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ABSTRACT performance wouldesult in shortenedifetimes. Therefore

A test facility for screeningand evaluating candidate improvements in microturbinefficiency can only be realized
materials for advanced microturbinecuperators is desoed. through the use ofdvanced meliic alloys and ceramics for
The central mce of the test fadty is a modified 60 kW high-temperature components, thus making advanced materials a

Capstone microturbine that serves as a lest for subjecting key enabling technology for achieving the perfance targets
test specimens to conditions of stress, environment andofthe next generation of microturbines.

temperature that are representative of those exped by the One of the critical components in low-compression ratio
recuperator during microturbineperation. Special provisions  microturbines is the recuperator, which is passible for a
have been incorporated into the design of this teslityaéor significant fraction of the overallfficiency of the microturbine

controlling the magnitude of the applied mechangta¢ss and [2]. Conventional écuperators are thisheet metallicheat

the surface temperature of the test specimens with the objectiveexchangers that recover some of the waste heat from the exhaust

of carrying out acceleratedsteng. Candidate materials for  stream and transfer it to the incoming air stream. Téleepted

evaluation in this test facility are identified. incoming air is then used for combustibecause less fuel is
required to raise itsetperature to theequired ével at the
turbine inlet. The most effective conventional compact metallic

INTRODUCTION recuperators can guuce 3040% fuel savings from pheating

The challenging performance targets for the next generation[2]. Most of today's compactecuperators arenanufactured

of microturbines include fuel-to-electricity efficiencies in the 40- ysing 300 series stainless steels which are usedhausbgas

45% range, capital costs less than $500/kW, NOjssions temperatures belowbout675° C [3]. At hgher temperatures,

reduced to single parts perillion, several years of operation these materials are susceptible to creep deformation and

betweenoverhauls,and fuel flexilility [1]. It is clear that  oxidation which lead to structural deterioration arehks,

significant increases in microturbindfigency can only be  reducing the effectiveness and life of the recuperator. As engine

achieved with increases iengine operating temperatures, but operating temperatures illv increase to improve overall

because most of the current microturbine desigtizeu efficiency, advanced metallic (or even ceramic) recuperators will

metallic components without air-cooling, higheperating be necessary [3]. However, developmental efforts withdwzled
temperatures whtout any improvements in materials
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to adapt current recuperator manufacturing processadvamced
alloys, to reduce @ts, andenable dng-term reliable operation
at higher temperatures.

A number ofcandidate materials for the neyg¢neration of

The modified 60 kW microturbine will beoperatedunder
various modes to rivestigate the durability and reliability of
candidate materials when subjected to intermittent (pleakirsg
mode) or steady state (base load mode) conditions. Furthermore,

microturbine recuperators have been identified based on theirtests campaigns will be dgsed for accelerated materials

resistance to creep deformation in air f@jd on their reistance

to corrosion in air and simulatedfe@ust gas environments [5].

Experimental methods at thench-scale (e.g.- isothermal creep
tests in air, or isothermal thmogravimetric measurements in
controlled environments) areldal and dsirable to study the

effects of stress, temperature and environment on the properties,

durability and reliallity of materials in amanner that is
scientifically and tchnologically tractable. Howevebench
scale testing does not reproduce ttmmplex conditions to
which microturbine components (e.gecuperator) are subjected
during operation. Understanding theomplex relationships and
interactions among stress,entperature, environment and
manufacturing operationgnd their effect on the durdity and
reliability of materials is an issue of both scientific and
technological relevance. To date, there is little or no such data.
The relatively low-cost of acquisitiorand operation of
microturbines makes them aateal test platform for screening
and evaluating materialand components incontrolled field

testing.

EXPERIMENTAL
Microturbine
The central gce of the test faity is a modified 60 kW
Capstone microturbine eleic generator system hewn
schematically in Figure 1. This system incorporates a
compressor, aecuperator, acombustor, a turbine and a
permanent-magnet generator. The rotatownponents are
mounted on a single shafupported by air bearings that rotate
at up to 96,000 rpm. The fuel system im#s a gas
compressor that operates with a miom inlet pressure of 0.5
psig and provides a marum outlet pressure of 100 psig. The
microturbine was connected to thecél eletric grid, and a
wattmeter quantifies the amount of electric power produced.
Figure 2 shows a schematic of the microturbjjemerator
system andllustrates the location of the annulagcuperator

tests. As part of a program sponsored by the US Department ofvith respect to other engirmmponents. Figures 3 and 4 are

Energy to support microturbinemanufacturers in the

photographs of aeruperatorand of an indivual air cell,

development of the next generation of microturbines, a task hasespectively. The recuperator is about 45.7 cm ameter, and

been established at Oak Ridge National Laborat@fRNL)

with the objective of screeningnd evaluating candidate
materials for advanced microturbinecuperators. As part of
this task, ORNL hasacquired anew 60 kW Capstone

is comprised ofLl69 air cells. Each air cell is fabricated by
welding individual fin-folded 347 stainless steel sheets that were
100 pm in initial thickness.

The control system of the microturbine wawdified to

microturbine to be used as a test platform for materials allow for higher temperatures of operation and various operating

screeningand evaluation. In collaboration with Capstone
Turbines, Corp., this microturbine has been specratidified

to achieve recuperator inlet gas temperatures as high as 850°C.

The methodology for screeningnd evaluating candidate
materials for microturbine recuperatorsillw consist in
fabricating special test specimesd hen subjecting them to

speeds, but thepsed was limited to 6000 rpm to avoid
compressor surge conditions present at higbmeeds with
increased temperatumperation. At 45,000 rpm for ample,

the maximum ecuperator gas inlet temperature843°C. To
allow the insertion of test specimens upstream from the
microturbine recuperator, six differenamaple holder bosses

mechanical stresses while exposed to the microturbine exhausivere welded around the pressure vessel that encloses the turbine.

gases in a location upstream from thecuperator. The
evolution of thecandidate materials micstvuctures, and their
physical andmechanical pperties, will be quantified as a
function of time and istory of exposure using an array of
characterization techniques that includmalytical electron
microscopy, infrared imagingand conventional mechanical
testing of miniature tensile specimenand micro and
nanoindentation.

One advantage of the approach proposed

in this

methodology is that the preparation of test specimens will specimens.

enable the identification of potential manufacturiagd/or
welding barriers. Furthermore, this approacii walso permit
assessing the effect of cold work and large-scalestipla
deformation, which occur during the primary sgd recuperator

manufacturing process, on the resistance of the material tomachine.

oxidation and creep deformation.

These sample holder bosses vary in diameter from 24 to 90 mm
and Figures 5a. and 5thawv photographs of their relative
location.

Test Specimens

Test specimens will be prepared following standard methods
that are employed for the manufacture and fabrication of primary
surface recuperators. Figure ®ows a schematic of the
sequence obperations that will be falwed to prepare test
Foil material of thicknesses rangingvéet 75
and 250 pm will be evaluated. To investigate the effect of cold
plastic strain on the durability of the material ddresistance
to corrosion and creep deformation, some test specimens will be
stamped using a diand a semhydraulic mechanical $ing
Cold plastic strain is iotluced when the foil
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material is folded into a cargated pattern. The behavior of the component’s life under normal use conditions. In
these specimens will beompared to that of testpacimens guantitativeacceleratedife testing, the objective is predicting
fabricated from flat unfolded foils, but in bottases, the test the life of the material or component at normal use conditions,
specimens will be wdkd or bazed, to obtain a closed from data obtained in an accelerated life test [6].
cylindrical shape. Qualitative tests are used primarily teveal probable
During normal microturbine operation, the air cells of failure modes. However, if not dgeed poperly, these tests
primary surface recuperators experience thermally and may cause the component to fdile tomodes that wouldhave
mechanically-inducedtresses. These loads arise from pressure never beerencountered in redife. A good qualitative test is
and emperature iferences across the foil ttkness, and one that quickly eveals those failure modes thaillwoccur
temperature gradients in the airllcethat results from the during the life of a component under normal use conditions. In
counterflow of cold compressed and hot ekaust gases [2].  general, qualitative tests do not quantify tife (or reliability)
At high homologous temperatures these mechanical stresses catharacteristics of theomponentunder normaluse conditions.
induce excssive creep deformation of the recuperator material However, hey do provide valuable information as to the types
after long times,dading to the closure of the flow channels in and level of loads one may wish to employ during aesyent
the air cells. Toquantify the aeep restance ofcandidate quantitative test. Quantitative accelerated life testing, unlike the
materials and investigate the effect of mecharstass on their qualitative teting methods, consists of testing designed to
durability and relialility, test specimens will benechanically quantify thelife characteristics of th&omponent or system
stressed during the exposure tests inside the microturbine. Thisinder normal useconditions, and theeby provide reliability
will be accomplished by subjecting the tegpesimens to information [6].
internal pressurization using the specimen holder shown Test campaigns that inage accelerated testing ilv be
schematically in Figure 7 and compressed aWhen necessary, designed to screesmd evaluatecandidate materials fadvanced
test specimens will beconstrained radially using rings to microturbine recuperators under twgeneral conditions of

prevent excessive babning that mayoccur as a esult of microturbine operation: continuous (basad)and internittent
internal pressurization. In various cylindrical primary surface or cycling (peak Isaving). Accordingly, acceleration test
recuperator designs, badining of the ecuperator air dis is methods will be implemented to obtain time-to-failure data at an
prevented by welding the Ws of the air cells, atmany acceleratechbace. These test methodsliwbe based on the
locations during each turn. application of loads (e.g.- temperatustress) which exceed
those that recuperators would experienswler normal use
Accelerated Testing. conditions, and will use the times-to-failure data obtained in this
One of the objectives of the US DORdvanced manner to extrapolate to use conditions. Iif Wwe critically

Microturbines Program is to develop improved microturbine important to carefully choose thermal and mechanical load
systems capable of reliable serviaperation at higher levels that accelerate the failurdesunderconsideration, but
temperatures for periods of tinmeasured in tens ohdusands  do not introduce failure modes that would never oaauder
of hours. To support this objective, this taskcoordination normal operating conditions. The magnitude of theseld and
with another task in the program, iscised on cadlborating overloads Wl be determned by coliboration with
with manufacturers of microturbine recuperators to identify and manufacturers of microturbinesnd microturbine ecuperators,
select materials for microturbine recuperators capable of meetingoased on design considerations, on knowlextggired from the
these service lifeequirements. Traditiondife data analysis analysis of results of eep and oxidation $ts, and
involves the simple analysis of time-to-failure data obtained microstructural characterization of those specimens. hiecal
under normal operating conditions. In the case of microturbine overstressing will bechieved bycontrolling the magnitude of
recuperators, howeveruch life data (or time-to-failure data) the compressed air pressure used to mechanically-stress the test
could be very difficult to obtaitecause of theohg-life service specimens. Thermal overloadingpeyond the temperature
times involved. Given this limitatioand the need tobserve provided by the microturbine baust gas stream, will be
failures of candidate materials to better understand their failureaccomplished tlmugh the use of risance-heatedheating
modes, special methodsllwneed to beemployed to force test — elements positioned next to the test specimens. The surface
specimens to fail more quickly than theyould under normal temperature of the test specimensl vbe monitored using
use conditions. thermocouples and infrared imaging when practical. In all cases,
Acceleratedlife testing involves acceleration of failures  these tests will be falved by thoough characterization of the
with the purpose of quantifying the lifeharacteristics of  material.
materials and components at normal use conditidwselerated Post-testcharacterization of testpscimens will include
life testing can be qualitative oquantitative. Inqualitative evaluation of mechanical properties by testing miniature tensile
accelerated wing, the focus is set on identifying failures and specimens and by indentation tests usingeghanical property
failure modes without attempting to make any predictions as to microprobe (nanoindenter) equipped with a spherical probe. The
value of Young’s modulus, hdmess, and fractureughness of
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the base metal and its corrosiomducts vll be determmed, as

well as the adhesiostrength bateen the base metahd these ~ Candidate Materials.

corrosion products. Primary surface recuperators are typically fabricated from thin
The chemical composition of the matergid its corrosion (75-150 um) metal foils, such as type 347 stainless steel,

products will be determined by electron microprobe analysis andwhich are then foled (die simped) into a corrugated pattern.

analytical electron microscopy. Of particular interedt e These corrugated foils are then welded in pairs to form air cells.

the determination of the concentration and spatial distribution of The increase in ecuperatorgas inlet émperature that will

elements that are responsible for the formation of protective accompany increases in microturbine efficiendlf nequire the

coatings on the surface of the recuperator materials (e.g.-use of stronger, and in some cases less ductile, alloys. This is

aluminum or chromium), and sub-scale/metal interfacial relevant because the ility to fabricate some types of

structure. recuperators will depend on whether the metal can be rolled into
Because the effesttness of recuperators is heavily thin foils and then folded into a corrugated pattern [6].
dependent on the matdisathermal transport properties, the Recuperator materials requirements arenddfiby aspecific

thermal conductivity of the materials under investigation will be microturbine configuration and by theomplex relationships
determined at various agies, starting with fabrication and at between thermal efficiency, turbine rotor inlet temperature,
various intervals during the exposure tests. It is likely that the recuperator hogras inlet temperature, compression ratio, and
thermal conductivity of the materialilv change as aesult of recuperator efficiency [2, 3]. For a single-shaftgine with
oxidation, corrosion or deformation, and that thagnitude of radial flow, low power range of 25 to 75 kW, and a
these changes ilv vary with the thickness of the compression ratio less than 6, the followirgmperature use
oxidation/corrosion product's layeand aging effects in the limits have been identified based on theagnitude of the
metallic foils. Knowing how the physicaind mechanical material tensile strengthand its resistance to corrosion,
properties of these materials evolve with time during service oxidation, and creep deformation [2-5]:

will be important for the formulation of life prediction models.

Furthermore, the evolution of the thermal properties is of Table 1.
particular interest because measurements of thermal conductivity alloy Maximum
have the potential of being a powerful non-destructive Temperature
evaluation tool to monitoandkeep track of residual properties 400 series ferritic alloys 600°C
of microturbine recuperator materials. 300 series austenitic alloys 650°C

It is expected that the evolution of the oxide products, their advanced austenitic alloys 750°C
properties and their resistance to spallation will be mostat Nickel-based superalloys 800-850°C
during intermittent microturbine operation. During intermittent NiCrAl or ODS FeCrAl alloy 900°C

operation the ecuperator Wil be subjected to large strains
during heating/cooling that mayedd to spallation of the
protective oxide layer, and result in exposure of the base
material to oxidation/corrosion. Thereforgpecial attention
will be given to the design of test campaignsetmluate the
behavior of candidate ecuperator materials under these
aggressive conditions. Considering théferbnces in the
thermal andmechanical loading conditions that microturbine
recuperators experience duringontinuous or intermittent
operation, it is likely that the experiments to be&ied out in
the test facility desdied here W lead to the selection of
materials that are best suited for one, the other, or inotes

of operation.

The first sample holders (see Figureany test gecimens
had been fabricated using the same material to awaldsirable
mechanical stresses thay arise from ifferences in thermal
expansion behavior. The materials that willéyaluated have
been selected in collaboration with varioosnufacturers of
microturbines and microturbineecuperators, based on the
results and analysis of previous isothermal eep and
thermogravimetric tests.

The corrosion resistance of type 347 stainless steel is due
to its 1248% chromium (Cr) content, which forms a
protective, adherent chromium oxiflem on the surice of the
alloy. Ideally, the formation of a dense adherent external oxide
layer inhikits transport of oxygen to the material below the
film, thus protecting the alloy from excessivadditional
oxidation damage. However, in the presence of water vapor this
and other alloys that rely on the formation of,@y for
oxidation protection (e.g.- SS 310, 20/25/Nb, 253MA, and
Haynes 230)can experienceaccelerated &tk due to the
evaporation of GO, as CrQ(OH),, and the loss of the
protective surface layer contributes to accelerateatlatt Hgher
Cr contentsappear to eliminate thaccelerated atk, but the
volatilization of CrO; still results inadditional Cr depletion.
At higher temperatures, this protective layeovgs at a faster
rate, which can lead to oxidgallation and Cdepletion. This
can limit the performancéfe of these materialbecause the
decrease in theffective cross section caead to failure due to
creep deformation. Alumina-formingjloys (e.g.- Hayne214,
and NiCrAl andODS FeCrAl alloy PM2000) aretteactive for
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this application because A, is not susceptible to water vapor-
accelerated evaporation and is slower growing tha@,(%].

Initial screeningandevaluation tests will be o@&d out 6.

with the following materials: HR120Haynes 214, Haynes
230, 625 LCF, Alloy 864,Haynes 120, modified 803 and
modified stainless steels.

SUMMARY

A test facility hasbeen degned for saening and
evaluating candidate materials for advanced microturbine
recuperators. The central piece of the test facility is a Capstone
60 kW microturbine that has beamodified to operate at
recuperator gas inlet temperatures as high as 843°C and to allow
for the exposure of test specimens at locations upstream from
the recuperator. Special test specimen geometries along with a
test methodology have beedaveloped torivestigate the effects
of stress, émperatureand variougnanufacturing operations, in
particular folding and welding, on the resistance of the materials
to creep deformation and corrosion/oxidation. iowns for
carrying out acceleratedstis through thermahnd mechanical
overloading have been incorporated in the design of the test
facility. Initial tests in this test facilithave beencheduled to
evaluate the following alloysHR120, Haynes 214, Haynes
230, 625 LCF, Alloy 864,Haynes 120, modified 803 and
modified stainless steels.
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Figure 1. Microturbine System.
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Figure 2. Schematic of turbogenerator system listing principal components
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Figure 3. Stainless steel radial recuperator

Figure 4. Air cell
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Figure 5. a) ORNL' 60 kW Capstone microturbine with cover removed. b) Location of two ports for sample holder insertion are
indicated with arrows.
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Figure 6. Schematic of process for fabrication of test specimens. It involves cold stamping to introduce corrugations on foil material
followed by welding to obtained a closed cylindrical geometry.
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Figure 7. Schematic of sample holder. It shows corrugated test specimens welded to sample holder. Test specimens are
mechanically-stressed using compressed air.

9 Copyright © #### by ASME



