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Introduction

Because ottheir superiorhigh temperaturedurability, the application of ceramics asructural
materials for gas turbine hot section components will enable a significant increase in the rtotbime
inlet temperature (TRIT) of curreml-metal industrial gas turbines, resulting in improved thermal
efficiency, grater output power, anegducedemissions of NOx and CO. The benefits of ceramics
for gas turbines have bea@escribed elsewher@-3). It hasbeenprojected thafully optimized
stationary gas turbines would have about a 2§#h in thermal diciency andabout a 40%ncrease

in output power in simple cycle compared to currelimetal industrial gas turbines witir-cooled
components (4). Annual fuel savings in cogeneration in the Wdsld be on thevrder of 0.2 Quad
by 2010. Enmssionsreductions tdessthan 10ppmv NOx have also bedorecast (5).

The U.S. Department of Energy (DOE), Officelafiustrial Technologie€OIT), thereforejnitiated

in September 1992 a program aimed at developing and demonstrating a ctedimitary gas turbine
for cogeneration operation. Solaurbinesincorporated (Solar) is thprime contractor on the
program which includeparticipation of major ceramicomponent suppliersiationallyrecognized
test laboratories, and an industregeneration end-usemhis papersummarizes therogress on
Phase Il and Phase Il of the progrdram Septembet 996 through September 1997. The Phase
Il work involves the detailed engine ammponent desigrgeramiccomponent fabrication and
testing, generating a long term materipisperty datdbase, and non-destructive evaluat{iDE)

of the ceramic components. The Phaseadilivity involvesfield testing of the ceramic components
at a cogeneration end user site and characterization aktfagnic componentsllowing field test
operation.

Objectives

The overall objective of the DOE Ceramic stationary Gas Turf@®GT)Development Program
is to improve the performance of stationary gas turbines in cogeneratioagth theselective
replacement of cooled mdiahot sectionpartswith uncooled ceramicomponents. The successful
demonstration of ceramic gas turbine technology, and the systemadigoration ofceramics in
existing and future gas turbines will enable more efficient engine operation, resulsiggificant fuel
savings, increaseautput power, andeducedemissions.

'Research sponsored by the U.S. Department of Energy’s Office of Industrial Technologies, under contract
DE-AC02-92CE40960 with Solar Turbines Incorporated, 2200 Pacific Highway, P.O. Box 85376, San Diego, CA
92186-6376. Telefax: (619) 544-2878.



Approach

The technology base for the CSGT program is provided by the advancements in cavanpa@nent
fabrication knowledge developed ungestceramic turbingorograms, such as the Advanced Gas
Turbine (AGT) Program and the Advancedribine Technology ApplicationBrogram (ATTAP) of

the U.S. Department of Energy, f@k of Transportation Technologies. The progratnategy
provides a strong focus on near-term ceramic turbine technology demonstration and lowering barriers
for its acceptance by the marketplace. Applicatiomdude retrofitting existing gas turbine
installations and incorporating ceramic component technologies in future engine designs. The ceramic
turbinetechnology under developmenttimis program is a keynablingtechnology to realize the
performance and environmental goals of the Advanced Turbine Sy$#&DisS) program, a broad
initiative of the U.S. Department of Energy, flO€é of FossilEnergy, and Gice of Energy Eficiency

and Renewable Energy, to develop the next generatitigbiperformance gas turbines fotility

and industrial application®).

Figure 1 is a schematic of the Solar Centaur 50Setig@neselected for ceramic insertion under the
CSGT program. Théaseline metal engine hagaedshatft thermal diciency of 29.6% and an

COMBUSTOR  STAGE-ONE STAGE-ONE
LINER NOZZLE BLADE
——’/-—.
., A (]

L1 Y

S52780-001ME

FIGURE 1. SOLAR 50S GAS TURBINE WITH COMPONENTS TARGETED FOR CERAMIC INSERTION

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

The Centaur 50S iseingretrofittedwith first stageblades and nozzles, and a ceragwenbustor
iner. The engine hadection isbeingredesigned tadapt theceramicparts to theexisting metallic
support structure Accompanying the ceramic insertion t@entaur 50S ibeing upatedform its
current TRIT of 1010C (1850F) to a TRIT of 1122C (2050 F). The performance improvements
goals include a relative increase in the electrical thernf@aiezicy of 5.6% insimple cycle and.3%



in cogeneration, and an increase in #ghectricaloutputfrom 4144 kW to 5217 kW, representing a
relative increase of about 25.9%. Nevegigines of the all-met&lentaur 50S meet NCamissions
levels of 25 ppmwover the 50 to 100 percent load range. Under the program &figsion levels
of 25 ppmv or belowmust be demonstrated and the potential for Néxels of 10 ppmv obetter.
No CO level target wasequired for the program, but Solar has set a CO target gbizhv.
Predictedengine performancedatahave beemeportedpreviously(6).

Solar's approach to incorporating ceramicsifolustrial gas turbine desigttempts taninimize the
risks inherent in atill immature technology by using a set of guidelimgsch areconsistent with
currentceramic desigpractice. Theséclude limiting thenumber of ceramicomponentsuising
provenceramic design practiciom past programsselectingwell characterized angromising
candidate ceramic material with potential ¢ost-efective scale up tgroductionapplications,
iterative testing with stepwise increasesfiting temperatures to a modefital designTRIT,
minimizing transient andsteadystate stresses in theeramic components and adjacent metal
structures. The CSGT program aimdohieve early daonstration of component designs in an
engine rig which duplicates all the conditions the ceramic componeglhtexperience during actual
engineoperation.

Solar's industrial gas turbines mustddge tooperatecontinuouslywithout interruptions othethan
those resulting for scheduled maintenance for 30,000 helich is the typical timéefore overhaul
(TBO). Ceramic components must therefore have design lives consigterbhe expected TBdife.
Since the ultimate fieldestgoal for the program was 4000 hours andiimimize thematerials and
design changes to the currenétal engine, a desidifie target 0f10,000 hours was selected for the
engine and itEomponents for the program.

Figure 2 illustrates the integratelésign and

testphilosophy of theCSGT program. In | Maete | | pesign | {Component| | Engine
this designapproach,design analysis was [ | Suter |= [ Arebse Design Definiton
N . . . . . electl
iterated with life prediction, testing, armbst- 11
test component evaluation. In thest stage | Componen Probablsic Faiure
simulated components were tested in tegd Fabrication Prediction Analysis
to prove key desigeconceptssuch as blade 1 »
and nozzle _attachment conflguratld:rl_ade [, Receiving Materia Lo
root compliant layers, and interfacing Of p= Inspection Properties Test

. . 1010°CH121°C
ceramics to metallisupport structures. The 5 (1850°F/
testing was performedusing various p| FlgTest . 2050
laboratory testequipment and rigs. In the Mechanical Phinee

second stage thBndings from thesetests
were fed back into the design of first ceramic
component prototype:whl_ch were. then FIGURE. 2 - INTEGRATED DESIGN AND TEST
tested in a Centaur 50&hgine modified t0  py; 0SOPHY OF THE CSGT PROGRAM

accept theceramicparts. The results of the

engine tests werthen used tanodify the ceramicpartdesigns to thextent desired. In thénal
stage second generation panih superior performance ateeing used for thefield testing in
Phase Il of the program.
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Project Description
Project Team

The CSGT project teammembers and their responsibilities is summarizedabld 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 anesting
* Technical and Economic Evaluation

* Technology Integration

CERAMIC COMPONENT SUPPLIERS

AlliedSignal Ceramic Component{€C) * RotorBlade (GN-10 Sj N , AS-800 Si N )
Kyocera Industrial Ceramics Corporation (KICC) * Rotor Blg@#N-253 S| N, , SN-281Si N )
NortonAdvanced Ceramics (NAC) * Rotor BladdlT164 SiN,)

Combustor Line{NT230SiC)
Carborundum * Combustdriner (Hexoloy® SA SiC)
NGK Insulators, Ltd. (NGK) * Nozzle (SN-88 $Si N )
Babcock & Wicox (B&W) * Combustor Liner (alumina/alumina CFCC)
DuPontLanxide CompositeDLC) * Combustor Liner (SiC/SiC CFCC)
B.F. Goodrich Aerospace (BFG) Combustor Liner (SiC/SiC CFCC)
MATERIALS SUPPORT
Caterpillar TechnicaCenter (CAT TC) * Non-Destructive EvaluatighDE)

Argonne Nationalaboratory (ANL) of Ceramic Components

University of Dayton Research Institute (UDRI) * Long Term Testing of Ceramics
Sundstrand Powe3ystems (SPS) kife Prediction

END USER

IARCO Western Energy (ARCO) * End User Representation

* Cogeneratiorf-ield TestSite

ceramic specimen and component procurement, fabrication and teS@ngmic blades, nozzles and
combustotliners are beingested inrigs and in aCentaur 50&ngine rig. The Phase llfefts also

involve long term testing of ceramics and the development of NDE methodologies favadugation.

Phase IIl began i®ctober 1997 andill continue througlibecembenl998. The Phase Il efforts
include the manufacturing and instrumented engine testing dieltéestengine, actudield testing

of the ceramicomponents at a cogeneration end user site, and characterization of the components
following field test exposure.



Results
Engine and Component Design and Material Selection
Figure 3 is a layout of the CSGT engine hot section showingdtthee keyceramiccomponents: the
CFCC combustor liner, the first stage turbimezzle and the firsstage turbindlade. The design of
the ceramic interfaces can also be seen in this figure. Detail design information regiueleg
components haseen pesented in prior papers (7-10).

Combustor Design

The use of a ceramic gas turbinembustor is | .
associated with two advantagesover a |[~/=.
conventional metal combustor, firing —
temperature can be increaseithout degrading "J T?r .'
combustordurability and emissions from lean e R v
premixed gas turbine combustors carrééuced —
using a "hot vall" (11, 12). Air saved from — —
reduced cooling requirements for the combustét- 3 - SCHEMATIC OF CSGT ENGINE HOT SECTION
wall can beused tolean out the flame in the

primary zone resulting in loweemissions oNOXx. A seconcemission benefit is eeduction in CO
guenchingnear the combustavall. The existingSoOLoNOx combustor of the Centaur 588gine
was modified byintegrating the ceramics in thieear sections of the liners.

The ceramicombustor waslesigned to béully interchangeable with theroduction Centaur 50S
dry low-NOx lean-premix (SoLoNOXx) combustor. Thi-metalcombustor is aannular,axial flow
combustor that utilizes twelve premiximgitural gas injectors. Throudéan premixeccombustion,
NOx and CO emissions are limited to lekain 25ppmv and 50 ppmv, respectively, at the1FC
design turbineotor inlettemperature (TRIT) of the Centaur 5@8gine.

The ceramic hot section layout of Figure 3 shows thegn designfeatures. The combustor is
comprised of a metallic dome section at the upstream end, two danaramic cylinders (in metal
housings) that form the combustgaiimary zone, and twaonical, metallic exisections. The dome

and exit sections arim cooled and aressentiall identical to their all-metaroductionengine
counterparts. A layer of compliant insulation between the cerénars parts and the etal housing
minimizes radial contact stresses. All pressure loads are carried byetaéhmousing. Théner and
outerceramic cylindrical liners are 33 cm and 75 cndiameter, 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 wasoatinuous fiber-reinforcederamic composite
(CFCC) material based onslicon carbidebasedfiber (Nicalon) fabricated by Nippon Carbon
Company ofJapan as reinforcement withsdicon carbide matrixncorporated bychemicalvapor
infiltration. CFCC's were selected over the more conventional monolithic ceramic materials because
of their superior fracture toughness which gilesm a distinct advantage/er monolithics for large
structures such as tle@mbustoriners of theCentaur 50%ngine. Thecurrent combustoliner



material is the enhanced SiC/SiC CFCC
DuPont Lanxide Composites, Inc. (DLC). A 9
of DLC liners isshown in Figure 4. Thactual
materials selectiorprocess  and supporti
subscale component testing Haeen describe
elsewhere (913).

Under the CSGT prograrirst stage all metas
FS-414 nozzles areeingreplaced with cerami
parts. The nozzles are cooled arabatedwith
a Pt,Rh-aluminide diffusionoating. Theceramic
nozzle design isignificantly diferent from the (F:lgl\ljgg ;foEFL\IEﬁINEEEiig:FélsCIi %:ggY

metal nozzle. It isuncooled andsingle vane BUPONTLANXIDE COMPOSITES

compared to the two-vane coolecttal nozzle,

the tip seal has been decoupled (a metal tip seal is attached to the nozzle casefeSigesehanges
were made teimplify the fabrication of the ceramicomponents. The nozzle attachment basn
modified to accommodate the ceramic-to-metal interface to thestigediaphragm. The number
of nozzles was increased from 15 two-vane segments to 42 single-vane segments basessalighe
of a vibrational analysis.

The ceramic nozzleairfoil is different from the metahirfoil as well. Finite elemenstress/
temperature analysis and liigediction showedhatreplacing the metal airfoils with a ceramic vane
of the sameeometric configuration would result in an unacceptdiiij stresdevel incompatible
with long servicelife. The airfoil chord was therefore reducedhalf and theairfoil was bowed
axially and tangentiallcompared to the current coolecetal nozzle. The redesigesulted in a
significantdrop in themaximumsteadystate streskevels fromabout 480 MPa to about 162 MPa
at the estimatethot spot" temperature at theane trailingedge of 1288C (2350F). The stress
levels were calculatedising
SN-88 silicon nitride (NGK
Insulators, Ltd.), thenaterial
selected for nozzl
fabrication. The cooled gtal
FS-414 nozzle and the SN-
silicon nitride nozzle are
shown in Figure 5. SN-88
was selectedince it met the:
design requirements for slow
crack growth and creep whi
are believed to belife- |

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

Blade Design

In accordance with the lowisk designstrategy of the CSGT prograamly thefirst stage of turbine
blades was replacedth ceramicparts. Theall-metalCentaur 50&ngine has 62 firsitage cooled
equiaxed MAR-M24 bladescoatedwith a Pt-aluminide diffusiortoating for oxidation protection.



The CSGT blade design has an aifoil shépe isalmost identical tahat of the netal bladegxcept

for the absence of cooling passages. The fir tree attachment of the metal blade has been replaced with
a conventional dovetail. A compliatdyerbetweerbladeroot anddisk buffers the ceramic/metal
interface. Maximum steady state stress indbgetail blade design was estimated at 214 MPa at the
bladeroot neck under the platform at a temperature of 8821260 F).

Based on criticamaterialsproperties andife
prediction considerations AS-8(
(AlliedSignal GeramicComponents) and S
281 (Kyocera Industrial ~ Ceramig
Corporation) silicon nitrides wergelected fo
enginetesting. Figure 6 shows the cool
metal firststage MAR-M247blade and a
uncooled AS-80@ilicon nitride blade.

A significant difference between operation @

the Centaur 50S engine with of the metal A
. . 1 L | |

ceramic blades is clearan@®ntrol. The I [

metal blade is designed for a hot clearancs 6 INCHES

0.5 mm Wh'ch o achleve_d by applylngat_)- FIGURE 6. COOLED MAR-M247 METAL AND

tolerant coating to the firsttagenozzle tip UNCOOLED AS-800 BLADES FOR

seal. The ceramic blade has a design hot cENTAUR 50 ENGINE

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 neiiztesjuire

the development of tip seals with abradabtatingsthat can accommodate a rub ¢gramic blade

tips. Development of abradable coatings is ongoing unttesr Solaidevelopment programs.

Secondary Component Design

A signficant redesign effort was performed for the secondary components interfacing with the ceramic
parts. The redesign effairtvolved theincorporation of rimseals on the firsstage diskchanges to

the first stage diaphragm and attachment of the $tggenozzle at the inneshroud, ana¢hanges to

seals and related paritsterfacing with the nozzleuter shroud. Thelesign changes have been
detailed elsewhere (20).

IN-HOUSE COMPONENT AND ENGINE TESTING
Component Testing

All ceramic componentsvere tested extensively in laboratongs prior to enginetesting. For
example, the bladeoot configurations were evaluated in an attachniensiletest toestablish the
optimal bladeroot angle and compliant layer systerfull bladeswere tested in &old spintest at
125% of design load to ensure that they were freldefimiting defects. Nozzles were protdsted
in a thermalgradient proottest rig and anechanicahttachmentest rig inwhich stresdevels in
excess othose inservice eliminated defectiygarts.



The initial screening of candidate combustor liner materials pesi®rmedusing a subscale ling¢est
in which key elements of th&ll scalecombustordesign are evaluated in@ost-efective but
representative geometryf-ull scalecombustor rig testing was performedth an atmospheric
combustor rig to establish thatll scale liners caoperate under theonditions of temperaturhat
are anticipated in the engine environment. Subsequently, the Wegesalsaested in a pressurized
full scalecombustor rig to obtain aearly essessment of emissioreduction potential. Théners
were subsequenthgsted in the Centaur 5G3gine.

Emissions of NOx and CO were promising based on subscal@utstaletest data. Afull load in
the highpressure rig NOevels <25 ppmv and CO levels <5 ppmere determined.

Engine Testing

The engindeststrategy is based anitially evaluating each ceramaomponent separately, before
testing the components in combination, in the Centaurdifine. Thisnethodologyminimizes the
possibility of secondary damage to downstreamtotypeceramic components in the case of an
upstream ceramicomponentailure. The engingests arenitially performed at thdaselineTRIT

of 1010°C (185CF) for each ceramicomponentsystemprior to testing these components in
combination. In subsequent testirgramic
components arebeing combined and t
engine again is operated at thaselineTRIT.
The finaltest at a TRIT of 11231C (2050 F)
will be conductedwith all three ceramic
components the blade, the nozzle, and a s¢
combustotiners.

The engine used for in-house testingis
shown in Figure 7. @ble 2 summarizes t
test data obtainetb-date. All testsexcept
one were conducted at thaselineTRIT of .
1010°C (1850F) of the all-metal engine. FIGURE 7. CSGT CENTAUR 50S GAS TURBINE

Table 2. Centaur 50S In House Engine Test Summary

Blades Nozzle Combustor Liners

Ceramics NT-164, GN-10, AS-800] SN-88 BFGIC/SiC

DLC SiC/SiC
Total Test Time 223 hrs 9 hrs 252 hrs
Time at FullLoad 182 hrs 1hr 197 hrs
Max. Time onSingle | 100 hrgAS-800) 1hr 100 hrs (DLC)
Build at Full Load
Nominal TRIT 1010°C (185C0F) 1010C (185CF) | 1010°C (185C0F)




The first ceramic engingestswhich started in August 1995 were short (1h6s) and were intended

to validate the dovetail blade design. Titests weregperformed withNT164 and GN-1Gsilicon

nitride dovetail blades. The ceramic components and interfacing secondary components performed
as expected and demon-stragggbddurability. Subsequently, an engitest was conducted with

BFG SIC/SiC CFCC liners for a total of 12 hrs at fidbd overseveral cycles. Thitestestablished

that the CFCC material was adequate. Emission leletisrmined inthat testwerevery promising.

NOXx levels <15 ppmv and CO levetsound 5ppmv were typically measured at a 3% pilot fuel
setting (11, 12). The measuretissions levelgoals weravell below theCSGT program goals of

25 ppmv NOx and 50 ppmv CO. The CFCC linarsre ingoodcondition following thetests.

These initial successful tests with a single ceramic component were followed by ésgjing of both
ceramic blades ancbmbustotiners simultanesously. Sevetalkts wergerformed over aumber
of days incorporating cold and hot restari®&ese tests culminated in a 100dyclic test conducted
in April 1997 in which second generation
(AS-800 silicon nitride) bladeswere tested
alongside with second generation (DLC # /™~
enhanced SiC/SIC CFCEpmbustotiners.
Atotal of 12 coldstarts and 15 hot restar,
were accumulated over the 100 hrs duratic
of the test. Final inspection revealed the
ceramic and interfacing metphrts to be in
excellent condition. This engine configura-
tion was then used for the firdield test.
Figure 8 shows theotor assembly with AS;
800 firststagebladesprior to enginetesting.
Figure 9 shows the CFCGuter andinner

liners of thecombustorfollowing the 100 hr FIGURE 8. CSGT ROTOR WITH AS-800 FIRST
enginetest STAGE BLADES PRIOR TO 100 HR ENGINE TEST

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



Recently, the first test was also conducted in which the SN-88 ceravnide was evaluated. Thest
lasted for 9 hrs, 1 hr of which was at full load. Ttest wasnostly successful, some minor chipping
had beemoticed at thenner andoutershroud areas contacting theetal suggestive of a localized
excessiveontact stress conditiorRedesign dbrts arecurrently underway to alleviate thidress
condition. Themainfocus of thetestwill be to combine allthreeceramiccomponents, CFCC
combustotiners, firststageblades, and firsstagenozzles in the engine builds, andaperate the
engine at the ultimate design TRIT of 1121 (205C0F). A final 100 hrtestwill be conducted prior
to the final4,000 hrfield testscheduled for Phase I11 of the program.

FIELD TESTING

In May 1997 the CSGT program experienced its nsghificant accomplishmertb-date. The
CSGT T5901 Centaur 50 SoLoNOx engine retrofitted with CFEO@ bustotiners andAS-800first
stage ceramic turbine blades was shipped to ARCé&stéfn EnergyBakersfield enhanced oll
recovery site for the firstield test ofceramic hot section components in an industrial gas turbine
engine. This engineeplaced one of ARCO's existing gas turbines, a md&&01 Centaur 50,
operated withwaterinjection for NOxcontrol. ARCO'scontrol system wasipgraded taallow
operation in the SoLoNOx mode.

The field test started on May 21. A view of the test engine at the festiite is shown in Figure 10.
The engine is operating at the 100(1850°F TRIT) of the standard all-metal enginedemonstrate
performance undetypical industrialoperating conditions. As of June 30 tR&SGT engine has
logged over 900 hours ohaximumload operatiorwith 15 startcycles and is continuing taccrue
hours. The CSGEngine has beefully
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 |

hour acceptanctest atSolar. Thefield
test duration is scheduled for 2000 hou
of maximum load operation with period
boroscopenspections. —_—

On July 1,1997, after 948 hours of full FIGURE 10. CSGT CENTAUR-50S ENGINE AT
load operation, the CSGe&ngine shut ARCO FIELD TEST SITE

down due to turbine underspeedfter

several failed attempts to restart the engine, a boroscope inspection reivedltdte 62urbine blade
airfoils had failedduring servicewhich has now beeattributed to probablenpact damage from a
locating pin from the inneliner of thecombustor. ARCO's water-injecte@€entaur 50 T5501 was
quickly reinstalled and th€SGTengine waseturned to Solar fofailure analysis.

Failure analysis of thelades indicatethat all of the fractures werabove the blade platform and
none of the dovetails wenginched in disk (which was theause of the previouslade failure),
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indicating that theredesign of the dovetail attachment was successful. The comjpbdigert
attachmensystemappeared thave performed as designethere was no evidence obntact on
the first stage tip shoes. During teardown of the combustor, a locatin@ gig" x 0.375"diam.tool
steel) used during assembly of the combustor dome was foundrtusbing for the inner liner. The
missing pin was at the bottom dead center locationtn®gs marksside thehousing of innetiner
indicatedthat the pin had mved to the aft end of thiner to alocation near 0.40dilution holes.
It was determinedhat the pinexited one of the dilution holes and continuédough thdfirst stage
nozzles into the ceramic turbine blades. Sele&8d800bladerootsfrom the ARCOfield test
failure were sent to ORNL for examination of the fracture surfaces. Evaluatiatetébave shown
no sign ofslow crackgrowth in theremaining blade airfoil.

The ceramiaccombustoiliners remainedntact following the engineshutdown. Over 1000 hrs of
cumulative engingest data (testell and fieldtest data) to-datéhavedemonstrated thatsmple
modification to the Centaur 50S SoLoNOx combustor, involving replacement of the currently louvre-
cooled metal liners withuncooledliners fabricated fromcontinuous fiber-reinforceaeramic
composite (CFCC) materials, resultssignificantlyimprovedlevels of NOx and CO at th&850°F

TRIT of the Centaur 508ngine. NOXx levels fron10-15ppmv and CO levels airound 5 ppmv
have routinely been measured over the 50-100% load range for the CSGT @pegjiaéng on natural

gas at ARCO. The outer CFCC combustor liner showed minor indications of oxidation following the
field test. The inner CFC@ner exhibited a highedegree otuniform oxidationwhich will limit the

life of the liner. The maximum inner lindemperature measured was 217@vkich wasabout 100-

15C F higher than theuterliner.

Following examination of the oxidation of the enhanced SiC/SiC CE@@bustotiners atSolar,
the oxidized liners from the ARC@eld testwere sent to Argonne National Laboratory for NDE.
Following NDE, thelinerswill be returned to DLC for destructive evaluation. Tieerswill be
sectioned for microscopic examinationwasll asresidualstrength measurements.

In an attempt to reduce tl@FCCliner temperature prior to the nefeld test,trip strips arebeing
added to the metallicombustor housingsAdditional insulation material between the CFGa&rs
and the metallic housing is ald®ingadded to increase the conduction pitdm the CFCC liners
to the metallichousings. Alternate materials with higher thermal conductivititegEh will further
increase the conduction path are also being considd?ledma sprayed oxidmatings for oxidation
protection of theSiC/SIiC liners are alsbeingconsidered for future testing.

Summary

A Solar Turbinedncorporated Centaur 50S gasbine isbeingretrofittedwith ceramic firststage
blades, first stage nozzles, and combustor liners for improved performance aneioissions. The
componentdesigns have been completed and have been validated in rigrmetesting. A
Centaur 50S engine with ceramic fistageblades ancdombustolinersstarted a 2000 Hreld test
on May 21 at the baselinERIT of 1010°C (185CF) of the all metal engine. The engifield test
accumulated 948 houres of full loadoperation prior to engine shutdown daeeign impact damage
of the 2st stage AS-800 turbine lades. Timpact damageccurrred due to anetalliclocating pin
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used during combustor assembly impacting the §itageblades. The metalliocating pin has been
eliminated and a secor&d00 hour field test of ceramic blades and a modified CleEGRbustioriner
system has been scheduled for ead@8.

Application and Benefits

The objective of the CSGT program is to demonstcaiemic gas turbine technology with the aim
at eventual commercialization and ensuring national energy savingsaissiongeduction. The
economic and technical potential of the ceramic gas turbine technologipeess analyzed and
described in the Phasd-Inal Report for the CSGT program (14).

Performance Benefits

The benefits of the technology derive (1) from the incremental vasseciated with thel savings
and output poweincrease resulting from replacingpoled netal hot sectiorcomponents with
uncooled or minimally cooled ceramic parts coupled with the increafsgnigp temperature thegeart
allow, and (2) from the valueepresented by the reduction émissions ofNOx, CO, and UH
(unburned hydrocarbons) in ceramic engines compared to all-metal baseline engines. Thaladded
can be estimated at tHevel of individual engineinstallation sand can bextrapolated to the
aggregate of installegower-generating capacitpakingassumptions about tHevel of market
penetration of theeramic technology.

The incorporation oteramic hot section componentsamisting gas turbine installations int he
context of a TRIT uprate in a retroféicenaricsimilar tothat for the CSGengine isexpected to
result in a moderate improvement in fuel efficiencyatout 5 to 6 percent andsggnificant increase
input power of asnuch as 25ercent. Thesgainsrepresent addedalue to the turbomachinery
equipment which can bguantified. The intereste@ader is referred to the Phasknhl report for
a quantitative estimation efalueadded to gas turbineom ceramic insertiorg14). When ceramic
insertion is integrated in a comprehensive redesign oktigine hotsection itsvalue to the gas
turbine is furtherenhanced. Improvementsfinel efficiency ofabout 20 percent andcreases in
output power of about 40 percent aehievable. Th@reatest potential foteramic gas turbine
technology can be expectechenused as one of aumber of desigriools in truly “clean sheet
designs. There the benefitsr@duced cooling antdigher firingtemperature can b@mbined with
heat recovery, angdossibly, atmore advanced stagesith intercooling ancchemicalrecuperation.

Emisisons Reduction

In addition to improvements derived from enhandeel efficiency and increasedutput power

significant benefits are anticipated because ofaiiéty of ceramic*hot wall” combustors to lower
emissions oNOx. Thetruevalue isrepresented by the actual reduction in the gdmsne exhaust
emissions burden ont he environment and the potentiaigoificantcostsavings to the endser of

gas turbine eugipment by elin@ting the need fawaterinejction or expensiv@ost-exhaustleanup

equipment such as selective catalytic raedu¢®@R).
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Application of Ceramics

The application of ceramic components lisneficial Bcause it enables a higheompoentn
temperauter in a simpler and therefore, less costly, desidror it reduces the need fparatcooling
and the use of protective coaiangs. When consideringdstassociatedwithitilizing ceramic blaes
and nozzles, one can assuth@t cermaicswill be (1) more expensive than uncooleoiarts of
conventional superalloys, (2) are of comparatist ascooled conventionaduperalloyparts, and
(3) can be signficantly less expensive than parts fabricated of cooled and edatetted superalloys.

Where the designemperaturalllows the use ofuncooled superalloy componetrtbere is no
advantage in using ceramic parts unlefsebenefits aresought (e.g., a reduction in stress odisk
by using lighterceramic blades). As eesult, thee is ndenefit in considering ceamic blades for
engines with a'RIT under ~900C (~1650F) or ceramic nozles for engines withT&®IT under
~850°C (~1560F). The lower temperature limit for the nozzle is attributable to the neeésmn
for “hot spot” conditions. Under these temperatlimgts uncooledmealpartsfunction satisfactorily
and they can be faricated at a fraction of tuesst ofcermaicpartsassumingaerospace quantities of
componetns (i.e., 10,000 s/year).

Whencooledsuperalloy comonetns are replaced, ¢st ofceramic and metglarts are expected

to be of similarmagnitude and the benefits of eliinating coolifagor the use of ceramics. The
replaement of expensive cooled and coaddanced superalloy components with uncooled ceramic
parts is articularlyattractivesince acomponentostreduction is accompanied by a performance
improvement derived rom the elimination @doling.

An interesting scenario is presented by an engine uprate as is represented by ther@®®.THere
the scenarianvolves a significanperformance improvement because of the increas®iT. But
the TRIT increase also necessitatesugograde in component structurabterials from affordable
conventionally cooled and meal parts to advanced cooled and cagtedhlloyparts. Hereceramics
provide the double advantage ehabling theimproved engine performance atpatential cost
reduction.

The application of ceramicombustoriners needs to be viewed somewhatfeiently than the
application of ceramic blades and vanes. The beneastociated withemissionscontrol are
substantial and the potential to meet regulatmyissionstandards without the need fexpensive
add-ons represents a substantale to the endiser. Therefore,oadly speaking, theost of a
ceramic combustor liner can be higher than the cost of a comparablepadtahlso, because of the
potential emissions benefits ceransiembustors are expected find applications ifmanyengine
modelsover awide range ofTRIT values.

Special consideration must be given to small engines. These engines often coiitipdieseland/or

gas engine and the allowable incremegtadt isconstrained by the packagest ofthese competing
prime movers. The allowable cost range willlbss elasti¢than for larger engines. Overglackage
cost targetsvill put restrictions on theost of the combustdiner components.
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A somewhat similar sitation may arise in the case ofetrofit of asmallengine. There is a limit to
what an established end usemidling to pay for aretrofit packagesven if emissions benefits are
substantial. Unless the ener is forced to meet tightemissionsregulations, it isunlikely a
substantial increase in tlw®st of anoverhaul is acceptable and, again, the increase indkeof a
combustoliner will be limited.

Timeframe for Commercialization

It is not possible at thipoint to present &irm targetdate forcommercialization of the ceramic
engine, since many factors are involved, but a lilsglgnario can be delineated, based ortitheline
for the CSGT program. Theommercialization timeframe can bepresented as follows:

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

- 19997/1998: CSGEnginefield testing
- Multiple enginefield tests

. 1999-2002 Ceramic engin@roductdevelopment
. 2002: Earliest introduction aferamic engineomponents itommercial engine

- Combustoliners first
- Nozzles next
- Rotating components last

. 2005: Significantpenetration of retrofit markets
. 2010:Established mature market foeramic engines

The above time schedule assumemdastration of technicdeasibility through successfufield
testing, favorable economic conditiofigel and electricityprices), and market acceptance.

National Energy conservation and Environmental Benefits

Estimates of potential national energgvings and emissiomeductions as a result ehplementing
ceramic gas turbine technologies in industrial eng({8e5-25 MW outputveremade agart of the
Phase | work (14). Potenti@nnual national energy savings have been estimatednge from
0.076-0.28quads (1 quad = £0 Btus) by 2010. The lower end of the rasgames a modest
penetration of the projectezhgine fleet with firsgeneration retrofits. Theigher end of the range
assumeshat theentire installed fleewill consist of second generatioaramic engines.

An estimate has also been made of the emissions benefits of the cerarmidiyas. Assuming an

across the fleet reduction of NOx to 10 pmy, the total NOx savings for the U.S industrial engine fleet
are estimated to babout 4.5 x 10 tonnes of NOXx.
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Future Activities

Additional field testing of ceramic blades and the modified CR&@@bustioriner system is planned
to begin at ARCO earlyt998. The test iplanned to last fo2000 hours at the Centaur 50S TRIT
of 1010°C (1850°F). An engine test of the redesigned SNsi#igon nit ridenozzle is scheduled for
testing at Solar late 1997. Later in 1998, a tHiald testcontaining ceramic blades, nozzles and
CFCC combustotiners is planned at ARCO fo4000 hours at the increasd®RIT of 1121°C
(205C°F).
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