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ABSTRACT
Future fossil-fuel-based power generation systenustm
include decarbonizing technologies to capture dockCCS)

carbon dioxide (Cg). Oxy-fuel (O-F) combustion-based power

systems are uniquely capable of capturing aimb&@&. In the
O-F power plant cycle, fuel and nearly pure oxygaeljvered
from an air separation unit (ASU), are burned torfa working
fluid composed primarily of steam and &€QCClean Energy
Systems (CES), Siemens Energy, Inc. and Floridabier
Technologies, Inc. (FTT) are jointly developingttamachinery
systems driven by O-F working fluids and have addpa
stepped development approach to advance the texjynol
toward product realization through an initial pradfconcept
phase and subsequent development Sbfadd 2° generation
power plant systems. Specific goals and objectiteget
incremental advancements of power plant efficieswogt output
while reducing capital costs and cost of electicit

In the initial proof-of-concept phase, bench-leretearch
was performed on a primary combustion system. A QM
development gas generator was used to explore lmifigrand
performance limits while operating on a varietyfuéls over a
wide range of conditions. Further, the working dlygpgroduced
by this combustor was used to drive an
turbine/generator set at CES’ Kimberlina prototposver plant
located near Bakersfield, California. This papensarizes the
recent follow-on work to develop and demonstrateafd 2°
generation O-F power plant systems.
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J79 turbine was modified to extract power from thist. All
equipment required for this system has been assenalt|CES’
Kimberlina power plant. In addition, a reheat costinn
system is being developed to enhance fhgeheration power
plant cycle.

In a logical next step, a larger power output, éased-
efficiency 2“ generation power plant system was defined. For
this application, the Siemens SGT-900 gas turbias selected
as the basis for the Intermediate Pressure Turliinaceptual
design studies were performed to identify the modiifons
needed in order to adapt the hardware to accept dbive
gases. Specific challenges related to the mecHadiesign
configuration, and thermal/structural behaviorstloé system
are delineated. Testing is being performed to dtariae the
behavior of materials when exposed to the steami@idking
fluid environment. Necessary development of loraglétems
required for this system is also described.

INTRODUCTION: DEVELOPMENT OF O-F POWER
PLANTS

An attractive O-F power cycle, Figure 1, uses high,
intermediate and low-pressure turbines (HPT, IPd &RT,
respectively). The HPT uses existing or advanceanstturbine
technology. Low-pressure steam turbine technolegyeadily
applicable to the LPT. To produce high efficiencitee IPT is
critical, due to the need for advanced turbine malte and
cooling technology. O-F plants have an abundancevaiér,

Successful completion of the proof-of-concept pHadeo
the development of the®'lgeneration power plant system.
Specific equipment required for this operation uiied a larger
170MW,, combustor, which was constructed to produce
additional power in this phase. An existing Gené&ilaktric GE-

cool steam ~200°C (400°F) and £@at can be used as cooling
fluids within the combustor and IPT systems.

Systems studies show that the performance of tie G
cycle is greatly enhanced by increasing the idetpgerature of
the IPT in the range from 760 up to 1250°C (1400-2280°F)
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and higher. Although gas turbines with these itéetperatures
are readily available, the resources required tapadhese
machines to the CES working fluid are relativelgngiicant.

Because of this, CES has elected to develop andneoomlize
its O-F turbine technology in stages, with eachgestar

generation linked to a specific IPT and with a pesgively
higher inlet temperature. In this fashion, the CE&mens-FTT
team has defined the temperature range for threlendéogy
“generations” as follows:

GenerationTemperature Rang€andidate Turbine

First 760 — 927°C GE J79
Second 1080 — 1260°C Siemens SGT900
Third 1650 — 1760°C Advanced Design

* CH,, CO, H,, etc.

Gas Generator

Multi-stage
Turbines

°e\‘
WJ

Recycle Water

co,

Sales Recovery

EOR, ECBM, or
Sequestration

Figure 1: Schematic of CES O-F Cycle

O-F COMBUSTOR TECHNOLOGY ENABLES ZERO-
EMISSIONS POWER PLANTS

In 1999 the California Energy Commission (CEC) alear
CES an Energy Innovation Small Grant to assist hie t
construction of a laboratory-scale, high-pressureF O
combustor. Under that program, CES built and susfuly
tested a nominal 110kW combustor at temperatures up to
1480°C (2700°F) and pressures up to 21 bar. Thagram
experimentally established the "proof-of-principfet the new
method of producing clean, high-energy drive gafesthe
generation of electrical power. The experimentalrkwaas
completed in Jan. 2001, and details are givenaerfitial report
[1].

In September 2000, the U.S. Department of EnergyEpD
funded CES under the Vision 21 Program to desighridate,
and test a 20M\ combustor to operate on,GCH,, and water.
That O-F combustor was tested during late 2002 eeudy
2003. The tests successfully demonstrated operatibn
temperatures ranging from 315-1650°C and at pressitom
76 to 106 bar. The combustor operated successftlypth low

power (20% of rated power) and full power (20M)Ain more
than 95 tests. Details are given in the final paogreport [2].

In early 2002, the CEC awarded co-funding to CES to
fabricate and operate a natural gas fired zeroseoms
demonstration power plant using CES’ demonstrated g
generator [3]. The goals of that project were taleate the
durability of the combustor and identify desirabdkesign
refinements. In August 2003 CES acquired the idiéW\g
“Kimberlina” biomass power plant near Bakersfie@hlifornia
from the AES Corporation. The CEC approved this 8t the
demonstration project, and provided supplementadifg.
CES designed a complete control system for the 2MW
combustor and integrated that system with the catobu
module (Figure 2).

Figure 2: 20MW;, O-F Combustor

After extensive additions of new subsystems, the
Kimberlina facility provided broadly expanded tesind
demonstration opportunities to facilitate commdizadion of
the technology. Validation testing and commissignof the
integrated combustor/control system was completsthgu
natural gas as the fuel. In early 2005, drive gamfthe oxy-
combustor was used to bring the existing S5MWrbine-
generator to synchronous speed, and power was texipior the
grid shortly thereatfter.

From March 2005 through March 2006, CES conducted
durability and performance tests under the CECegtopDuring
this time, the combustor was started over 300 tiraad
accumulated over 1,300 hours of operating time.

In March 2006, the CEC notified CES that the pragra
objectives had been met, and that no further wmstims
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required to satisfy the objectives of the proj&#presentatives
of two major insurers of power plant equipment hdeelared
that the combustor is insurable, and coverage Vs inoplace.
The ability to insure new technology is viewed agiical step
to commercial deployment.

The design of a 170MW O-F combustion system was
undertaken in 2006 and complete build out was aptished in
2007. The testing capabilities of the Kimberlin@ility were
further expanded in 2007 and early 2008 to acconateod
testing of the new large combustor using naturalagafuel and
a modified J79 gas turbine operating on drive gdisEs the
combustor. Commissioning tests of the combustictesy were
conducted during the latter half of 2008. Integnatiof the
combustion system with a modified *lgeneration” J79 gas
turbine and checkout of the integrated power islandurred
during early 2009. A photograph of the 170MWombustor
within its enclosure is shown in Figure 3. The edamtrized
combustor as set up for commissioning is showniguré 4.
During testing of the J79 turbine, the turbine,rgeax and air
dynamometer will be located on the foundation onfrof this
unit.

NOMENCLATURE

ASU  Air separation unit

CCS  Carbon capture and storage
CEC California Energy Commission
CES Clean Energy Systems

DOE Department of Energy

EGR Enhanced gas recovery

EOR  Enhanced oil recovery

ET Exhaust turbine

FTT Florida Turbine Technologies, Inc.
HPT  High pressure turbine

IPT Intermediate pressure turbine
KPP Kimberlina power plant

LMA Land & Marine Alternatives, Inc.
LPT Low pressure turbine

MT Main turbine

NG Natural gas

O-F Oxy-fuel

RH Reheater

ZEPP Zero emissions power plant

1°" GENERATION O-F PLANTS AND TURBINE
SYSTEMS

The T generation O-F plants are early deployment plants

that utilize only commercially available power pan
components and equipment that can be easily mddifi®
facilitate early deployment and demonstration, ¢helsints will

be in the ~ 50 to 70M\\&ize range and will be located where a
revenue stream can be generated from the B@product.
Locations will likely be near oil or gas produciageas where
the CQ can be used for Enhanced Oil Recovery (EOR) or
Enhanced Gas Recovery (EGR). The plants will wtilia
modified GE J79 gas turbine that CES has been adafatr its
steam/CQ working fluid.

Figure 3: 170MW,, O-F Combustor

Figure 4: 170MWth Combustor System Commissioning
Setup

The J79 gas turbine, shown in Figure 5, was saleasehe
1% generation O-F turbine system to accept CES’s tgpE-
gases (steam/G To achieve a workable design, the 17-stage
axial flow compressor was removed and a thrustigalaystem
was designed to compensate for the forward thrdisthe
compressor. With the compressor assembly removed, t
uncoupled 3-stage turbine is supported by its oworwdrd
deep-groove ball bearing for axial and radial loadd the aft
roller bearing that supports only radial loads.

CES’s hot drive gas is introduced into the turbiffestage
nozzle by incorporating a volute and a set of ngnianes that
turn the hot gases from a circumferential to araladtirection.
These new components are located in the space what
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previously occupied by ten combustor cans. Thesgponents
are castings made of high temperature Inconel® BicRel
alloy.

Figure 5: GE J79 Cutaway View

incorporate an HPT and an LPT as shown in Figuvéti an
Air Separation Unit (ASU), a condenser and a reppggstem
for CO, sequestration.

The operating parameters selected to best match the

original J79 design point are shown in Table 1.

Table 1: Comparison of Operating Parameters for J7%vith
O-F Maodification and Original Design

Main Turbine (MT) Modified J79 Original J79

Turbine Inlet Temp., °C (°F) 760 (1400) 927 (1700)
Inlet Pressure, bar (psia) 11.6 (168) 12.3 (179)
Exhaust Temp.,C ( F) 480 (895) 635 (1175)
Exhaust Press., bar (psia) 2.14 (31.0) 2.28 (33.0)
Wt Flow, kg/sec (Ib/sec) 62.7 (138) 73.6 (162)
Shaft Speed, rpm 7460 7460
Shaft Power, kW 32,490 32,500
Exhaust Turbine (ET)
Turbine Inlet Temp.,C ( F) 480 (895) 635 (1175)
Inlet Press., bar (psia) 2.14 (31.0) 2.28 (33.0)
Exhaust Temp.,C ( F) 400 (755) 465 (870)
Exhaust Press., bar (psia) 1.10 (16.0) 1.07 (15.5)
Wt Flow, kg/sec (Ib/sec) 62.7 (138) 73.6 (162)
Shaft Speed, rpm 5500 5500
Shaft Power, kW 10,854 10,500

The commercial land based power unit that useQagas
turbine is known as the LMA1500 and is a productafd and
Marine Alternatives (LMA), Inc. of Fontana, Califoa. It
utilizes the modest exhaust pressure, 2.3 bar &8),pand
temperature, 635 C (1175°F); exhaust gas from 7®etd drive
a separate (free) single-stage turbine that gerserb®.5SMW.
The combined 12-inch CES O-F gas generator and fieddi
J79 gas turbine system is depicted in Figure 6. LMIAsupply
the commercial units (Figure 6, right) that will benverted to
CES 40MWe O-F zero emission power modules wherhtie
gas is supplied by CES’s 12-inch (170MWgas generator
(shown previously as Figure 3). The separate fuebirte is
referred to as the exhaust turbine and operatadater speed
(5500 rpm) than the primary three-stage turbinesQrgm). A
separate reduction gearbox is needed to turn argeneat
either 3000rpm for a 50Hz market or 3600rpm for GHB
market. The power module produces a net generaitpub
power of 40MVW, including gearbox and generator parasitic
losses. This setup can be used for peaker plaricafpns
where a supply of oxygen is available, or couldsbpplied by
truck, and the exhaust is released to the atmospkmwever,
in order to generate 50 to 70MW, the plant desigastm

Figure 6: CES O-F Gas Generator/Modified J79 IPT

The test set-up for demonstrating the system at’€CES
Kimberlina Test Facility is shown in Figure 7. Tlp®wer-
absorbing unit for these tests is a double suctientrifugal
compressor. This compressor, also known as an air-
dynamometer, is a commercial product of ConceptEGR
Woburn, Massachusetts, and will operate at speqdgou
13,730rpm at Kimberlina. This air-dynamometer hée t
capability to operate at speeds up to 17,000 rpm.

NG-
Comp.

NG Accumulators C.W. Return

D.l. Water

O

Vap. 0O, Accumulators

GG Skid

GG C.W.

1 Wate

GG C.W.

Figure 7: Test Setup for Demonstration at the
Kimberlina Power Plant

By selecting a turbine inlet temperature of 7{1400F)
rather than the higher design temperature of°G@28.700F),
the need for blade cooling is eliminated. Also, #aehaust
temperature of 48C (895F) of the Main Turbine (MT) is
lower than the 63% (1175F) design capability of the exhaust
turbine (ET), as shown in Table 1. The operatingperatures,
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selected by CES for both turbines, are lower tHnsir tdesign
value and should result in a long-life, low-rislover plant.

Other steps needed to adapt the J79 to CES drisesga
included adding a “brush seal” to the turbine cahishaft
section to reduce the pressure from 6.6 bar (9%6&) o 1.1 bar
(16.0 psia) along this surface. This reduction irespure
compensates for the compressor forward thrust
approximately 133 (30,000 Ib) that existed pricompressor
removal. This critical low leakage seal thus ba¢enthe rotor
system axial thrust to the load-carrying capacitthe deep-
groove ball bearing. Also, bearing cavities arespugized by
supplying approximately 1.0 kg/sec (2.2 Lb/secauafiliary air
at 4.0 bar (58 psia) from a separate ancillary cesgor to
prevent steam/COgases from entering these cavities and
causing potential corrosion by carbonic acid.

Future improvements to the J79/LMA1500 turbine udel
the addition of a reheat combustion system whithime the ten
combustor cans, but moves the volute and vanedsiti@m
housings forward to the interface between the cesgmr
discharge frame and combustor inlet. The volute aaded
transition would thereby provide warm steamjC@ases at
approximately 285 C (54%) to the modified combustors that
serve as reheaters. This location for the volutd aaned
transition housing is a relatively cool environmémit permits
the use of inexpensive, cast-capable materials -$80i@s
stainless in particular). The volute and vaned ditaom are
shown assembled to the compressor rear frame andgupport
frame in Figure 8.

The reheater adds heat to the steam/working flfier &
has expanded through the HPT by means of combustion
Additional oxygen is required to make the combusijoatural
gas for this system) possible. The goal is to adlgt as much
oxygen as required to achieve complete combustibith
reheat, the J79 turbine (IPT in the CES cycle) paovide
increased power output from the same gas streamraisd
cycle efficiency. Reheating results in reduced rstea
condensation, which means lower cooling water kgsad a
smaller cooling system). The moisture content ia HPT is
also reduced, minimizing water droplet erosion [4].

CES worked with FTT to perform thermal and mechalnic
stress analyses on the reheat system. Thermal sasaly
guantified the level of cooling provided by interrilaws and
the resulting temperature profiles at the reheattnestor exit.
Mechanical and structural analyses quantified sees$nduced
by thermal expansion and forces exerted by therg@a, flow.
These results helped to set probable strain, cremgp,fatigue
characteristics. A design was then selected basesktimated
combustion stability and thermal performance; trafm
mechanical integrity and robustness; simplicity agmbe of
manufacture; and rapid, uniform heating of steam/CO

CES is planning a program at the Kimberlina fagilg test
a single J79 combustor modified to function asteeager where
the 285 C (54%F) simulated HPT exhaust gas temperature will
be increased to the J79 turbine inlet design teatper of
925 C (1700F). CES will use its 4-inch gas generator to
provide the warm steam/G@ases for these tests.

of

Figure 8: Volute & Vaned Transition Mounted to
Compressor Rear Frame and Rear Support Frame

Part of the warm gas will be mixed with oxygen arel
injected with the natural gas (NG) fuel into theinmary
combustion zone, similar to present air/fuel contibas The
remainder of the warm steam/g@as will be used to cool the
combustor walls and*Istage nozzle in the same manner as air
is used to cool the J79 high temperature componériie
increase in turbine inlet temperature from 760 @OQAF) to
925 C (1700F) increases Zero Emissions Power Plant (ZEPP)
plant efficiency from about 30% to 34%.

REHEAT COMBUSTION SYSTEM TO ENHANCE 1°7
GENERATION O-F TURBINE

During O-F cycle technology development, CES planne
out a three-stage effort to develop and commeraalihe
system(s). Each phase, or generation, has a speuaifbine
associated with it. As development continues, timeti
temperature of the turbine will increase along véthincrease
in efficiency. For the “I Generation” (demonstrator) O-F
plants, CES chose to use a modified J79 becauseptrating
conditions matched closely with those required fycle
demonstration. Use of existing hardware ensuredvacbst,
rapid-turn demonstrator effort. The engine modifaas
necessary for adapting the J79 engine to the CESempo
generation cycle involved removal of the 17-stagmlaflow
compressor and connection of the CES gas gendmits 3-
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stage turbine [5]. A system with 10 can-annular lcostors
already exists upstream of the J79 turbine, so tadpphe
combustion system was fairly straightforward.

CES is currently conducting a program at the Kiribar
test site where a single J79 combustor, modifiefdriction as a
reheater, will be tested both in a single-can sedgoand a full

J79 turbine demonstrato€EES engineers began the reheater

demonstrator project in June 2008. The design, [dpaeent,
procurement and test of a proof-of-concept combuostystem
will end in the summer of 2009he objective of this project is
to build a reheater (RH) capable of heating therst€Q
working fluid from approximately 315 to 925°C (60@
1700°F), at a range of 10.3-17.2 bar (150-250 pslde
working fluid consists of 96% steam (by volume) a8 CGQ
with trace amounts of argon, nitrogen and oxygen.

Rig tests will characterize the initial concept amadiuce
risk prior to a turbine system demonstration. Tigeconsists of
a single can combustor installed in a straight-pgst section
configured to simulate a 1/40sector of the full J79 system.
Care was taken to match equivalent areas to theturine
system, but this is necessarily approximate siheegeometries
are significantly different, and since the pipe-cannot produce
the exact turbulence levels, diffuser incidence swill relative
to the compression system of the J79 gas turbinere@tion
between the rig and the engine will depend on aakequ
modeling of the two systems; a planned part ofigrmonstrator
effort.

The demonstrator combustor program is a collabgrati
effort between CES and FTT. The team has develapissign
for a single-can, “proof-of-principle” system thages modified
J79-compatible (retrofit-capable) hardware. The loostor for
the demonstrator is not optimized for future embmatits, but
provides a relatively easy step toward retrofit the air-
breathing turbomachinery hardware. The prototypatagstion
system will be tested at CES’ Kimberlina Power PRldrhe
Kimberlina plant is an ideal test location sinchat steam/CO
at the necessary pressures and temperatures aod-sis fuel
and oxygen supplies. The firing rate of the exgtlDES O-F
steam generator is designed in the range of 3-gMWtis will
supply flow to a single burner can and is an ecdcahway to
perform development tests.

The J79/LMA1500 combustor, originally designed for

combustion of natural gas with air, requires maadifion to
achieve good performance with the CES cycle’s wayKiuid.
Figure 9 is a diagram showing a single combustarfoam the
J79 gas turbine engine (recall the engine crogsein Figure
5). The reheater system must raise 95% of the imgpm
steam/CQ gas at an inlet temperature of 3C5(600 F), to

925°C (1700 F) (the estimated remaining 5% of the gas

bypasses the combustor as turbine stage cooling disid
buffering). The reheat combustor must mix purg i@o the
flow stream to allow the fuel to react.

An analysis of the J79 air-breathing system wafopmed
in parallel with reheat combustor concept develapmé&he
analysis was made using detailed hardware measnteraad
air flow measurements taken on an actual combustor.

Figure 9: GE J79 Single Combustor Can and Componeat

Combustion system analysis was performed usingleiéta
one-dimensional models of the two systems using '$TT
design/analysis tool set. The analyses accoungxtarnal and
internal flow conditions, including friction lossdseat transfer,
injection and cooling orifice discharge coefficignswirl and
general fluid properties. A full accounting for geal fluid
properties (using a modified form of the NASA Eduilum
code) is made since the reheat system working ftihe O-F
reheat system is significantly different from air.

Internal combustor (flame) conditions were analyzeal
simple four-zone stirred reactor models analyzedgusn FTT-
proprietary adaptation of the CANTERA open-sourcde: The
reactor models consist of three well-stirred reectollowed by
a plug-flow reactor. The GRI_MECH_3.0 kinetics maicism
was used. The results from FTT’s one-dimensionalletoare
used as inputs to the reactor models.

An oxygen injection concept, which produced adeguat
dilution premixing and mixture strength, had to developed
for the CES reheat combustor. While consideredralels in
early concept development, complete premixing ofgex and
steam in an upstream system was not possible dgeametry
restrictions. Such a system would have requireargel piping
system with separate oxygen and steam feed/coritmlits at
pressures above the J79 case pressure in orddloto far
proper metering. Such a system would have proveffidgrent
and costly.

Direct premixing within the fuel-air swirl cup wasot
possible due to inadequate flow area at the redjuireygen
mass flow. Such a concept would have required cetaple-
design of the combustor front end, thereby elinimatthe
benefit of using existing J79 hardware. Direct oxyduel
premixing was not an option due to flashback argh Hiame
temperature risks.

The necessary oxygen flow rate (~8% percent oftdled
flow into the combustor), combined with existingogeetry
limitations, drove selection of a concept which mage of the
full dome-hood mixing concept shown in Figure 18. this
system, oxygen is pumped into the combustor diffus®od
through two injection tubes. The tubes have a nurobé&oles
which jet-mix (in the cross-flow direction) oxygemith the
steam/CQ working fluid before the mixture enters the fordar
end of the combustor. Oxygen jet velocities aret lsdilar to
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those typical of combustor dilution jet velocitied50m/sec
(500ft/sec) in order to ensure adequate pre-mixiitpout
excessive pressure loss. Fully pre-mixed flow, vhiésirable,

system relies on multiple burn zones and near-wallgen
mixing to achieve complete fuel heat release. mgstiill verify
viability of the concept.

is not strictly necessary. The oxygen tubes aserted from the
bottom of the dome hood since this greatly simguifthe rig
interfaces.

The concept ensures that adequate oxygen feeds
combustor at a volumetric fraction just above foatair in the
equivalent air-breathing application. This level@fygen was
selected to ensure safe primary flame temperatwiete
ensuring stability and adequate reaction rates doeam. The
oxygen mixture strength in the front end of the bastor is
clearly a critical design parameter. The maximuramg
temperatures for the oxy-steam system are, by wesigilar to
the air-breathing system maximum levels. A sigaific
reduction in the J79 combustor front-end flow nates required
to achieve the right mixture, and closure of a nembf
injection holes was required. This flow area retrctis
conveniently consistent with achieving a pressucssl|
equivalent to the J79 baseline system since themd@Q
working fluid properties are different from air.

The reheat combustor relies upon three reactiopszdl) a
fuel-rich primary burn zone at the fuel swirl-cugteand in the
forward end of the combustor, 2) a secondary bunez
downstream and outboard of the primary zone whedéianal
oxygen is fed into the system along the walls, @nd dilution
zone where the hot reaction products are quenchitd w
oxygen-free steam/GO Flame temperatures are set from
1370C (2500°F) to 165CC (3000°F) to ensure flame stability
in the primary zone and safe oxygen levels to awicessive
peak temperatures <21%D (3900°F). The three zones are a
natural result of the hardware configuration sitice dome-
hood diffuser of the J79 provides for a simple @atygteam
premixing chamber.

the

Figure 11: Air-Breathing J79 System at Estimated Dsign
Conditions for Existing Engine

Figure 12: Rehaeater (Oxy-Steam) Combustor at CES
ZEPP Demonstrator Conditions

Analysis of the air-breathing combustor and theeath
system results in a direct comparison of air biegtAnd reheat
systems. The comparison in Table 2 is instructimeesit helps
identify differences between the J79 air-breattsggtem and
the reheat demonstrator prototype. Table 2 shoaisthe two
systems have similar pressure loss, flame tempesatand
stoichiometry, even though the working fluid prapes differ.
The similarities are by design. The modificationsthe J79
system are significant, but relatively simple tchiage. The
most striking difference between the systems i# wéspect to
emissions levels. The NOx levels for the reheatesysare
ultra-low, highlighting one of the attractive feeta of the cycle.
On the other hand, the CO emissions for the retysiem are
high, a consequence of the relatively low primaoype flame
temperature combined with rapid post-secondary zone
quenching incorporated into the model. The CO khelre are
considered acceptable for the prototype since thesteam
cycle has downstream gas capture, but is certaindyarea to
optimize in future systems. For open-cycle appiicet such as

Diffuser Hood
(Premixer Chamber for O2)

.

02 Mixing Jets

(Cross-Flow) \

%
—=

02 Feed Tubes

Fuel/CO2/Steam-Swirler

Figure 10: Modified J79 Combustion System for Oxy-&am
Cycle Rig/Demonstrator

Figure 11 and Figure 12 show a cross-section ofrithe
demonstrator combustion system with key featur@ediorl he
estimated flame zones and reaction temperaturesharen. By
design, the flame temperature levels are similaough the
locations of the peak temperatures are differete Teheat

peaker plants, the CO concentration can also baceed as
necessary by incorporating a back-end catalyticcGerter.
Fabrication of test hardware for the concept rig haen
completed. Detail design was coordinated and cetaglwith
the support of FTT. CES will complete final assembhd

All rights reserved
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perform testing of the single-can reheater in theraer of
2009 at the Kimberlina Power Plant. Results from thsting
will provide the required input to ensure a sucfiésseheat
system demonstration. Information about operability
performance, control and durability will be gainéah iterative
test is possible, so a second combustion systerfigocetion
has been identified and will be available for rajpistallation
and test. The goal of the test effort is clearrdtin of the full
annulus reheat system for the CES ZEPP. It is itapbrto
recognize that the combustor rig test hardwarefferent than
that which will be demonstrated in the full O-Fliamachinery
system. Differences between the rig and
demonstrator will be accounted for in post-tesadatalysis.

Table 2: Overall Comparison of Air-Breathing LMA-
1500/J-79 Combustor to the Modified Reheat System

Al Oxygen, Steam
Design Parameter Breathing ygen,
Nat-Gas
Nat-Gas

Pressure Loss, % 6.56 6.62
Peak Flame Temp’C (°F) 2034 (3693) 2117 (3842)
Primary Zone Equiv. Ratio 1.29 1.01
NOx Emissions, ppmv*
(gmikg-fuel) 60 (5) <1 (0.0055)
CO Emissions, ppmv*
(gmikg-fuel) 500 (60) 1300 (69)
Combustion Efficiency, % 99.9 >99.5*
Working Fluid Density, kg/rh
(lbw/ft?) 8.15 (0.509) 5.37 (0.335)
Working Fluid Specific Heat
(C), Ikg*K (Btullb,-°R) 1046 (0.250)) 2400 (0.573)
Working Fluid Specific Ratio 1.38 1.21
Working Fluid Molecular Wt. 28.97 19.96

*estimates based on analyses

The demonstrator system will provide valuable eiqrere
to help guide future system design. A number oftjaas about
adaptation of air-breathing systems to the CES ZEpde
should be answered. Most important is the adajitiahiif
existing hardware. Optimized premixing of oxygetgasn and
fuel requires attention in future efforts. If thencept developed
here is feasible, then existing systems should gpraatively
straightforward. Modifications of the concept to be
demonstrated are expected. In the event the conmepes
problematic in the test rig (as might be indicabgdpossible
poor fuel burn, inadequate operability and/or pdorability),
then a new combustion system concept will be purside
analysis already indicates that a smaller (shoded simpler
combustor should be possible for future systems.

A 2" generation reheat combustor system is alreadlyein t
early stages of development; this will be a modifi@irner from
a Siemens Energy SGT-900 engine.

2"° GENERATION O-F TURBOMACHINERY SYSTEM

The 2 generation development focuses on expanding the

technology to provide further improvements of povant

the engine

efficiency and power output (~150MyV The operating
characteristics of this machinery were compared e £
generation and other projected far-term equipment[5].
Clearly, to realize the "2 generation goals, the turbine inlet
temperature must be increased beyond the capahdhieved
in the ' generation. Increasing the inlet temperature ofgyo
producing turbomachinery therefore represents dijective of
this phase. As a first step to accomplish this abje, CES
contracted with FTT to provide a feasibility assesst of
existing turbomachinery to serve as an IPT to pcedpower
when supplied with CES drive gases at TTBR155F).

The first step in the development of tH¥ generation O-F
turbomachinery system has been completed with dtralin
feasibility study and conceptual design of turbohimaery. This
study included evaluations of the turbine perforogarand
expected operating characteristics, development af
mechanical design configuration including definitioof
required modifications, additions and adaptatiohsexisting
hardware, and prediction of the internal secondlary system
and operating environment for the turbine hot secti
components.

Suitable existing turbo-machinery must first beniifeed to
serve as a foundation for the IPT. To permit ex¢éehdervice
use, the target IPT inlet temperature for this mpgibn is
recognized as being high enough to require theirterto be
cooled. Since existing steam turbines are typicattgooled,
use of such a system would therefore require extemedesign
and adaptation to incorporate the means of coolimgded to
meet the 2 generation power plant requirements. On the other
hand, a host of existing cooled gas turbines magdmsidered
to satisfy the current need. Selection of an apjeite existing
gas turbine must be based on the capabilities efttinbine
relative to the %' generation power plant requirements.
Specifically, the size of the turbine and the puessand
temperature ratings must be in close agreement with
projected operating conditions of these plants.tHeuy the
turbine must already contain provisions for cooliof the
turbine components that might be adapted to a airfiinction
in the 2% generation plants.

Several existing gas turbines were considered s t
project. These systems encompassed a variety affawarers’
models, sizes and mechanical arrangements. Fitedtiom of
the Siemens Energy SGT-900 (former Westinghouse 1)25
was based on the turbine size, rated temperatutepeassure
conditions, use of a cooled turbine and technicatad
availability. This gas turbine configuration incks&l an axial
compressor driven by 3 turbine stages with a camian
combustion section. A cutaway view of this machsshown in
Figure 13. The speed rating is 5400rpm, and a &ypic
installation includes a gearbox, which is used tived a
generator producing 50MWThere were 114 units built in the
early 1980°. This machine was judged to require the least
modification based on the existing gas turbine remment
being most consistent with expectef generation O-F power
plant needs.

The properties of the working fluid will affect the
aerodynamic performance of the turbine. In a tyigies turbine
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engine, the temperature of the combustion gas denated by
dilution with air, or more specifically, nitrogenn an O-F
power plant, nitrogen is removed from the procesthb ASU,
and the temperature of the combustion gases is natedeusing
a water (or steam) diluent. Therefore, the worliingl of the
primary hot gas flow path in O-F turbines considts mixture
composed primarily of steam and carbon dioxide. 3jmecific
makeup of the working fluid is a strong functiontbé desired
temperature of gases, where more dilution (lowepteratures)
will have increased steam content.

Figure 13: Cutaway View of Siemens Energy SGT-900

Recent studies have shown O-F working fluids toscsirof
between 50 and 90% steam by mass with the remabeleg
mainly carbon dioxide for various fuels and finadrking fluid
temperatures. The thermodynamic properties of ¢fais are
significantly different than those of the typicgbrbducts of
combustion” of fuels in air, such as natural gasvitnich the
turbine was designed. The specific heat of the nst€e),
mixture is approximately 1.5 to 1.9 times thathu typical gas
turbine products of combustion. The molecular weighthis
mixture is also lower, resulting in slightly loweensity.

The effect of these thermodynamic property diffesmn
also result in the turbine producing approximatiédy20% more
power relative to that of the same turbine usimgcambustion
products at the same inlet temperature, inlet pressexit
pressure, and rotor speed. This is largely thdtresincreased
specific heat, which is partially offset by the wetlon in mass
flow rate due to the lower molecular weight of teses. The
increased work results in higher gas velocitiesiantbased gas
turning. This results in higher inlet swirl angles the airfoils
assuming the same rotor speed as the original gdmné
application.

To perform the feasibility assessment,
longitudinal section of the SGT-900 turbomachinadapted for
O-F was created. The major modifications for thesversion
are: 1) removal of the outer casing and comprestsdors and
replacement with an inlet case for inducting drj)&s from the
HPT into the IPT, 2) removal of compressor rotaenT the

a conceptual

drive shaft, 3) the addition of a pressure-regdlathrust
balance system, 4) the addition of a shaft covelutd drive gas
from the inlet case volute into the diffuser caaad 5) the
addition of turbine exit guide vanes into the exdtadiffuser.
Additional recommended changes include strip armbat of
the combustor transition section and turbine dsf@ind the
addition of an inert gas purge system to removalensate at
shutdown.

Use of the SGT-900 turbine system must also conside
integration of O-F reheater(s). As noted previousl'
generation reheater development based on adaptdtibe J79
combustion system serves as technological founudtio this
technology. Further, preliminary design of SGT-@@Mnbustors
adapted for O-F operations has already been started

Removal of the compression system components i@Qthe
adaptation will eliminate the axial load normaltypgosed by the
compressor resulting in an imbalance of axial ferca the
rotor system. As a result, the axial load on therrgystem is
expected to be over 217,000 Lbs. Thrust bearingsitia of
handling this high load at 5400 rpm are not comiadyc
available. For this reason a thrust balance sy&@eroposed to
offset the turbine load and keep the existing thhesaring at
approximately the same load.

Cooling of the turbine components will be acconmpid
using a fraction of the steam/G@@hat is discharged from the
HPT. This coolant stream is bypassed around thesateh
combustor and enters the turbine through the saassages as
the compressor discharge air in the conventional tgebine.
The temperature of the HPT exhaust gases is colvipanath
the compressor discharge temperature of the gaméjrand
the pressure of these gases is sufficiently highue as a
coolant in the IPT. Further similarity with the gasrbine
environment is given by the relative likeness @&f working and
cooling fluids.

Based on these facts, the operation of the O-Fech\eT
cooling system may be expected to behave in sirfékrion as
the gas turbine. However, the thermodynamic pragserof
steam differ greatly from air of which nitrogen ihe
predominant species. In particular, the thermaldoetivity of
steam is known to be substantially higher thanogégn. The
primary impact of this property difference will m@ase the
convective heat transfer coefficients on both the and cold
sides of the turbine components, thereby redudiegthermal
resistance between the hot gas and cooling meditais. will
increase the heat flux on the turbine components cause
increased through-wall temperature gradients. Tdtgerl will
drive increased thermally induced stresses within turbine
components. The resulting impacts on turbine corapbn
temperature and stress capabilities continue ®vhkiated.

Risks and challenges related to the use of the SIBT-
turbomachinery in the CES"2generation O-F power plant
were considered as work was performed to assededhibility
of the concept. During this process, two primargaar were
identified as the primary drivers to the risk ok tprogram.
These included materials behaviour in steam/€@ironments
and future temperature increases on the third stabae blade
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and turbine exhaust case. Both of these issuesbaimg
addressed in follow-on activities to the initiah&bility study.

MATERIALS DEVELOPMENT FOR O-F
ENVIRONMENTS

One of the questions frequently asked about thalslity
of the SGT-900 IPT in an O-F power plant pertamhe life of
the components in the hot gas path. After all,3&T-900 was
designed for and is used commercially with the potsl of
natural gas combustion in air. The materials usethé O-F
SGT-900 must be compatible with the drive gas emvirent.
The materials must be resistant to the oxidatioth possible
corrosive effects of the highly concentrated st€x®a/
environment. Using such a turbine where the drias & a
mixture of steam and GQOs a significant departure and poses
many questions about the compatibility of the adlognd
coatings with the drive gas. Table 3 lists the miatsystems of
the blades and vanes in the three stages of the98GTurbine
section.

In order to gain more insight into the behaviortbése
alloy systems, it was decided that some prelimirtasts are
necessary: (i) Determination of atmospheric bondatco
temperature limits for certain combinations of tiase
metal/bond coat/TBC for which no data currentlysexi (Since
the SGT-900 is a mature turbine frame, its coapngcesses
have not been upgraded, but Siemens intends ty #pplatest
coating parameters during the conversion of thieiierfor O-F
application), and (ii) Comparative studies of eomimental
effects on the alloy systems with the drive gasfirmatural gas
combustion and with steam/GOmixture simulating oxy
combustion.

Table 3: Material Systems of the Blades and Vaneg o

SGT-900 Turbine
Vane Blade Vane Blade Vane Blade
Row 1 Row 1 Row 2 Row 2 Row 3 Row 3
%‘jﬁﬂ? ECY768 | IN738 | IN939 | IN738 | Xx45 | U520
. - Cast Cast Cast Cast Cast Forged
Designation
Nickel or . . . .
Cobalt Based Cobalt Nickel Nickel Nickel Cobalt Nickel
Bond Bond Bond | Overlay
Coating Coat+ | Coat+ | Coat+ | Coating| None None
TBC TBC TBC Only
Internally
Cooled? Yes Yes Yes Yes No No

The testing to estimate the bond coat temperaimisl|
involved only IN738 and X45 alloys. (Data are ashie for
other alloys). Because the operational temperathese alloys
will experience in an O-F turbine are lower tharithypical
use temperatures in gas turbines, the TBC spaildésts that
define the bond coat temperature limits are expetietake a
long time to complete.

Siemens initiated the steam/€@nvironmental exposure
testing in June 2008 at Cranfield University in tbkaited
Kingdom. The mixture selected was 90% steam and C@b
by volume simulating the approximate fluid compiositat the
inlet of the SGT-900 IPT. Test temperature coresied to the

10

temperature at the first row vane. Therefore allpgms except
those representing the first stage vane were testked
temperatures higher than those expected in serfioe.this

initial testing the pressure was atmospheric ared ekposure
continued for 500 hours with intermediate removat@upons

to document weight change with time. Parallel tegtse also

conducted in an atmosphere of the products of cestidyu of

natural gas in air. The test coupons representesl fisbstrate
alloys, alloys with the bond coat only and alloyishvboth the

bond coat and TBC, if applicable.

While a detailed evaluation of the test data com
preliminary results indicate that the nickel basgibys and
cobalt based alloys show different propensity feighit gain as
the result of oxidation effects of the steamfQ@ixture. The
preliminary results also indicate that for mosttbé alloys
tested the oxidation effects are more pronouncedthia
steam/CQ atmosphere compared to a typical gas turbine
environment. These are only preliminary results mudh work
lies ahead to understand the microstructural diffees and
correlate them to the gross results of weight changurther,
beta-phase depletion studies are pending. Beteepdesletion
measurement is an indirect way to measure the spstbd
which TBC spallation will occur.

Beyond these preliminary tests to characterize the
oxidation effects under steam/g@he Siemens/FTT/CES team
has planned tests that will provide some measutieeoéffect of
this new fluid on the mechanical properties of tiade and
vane alloys. When sufficient data are collectedgythmay
provide further clues about the expected degraddtiosome
critical properties. This will be the first step tiying to assess
the useful life of components in the hot gas patden O-F
combustion conditions.

CONCLUSIONS

Results presented in this paper support the stepped
approach adopted by the CES-Siemens-FTT team tanadv
O-F power production technologies. The technologies
developed will enable the production of clean eparging a
variety of energy sources, including coal-derivgdgas fuels.
Progress to date has demonstrated the feasibiflityeoprimary
combustion process to burn fuels in nearly puregeryin a
controlled and steady manner. Turbomachinery devedmt
has demonstrated the feasibility of the technoltgyse O-F
combustion to feed electricity to the U.S. eledlyicgrid.
Presently, technologies are being developed toeagaland
ready the technology for commercial application atod
incorporate advancements that will begin to realize full
efficiency potential.
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