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Introduction

Because oftheir superiorhigh temperaturedurability, the application of ceramics asstructural
materials for gas turbine hot section components will enable a significant increase in the turbinerotor
inlet temperature (TRIT) of currentall-metal industrial gas turbines, resulting in improved thermal
efficiency,grater output power, andreducedemissions of NOx and CO. The benefits of ceramics
for gas turbines have beendescribed elsewhere(1-3). It hasbeenprojected thatfully optimized
stationary gas turbines would have about a 20%gain in thermal efficiency andabout a 40%increase
in output power in simple cycle compared to currentall-metal industrial gas turbines withair-cooled
components (4). Annual fuel savings in cogeneration in the U.S.would be on theorder of 0.2 Quad
by 2010. Emissionsreductions tolessthan 10ppmv NOx have also beenforecast (5).

The U.S. Department of Energy (DOE), Office ofIndustrial Technologies(OIT), therefore,initiated
in September 1992 a program aimed at developing and demonstrating a ceramicstationary gas turbine
for cogeneration operation. Solar TurbinesIncorporated (Solar) is theprime contractor on the
program which includesparticipation of major ceramiccomponent suppliers,nationallyrecognized
test laboratories, and an industrialcogeneration end-user.This papersummarizes theprogress on
Phase II and Phase III of the programfrom September1996 through September 1997. The Phase
II work involves the detailed engine andcomponent design,ceramiccomponent fabrication and
testing, generating a long term materialsproperty database, and non-destructive evaluation(NDE)
of the ceramic components. The Phase IIIactivity involvesfield testing of the ceramic components
at a cogeneration end user site and characterization of theceramic componentsfollowing field test
operation.

Objectives

The overall objective of the DOE Ceramic stationary Gas Turbine(CSGT)Development Program
is to improve the performance of stationary gas turbines in cogeneration through theselective
replacement of cooled metallic hot sectionpartswith uncooled ceramiccomponents. The successful
demonstration of ceramic gas turbine technology, and the systematicincorporation ofceramics in
existing and future gas turbines will enable more efficient engine operation, resulting insignificant fuel
savings, increasedoutput power, andreducedemissions.
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FIGURE 1.  SOLAR 50S GAS TURBINE WITH COMPONENTS TARGETED FOR CERAMIC INSERTION

Approach

The technology base for the CSGT program is provided by the advancements in ceramiccomponent
fabrication knowledge developed underpastceramic turbineprograms, such as the Advanced Gas
Turbine (AGT) Program and the Advanced Turbine Technology ApplicationsProgram (ATTAP) of
the U.S. Department of Energy, Office of Transportation Technologies. The programstrategy
provides a strong focus on near-term ceramic turbine technology demonstration and lowering barriers
for its acceptance by the marketplace. Applicationsinclude retrofitting existing gas turbine
installations and incorporating ceramic component technologies in future engine designs. The ceramic
turbinetechnology under development inthis program is a keyenablingtechnology to realize the
performance and environmental goals of the Advanced Turbine Systems(ACTS) program, a broad
initiative of the U.S. Department of Energy, Office of FossilEnergy, and Office of Energy Efficiency
and Renewable Energy, to develop the next generation ofhigh performance gas turbines forutility
and industrial applications(5).

Figure 1 is a schematic of the Solar Centaur 50S, theengineselected for ceramic insertion under the
CSGT program. Thebaseline metal engine has aratedshaft thermal efficiency of 29.6% and an

electrical output rating of 4144 kW and isfitted with aSoLoNOx dry, low NOx combustionsystem.
The gas producer turbine of the all-metal Centaur 50S has two stages and the powerturbine has one
stage. Asingle-shaft configuration was selected for the development engine.

The Centaur 50S isbeingretrofittedwith first stageblades and nozzles, and a ceramiccombustor
liner. The engine hotsection isbeingredesigned toadapt theceramicparts to theexisting metallic
support structure.Accompanying the ceramic insertion theCentaur 50S isbeing upratedform its
current TRIT of 1010EC (1850EF) to a TRIT of 1121EC (2050EF). The performance improvements
goals include a relative increase in the electrical thermal efficiency of 5.6% insimple cycle and5.3%
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FIGURE. 2 - INTEGRATED DESIGN AND TEST
PHILOSOPHY  OF THE CSGT PROGRAM

in cogeneration, and an increase in theelectricaloutputfrom 4144 kW to 5217 kW, representing a
relative increase of about 25.9%. Newerengines of the all-metalCentaur 50S meet NOxemissions
levels of 25 ppmvover the 50 to 100 percent load range. Under the program NOxemission levels
of 25 ppmv or belowmust be demonstrated and the potential for NOxlevels of 10 ppmv orbetter.
No CO level target wasrequired for the program, but Solar has set a CO target of 25ppmv.
Predictedengine performancedatahave beenreportedpreviously(6).

Solar's approach to incorporating ceramics forindustrial gas turbine designattempts tominimize the
risks inherent in astill immature technology by using a set of guidelineswhich areconsistent with
currentceramic designpractice. Theseinclude limiting thenumber of ceramiccomponents,using
provenceramic design practicefrom past programs,selectingwell characterized andpromising
candidate ceramic material with potential tocost-effective scale up toproductionapplications,
iterative testing with stepwise increases infiring temperatures to a modestfinal designTRIT,
minimizing transient andsteadystate stresses in theceramic components and adjacent metal
structures. The CSGT program aim toachieve early demonstration of component designs in an
engine rig which duplicates all the conditions the ceramic componentswill experience during actual
engineoperation.

Solar's industrial gas turbines must beable tooperatecontinuouslywithout interruptions otherthan
those resulting for scheduled maintenance for 30,000 hourswhich is the typical timebefore overhaul
(TBO). Ceramic components must therefore have design lives consistentwith theexpected TBOlife.
Since the ultimate fieldtestgoal for the program was 4000 hours and tominimize thematerials and
design changes to the current metal engine, a designlife target of10,000 hours was selected for the
engine and itscomponents for the program.

Figure 2 illustrates the integrateddesign and
test philosophy of theCSGT program. In
this designapproach,design analysis was
iterated with life prediction, testing, andpost-
test component evaluation. In thefirst stage
simulated components were tested in testrigs
to prove key designconceptssuch as blade
and nozzle attachment configuration,blade
root compliant layers, and interfacing of
ceramics to metallicsupport structures. The
testing was performed using various
laboratory testequipment and rigs. In the
second stage thefindings from thesetests
were fed back into the design of first ceramic
component prototypeswhich were then
tested in a Centaur 50Sengine modified to
accept theceramicparts. The results of the
engine tests werethen used tomodify theceramicpartdesigns to theextent desired. In thefinal
stage second generation partswith superior performance arebeing used for thefield testing in
Phase III of the program.
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Project Description

Project Team

The CSGT project teammembers and their responsibilities is summarized in Table 1.

Table 1 - Csgt Program Team

TEAM MEMBERS RESPONSIBILITIES

GAS TURBINE MANUFACTURER  
 

Solar Turbines Incorporated (Solar) *Program Management
* Materials Selection and Evaluation
* Engine and Component Design and Testing
* Technical and Economic Evaluation
* Technology Integration

CERAMIC COMPONENT SUPPLIERS  

AlliedSignalCeramic Components(CC) * RotorBlade (GN-10 Si N , AS-800 Si N )3 4 3 4

Kyocera Industrial Ceramics Corporation (KICC) * Rotor Blade(SN-253 Si N , SN-281Si N )3 4 3 4

NortonAdvanced Ceramics (NAC) * Rotor Blade(NT164 Si N )3 4

 Combustor Liner(NT230SiC)

Carborundum * CombustorLiner (Hexoloy® SA SiC)

NGK Insulators, Ltd. (NGK) * Nozzle (SN-88 Si N )3 4

Babcock & Wilcox (B&W) * Combustor Liner (alumina/alumina CFCC)

DuPontLanxide Composites(DLC) * Combustor Liner (SiC/SiC CFCC)

B.F. Goodrich Aerospace (BFG) *Combustor Liner (SiC/SiC CFCC)

MATERIALS SUPPORT

Caterpillar TechnicalCenter (CAT TC) * Non-Destructive Evaluation(NDE)
 of Ceramic Components

Argonne NationalLaboratory (ANL)

University of Dayton Research Institute (UDRI) * Long Term Testing of Ceramics

Sundstrand PowerSystems (SPS) *Life Prediction

END USER

ARCO Western Energy (ARCO) * End User Representation
* CogenerationField TestSite

ceramic specimen and component procurement, fabrication and testing.Ceramic blades, nozzles and
combustorliners are beingtested inrigs and in aCentaur 50Sengine rig. The Phase II efforts also
involve long term testing of ceramics and the development of NDE methodologies for partevaluation.
Phase III began inOctober 1997 andwill continue throughDecember1998. The Phase III efforts
include the manufacturing and instrumented engine testing of thefield testengine, actualfield testing
of the ceramiccomponents at a cogeneration end user site, and characterization of the components
following field test exposure.
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FIG. 3 - SCHEMATIC OF CSGT ENGINE  HOT SECTION

Results

Engine and Component Design and Material Selection

Figure 3 is a layout of the CSGT engine hot section showing thethree keyceramiccomponents: the
CFCC combustor liner, the first stage turbinenozzle and the firststage turbineblade. The design of
the ceramic interfaces can also be seen in this figure. Detail design information regardingthese
components hasbeen presented in prior papers (7-10).

Combustor Design

The use of a ceramic gas turbinecombustor is
associated with two advantages over a
conventional metal combustor, firing
temperature can be increasedwithout degrading
combustordurability and emissions from lean
premixed gas turbine combustors can bereduced
using a "hot wall" (11, 12). Air saved from
reduced cooling requirements for the combustor
wall can beused tolean out the flame in the
primaryzone resulting in loweremissions ofNOx. A secondemission benefit is areduction in CO
quenchingnear the combustorwall. The existingSoLoNOx combustor of the Centaur 50Sengine
was modified byintegrating the ceramics in thelinearsections of the liners.

The ceramiccombustor wasdesigned to befully interchangeable with theproduction Centaur 50S
dry low-NOx lean-premix (SoLoNOx) combustor. Theall-metalcombustor is anannular,axial flow
combustor that utilizes twelve premixingnatural gas injectors. Throughlean premixedcombustion,
NOx and CO emissions are limited to lessthan 25ppmv and 50 ppmv, respectively, at the1010EC
design turbinerotor inlettemperature (TRIT) of the Centaur 50Sengine.

The ceramic hot section layout of Figure 3 shows themain designfeatures. The combustor is
comprised of a metallic dome section at the upstream end, two concentric ceramic cylinders (in metal
housings) that form the combustorprimaryzone, and twoconical, metallic exitsections. The dome
and exit sections arefilm cooled and areessentiall identical to their all-metalproductionengine
counterparts. A layer of compliant insulation between the ceramiclinersparts and the metal housing
minimizes radial contact stresses. All pressure loads are carried by the metal housing. Theinner and
outerceramic cylindrical liners are 33 cm and 75 cm indiameter, respectively, and are 20 cm long.
Their wall thickness is approximately 0.2-0.3 cm. The ceramic liners replace louvre-cooled Hastelloy
X liners in theCentaur 50S combustor.

The material of choice for the ceramic liners was acontinuous fiber-reinforcedceramic composite
(CFCC) material based on asilicon carbidebasedfiber (Nicalon) fabricated by Nippon Carbon
Company ofJapan as reinforcement with asilicon carbide matrixincorporated bychemicalvapor
infiltration. CFCC's were selected over the more conventional monolithic ceramic materials because
of their superior fracture toughness which givesthem a distinct advantageovermonolithics for large
structures such as thecombustorliners of theCentaur 50Sengine. Thecurrent combustorliner
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FIGURE 4.  ENHANCED SIC/SIC CFCC
COMBUSTOR LINERS FABRICATED BY
DUPONTLANXIDE COMPOSITES

FIGURE  5.  COOLED FS-414 METAL AND UNCOOLED SN-88
CERAMIC NOZZLES FOR CENTAUR 50S

material is the enhanced SiC/SiC CFCC of
DuPont Lanxide Composites, Inc. (DLC). A set
of DLC liners isshown in Figure 4. Theactual
materials selectionprocess and supporting
subscale component testing hasbeen described
elsewhere (9,13).

Under the CSGT programfirst stage all metal
FS-414 nozzles arebeingreplaced with ceramic
parts. The nozzles are cooled andccoatedwith
a Pt,Rh-aluminide diffusioncoating. Theceramic
nozzle design issignificantly different from the
metal nozzle. It isuncooled andsingle vane
compared to the two-vane cooled metal nozzle,
the tip seal has been decoupled (a metal tip seal is attached to the nozzle case). Thesedesign changes
were made tosimplify thefabrication of the ceramiccomponents. The nozzle attachment hasbeen
modified to accommodate the ceramic-to-metal interface to the firststagediaphragm. The number
of nozzles was increased from 15 two-vane segments to 42 single-vane segments based on theresults
of a vibrational analysis.

The ceramic nozzleairfoil is different from the metalairfoil as well. Finite elementstress/
temperature analysis and lifeprediction showedthatreplacing the metal airfoils with a ceramic vane
of the samegeometric configuration would result in an unacceptablyhigh stresslevel incompatible
with long servicelife. The airfoil chord was therefore reduced inhalf and theairfoil was bowed
axially and tangentiallycompared to the current cooled metal nozzle. The redesignresulted in a
significantdrop in themaximumsteadystate stresslevels fromabout 480 MPa to about 162 MPa
at the estimated"hot spot" temperature at thevane trailingedge of 1288EC (2350EF). The stress
levels were calculatedusing
SN-88 silicon nitride (NGK
Insulators, Ltd.), thematerial
selected for nozzle
fabrication. The cooled metal
FS-414 nozzle and the SN-88
silicon nitride nozzle are
shown in Figure 5. SN-88
was selectedsince it met the
design requirements for slow
crack growth and creep which
are believed to be life-
limiting.

Blade Design

In accordance with the low-risk designstrategy of the CSGT programonly thefirst stage of turbine
blades was replacedwith ceramicparts. Theall-metalCentaur 50Sengine has 62 firststage cooled
equiaxed MAR-M247bladescoatedwith a Pt-aluminide diffusioncoating for oxidation protection.
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FIGURE 6.  COOLED MAR-M247 METAL AND
UNCOOLED AS-800 BLADES FOR
 CENTAUR 50 ENGINE

The CSGT blade design has an aifoil shapethat isalmost identical tothat of the metal blade,except
for the absence of cooling passages. The fir tree attachment of the metal blade has been replaced with
a conventional dovetail. A compliantlayerbetweenbladeroot anddisk buffers the ceramic/metal
interface. Maximum steady state stress in thedovetail blade design was estimated at 214 MPa at the
bladeroot neck under the platform at a temperature of 682EC (1260EF).

Based on criticalmaterialsproperties andlife
prediction considerations AS-800
(AlliedSignal CeramicComponents) and SN-
281 (Kyocera Industrial Ceramics
Corporation) silicon nitrides wereselected for
enginetesting. Figure 6 shows the cooled
metal first stage MAR-M247blade and an
uncooled AS-800silicon nitride blade.

A significant difference between operation of
the Centaur 50S engine with of the metal and
ceramic blades is clearancecontrol. The
metal blade is designed for a hot clearance of
0.5 mm which is achieved by applying arub-
tolerant coating to the firststagenozzle tip
seal. The ceramic blade has a design hot
clearance of 1.3 mm. and is designed to
operate with open clearances. Operating the engine with this wide clearance results in a performance
loss. To fully realize the benefits of operating the engine with ceramic blades and nozzleswill require
the development of tip seals with abradablecoatingsthat can accommodate a rub byceramic blade
tips. Development of abradable coatings is ongoing underother Solardevelopment programs.

Secondary Component Design

A signficant redesign effort was performed for the secondary components interfacing with the ceramic
parts. The redesign effortinvolved theincorporation of rimseals on the firststage disk,changes to
the first stage diaphragm and attachment of the firststagenozzle at the innershroud, andchanges to
seals and related partsinterfacing with the nozzleouter shroud. Thedesign changes have been
detailed elsewhere (9,10).

IN-HOUSE COMPONENT AND ENGINE TESTING

Component Testing

All ceramic componentswere tested extensively in laboratoryrigs prior to enginetesting. For
example, the bladeroot configurations were evaluated in an attachmenttensiletest toestablish the
optimal bladeroot angle and compliant layer system.Full bladeswere tested in acold spin test at
125% of design load to ensure that they were free oflife limiting defects. Nozzles were prooftested
in a thermalgradient prooftest rig and amechanicalattachmenttest rig inwhich stresslevels in
excess ofthose inservice eliminated defectiveparts.
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FIGURE 7.  CSGT CENTAUR 50S GAS TURBINE

The initial screening of candidate combustor liner materials wasperformedusing a subscale linertest
in which key elements of thefull scalecombustordesign are evaluated in acost-effective but
representative geometry.Full scalecombustor rig testing was performedwith an atmospheric
combustor rig to establish thatfull scale liners canoperate under theconditions of temperaturethat
are anticipated in the engine environment. Subsequently, the linerswere alsotested in a pressurized
full scalecombustor rig to obtain anearlyessessment of emissionsreduction potential. Theliners
were subsequentlytested in the Centaur 50Sengine.

Emissions of NOx and CO were promising based on subscale andfull scaletest data. Atfull load in
the highpressure rig NOxlevels <25 ppmv and CO levels <5 ppmvwere determined.

Engine Testing

The engineteststrategy is based oninitially evaluating each ceramiccomponent separately, before
testing the components in combination, in the Centaur 50Sengine. Thismethodologyminimizes the
possibility of secondary damage to downstreamprototypeceramic components in the case of an
upstream ceramiccomponentfailure. The enginetests areinitially performed at thebaselineTRIT
of 1010EC (1850EF) for each ceramiccomponentsystemprior to testing these components in
combination. In subsequent testing,ceramic
components arebeing combined and the
engine again is operated at thebaselineTRIT.
The finaltest at a TRIT of 1121EC (2050EF)
will be conductedwith all three ceramic
components the blade, the nozzle, and a set of
combustorliners.

The engine used for in-house testing is
shown in Figure 7. Table 2 summarizes the
test data obtainedto-date. All testsexcept
one were conducted at thebaselineTRIT of
1010EC (1850EF) of the all-metal engine.

Table 2. Centaur 50S In House Engine Test Summary

Blades Nozzle Combustor Liners

Ceramics NT-164, GN-10, AS-800 SN-88 BFGSiC/SiC
DLC SiC/SiC

Total Test Time 223 hrs 9 hrs 252 hrs

Time at FullLoad 182 hrs 1 hr 197 hrs

Max. Time onSingle 100 hrs(AS-800) 1 hr 100 hrs (DLC)
Build at Full Load

NominalTRIT 1010EC (1850EF) 1010EC (1850EF) 1010EC (1850EF)



9

FIGURE 8.  CSGT ROTOR WITH AS-800 FIRST
STAGE BLADES PRIOR TO 100 HR ENGINE TEST

FIGURE 9.  DLC SIC/SIC CFCC OUTER AND INNER 
LINERS FOLLOWING THE 100 HR ENGINE TEST

FIGURE 9.  DLC SIC/SIC CFCC OUTER AND INNER 
LINERS FOLLOWING THE 100 HR ENGINE TEST

The first ceramic enginetestswhich started in August 1995 were short (1-2hrs) and were intended
to validate the dovetail blade design. Thetests wereperformed withNT164 and GN-10silicon
nitride dovetail blades. The ceramic components and interfacing secondary components performed
as expected and demon-stratedgooddurability. Subsequently, an enginetest was conducted with
BFG SiC/SiC CFCC liners for a total of 12 hrs at fullload overseveral cycles. Thistestestablished
that the CFCC material was adequate. Emission levelsdetermined inthat testwerevery promising.
NOx levels <15 ppmv and CO levelsaround 5ppmv were typically measured at a 3% pilot fuel
setting (11, 12). The measuredemissions levelsgoals werewell below theCSGT program goals of
25 ppmv NOx and 50 ppmv CO. The CFCC linerswere ingoodcondition following thetests.

These initial successful tests with a single ceramic component were followed by enginetesting of both
ceramic blades andcombustorliners simultanesously. Severaltests wereperformed over anumber
of days incorporating cold and hot restarts.These tests culminated in a 100 hrcyclic test conducted
in April 1997 in which second generation
(AS-800 silicon nitride) bladeswere tested
alongside with second generation (DLC
enhanced SiC/SiC CFCC)combustorliners.
 A total of 12 coldstarts and 15 hot restarts
were accumulated over the 100 hrs duration
of the test. Final inspection revealed the
ceramic and interfacing metalparts to be in
excellent condition.This engine configura-
tion was then used for the firstfield test.
Figure 8 shows therotor assembly with AS-
800 firststagebladesprior to enginetesting.
Figure 9 shows the CFCCouter andinner
liners of thecombustorfollowing the 100 hr
enginetest.
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FIGURE 10.  CSGT CENTAUR-50S ENGINE AT
ARCO FIELD TEST  SITE

Recently, the first test was also conducted in which the SN-88 ceramicnozzle was evaluated. Thetest
lasted for 9 hrs, 1 hr of which was at full load. Thetest wasmostly successful, some minor chipping
had beennoticed at theinner andoutershroud areas contacting the metal suggestive of a localized
excessivecontact stress condition.Redesign efforts arecurrently underway to alleviate thisstress
condition. Themain focus of thetestwill be to combine allthreeceramiccomponents, CFCC
combustorliners, firststageblades, and firststagenozzles in the engine builds, and tooperate the
engine at the ultimate design TRIT of 1121EC (2050EF). A final 100 hrtestwill be conducted prior
to the final4,000 hrfield testscheduled for Phase III of the program.

FIELD TESTING

In May 1997 the CSGT program experienced its mostsignificant accomplishmentto-date. The
CSGT T5901 Centaur 50 SoLoNOx engine retrofitted with CFCCcombustorliners andAS-800first
stage ceramic turbine blades was shipped to ARCO Western EnergyBakersfield enhanced oil
recovery site for the firstfield test ofceramic hot section components in an industrial gas turbine
engine. This enginereplaced one of ARCO's existing gas turbines, a modelT5501 Centaur 50,
operated withwater injection for NOxcontrol. ARCO'scontrol system wasupgraded toallow
operation in the SoLoNOx mode.

The field test started on May 21. A view of the test engine at the fieldtestsite is shown in Figure 10.
The engine is operating at the 1010EC (1850°F TRIT) of the standard all-metal engine todemonstrate
performance undertypical industrialoperating conditions. As of June 30 theCSGTengine has
logged over 900 hours ofmaximumload operationwith 15 startcycles and is continuing toaccrue
hours. The CSGTengine has beenfully
operational with normal steam and
electricalpower production. Boroscope
inspections, conducted after 212 hours
and 533 hrs showed no change in the
appearance of the CFCC combustor liners
and firststageceramic turbine blades as
compared to the appearance after the 100
hour acceptancetest atSolar. Thefield
test duration is scheduled for 2000 hours
of maximum load operation with periodic
boroscopeinspections.

On July 1,1997, after 948 hours of full
load operation, the CSGTengine shut
down due to turbine underspeed.After
several failed attempts to restart the engine, a boroscope inspection revealedthat the 62turbine blade
airfoils had failedduring service,which has now beenattributed to probableimpact damage from a
locating pin from the innerliner of thecombustor.ARCO's water-injectedCentaur 50 T5501 was
quickly reinstalled and theCSGTengine wasreturned to Solar forfailure analysis.

Failure analysis of theblades indicatedthat all of the fractures wereabove the blade platform and
none of the dovetails werepinched in disk (which was thecause of the previousblade failure),
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indicating that the redesign of the dovetail attachment was successful. The compliantlayer
attachmentsystemappeared tohave performed as designed.There was no evidence ofcontact on
the first stage tip shoes. During teardown of the combustor, a locating pin(0.75" x 0.375"diam.tool
steel) used during assembly of the combustor dome was found to bemissing for the inner liner. The
missing pin was at the bottom dead center location. Witness marksinside thehousing of innerliner
indicatedthat the pin had moved to the aft end of theliner to alocation near 0.400dilution holes.
It was determinedthat the pinexited one of the dilution holes and continuedthrough thefirst stage
nozzles into the ceramic turbine blades. SelectedAS-800bladerootsfrom the ARCOfield test
failure were sent to ORNL for examination of the fracture surfaces. Evaluations todatehave shown
no sign ofslow crackgrowth in theremaining blade airfoil.

The ceramiccombustorliners remainedintact following the engineshutdown. Over 1000 hrs of
cumulative enginetest data (testcell and fieldtest data) to-datehavedemonstrated that asimple
modification to the Centaur 50S SoLoNOx combustor, involving replacement of the currently louvre-
cooled metal liners withuncooledliners fabricated fromcontinuous fiber-reinforcedceramic
composite (CFCC) materials, results insignificantly improvedlevels of NOx and CO at the1850EF
TRIT of the Centaur 50Sengine. NOx levels from10-15ppmv and CO levels ofaround 5 ppmv
have routinely been measured over the 50-100% load range for the CSGT engineoperating on natural
gas at ARCO. The outer CFCC combustor liner showed minor indications of oxidation following the
field test. The inner CFCCliner exhibited a higherdegree ofuniform oxidationwhich will limit the
life of the liner. The maximum inner linertemperature measured was 2170 F,which wasabout 100-o

150 F higher than theouterliner.o

Following examination of the oxidation of the enhanced SiC/SiC CFCCcombustorliners atSolar,
the oxidized liners from the ARCOfield testwere sent to Argonne National Laboratory for NDE.
Following NDE, thelinerswill be returned to DLC for destructive evaluation. Thelinerswill be
sectioned for microscopic examination aswell asresidualstrength measurements.

In an attempt to reduce theCFCCliner temperature prior to the nextfield test,trip strips arebeing
added to the metalliccombustor housings.Additional insulation material between the CFCCliners
and the metallic housing is alsobeingadded to increase the conduction pathfrom the CFCC liners
to the metallichousings. Alternate materials with higher thermal conductivitieswhich will further
increase the conduction path are also being considered.Plasma sprayed oxidecoatings for oxidation
protection of theSiC/SiC liners are alsobeingconsidered for future testing.

Summary

A Solar TurbinesIncorporated Centaur 50S gasturbine isbeingretrofittedwith ceramic firststage
blades, first stage nozzles, and combustor liners for improved performance and loweremissions. The
componentdesigns have been completed and have been validated in rig andenginetesting. A
Centaur 50S engine with ceramic firststageblades andcombustorlinersstarted a 2000 hrfield test
on May 21 at the baselineTRIT of 1010EC (1850EF) of the all metal engine. The enginefield test
accumulated 948 houres of full loadoperation prior to engine shutdown due toforeign impact damage
of the 2st stage AS-800 turbine lades. Theimpact damageoccurrred due to ametallic locating pin
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used during combustor assembly impacting the firststageblades. The metalliclocating pin has been
eliminated and a second2000 hour field test of ceramic blades and a modified CFCCcombustionliner
system has been scheduled for early1998.

Application and Benefits

The objective of the CSGT program is to demonstrateceramic gas turbine technology with the aim
at eventual commercialization and ensuring national energy savings andemissionsreduction. The
economic and technical potential of the ceramic gas turbine technology hasbeen analyzed and
described in the Phase IFinal Report for the CSGT program (14).

Performance Benefits

The benefits of the technology derive (1) from the incremental valueassociated with thefuel savings
and output powerincrease resulting from replacingcooled metal hot sectioncomponents with
uncooled or minimally cooled ceramic parts coupled with the increase infiring temperature thesepart
allow, and (2) from the valuerepresented by the reduction inemissions ofNOx, CO, and UH
(unburned hydrocarbons) in ceramic engines compared to all-metal baseline engines. The addedvalue
can be estimated at thelevel of individual engineinstallation sand can beextrapolated to the
aggregate of installedpower-generating capacitymakingassumptions about thelevel of market
penetration of theceramic technology.

The incorporation ofceramic hot section components inexisting gas turbine installations int he
context of a TRIT uprate in a retrofitscenariosimilar to that for the CSGTengine isexpected to
result in a moderate improvement in fuel efficiency ofabout 5 to 6 percent and asignificant increase
input power of asmuch as 25percent. Thesegainsrepresent addedvalue to the turbomachinery
equipment which can bequantified. The interestedreader is referred to the Phase Ifinal report for
a quantitative estimation ofvalueadded to gas turbinefrom ceramic insertion(14). When ceramic
insertion is integrated in a comprehensive redesign of theengine hotsection itsvalue to the gas
turbine is furtherenhanced. Improvements infuel efficiency ofabout 20 percent andincreases in
output power of about 40 percent areachievable. Thegreatest potential forceramic gas turbine
technology can be expectedwhenused as one of anumber of designtools in truly “clean sheet
designs. There the benefits ofreduced cooling andhigher firingtemperature can becombined with
heat recovery, andpossibly, atmore advanced stages,with intercooling andchemicalrecuperation.

Emisisons Reduction

In addition to improvements derived from enhancedfuel efficiency and increasedoutput power
significant benefits are anticipated because of theability of ceramic“hot wall” combustors to lower
emissions ofNOx. Thetruevalue isrepresented by the actual reduction in the gasurbine exhaust
emissions burden ont he environment and the potential forsignificantcostsavings to the enduser of
gas turbine euqipment by eliminating the need forwaterinejction or expensivepost-exhaustcleanup
equipment such as selective catalytic raeducion(SCR).
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Application of Ceramics

The application of ceramic components isbeneficial because it enables a highercompoentn
temperauter in a simpler and therefore, less costly, designand/or it reduces the need forparatcooling
and the use of protective coaiangs. When considering thecostassociatedwithutilizing ceramic blaes
and nozzles, one can assumethat cermaicswill be (1) more expensive than uncooledjparts of
conventional superalloys, (2) are of comparablecost ascooled conventionalsuperalloyparts, and
(3) can be signficantly less expensive than parts fabricated of cooled and coatedadvanced superalloys.

Where the designtemperaturalllows the use ofuncooled superalloy componetns,there is no
advantage in using ceramic parts unlessothebenefits aresought (e.g., a reduction in stress on adisk
by using lighterceramic blades). As aresult, thee is nobenefit in considering ceamic blades for
engines with aTRIT under ~900EC (~1650EF) or ceramic nozles for engines with aTRIT under
~850EC (~1560EF). The lower temperature limit for the nozzle is attributable to the need todesign
for “hot spot” conditions. Under these temperaturelimits uncooledmealpartsfunction satisfactorily
and they can be faricated at a fraction of thecost ofcermaicpartsassumingaerospace quantities of
componetns (i.e., 10,000 s/year).

Whencooledsuperalloy comonetns are replaced, thecost ofceramic and metalparts are expected
to be of similarmagnitude and the benefits of eliinating coolingfacor the use of ceramics. The
replaement of expensive cooled and coatedadvanced superalloy components with uncooled ceramic
parts is articularlyattractivesince acomponentcostreduction is accompanied by a performance
improvement derived rom the elimination ofcooling.

An interesting scenario is presented by an engine uprate as is represented by the CSGTengine. Here
the scenarioinvolves a significantperformance improvement because of the increase inTRIT. But
the TRIT increase also necessitates anupgrade in component structuralmaterials from affordable
conventionally cooled and meal parts to advanced cooled and coatedsuperalloyparts. Hereceramics
provide the double advantage ofenabling theimproved engine performance at apotential cost
reduction.

 The application of ceramiccombustorliners needs to be viewed somewhat differently than the
application of ceramic blades and vanes. The benefitsassociated withemissionscontrol are
substantial and the potential to meet regulatoryemissionstandards without the need forexpensive
add-ons represents a substantialvalue to the enduser. Therefore, broadly speaking, thecost of a
ceramic combustor liner can be higher than the cost of a comparable metalpart. Also, because of the
potential emissions benefits ceramiccombustors are expected tofind applications inmanyengine
modelsover awide range ofTRIT values.

Special consideration must be given to small engines. These engines often competewith dieseland/or
gas engine and the allowable incrementalcost isconstrained by the packagecost ofthese competing
prime movers. The allowable cost range will beless elasticthan for larger engines. Overallpackage
cost targetswill put restrictions on thecost of the combustorliner components.
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A somewhat similar situation may arise in the case of aretrofit of asmallengine. There is a limit to
what an established end user iswilling to pay for aretrofit packageeven if emissions benefits are
substantial. Unless the enduser is forced to meet tighteremissionsregulations, it isunlikely a
substantial increase in thecost of anoverhaul is acceptable and, again, the increase in thecost of a
combustorliner will be limited.

Timeframe for Commercialization

It is not possible at thispoint to present afirm targetdate forcommercialization of the ceramic
engine, since many factors are involved, but a likelyscenario can be delineated, based on thetimeline
for the CSGT program. Thecommercialization timeframe can berepresented as follows:

• 1992-1995:Ceramiccomponent development
• 1995-1996:Engine testing and design validation
• 1996-1999:Ceramicfield testing

- 19997/1998: CSGTenginefield testing
- Multiple enginefield tests

• 1999-2002:Ceramic engineproductdevelopment
• 2002: Earliest introduction ofceramic enginecomponents incommercial engine

- Combustorliners first
- Nozzles next
- Rotating components last

• 2005:Significantpenetration of retrofit markets
• 2010:Established mature market forceramic engines

The above time schedule assumes demonstration of technicalfeasibility throughsuccessfulfield
testing, favorable economic conditions(fuel and electricityprices), and market acceptance.

National Energy conservation and Environmental Benefits

Estimates of potential national energysavings and emissionsreductions as a result ofimplementing
ceramic gas turbine technologies in industrial engines(0.5-25 MW output)weremade aspart of the
Phase I work (14). Potentialannual national energy savings have been estimated torange from
0.076-0.28quads (1 quad = 10 Btus) by 2010. The lower end of the rangeassumes a modest15

penetration of the projectedengine fleet with firstgeneration retrofits. Thehigher end of the range
assumesthat theentire installed fleetwill consist of second generationceramic engines.

An estimate has also been made of the emissions benefits of the ceramic gasturbine. Assuming an
across the fleet reduction of NOx to 10 pmv, the total NOx savings for the U.S industrial engine fleet
are estimated to beabout 4.5 x 10 tonnes of NOx.5
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Future Activities

Additional field testing of ceramic blades and the modified CFCCcombustionliner system is planned
to begin at ARCO early1998. The test isplanned to last for2000 hours at the Centaur 50S TRIT
of 1010EC (1850EF). An engine test of the redesigned SN-88silicon nit ridenozzle is scheduled for
testing at Solar late 1997. Later in 1998, a thirdfield testcontaining ceramic blades, nozzles and
CFCC combustorliners is planned at ARCO for4000 hours at the increasedTRIT of 1121EC
(2050EF).
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