiac Grand Am vehicle. While
fulfilling the same vehicle mission as the baseline 1988
2.5 £ 4-cylinder Grand Am, the RPD vehicle
demonstrated the feasibility for a 57% improvement in
composite fuel economy (35% improvement on an
energy basis).

Test-bed engine development activity included
mechanical design, power turbine flow path design,
and engine system integration aimed at upgrading the
AGT-5 from a 1038°C (1900°F) metal engine to a
durable 1371°C (2500°F) structural ceramic com-
ponent test-bed engine. A preliminary gearbox
redesign was completed to meet the increased power
output requirements of the ceramic engine. The
gasifier module bearing system was redesigned for
increased durability. A preliminary design of the seal

platform was completed for use with a ceramic
regenerator. An aerodynamic power turbine flow path
was selected and a detalled aerodynamic design was
initiated. The power turbine first-stage vane and both
rotors were determined to be ceramic.  Control
software for durability schedule running was
developed and Iimplemented. The engine control
software was modified for hot gaslfier rig control. Fuel
system testing was performed to determine the re-
quirements of the ceramic engine at the 1371°C
(2500°F) RPD conditions. Combustion system
design/development activities were Initiated to reduce
carbon formation as a source of FOD and to reduce
gaseous emissions.

Ceramic component design activities included the
combustor, gasifier turbine static structure, and
gasffier turbine rotor. A ceramitized standard diffusion
flame AGT-5 combustor was configured and a thermal
analysis of the assembly was Initiated.  Design
guidelines were established for the gasifier turbine
static structure components at the RPD conditions
and a 2-D axisymmetric mode! was created. Steady-
state heat transfer and stress analyses were com-
pleted. The scroll design is a two-piece configuration
to accommodate manufacturing requirements and
concerns. A gasifier turbine rotor shroud design was
completed for utilization in ceramic rotor test evalua-
tions at an intermediate turbine inlet temperature of
1204°C (2200°F). The shroud design meets probabil-
ity of survival (POS) goals for both SiC and SI3N4
materials. The design of an Si;N, 20-bladed rotor
meeting RPD POS goals was completed. The SiC 20-
bladed rotor design does not meet POS goals. Plans
for 1989 Include redesign of the SiC 20-bladed rotor.
interference fit shaft attachment designs for both SiC
and SisN 4 rotors meet RPD design goals.

The materials and component characterization efforts
have included the testing and evaluation of several
candidate ceramic materials and components being
developed for use in the ATTAP. Material charac-
terization activities have focused on microstructural,
denstity, fracture toughness, and fast fracture strength
examinations.  Fracture surface analysis was also
used to determine the nature and location of the
strength-controlling defects. In addition, the time-
dependent strength characteristics and oxidation
resistance were evaluated for selected materials.

Ceramic component process development and
fabrication activities were Initiated for the gasifier tur-



bine rotor, gasifier turbine vanes, gasifier turbine
scroll, extruded regenerator disks, and thermal Insula-
tion.  Major ceramic Industry development sub-
contractors are The Carborundum Company;, GTE
Laboratories Inc; Corning Glass Works; Manville Corp;
and Garrett Ceramic Components Division of Allied-
Signal Aerospace Company. Exploratory technology
efforts were Initiated at Ceramics Process Systems.
Plans for 1989 include delivery of gasifier turbine
rotors, vanes and scrolls, injection moldable thermal
Insulation, and extruded regenerator matrix samples.

Component rig development acthvities Included com-
bustor, hot gasifier and regenerator rigs. A prelimi-
nary design upgrade of an existing combustor rig for
the increased temperature requirements of the RPD
was completed. A hot gasifier rig design, based on
the AGT-5 engine with the power turbine removed,
was completed. Rig hardware was procured and
fabrication completed. Overhaul of the regenerator
cyclic temperature sample rig was Initiated for adapta-
tion to the AGT-5 engine cycles.

Test-bed engine fabrication activities consisted of the
fabrication of an all-new AGT-5 durability test-bed en-

gine and support of all engine test activities through
instrumentation/build /repair. Test-bed engines were
Instrumented for regenerator spike and soak-back
temperature testing. The new durability test-bed en-
gine was reinsulated with Manville's injection mold-
able material via a hand lay-up process.

Hot gasifler rig and test-bed engine testing activities
were performed.

Sbay-four hours of ceramic rotor test time were ac-
cumulated on an existing (GM-owned, AGT-5 family
member) hot gasffier rig providing valuable informa-
tion for the design of the AGT-5 hot gasifier rig. Initial
shakedown testing of the AGT-5 hot gasifier rig and
the new durability test-bed engine was successfully
completed. Additional test-bed engine activities In-
cluded soak-back temperature testing, regenerator In-
let temperature spike testing, and initial engine testing
of a ceramic gasifier rotor. The Kyocera rotor
(background data to ATTAP) successfully accumu-
lated 322 hr of engine operation. Maximum operating
conditions attained were 78% design speed and
1028°C (1882°F) turbine inlet temperature.



INTRODUCTION

This is the first of a series of annual reports document-
ing work performed on the Advanced Turbine Tech-
nology Applications Project (ATTAP). This work is
being conducted by a team directed by General
Motors (GM), with significant activities underway at
GM'’s Allison Gas Turbine Division (which serves as
prime contractor), at GM's Advanced Engineering
Staff (AES) location at the General Motors Technical
Center, and at the several domestic ceramic suppliers
who are under development subcontracts. The U.S.
Department of Energy sponsors this work, which is
managed and technically directed by NASA under
contract DEN3-336.

GOAL AND OBJECTIVES

ATTAP is intended to advance the technological readi-
ness of an automotive ceramic gas turbine engine
based on efforts begun In the Automotive Gas Turbine
(AGT) Project, a DOE/NASA program executed be-
tween 1979 and 1987. This AGT Project successfully
demonstrated the feasibility of structural ceramic hot-
section components in automotive-sized gas turbine

engines. Specifically, ATTAP aims to develop and
demonstrate the technology of structural ceramics
that have the potential for competitive automotive en-
gine Iife cycle cost and for operating for 3500 hr
(automotive engine life) In a turbine engine environ-
ment at temperatures up to 1371°C (2500°F). Project
objectives are the following:

o to enhance the development of analytical tools
for ceramic component design using the evolv-
ing ceramic properties data base

0 to establish improved processes for fabricating
advanced ceramic components

o to develop improved procedures for testing
ceramic components

0 to evaluate ceramic component reliability and
durability in an engine environment

PROGRAM SCHEDULE AND CONTENT

Figure 1 shows the scheduled activities in the 61-
month program. Materials assessment occurred at
the initiation of ATTAP and resulted in the targeting of

| YEAR 1 2 3 4 5
MATERIALS ASSESSMENT  p—m o o
RPD-DESIGN/COST = a o
TEST BED ENGINE DEV oo ¢ g ocC000cC
MONO ¥ TOUGHENEDYVY CTAHEY
DESIGN-CERAMICS C JjooDC 10aLC ]
MATERIALS/COMPONENTS
CHARACTERIZATION [ -
COMPONENT FABRICATION C - Y ::!
COMPONENT RIGS ) D | ) (=]
100 HR
RPD TEMP VY v 300 HR W
TEST BED ENGINE TEST C3J00C D0 J
TE89-1299

Figure 1. ATTAP schedule.

x|



ceramic component technology goals and the iden-
tification of materials, processes, and manufacturers
to address those goals. Materials assessment ac-
tivities are also scheduled during Years 3 and 5, at
which times the state of the art will be reassessed for
each component and required technology improve-
ments will be redefined. The identification and evalua-
tion of materials, processes, and manufacturers are
ongoing, continuous activities in ATTAP, and promis-
ing candidates are integrated into the program as
merited. Similarly, those technologies and/or ceramic
component suppliers which do not productively
evolve to address program goals are truncated from
ATTAP.

Reference powertrain design (RPD) activities include
the preliminary design of a powertrain system which
could meet performance, cost, and reliability design
goals. Such a design was executed at the beginning
of ATTAP using a high temperature derivative of the
AGT-5 automotive gas turbine engine. The RPD Is
updated in Year 3 to reflect current ceramic com-
ponent technology and goals, and again in Year 5 to
provide a cost estimate of such a powertrain in
production.

Test-bed engine development, shown In Figure 1 as
an intermittent activity, includes those efforts aimed at
ensuring the availability and functionality of the AGT-5
gas turbine engine as the test-bed for the high tem-
perature ceramic components.  Although engine
development is not a primary focus of ATTAP, these
activities recognize the need for continuing evolution
of the engine to handie the power and thermal loads,
as well as design changes resulting from the integra-
tion of a high temperature flow path.

Central to the logic of Allison's ATTAP approach is an
herative component development cycle. Three such
cycles are shown in Figure 1 and include the design/
fabrication/characterization/rigs/engine test se-
quences of activities. The design activity, shown with
a milestone at the end of Year 1, features monolithic
ceramic technology in the design of the gasifier tur-
bine stage of the AGT-5 engine for 1371°C (2500°F)
turbine inlet temperature (TIT) plus other required hot
flow-path pieces. The second and third design
phases feature toughened (monolithic and/or com-
posite) and advanced (e.g., from Oak Ridge's
Ceramic Technology for Advanced Heat Engines
[CTAHE] project) materials, respectively, used in the
same gasifier stage components. = Component
fabrication includes those process development ac-
tivities executed by ceramic suppliers that result in the

Xl

fabrication of engine-usable components. Charac-
terization involves those laboratory activities both at
suppliers and at Allison which measure and define the
various properties and qualities of both ceramic
materials in test bar form and those materials in com-
ponents. Examples are microstructural evaluation
and measurements of denslty, strength, oxidation
resistance, toughness, etc. Included are the develop-
ment and application of nondestructive evaluation
(NDE) techniques.

Component rig activity includes the development of
rigs for component verification and testing (e.g., a hot
gasifier turbine rig) as well as the actual testing ac-
tivities. Test-bed engine test includes those testing
activities assoclated with test-bed engine develop-
ment plus the verification and development testing of
the ceramic components. Note that each of the three
component development cycles begins with design,
followed by component fabrication, characterization,
then rig testing, and finally engine testing. This
rigorous development process, shown In Figure 2, is
iterative between the users and the ceramic supplier
community and assures developing an understanding
of the behavior of components In service and the con-
tinuous identification of areas for improvement.

TEST-BED ENGINE AND RPD

Figure 3 shows the automotive gas turbine engine
being used as the ceramic component development
test-bed for ATTAP. This GM-developed engine, the
AGT-5, Is a two-shaft, regenerative configuration with
axial-flow gasifier and power turbines. The engine
produces approximately 110 hp at its original full-
power TIT of 1038°C (1900°F).

An RPD was completed at the outset of ATTAP in or-
der to ensure that the AGT-5-type power plant has the
potential to fulfill the overall fuel economy goals which
underie the DOE’s sponsorship of automotive gas tur-
bine technologies. This RPD is a preliminary engineer-
Ing design of a powertrain system that integrates with
vehicle characteristics to provide a system with the
potential for meeting not only performance, but also
cost and reliability design goals. Specific perfor-
mance goals are the following:

o 30% improvement in fuel economy over the
reference 1988 Pontiac Grand Am equipped
with a 2.5 £, 4-cylinder, spark-ignition engine
over the combined Federal Driving Cycle

o competitive vehicle drivability and performance
with the reference 1988 Grand Am
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Figure 2. Ceramic component development cycle.

0 gaseous emissions and particulate levels
less than the foliowing (based on diesel
fuel No. 2):

NO, = 0.249 gm/km (0.4 gm/mie), HC =
0.255 gm/km (0.41 gm/mile), CO = 2.11
gm/km (3.4 gm/mile), particulates = 0.129
gm/km (0.2 gm/mile)

o ability to use a variety of alternate fuels

Table | shows the results of the RPD performance
s simulation, based on the AGT-5-type engine, versus
AN the baseline reference vehicle.

Thus the RPD gas turbine equivalent vehicle outper-
forms the reference piston engine installation in critical
fuel economy, performance, and drivability
parameters.

TE89-4564 The emissions and alternate fuels goals are con-

sidered achievable based on demonstrated GM ex-
perience. For example, the AGT100 AGT engine’s
Figure 3. ATTAP test-bed engine-- combustion system has displayed steady-state emis-
AGT-5 (GM AES). sions of NO , CO, and unburned hydrocarbons well
within Federal Emission Standards using diesel fuel,

xifi



Table .
Comparison of RPD vehicle performance to baseline Grand Am.

Baseline--2.5¢ RPD--
spark-ignition turbine
0-96.5 kmph (60 mph) time--sec 13.5 13.1
Top gear gradability at
88.5 kmph (55 mph)--% 79 10.9
Composite fuel economy--
£/100 km (miles/gal) 7.66 (30.7) 4.87 (48.3)

jet fuel, and methanol. The AGT-5 engine has suc-
cessfully run on dry powdered coal. Although such
systems have demonstrated the potential for low
emission/alternate fuel gas turbine combustion, much
work remains to achieve a fully-functional system
suitable for automotive application. Such efforts are
outside the scope of ATTAP. The definition of power
plant cost and reliability goals, In addition to perfor-
mance, is included in ATTAP,

CRITICAL COMPONENTS

Consistent with the strong ATTAP emphasis on
ceramic component technology is the focus on
specific gas turbine components as development/
demonstration targets. Four ceramic components
and the engine Iinsulation have been identified as criti-
cal development components because: (1) their func-
tional success is critical to the viability of the ceramic
automotive gas turbine englne, and (2) each requires
some further technological development to be proven
reliable and durable in the automotive engine environ-
ment. These critical elements, shown in Figure 4, are
the following:

o

gasifier turbine rotor
gasifier turbine vanes
gasifier turbine scroll
regenerator disks
thermal insulation

Q 00O

For each component, specific areas and parameters
requiring improvement have been identified and quan-
tified where possible.

Xiv

VANE

SCROLL

REGENERATOR THERMAL INSULATION
TE89-4565

Figure 4. Ceramic components selected for
development.
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I. ENGINE/POWERTRAIN DESIGN, ANALYSIS, AND MATERIALS ASSESSMENT

1.1 MATERIALS ASSESSMENT

1.1.1 Current Generation Components
Assessment in Engine Environment

Objective/Approach

The objective of this activity was to assist in the
evaluation/establishment of the current ceramic
material state of the technology and the validity as-
sessment of the design methodology. Specifically,
this entailed engine environment evaluation of
domestically-supplied radial gasifier turbine rotors that
were available at the conclusion of the Advanced Gas
Turbine (AGT) Technology Development project. The
rotor material systems (Carborundum'’s sintered alpha
silicon carbide [SiC] and GTE Labs’ PY6 sintered
silicon nitride [Si;N,]) were potential prime candidates
for initial gasifier rotor development work in the AT-
TAP.  Also of Interest was the thickened airfoil
geometry of the Carborundum (CBO) rotor, which
was designed to reduce the rotor’s foreign object
damage (FOD) vulnerability. The approach was to
engine test one rotor of each of the aforementioned
material systems with a metal gasifier turbine static
structure at a TIT of 1080°C (1976°F) for a total of ten
hours. Following the endurance run, the rotor was to
be tested at 100% design speed for approximately 30
min. The engine was then to be reconfigured with an
all-ceramic gasifier static structure to allow a 10-hr
endurance run at 1199°C (2100°F) to 1204°C
(2200°F).

Accomplishments

The accomplishments of the engine environment as-
sessment activity are as follows:

o successfully ran CBO alpha-SiC thickened air-
foil rotor through three low temperature cycles
(899°C [1650°F]), followed by three thermal
cycles to 1080°C (1976°F) with a steady-state
dwell time of 9.5 hr on final cycle

CBO rotor engine-tested for a total time of
23:43 hr (20:57 hr burn time) in three separate
engine builds (BUs)

AGT100 Engine S/N 2, BU20

The build was configured with a CBO hot isostatic
pressed (HIP), sintered alpha-SiC gasifier rotor with
thickened airfoils and a GTE-AY6 Si;N, inner back-
plate and a metal gasifier static structure. The
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balance of the engine hardware was metal or proven
ceramic components, such as the combustor as-
sembly, thermal shim rings, regenerator disk, and
bulkhead.

The rotor was exposed to three low temperature
(899°C [1650°F] TIT) thermal cycles at 60% N,
without incident. Three thermal cycles were then run
to 1080°C (1976°F) and 70% N, with 15-min steady-
state dwell times for the first and second cycles. The
third cycle had a steady-state endurance dwell time of
9.5 hr. All attempts at running to 100% gasifier design
speed following the endurance testing were unsuc-
cessful due to fuel nozzle/system problems. A total of
nine start attempts were made on three start nozzles
with the result being either no ignition or an unstable
flame when ignition was successful. Following the
ninth start attempt, engine inspection revealed carbon
accumulation in the pilot flame tube and in the com-
bustor main body. To prevent possible rotor damage
from FOD, the engine was removed from the test
stand for disassembly and inspection.

Disassembly revealed a carbon soot buildup both In-
side and outside the combustor assembly. The
gasifier rotor was intact and in excellent condition.
The regenerator bulkhead cold-side compliant layer
seal showed signs of coking, indicating a probable fire
in the bulkhead region. The most likely causes of the
bulkhead fire are oil leakage into the compressor dis-
charge aiflow causing puddling in the regenerator
cavity or an accumulation of unburned fuel from either
too high a fuel flow rate or a bad nozzle spray pattern.
Only the compliant seal was damaged, and it was re-
placed.

Total running time for BU20 was 17:49 hr.
Motor time was 00:56 hr.
Burn time was 16:53 hr.

AGT100 Engine S/N 2, BU21

Following a fuel nozzle/system interrogation, in which
the fuel control valve was cleaned and recalibrated,
the engine was rebuilt with the all-American, all-
ceramic gasifier section shown in Table Il

After initial running to 760°C (1400°F) TIT and 60%
N,. precautionary inspection revealed excessive soot
In the combustor indicating off-spec combustion.
Teardown inspection revealed no significant hardware
defects. The burner variable geometry (BVG) actua-
tion system was found to contain approximately



Gasifier inner backplate GTE
Gasifier vanes GTE
Gasifier scrofll Norton
Gasifier rotor CBO
Gasifier outer backplate CBO
Combustor assembly CBO
interturbine coupling and Pure Carbon
piston rings

Table Il.
S/N 2, BU21 ceramic components.

Sintered Si3N . AY6
Sintered Si;N, AY6
Siliconized SiaN . NC430
SiC Hexoloy SA
SIiIC Hexoloy SA
SiC Hexoloy SA
Reaction-bonded Refel
(RB) SiC

254 mm (0.1 in.) of backlash. [n addition, it was
determined that the BVG set point, although consis-
tent with previous bullds, did not correlate to the set
point used for the combustor test rig. Data review in-
dicated that the burner inlet temperature (BIT) was
4°C (40°F) lower than past testing would predict after
90 sec of burn time at 649°C (1200°F) burner outlet
temperature (BOT).

Total running time for BU21 was 0:48 hr.
Motor time was 0:16 hr.
Burn time was 0:32 hr.

AGT100 Engine S/N 2, BU22

Engine S/N 2 BU22 maintained the all-American all-
ceramic gasifier turbine section defined for BU21.
Hardware changes implemented subsequent to the
teardown of BU21 were:

o replacement of the regenerator disk and in-
board seal with identical but new hardware to
reduce regenerator leakage

rework of the BVG yoke to eliminate backiash in
the BVG actuation system

reset of the BVG to correlate to combustor rig
set points

Engine operation resulted in carbon accumulation
consistent with that seen on BU20 and BU21. Further
investigation into the fuel system showed that the start
assist air blasing regulator was not operating cor-
rectly. Manual adjustment of the regulator during run-
ning was then implemented, and subsequent testing
indicated carbon formation was reduced but was not
eliminated. A trial run to 871°C (1600°F) BOT was
conducted to determine i the carbon would be
eliminated at higher temperatures (previous testing
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was conducted at 649°C [1200°F] TIT). Inspection of
the fuel nozzle following a trial run to 871°C (1600°F)
BOT indicated that the carbon was being eliminated at
higher temperatures. It was then decided to proceed
with the first thermal cycle to 982°C (1800°F). This
cycle was completed per schedule. During this cycle,
oil mist was emitted from the inner gearbox-to-outer
combustor chamber (OCC) cavity, similar to that seen
during BU19. Borescope inspection following engine
shutdown indicated that all hardware was in good
condition.

The second and third 982°C (1800 °F) TIT cycles were
then completed. During the coast down from the third
cycle after fuel flow was stopped, an audible change
In engine operation was noted. In addition, the engine
was observed to have moved or “jumped.” The en-
gine was then stopped and subsequent removal of the
main combustor nozzle revealed that the gasifier rotor
and scroll, as well as other hardware, had failed. The
main combustor nozzle had carbon accumulation as
shown In Figure 5. This accumulation was ap-
proximately 1.27 cm x 1.27 cm x 0.254 cm (0.5 in. x
0.5in.x0.1in).

Tear down inspection (Figure 6) revealed that the fol-
lowing ceramic hardware had failed: rotor, scroll,
vanes, and inner and outer backplates. The combus-
tor body, lower dilution band, combustor dome, and
flame tube had small nicks at various locations. The
power turbine blades and vanes (metal) sustained ex-
tenslve damage. The No. 1 seal housing had slight oil
leak indications; however, this did not appear to be
the cause of the mist which was emitted since the in-
sulation ring on the bearing support was not oil-
soaked. The inner gearbox-to-OCC insulation was
oil-soaked consistent with the oil mist which was
emitted during running.
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Figure 5. Carbon accumulation on S/N2, TD22 main combustor nozzle.

Total running time for BU22 was 5:06 hr.
Motor time was 1:34 hr.
Burn time was 3:32 hr.

Post-test examination of the engine data records
revealed simultaneous response of all vibration and
whip signals. No abnormalities were noted prior to
the sudden increase in vibration and whip. Frac-
tographic analysis (reference subsection 3.1.3) sup-
ports the scenario that the rotor was the initial ceramic
component to fail in the chain of events. What trig-
gered the rotor failure is less clear although FOD and
particularly carbon debris must be considered.

Two potential rotor failure modes are envisioned.
These are:

1. Inducer airfoil fracture typical of radial
machinery “ping-pong" action of debris trapped
between the inducer airfoils and the vane row.
The thickened airfoil fracture progresses
through the rotor hub and shaft.

This contrasts with the observed failure mode for the
thin airfoil rotors. The inducer area of the airfoil Is
simply "cobbed off" by FOD impact and the rotor hub
remains intact.

2. Similar to the above except the debris impact
created torque spikes which fractured the rotor
stub shaft in a shock manner. Concurrent with

fracture of the shaft was fracture of the hub into
relatively large pleces which subsequently im-
pacted the shroud and shattered. This scenario
is favored by the fractographic analysis.

Thus, the exact failure mode of the rotor has not been
defined although it is very likely that the rotor was the
initial ceramic component which failed.

The rotor had been carefully screened and qualified
for the test. The various steps in this process are
briefly summarized below.

o Processing
1986, final group, shaft end injection,
thickened airfoil and HIP processed at
ASEA. Rotor density was 97.8% of theoreti-
cal density.

o Inspection
Cleared radiographic and visual. Minor sur-
face fluorescent penetrant inspection (FPI)
indications were successfully blended.

o Proof spin
The casting was successfully spin-proof-
tested to 86,500 rpm (approximately 100%
N,) with a 30-sec dwell at speed.

o Machining
Machined by Atlas Tool and Die Co. to RPD
open geometry. The machined dimensions
conformed to the drawing.
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Figure 6. S/N2, TD22 with regenerator seal platform removed.

o Qualification

The machined edge of the airfoils was care-
fully rounded by hand blending. The rotor
successfully cleared FPl.  The ceramic
rotor/metal gasifier shaft joint was success-
fully proof-tested to twice design load. The
joint passed FPI following the flexural test.
The first three natural frequencies were ex-
perimentally measured for every airfoil (12
aiffoils total). The speed range for the
failure event was identified to be remote
from any vane passage potential response.

o Engine build

The critical airfoil /shroud clearances all met
the desired tolerances. Other build dimen-
sions also conformed.

The key points relative to the fracture of the SiC
gasifier rotor in engine S/N 2 BU22 are summarized
as follows:

0

(o)

The rotor was carefully screened and fully
qualified for engine test.

There was evidence of missing carbon debris
from the combustor region.

The rotor was likely the Initial ceramic com-
ponent to fail in the ceramic gasifier section.
The stress conditions at engine failure (677°C
[1250°F]) RIT and 62% N.) were less severe
than prior exposure (1080°C [1976°F] and
70% N,).

The failure event was remote from vane pas-
sage interference.
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o The ceramic rotor stub shaft fracture mirror in-
dicated relatively low stress (14 MPa [20 ksi])
suggesting a shock load fracture mechanism.
Concurrent with fracture of the shaft was frac-
ture of the hub into relatively large pieces which
subsequently impacted the shroud and shat-
tered.

Detalled failure analysis discussion is presented in
subsection 3.1.3.

1.1.2 Materials Assessment
Objective/Approach

The objective of this effort was to conduct an exten-
sive survey of both domestic and foreign ceramic sup-
pliers and Government laboratories performing
ceramic materials research applicable to advanced
heat engines. Each of the candidate companies was
assessed and information was generated pertaining to
the following qualifications and capabilities:

corporate affiliation

products

ceramic material systems of interest

fabrication capabilities

size of effort/corporate commitment
attractions/strengths/deficiencies/Allison ex-
perience base

overall evaluation for ATTAP

contact

00000 O

(o]

o
Accomplishments

The accomplishments of the materials assessment ac-
tivity are as follows:

o completed materials assessment survey and
presented information to NASA LeRC in
January 1988

compiled an Initial work plan for 1988 with the
ceramic suppliers, components, and material
systems

A total of 38 candidate ceramic suppliers were iden-
tified and surveyed; these suppliers are listed below.

AC Spark Plug

Alcoa Advanced Ceramics

ARCO Chemical

Asahi Glass

ASEA Cerama AB

Atlantic Research Corporation (ARC)
Textron Specialty Materials

©O0OO0C0OO0OO0OO0

Babcock & Wilcox

Boride Products

British Nuclear Fuels Limited (BNFL)
Carbon-Carbon Advanced Technologies (C-
CAT)

Carborundum (CBO)

Ceradyne

Ceramics Process Systems (CPS)

Coors Porcelain

Coming Glass Works

Dow Corning Advanced Ceramics

DuPont Advanced Composites

Duramic Products

ESK Engineered Ceramics

Feldmuhle

Garrett Ceramic Components Division (GCCD)
General Electric (GE) Corporate R&D Center
GTE Laboratories

Hitachi Metals America

Howmet

Hughes Aircraft

Kaiser Aerotech

Kennametal

Kyocera International

Lanxide

Manville Sales Corporation Technical Center
NGK-Locke

NGK Spark Plugs U.S.A.

Norton/TRW Ceramics

Refractory Composites

Socliété Européenne de Propulsion (SEP)
3M New Products Department

0O00O0

Q000000000000 O0OO00DO0OO0OO0DO0D0O0DOODOODOO

Based on this survey, Allison assessed the current
state of the technology and projected the expected
state of development at the end of this contract for
each of the ceramic components in the ATTAP RPD.
In addition, the candidate ceramic suppliers were
separated into three categories:

o major ceramic development subcontractors
who have demonstrated viable material
properties and relevant shape-making
capabilities

emerging ceramic development subcontractors
who have demonstrated a material, process, or
technology of interest

ceramic parts buy sources with demonstrated
material/component fabrication capabilities
who will be used on a cost-per-part basis

At the conclusion of the materials assessment, a list
was prepared identifying the ceramic suppliers that Al-
lison proposed to use for initial development efforts to
address each of the critical ceramic components in



the ATTAP AGT-5 engine. This Initial work plan for
1988, with the ceramic suppliers, components, and
material systems, is summarized in Table lll. In addi-
tion, selected ceramic components will be procured
on a "parts-buy” basis with no development efforts.
These parts-buy components will be obtained as re-
quired to support engine test characterization and
evaluation of the developmental ceramic components.

Allison will update the materials assessment at 30
months and 56 months.  Written results will be
presented to the NASA project manager for concur-
rence.

1.2 REFERENCE POWERTRAIN DESIGN
(RPD)

Objective/Approach

The RPD was updated to reflect the selection of the
AGT-5 as the ceramic component test-bed engine for
the ATTAP. Engine model performance characteris-
tics were integrated with vehicle characteristics to
provide a system that has the best potential for meet-
ing performance, cost, and reliability design goals.
Current state-of-the-art and evolving technologies
were used to the extent that they could reasonably be
developed In the same time frame as the target
ceramic component technologies. The RPD
describes an advanced automotive gas turbine
powertrain system which, when Installed in a 1988
Pontiac Grand Am vehicle (or equivalent four-door,
3000-Ib mission vehicle) meets the following objec-
tives:

o 30% Improvement in fuel economy (S.L., 16°C
[60°F] day) over reference 1988 Pontiac Grand
Am equipped with 2.5 £, four-cylinder, spark-
ignition engine over the combined Federal Driv-
ing Cycle (automatic transmission and DF-2
fuel will be used). The target vehicle drivability
and performance shall be competitive with the
reference 1988 spark-ignition engine-powered
Pontiac Grand Am.

0 gaseous emissions and particulate levels less
than the following (based on diesel fuel No. 2
as basis for design):

NO, = 0.249 gm/km (0.4 gm/mile),

HC = 0.255 gm/km (0.41 gm/mile),

CO = 2.11 gm/km (3.4 gm/mlle),
particulates = 0.129 gm/km (0.2 gm/mile)

o ability to use a variety of alternate fuels

make minimum use of strategic materials

reliability and life comparable with powertrains

currently on the market

o a competitive Initial cost and a life cycle cost no
greater than that of a comparable convention-
ally powered automobile

o drivability suitable for safety and consumer
considerations

o noise and safety characteristics that meet cur-
rently legislated Federal standards

(e lle

Accomplishments

While fulfiling the same vehicle mission as the
baseline 1988 2.5 £, four-cylinder Grand Am, the RPD
vehicle demonstrated the feasibility for a 57% im-
provement in composite fuel economy (35% improve-
ment on an energy basis). Table IV presents a sum-
mary of the ATTAP RPD simulation results.

Table i,
1988 workplan for ceramic component development activities.
Component: roll GG vanes GG rotor Regen disk Insulation
Supplier
CBO SA SiC SA SiC SA SiC
GTE Labs Si;N,. PY6 SigN,, PY6
Corning Ext AS
GCCD SizN,, GN-10
Manvilie Alumina
silica
chromia
CPS SigN,

1-6



Table IV.
Summary of ATTAP RPD simulation results.

Baseline vehicle--1988 Grand Am with 2.5 £, 4-cylinder engine

1304.1 kg (2875 Ib) IWC (1299.6 kg [2865 Ib] test wt)

0-96.5 kmph (60 mph} in 13.5 sec

9.41 £/100 km (25.5 mpg) city/5.78 £/100 km (40.7 mpg) highway-

7.66 £/100 km (30.7 mpg) composite
RPD vehicle--fulfills same mission

0-9.65 kmph (60 mph) in 13.1 sec

4.87 £/100 km (48.3 mpg) composite (DF-2)--57% improvement

(35% improvement on energy basis)

Component Performance Levels

Individual component performance levels used Iin the
engine characterization were assigned based
primarily on: (1) Allison’s extensive database with
small engine components including that derived from
the AGT100 program, and (2) recent GM development
work (background data to ATTAP) on the AGT-5
family of engines, one of which is within 10% of the
RPD engine size. The degradation effects due to scal-
ing were based on these internal databases on en-
gines and components in the 0.23 kg/sec (0.51
Ibm/sec) to 0.64 kg/sec (1.41 Ibm/sec) range and on
open literature data.

Compressor

General Motors’ test data for a radial-bladed
centrifugal compressor, used in a 1038°C (1900°F)
76 kW (101.9 hp) design point engine, demonstrate
that efficiency levels above 80% are achievable.
Recent data from a much smaller machine
demonstrated an adiabatic efficiency of 79% at design
point pressure ratio.

The RPD compressor performance levels were as-
signed using the extensive AGT-5 test performance
level database and an efficiency level degradation due
to the Reynold’'s No. and size effects of scaling. Data
complled by Pampreen'") for varlous centrifugal com-
pressors, from 0.23 kg/sec (0.51 Ibm/sec) to 1.59
kg/sec (3.51 Ibm/sec) size, indicate an efficiency
degradation of approximately 1% can be expected
due to the Reynold's No. effect scaling from the AGT-
5 to the RPD (see Figure 7). Larkin®® indicates that
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U - Rotor Tip Speed, ft/sec

D - Rotor Tip Diameter, ft

P - inlet Stag. Density, slugs/ft3
¥ - viscosity, slugs/ft-sec

Efficiency Degradation
Due to Reynolds No.~1%

TE89-4569
Figure 7. Compressor efficiency loss due to
Reynolds No.

when the size effects due to scaling from the AGT-5 to
the RPD are also considered, a polytropic efficiency
degradation of approximately 1.5% can be expected
(see Figure 8). This translates to approximately a
1.7% adiabatic efficiency degradation for compres-
sors with a pressure ratio of 5:1. GM's direct scaling
experience with the AGT family of engines suggests
that a one-point loss from the AGT-5 tothe RPD is
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reasonable. However, to be conservative, a much
larger degradation was applied yielding a maximum
power compressor total-to-static efficiency of 77.9%.

Turbine Stages

Measured maximum power match point total-to-total
gastfier turbine efficiency for the AGT-5 is in the mid
80% range. Internal research suggests that an ap-
proximate degradation of 1.3% from the AGT-5 perfor-
mance level could be expected for the RPD due to
reduced Reynold's number. Therefore, a degradation
value of 1.3% was assigned to the RPD gasifier tur-
bine.

The RPD power turbine total-to-static efficiency of
76.1% is based directly on measured performance
data for an engine of similar size. Because the power
turbine from this engine has received a relatively small
amount of development time, It is felt that the scaling
degradation can be sufficiently recouped through an
improved Interstage diffuser and two-stage power

turbine design.
Regenerator

Early experience on small axial-flow GM regenerative
gas turbine engines resulted in used seal leakage from
45% to 6.8% of compressor discharge flow rate.
Recent development indicates that used seal perfor-
mance Is steadily approaching that of new seal perfor-
mance. Therefore, an RPD design point level of
leakage of 4.93% has been selected. The study to
define the regenerator core specification was per-
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formed at a gasifier speed of 70% since maximum fuel
usage occurs between 70% and 80% during the
Federal Test Procedure (see Figure 9). In sizing the
regenerator cores, the following constraints were
considered:

minimum wall thickness of 0.01 cm (0.004 in.)
maximum extrudable diameter of 25.4 cm (10
in.)

gas side pressure drop < 8.27 kPa (1.2 psi)
effect of core size on overall engine dimensions

0
0

0
0

RPD Engine Model

Using the aforementioned component performance
levels, an engine model performance characterization
was developed. The mechanical losses and the heat
rejection rates were based on engine and rig tests.

RPD Vehicle Model

A computer model of the "N body” vehicle platform
(which the Pontiac Grand Am is based on) was ob-
tained from GM’s Buick, Oldsmobile, Cadillac (BOC)
engineering group. Accessory loads, tire characteris-
tics, final drive losses, drive line inertias, aerodynamic
drag, and static rolling resistance coefficients from
this model were used for the RPD vehicle. Several
other aspects of the vehicle model were modified to
account for differences between the RPD engine and
the baseline piston engine. Finally, various vehicle
parameters were optimized to obtain the best fuel
economy and drivability.

RPD Vehicle Optimization

~ After a sultably modified vehicle model had been com-

bined with a computer model of the RPD engine per-
formance, a serles of studies were carried out to op-
timize the vehicle performance and fuel economy.
This is similar to the process that takes place when-
ever a new engine is matched to a given vehicle. It
should be noted that the fuel economy and perfor-
mance of the two-shaft gas turbine engine is actually
much less sensitive to drivetrain matching than a pls-
ton engine. Nonetheless, it was felt that it would be
inappropriate to judge the RPD vehicle with a
drivetrain that was optimized for a piston engine. No
attempt was made to determine at what level of .
production it would be cost-effective to make a given
change (for example, using a torque convertor with a
different stall speed).
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Figure 9. RPD fuel use.

The most significant difference in the behavior of the
RPD gas turbine and the piston engine is the constant
slope of the gas turbine torque curve with peak torque
occurring at minimum rpm. One consequence of this
is that the torque convertor is actually detrimental to
the performance of the vehicle under most cir-
cumstances. This can be remedied quite readily by
extending the lock-up torque convertor feature to in-
clude second gear in addition to third gear. It might
be beneficial to lock-up the torque convertor in first
gear sometimes as well, but it is difficult to develop a
stable lock-up algorithm in first gear that
demonstrates any improvement in performance or fuel
economy.

The approach selected for the RPD vehicle was to
leave the torque convertor clutch disengaged in first

gear, and optimize the torque convertor for the torque
characteristic of the gas turbine engine. This was ac-
complished by scaling the torque convertor diameter
in the simulation program. The program then creates
a new torque convertor model based on
hydrodynamic scaling laws with the same stall torque
ratio and efficiency curve but a different stall speed.
In this study (Table V), a torque convertor with a
diameter of 279 mm (10.98 in.) versus 245 mm (9.65
in.) for the baseline was found to give the best overall
results, with the emphasis on improving initial wide
open throttle (WOT) acceleration.

Another consequence of the broad power curve of the
RPD gas turbine is that the optimum transmission
ratios are more widely spaced than the production



Table V.
Comparison of RPD and production torque convertors.

Production
Diameter--mm (in.) 245 (9.65)
Stall torque ratio* 235
*K" factor** 177
Peak efficiency 88%
in convertor range
Gears in which 3rd
lock-up clutch engages
* at 135.58 N-m (100 ft-lb)
** K factor is defined as K = Ninput shaft  where

JT input shaft
N = stall speed in rpm with 135.58 N-m input torque

T =13558N-m

RPD
279 (10.98)
2.35
127

88%

2nd and 3rd

ratios. A study was conducted (iteratively with the op-
timization of shift pattern and final drive ratio) to deter-
mine the transmission ratios which produced the best
combination of initial acceleration, WOT 0-96.5 kmph
(60 mph) performance, and composite fuel economy
with consideration given to practical limitations based
on energy dissipation during shifting. The resulting
RPD selected transmission concept has 27% more
overall ratio than the baseline transmission. Table VI
compares the RPD and baseline ratios.

Selection of the final drive ratio was based on op-
timization of composite fuel economy. It is charac-
teristic of two-shaft automotive gas turbines that the
final drive can be selected to place the top gear road-
load operating line in the region of minimum brake
specific fuel consumption (BSFC) without sacrifice of
performance. This is in contrast to the situation with a
piston engine, where best fuel economy always oc-
curs at a top gear overall ratio too low for good perfor-
mance. The selected RPD final drive ratio is 2.3:1, for
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an overall top gear ratio of 2.576:1. The excellent top
gear gradeability of the RPD vehicle demonstrates
that this does not involve a loss in performance.

The last vehicle parameter that was modified for the
RPD definition is the transmission shift pattern. The
shift pattern was optimized for fuel economy and per-
formance (no trade-offs were necessary just as for
final drive ratio) based initially on simplified calcula-
tions of the idealized engine-vehicle system, but the
final shaping of the shift control was performed by
trial-and-error with the simulation program.

it should be noted that the modification of the shift
schedule Is unavoidable because the production shift
schedule has shift points exceeding the RPD engine
governed maximum speed (3750 rpm), but the other
driveline-related changes discussed above are not
strictly necessary for the application of the RPD en-
gine to an automobile. In fact, in consideration of the
small gains realized, some orall of these changes



Table VI.
Comparison of RPD and production transmissions.

BRPD THM125C
Transfer chain ratio 1.12 1.12
First gear ratio 3.60 284
2nd gear ratio 1.85 1.60
3rd gear ratio 1.00 1.00
Final drive ratio 23 284
Overall ratio in 1st gear 9.27 9.03
Overall ratio In 2nd gear 477 5.09
Overall ratio in 3rd gear 2.58 3.18
might be deemed as not cost-effective in an initial 0 mechanical
production scenario. The computer simulation indi- 0 combustion systems
cates that the torque convertor, final drive, and trans- o alternate flow paths
mission ratio changes described above result In a fuel 0 engine system integration

economy gain of only 3.3% and a 4.4% decrease In
the 0-96.5 kmph (60 mph) time. However, other con-
siderations (such as top speed and noise at cruise)
exhibit greater improvements as a result of the
driveline optimization (see Table VII).

Table VI shows the results for the RPD vehicle simula-
tion with production drivetrain (designed as produc-
tion transmission and final drive ratios, torque con-
vertor, and lock-up clutch but with a modified shift
schedule) compared to the optimized drivetrain.

Table Vill summarizes the ATTAP RPD vehicle perfor-
mance.

1.4 TEST-BED ENGINE DESIGN AND
DEVELOPMENT

The overall objective of this task is to perform the
necessary preliminary and detail design activities to
ensure that the test-bed engine(s) can accept the im-
proved ceramic components and can operate at the
higher temperatures of the Improved ceramics.
Design activities will be based on the RPD. Specifi-
cally, efforts will be concentrated in four areas:

1.4.1 Mechanical
Objective/Approach

The objective of the mechanical design and develop-
ment activity is to upgrade the AGT-5 from a 1038°C
(1900 °F) metal engine to a durable 1371°C (2500°F)
str