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This report was prepared as an account of work sponsored by an ageneyUsfited
States Government. Neither the United States Government nagangy thereof, nor any of
their employees, makes any warranty, express or implied, or essany legal liability or
responsibility for the accuracy, completeness, or usefulness ofnémynation, apparatus,
product, or process disclosed, or represents that its use would not infringe povatetyrights.
Reference herein to any specific commercial product, processeroice by trade name,
trademark, manufacturer, or otherwise does not necessarily canstitumply its endorsement,
recommendation, or favoring by the United States Government or gemcyathereof. The
views and opinions of authors expressed herein do not necessaelprstaflect those of the
United States Government or any agency thereof.



Abstract

Future high-efficiency, low-emissions generation plants that prodismtrie power,
transportation fuels, and/or chemicals from fossil fuel feed staatksire a new class of fuel-
flexible combustors. In this 36-month program, a validated combustor appradicbew
developed which will enable single-digit NOperation of future generation plants with low-Btu
off gas and high-hydrogen fuels, with the flexibility of process-indeperuirkup with both
natural gas and liquid fuels. This combustion technology will overcheénhitations of current
syngas gas turbine combustion systems, which are designed on astte{isis, and enable
improved future co-generation plant designs. In this capacity, dléuddle combustor will
enhance the efficiency and productivity of future co-production plants.

This report discusses the development and design of a hybrid combustatilites a
diffusion flame approach for syngas fuels with a lean premixed swircept for natural gas
fuelsfor both syngas and natural gas fuels at FA+e gas turbine condifatieEhnology matrix
and chemical kinetic models are used to evaluate various combestiorologies and to select
the combustor concept. The results of this technology evaluationbkeavepresented in prior
project reports. A systems analysis of a co-production plant in conjunction withcah&metic
analysis is conducted to determine the desired combustor operatingarenditi the burner
concepts. The hybrid nozzle is sized to accommodate syngas fogisgrdrom ~100 to 280
btu/scf and with a diffusion tip geometry optimized for Early EQto¢fgeneration Plant (EECP)
fuel compositions. The swozzle concept utilizes existing GE DLNgdeawmethodologies to
eliminate flow separation and enhance fuel-air mixing. The protalgpgn is optimized using
3D reacting CFD calculations for 1/16&ector models of the burners. CFD is performed using
the commercial Fluent package with non-reacting flow and non-preneseting flow models.
Additionally, a discussion of fundamental laminar flame speedsuanements for syngas fuels
and developing methods for advanced numerical simulations are presented.
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1 Introduction

1.2 Task 2 (Fuel Flexible Combustor Design Approaches)

The purpose of this task is to develop a technology scorecard to tsedeconceptual
configurations for a low emissions fuel flexible combustor that burhsralagas and syngas
fuels. This task was completed during the January-December 2004ngpatiods. Two
combustor prototypes: a hybrid of a diffusion burner for syngas and preswiddurner for
natural gas and a trapped vortex combustor for both syngas and naturargeselected for
further consideration. The methods and processes used in developinchtiwaotgy scorecard
along with preliminary modeling results from evaluating technologas af fuel flexible
combustor in Task 2 were presented in the previous reports. Ddtaile chemical kinetics
calculations employed in Task 2 and the results thereof arengdsa the January-May 2005
reporting period and published in the 2005 ASME Turbo-Expo (lyer et al., 2005).

1.3 Task 3 (Syngas Flame characterization)

Combustor design tools for synthetic gas fuels will require siragdlifimodels for
predicting combustor stability performance based on reduced order t{eng-averaged)
guantities. To address the feasibility of synthetic gas fd«fliesable gas turbine combustion,
one must be able to accurately predict flame behavior, i.e. camnlatability limits, under
preheating and high-pressure conditions, which effect the chemicalckjngpiecies transport
properties, and flame speeds. Typical syngas fuels are mutespmixtures with widely
varying fuel combustibles and diluent compositions, thus further cortipticitne combustion
and analysis processes (Zhu et al., 1988).

Experimental measurements of flame speeds for ranges of syrghsticompositions,
and under ranges of temperature, pressure and strain are obtaisediytathe previously
mentioned effects. Laminar flame speed)($% defined as the velocity of steady, one-
dimensional propagation of a planar, adiabatic, unstrained laminae flato a uniform
premixed fuel-air mixture at rest. The laminar flame speed isnportant parameter, because it
contains fundamental information regarding reactivity, diffusivity, and hexoticity of a
combustible mixture that can be used to develop d@@® chemical kinetic mechanism and
provide insight into fundamental flame physics. Despite its impoetathere is substantial
scatter in the data of laminar burning velocities (see rewgwAndrews and Bradley, 1972;
Egolfopoulus et al., 1989) due to the difficulty in experimentally achieplagar, adiabatic,
steady, unstrained laminar flames.

In conjunction with the experimental data, computational chemicalikistidies are
also being used to identify appropriate chemical mechanisms to nyotle¢tic gas mixtures as
functions of fuel composition, strain rate, pressure, and temperahwnee Kinetic mechanisms
have been explored. The first mechanism is GRI Mech 3.0, ategétid mechanism that has
been validated extensively for methane chemistry, and therefoeiralludes HO,/air and
CO/Oy/air mechanisms. The second mechanism was developed recentlyG@ Ebmbustion



(Davis et al., 2004) that is built on the kinetic model of Mueller et al. (1999) wélpeatimeters
and efficiencies that have been revised over the last fave.yehis “full” mechanism involves
11 chemically reactive species (as well as various diluemtd 30 kinetic steps. The other
mechanism was developed under this program by J. Y. Chen. It is @dedechanism, with 5
steps and 9 reactive species.

1.4 Task 4 (Systems Plant Performance Modeling)

This task identifies critical plant level requirements byiewing the DOE Co-generation
plant program plan and EECP Phase 1 report. A Quality Flow DowD)(@¥thod is utilized
to establish combustor level requirements flowing down from plant level requitemiEhis task
provides combined cycle performance evaluations of various conceptablstor designs to
help downselect the combustor technologies for further development of anhisgions fuel
flexible combustor. Results from the performance analysis ace used determine the fuel
flexible combustor operating conditions for operation in existing conventi@saiurbine power
systems.

1.5 Task 5 (Fuel Flexible Combustor Prototype Design)

The purpose of this task is to design and fabricate two prototypesfusdl dlexible
combustor and operate them in a single nozzle combustion test rig undgdbgagas turbine
operating conditions. The prototypes are designed from the downselected technologiein Task
with operating conditions estimated from Task 4 results and cun@umstrial gas turbine cycle
conditions. This report discusses the design and calculations forghpritotype, which is a
hybrid of a lean premixed DLN burner for natural gas and a diffusionebwith diluents
injection for syngas.

1.6 Task 6 (Syngas Methodology for Advanced CFD tools)

Advanced CFD methodologies, including DNS and LES techniques, are currently
development to apply the syngas kinetic mechanisms and thermo-physaranation to
complex reacting flows in combustors. Therefore, current studiesl@®NS and LES studies.
The former is intended to examine the application of the reducedreddranisms required for
LES studies. The second study is intended to develop and explore itapatnl predict
extinction phenomena in practical combustor geometries.

Flow features inside a gas turbine combustor are investigatedrgg Eddy Simulation
computations. The configuration and test conditions were provided by Giisfastudy. Special
emphasis is placed on the mixing characteristics and the acoepegsentation of the chemical
state space by reduced reaction mechanisms. LES computatistiartee on the exit plane of
the diffuser cap and throughout the simulations injection of fuel and dilfremb the holes are
handled with special care. Results show that the effective mififigel and oxidizer occur on



the downstream due to the existence of a diluent stream and flarte & this location. A
recirculation zone exists on the inner section of the combustor whidbscthe hot products
upstream and causes pre heating.
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Executive Summary

Current commercially available combustion system cannot meetfuible flexible
requirements targeted by this program, which are low emissions ligpatmilti-fuel flexibility,
and fuel flexibility with respect to a wide range of heating @altor syngas fuels. The goal of
this program is to evaluate and improve upon existing leading combustgnsidésat can
partially meet these requirements and to develop new technologjieppaopriate to meet
performance requirements and expand operability limits. The success anatesalliy of the
fuel-flexible combustion system are enhanced by the Design for §mwaS(DFSS) quality
process, which is a statistically based methodology focused on flowanfpripance
specifications and tolerances from the high level of customeogr&@luction plant objectives
down to the low level of component parts. The current process capalbiBach component
flows back up to understand the influence of its variability onesygterformance. Using this
methodology with a conceptual plant model and market driven inputsTexaco will ensure
that the combustion system is indeed flexible enough for highly efficient operation.

As a result of evaluating existing and advanced technology usingxXtgigana process,
two concepts are selected that can meet the program perfornegubeements: prototype #,
hybrid of a diffusion combustor for syngas and lean premixed swirbastor for natural gas;
and prototype 2, a trapped vortex combustor for both natural gas and.symbgashybrid
combustor successfully incorporates the lowg@rformance of GE’s most advanced premixed
combustion systems with a new version of an Integrated Gaisific@bmbined Cycle (IGCC)
diffusion nozzle for syngas fuels. This concept will provide a fleglble combustor design
capable of single-digit NOand CO emissions, greatly enhanced fuel flexibility (100-280
BTU/scf), multi-fuel firing capability (syngas and natural gas backup firing with low
emissions), and co-firing capability as welHowever, the unique challenges of low-NOx
operation on high-hydrogen fuel, F-class operation of low Btu/scf fuetsclhanging market
demands, such as increased turndown or part load operation, may requateothection and
refinement of some of our most advanced technology. Thus the TVC dombaacept is
being developed concurrently with the hybrid concept.

In the present report, fundamental flame characterization of |latinigevalue syngas
fuels, co-production plant systems analysis, the process of desidrylofica combustor concept,
and methodologies for advanced CFD calculations with syngas flamgxesented. These
activities cover tasks three through six of the broad program. réBudts of Task 2, which is
includes the technology evaluation methods and scores, has been prespraeus progress
reports.

Experimental apparatus for measuring laminar flame speed in tahstieand stretched
flames at atmospheric and elevated pressures are presentedremixed Bunsen flame
atmospheric set-up is used for to measure laminar flame speeds. The flame spgtied by
measuring the luminous flame surface area using optical techniquesivatidg the volume
flow rate of reactants by the measured flame area. A stagrilmw set-up is built for studying
laminar flames under stretched conditions and at high-pressures tmolugion of a pressure
vessel. Results are presented for laminar flame speeddfésenti proportions of HCO fuels
premixed with air at different equivalence ratios on the lean sitleese results are used to
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further verify previous experiments and to better estimateatioeiracy of the measurement
system. Additionally, the measurements are compared with poediaising three chemical
mechanisms for syngas oxidation, two of them are detailed mechaamshtbe third one is a
reduced mechanism developed in this program. The reduced mechanisrgsbdvagreement
with experimental data in terms of CO addition and, @{ution, but marginal agreement with
pre-heating the reactant speciesMeasurements at elevated pressures are obtained to
demonstrate the high-pressure capability of the stagnation fletme. s Numerical predictions
using the previously mentioned chemical kinetic mechanisms are in gpednant with
experimental data at high-pressure. Further refinement of theiragpéal system is needed to
increase flame stability at higher pressures and to broadeanfe of operating conditions that
can provide useful data for comparison with the chemical kineticqi@is. As demonstrated,
the flame speed measurement systems can provide useful ddtatier development of a
reduced chemistry mechanism for syngas combustion.

A systems evaluation is performed for the co-generation EECGPR tplaletermine plant
efficiencies and combustor operating conditions. Transfer functiondl@rare developed
using the methods developed for the technology selection. The systdgsssasaperformed
using the transfer functions for the hybrid diffusion/lean premixed apgeddavortex combustor
concepts. The analysis shows that the co-generation efficieneiabrast identical for both the
concepts. However, the hybrid concept is unable to give less than B@pbased on nitrogen
dilution alone. Nitrogen is the preferred diluents because itadahle at high pressure as a
product of the air separation unit in the EECP plant cycle. The hybrid is able t8 pmetNQ
with sufficient steam addition. For the EECP fuel compositioratitition of steam is not large
enough to affect the combustor life or to derate the firing temperatlihe advantage of the
TVC concept is that no diluent addition is required to meet the emissions requitements

The design of a hybrid of a diffusion flame burner for syngas and a premixed swirl burner
for natural gas is discussed in this report. Chemical kinet@lyses are used to determine the
relative proportions of fuel, air and steam diluents for obtaining tké&edie combustor exit
temperature and NQOemissions for the diffusion flame burner. The syngas and diluents
manifold passages are sized to accommodate syngas fuels rangirgulrd®0 to 310 btu/scf.
The diffusion tip is currently sized for EECP fuel composition. @itentation of the diffusion
jets is optimized using 3D reacting CFD calculations for L&e&ctor model of the burner. CFD
is performed using the commercial Fluent package using non-premixdousiion models.
Detailed analysis of the mixing process and temperature histaheicombustion chamber is
performed based on the CFD predictions. The correlation betwegnfdi@ation and the
mixing process is highlighted. N@s calculated by solving a separate transport equation with
source terms from the thermal andNintermediate mechanisms. The effect of turbulence-
chemistry interaction on NQs also evaluated by considering source terms with and witheut th
interaction term. The premixed swirl burner is designed followingiegisnethodologies for
GE’s DLN swozzles. CFD calculations are performed to véhnidy the air swirls to the required
swirl number without generating recirculation zones. The fuel injection points toahgas are
located in the swirl vanes and the burner tube wall to achievarmaxifuel-air homogeneity.
The injection strategy is verified with CFD mixing studies.

12



Methodologies are being developed for advanced combustor CFD calesilatith
syngas fuels.Direct numerical simulations (DNS) have been presented in pseveports to
show the effect of flame vortex interactions on the wrinkling of prechH,/CO flames. This
initial study assisted in the development and validation of the eedwtemical kinetic
mechanism for syngas combustion. Further refinement and validatithe s€duced syngas
mechanism with new experimental data is presented. The perforofaheemechanism is also
validated against simplified reactor models and high-order chgmmgchanisms. Finally, the
reduced syngas mechanism is also compared to the previous Dhl&tising flame vortex
interactions that used more complex chemistry. Excellent agntemebtained between the
DNS simulations using both the reduced and complete chemistry mecbanisange eddy
simulations (LES) of the combustor concepts are also performegd t@ Linear Eddy Model
(LEM) for subgrid species transport and chemistry calculatidtsS of syngas flames in the
prototype concept are discussed in this report.
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2 Experimental

2.2 Task 3 (Syngas Fuel Flame Characterization)

2.2.1 Apparatus

2211 Laminar flame speed measurement

The schematic of the atmospheric pressure experiment for laramae speed (9
measurement is shown in Figure 2.2Fhis Bunsen-type flame permits rapid determination of
flame speed, or equivalently, measurement of flame speedswalearange of mixtures and
conditions in a short time. The gas mixing arrangement shown allowsestoptrol over the
equivalence ratiog) with £ 1% accuracy on each flowrate. Various burners are employed; each
is a straight cylindrical stainless steel tube, with innemdtars (D) ranging from 4.5 to 18 mm.
The incoming flow is laminar, with exit Reynolds numbeRs,, below 2000 and that the exit
velocity profile is fully developed. The reactants are preleate electrical resistance tape
wrapped around the burner. Digital images of the flame emiss®mmeaorded by a 12-bit
intensified CCD camera (546384 pixels) and a 105 mm, f/4.5 UV camera lens.

Premixed flame

TC2

Bypass ICCD Camera

TC1

Heating tape

Fuel

mixture
flow meter

Computer

Temperature
controller

Figure 2.2-1: Schematic of the experimental setup for laminar flame spesdrereants.

2.2.1.2 Strained laminar flame measurement

Strained flame measurements at elevated pressure are being madeagttatost flow
configuration. This configuration, like the more common opposed flow, allows for stretch
corrected Smeasurements of a one-dimensional flame. Furthermore, it is advantageous ove
the opposed flow arrangement for determining laminar flame speeds for the follovdagsea
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(1) the use of a solid wall leads to more stable flames (Egolfopeudals 1997), (2) problems
related to heating of the upper burner are eliminated, (3) since only one burner is used, fuel
consumption is halved, and (4) ease of operation of a single jet especially at hegsares.

A general schematic of the stagnation flow burner is shown in Fgg+2. Fuel (H, CO
and CQ mixtures) and air flows are monitored with rotameters and thiéaifuenixture is
premixed in the mixing section ahead of the burner in a manner likeftikégure 2.2-1. The
burner is a smoothly contoured nozzle with the exit diameter of 0.5incthamdntraction ratio
of 36. The purpose of having a contoured nozzle is to get a top baitygrofile at the burner
exit so that the flame stretch will be uniform throughout the flanga. Moreover, the high
contraction ratio contoured nozzle ensures laminar flow even at leighoRIs number based on
the burner exit diameter. Flow straighteners have been used befocentoeired nozzle to
remove any unsteadiness in the incoming flow. The contoured nozzler@inded by a N
coflow. A small amount of Ncoflow is used to lift the flame edge and also to reduce shear la
development between the jet and the surrounding. Care has been taldercéotine size of the
wake region created due to the finite thickness of the contoured nozzle at the bairner exi

-BE

TEE

Figure 2.2-2: Schematic of high-pressure stagnation flame burner watbiliw.

To date, stainless steel plates and plugs have been used to produce the stagnation zone. The
flat plates are 1.5” diameter and 0.25” thick, while the plugs aréuged from a stainless steel
rod (1.5” diameter), with the end first formed into a hemisphere. Tierend is removed to
produce a small flat region such a way that the diameter ofathee§ion is equal to that of the
nozzle exit diameter (D). The distance (L) between the burneaeditthe stagnation plate or
plug can be adjusted depending on the burning velocity of the fuel mixtdrina desired strain
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rate. As the burning velocity increases, decreasing the didte@tween the burner exit and the
stagnation plate or plug leads to a stable stagnation flame. Fosgteric pressure studies, a
stagnation plate with an L/D ratio of 1 was used, and the strais aa¢ varied by varying the
inlet velocity. For high pressure studies, it was not possible ta getble flame with an L/D of

1, even for mixtures with low burning velocity. Instead plugs with L/DO& produce more
stable flames. The L/D parameter can influence the measurecdpwelocity (~5%) at lower
pressures (Egolfopoulust al, 1997). Since the flame thickness decreases drastically with
increasing pressure, it can be assumed that the effect ofdomtain (decreasing L/D ratio) is
negligible on the measured burning velocity at high pressure.

This entire system is placed in a #entilated high pressure vessel Figure 2.2-1. The high-
pressure, cylindrical, stainless steel vessel is 6 inchesametier and ~18 inches long and
designed to withstand pressures of 30 atm and wall temperatures ofF~6K@e interior walls
of the pressure vessel are cooled with a nitrogen co-flow. Témelves designed for optical
access to allow application of laser Doppler velocimetry (LDRarticle Image Velocimetry
(PIV), flame imaging and chemiluminescence measurements. actadtte spark plug has been
mounted in the pressure vessel wall for ignition.

Figure 2.2-3: Pressure vessel for housing the high-pressure flame experiments.
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2.2.2 Experimental and operating data

2221 Laminar flame speed measurements

Figure 2.2-4shows a typical image of flame chemiluminescengetli@ atmospheric
pressure, laminar flame speed measurements. Tlugityayf the flame emission comes from the
flame edge, i.e., chemiluminescence from the reaaone. The less intense region in the central
portion of the image is due primarily to chemiluesoence from the front and back edges of the
flame.

Figure 2.2-4: Image of flame emission for a fuektonie H:C0O=95:5 at an equivalence ratio
@=0.61 The color scale is black and dark blue for iltensities, and green, yellow and red for
higher intensities.

2.2.2.2 Strained laminar flame measurements

Figure 2.2-5 shows an image of the stagnation flam&atm pressure. The stagnation
flames are extremely flat and stable at the cdamiesslightly curved at the edges. The distance
between the flame and stagnation plate varies &ibout 1 to 3mm, depending on the average
inflow velocity. Figure 2.2-6 shows LDV velocity msurements acquired in a set of high
pressure flames. Results are shown for one fuelaiture and various flow velocities, i.e.,
different strain rates. The main flame zone ocauthe sharp velocity gradient region between
the velocity minimum and the maximum to the left.
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Ignitor

Figure 2.2-5: Image of flame emission from a stédgndlame at p=5.0 atm for a fuel mixture
H,:C0O=10:90 at an equivalence raqie0.6; average inflow velocity ~4SL/D=0.5.
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Figure 2.2-6: Velocity measurements along the ckmeof a stagnation flame
for 90% CO and 10% Huel mixture,@=0.6, p=5.0 atm at seven flow rates. The
flow direction is right to left in this figure, i.ecold reactants are present at 3.75

mm, while there are hot products at 1.5 mm.
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2.2.3 Data Reduction

For the low strain, atmospheric measurements, tkeage flame speed is calculated by
dividing the volume flow rate of the mixture withet luminous inner cone surface area found
from the measured images. This area is determigexhledge detection program, that assumes
the flame is axially symmetric about the axis @& thurner. The edge detection program detects
the inner edge of the flame by locating the maxindenvative of the flame intensity along the
radius of the flame. The flame location points taen fit to a fifth degree polynomial. Then, the
laminar flame speed (pis calculated using the following mass conseovaéiquation.

S == (2.2.1)

whereQ is the volume flow rate of the mixture aAds the average (25 frames) flame area.

From the definition of the laminar flame speed, flnme area is most accurately
calculated by the area of the unburned flame conjost upstream of the preheat zone of the
flame. Hence, our calculated flame area shouldligktly over predicted, and the flame speed
under predicted, by using the luminous inner caea as the flame area. The measured flame
speeds are also an area weighted average oventtreeflame surface. The tip of these conical
flames are affected by strain and curvature; thasflame speed there depends on the effective
Lewis number of the mixture. Since the flame tip msmall portion of the flame area, it is a small
influence on the area weighted average flame spdeckover, this rim stabilized flame is not
truly adiabatic because of heat loss to the buinefas well as some radiation losses). The heat
loss reduces the flame speed, but the effect shmutinall and confined primarily to the base of
the flame.

Experiments were conducted for various 2t and H-CO-air mixtures and compared
with previous results from the literature in ordervalidate the technique. For example, Figure
2.2-7 shows results for two HCO fuel compositions: 50:50 and 5:95. The meastieade
speeds are in good agreement with literature valbesned from spherical flames (McClegin
al., 1994). These comparisons suggest that the ¢ueg@mique is accurate, though it is possible
that the increase in flame speed due to the nefpastretched flame could be fortuitously offset
by the reduction in flame speed due to over priedicof the flame area. To reduce the
uncertainty in the flame speed measurement du@tourvature and strain, all flame speed
results are obtained with the highest possiblecitgidor a given diameter (thus minimizing the
relative area of the flame tip), while maintainiagninar flow and a stable flame.
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Figure 2.2-7: Measured flame speeds faid 50:50 and 5:95 fuel compositions.

For the stagnation flames, the definition of thaised (unburned) laminar flame speed is
the velocity at the minimum condition seen in F@W.2-6. The strain rate is found by
determining the velocity gradient in the unburnedes ahead of the minimum. Based on these
definitions, raw data such as that shown in Figue6 is reduced to a measure of laminar flame
speed as a function of strain rate (Figure 2.2nA7dhis case, the extrapolated zero-strain laminar
flame speed is nearly 15 cm/s.
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Figure 2.2-8: Measured flame speeds correspondirgstilts shown in Figure 2.2-6.
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2.3 Task 4 (Systems Modeling)

The combined cycle performance analysis is basesh upe EECP combined cycle
configuration developed in Phase 1 as shown Figua4.:

Figure 2.3-1: EECP Combined Cycle Schematics

The EECP combined cycle design is a STAG 106 FAite two-pressure levels non-
reheat HRSG and a non-condensing steam turbine.cdimbined cycle supplies steam/water for
use in a gasification island and refinery, besioleslucing electrical power. Therefore, steam
production will be taken into account for perforroarcomparison. Both commercially available
software and GE in-house softwarackages were utilized in this task. The simufatiall be
performed on ISO ambient conditions. Twelve ddéferEECP fuels (1 — 9b), which represent
different plant operating scenarios and designd, atkup (natural gas) were selected for the
simulation. The fuels are shown in Figure 2.3€ase 1 will be the design case for the HRSG
and steam turbine. In case 2 — 10, HRSG will ruofi-design mode.
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Case # 1 2 3 4 5a 5b 7a 7b 8a 8b 9a 9b 10
Description Design Backup
Fuel Composition (Mol%)
H20] 0.19% 0.18% 0.20% 0.19% 0.18% 0.19% 0.20% 0.20% 0.19% 0.20% 0.20% 0.21% 0.00%
H2| 23.76% = 24.42% 24.47% = 24.66% 23.05% = 23.72% 24.12% = 24.91% 24.02% = 24.72% 2357% = 24.41% 0.00%
CO| 31.32% = 32.23% 29.74% = 30.53% 30.37% = 28.68% 31.79% = 30.27% 31.18% = 29.61% 31.08% = 29.54% 0.00%
CO2| 19.82% = 16.85% 21.24% = 18.97% 20.87% = 22.42% 18.62% = 19.85% 19.76% = 21.17% 20.61% | 21.85% 0.00%
AR| 0.21% 0.00% 0.22% 0.00% 0.20% 0.21% 0.21% 0.22% 0.21% 0.22% 0.25% 0.26% 0.00%
N2| 24.28% = 26.27%  23.74% = 25.62% 24.93% = 24.42% 24.65% = 24.15% 24.16% = 23.62% 23.89% = 23.36% 0.00%
C1| 0.19% 0.04% 0.16% 0.03% 0.22% 0.19% 0.19% 0.16% 0.23% 0.20% 0.23% 0.20%  100.00%
C2| 0.07% 0.00% 0.07% 0.00% 0.09% 0.09% 0.08% 0.07% 0.08% 0.08% 0.09% 0.09% 0.00%
C3| 0.06% 0.00% 0.05% 0.00% 0.06% 0.06% 0.06% 0.05% 0.06% 0.05% 0.07% 0.07% 0.00%
C4] 0.04% 0.00% 0.04% 0.00% 0.04% 0.04% 0.04% 0.04% 0.04% 0.04% 0.05% 0.05% 0.00%
C5| 0.02% 0.00% 0.02% 0.00% 0.03% 0.02% 0.02% 0.02% 0.03% 0.02% 0.03% 0.03% 0.00%
C6| 0.02% 0.00% 0.02% 0.00% 0.01% 0.01% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.00%
C7] 0.01% 0.00% 0.01% 0.00% 0.00% 0.00% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.00%
C8| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
C9| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
C10+| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
H2S| 0.00% 0.01% 0.01% 0.01% 0.00% 0.01% 0.00% 0.01% 0.00% 0.01% 0.00% 0.01% 0.00%
COS| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
NH3| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
MDEA| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
02| 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
LHV (BTU/SCF)| 173.11 170.59 169.50 165.67 168.47 164.44 175.71 172.49 174.04 170.42 173.73 170.46 911.58
HHV (BTU/SCF)| 185.78 182.95 182.48 178.13 180.82 177.08 188.58 185.70 186.91 183.59 186.47 183.57 1011.50

Figure 2.3-2: Fuel Matrix

2.4 Task 5 (Prototype Design)

2.4.1 Apparatus

The design of the hybrid burner borrows featuremfboth diffusion and lean premixed
DLN based combustion systems. Industry basedgastice methods for diffusion based IGCC
combustion systems and lean premixed DLN combustystems are employed for the design of
the hybrid burner.

Syngas combustion occurs via diffusion where tle iiinjected through the centerbody of
the nozzle. The diffusion mode offers a wider ranfdynamic tolerance which helps increase
fuel flexibility with the varying composition of nst coal gasified fuels. Based on the systems
performance analysis, ;Nand steam are used as diluents to increase cifaterecies and
suppress emissions. The diluents are also injatiedigh the centerbody. The syngas and
diluent passages are sized based on the rangartge of calorific heating values that can be
produced by coal gasification systems, ~90-310 B¢tJ/ The diffusion nozzle tip geometry is
designed to maximize performance based on the $svdesign that gives best performance for
the premixed system, i.e. the tip geometry is ogtuh for the airflow pattern that the swozzle
creates. The design of the diffusion centerbodyeigormed using a combination of the 1-D
flow sizing equations, chemical kinetic calculagsofor estimation of flow ratios based on
performance requirements, and 3-D CFD calculatiormptimize geometry.

Natural gas is burned via a conventional lean predhswirled burner as employed in GE’s
dry low NGO, combustion systems. The swirl vanes are engidaesiag aerodynamic principles
for airfoil design. Vane shape profiles from eixigt DLN premixer designs are employed and
are scaled according to the required flow cond#io€FD calculations are performed to verify
the air-flow field around the vane and to check tfug presence of any flow separation. No
standard design rule is available to place theshaie@ptimum locations. However, the injection
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strategy for the hybrid swozzle is used to maxinfied jet penetration into each vane section,
and thereby reducing emissions through increasgohgni The design of the hybrid swozzle is
an iterative balance of maximizing jet momentum gaahetration, fuel hole size, and hole
placement. Proper injection hole sizing and ple® are critical design parameters and are
extremely difficult to quantitatively determine.h& mixing strategy is therefore validated using
CFD and iteratively optimized until the desired mgis achieved.

The CFD calculations are performed using the coroiaéy available Fluent software
package. A segregated solver is employed whereghations of continuity, momentum, energy
and turbulence are solved in an iterative manngf surfficient convergence of the steady state
solution is achieved. Turbulence is approximatgethle standard realizableskmodel. Changes
in gas phase thermo-chemical properties are aceduot in the reacting flow computations.
Since the length and time scales of chemical macire very small compared to the fluid
mechanical scales, it is not practically feasiblalirectly incorporate the chemical reactions in
the conservation equations. For the diffusion 8asombustion process, a pdf approach is used
whereby the degree of mixing between the fuel, aid the injected diluents is expressed in
terms of two mixture fractions. The primary miduiraction,fqe, represents the local mass
fraction of all species originating from the fuédemm and the secondary mixture fractity,
represents the local mass fraction of all specrggnating from the diluents stream. The
composition of the reacted mixture and its tempreesaind density are calculated as a function of
the two mixture fractions. These calculationsmadormed using equilibrium chemistry a-priori
to the CFD calculations using the prepdf programppsed by Fluent. Figure 2.4-1 shows an
example of the output of prepdf. The figure sholestemperature of the products as a function
of the primary and secondary mixture fractions. ribp the CFD calculations, transport
equations for the mean primary and secondary naxXtactions and their variances are solved.
The local averaged properties of the mixture sushtemperature, density and species
composition are then calculated from the prepdpuit The output is convoluted using a
probability density function (pdf) to account famrlbulence-chemistry interactions. There are
two choices for the convoluting pdf: beta distribatfunction and the double-delta function.
The beta is more accurate, but it is also compmrtaliy more expensive. To speed up the
computations the double-delta function is emplayetthis work.

NOy emissions in the diffusion flame process are d¢aled using the thermal N®nodel
available in Fluent. Thermal N@s assumed independent of the NsBemistry from the fuel
oxidation chemistry and is based on partial equilibh concentration of O and OH atoms in the
post combustion products. Recently Fluent hasrparated the NQformation via the MO
intermediate mechanism. N@om both these mechanisms are calculated fronCH#i@ results
for the diffusion flame syngas burner.

Parametric CAD models of the important design festuare created in Unigraphics
(UG). The parametric model allows for easy modiien of the dimensions of the design
features. The parametric model is used for contiputa fluid dynamics (CFD) analysis of the
combustor flow-field and mixing characteristics.eshing the computational domain defined by
the parametric model is performed with the ICEMCiHBsh generation software. ICEMCFD
decomposes the domain into hexahedral and tet@hfoite control volumes. In this work
hexahedral (six-sided) elements are primarily uskdnulti-block structured meshing procedure
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Figure 2.4-1: Temperature as a function of mixfumetions

is used. The edges and faces of the blocks apeiats] to the appropriate curves and surfaces
of the parametric CAD model. The hexahedral volunesh is then created from the multiple
blocks. Quadrilateral surface elements are defswethat boundary conditions can be assigned
for the CFD analysis.

2.4.2 Experimental and operating data

A hybrid burner was designed with three centratuis for low btu fuel and diluents.
The design also has a swirler for natural gas piiegu For syngas operation, no fuel is injected
through the swirl vanes. The fuel and the diluemts brought in through the manifolds in the
centerbody. The fuel and diluents are issuedtavig holes drilled at the tip of the centerbody.
The diffusion nozzle circuitss are designed so tt@icombustion nozzle can be used with either
O.-enhanced or with traditional air-gasification snthus providing Nand steam or only steam
as the diluents, respectively. For this work, EEQ# produced by an £enhanced gasifier is
used for the design calculations. All passagesdasgned based on the range of calorific
heating values that can be produced by coal gasdit systems, ~90-310 BTU/scf which
consists of all the fuels listed in the previoupamrs under Task 1 and 2 and for the diluent
requirements to meet the emissions target.

The pressure drops across the fuel and diluenagassre optimized for the EECP fuels,
but the diffusion tip geometry is still flexible @mgh to operate over the entire range of syngas
fuels without significant pumping/volumetric flonodses or dynamic effects. The flow
requirements for sizing the air, fuel, and dilukales are determined by calculating the air/fuel
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and diluent/fuel mass ratios required to meet perdmce targets and then scaling the results of
the systems performance analysis to 7FA+e GT sydparating flow conditions. The
volumetric and mass-flow ratios are determined fetailed chemical kinetic analysis, which
has been described in previous reports and irelyak., 2005.

Physical sizing limitations are imposed on the glesuch that the hybrid nozzle can be
retrofitted into existing 7F-class and larger gabine combustion systems. The size of the
centerbody is fixed based on the manifold sizesired to flow the syngas and diluents. The
area of the annular passage between the centedmadthe burner tube is decided based on the
flow rate of combustion air for one burner of a MeAGT and the velocity specification in the
burner tube for DLN combustion systems. The v&dsi specified according to existing design
practice for DLN combustors and it is chosen so tia premixed natural gas-air mixture does
not flashback in the burner tube and the lean presnflame does not blow-out during normal
operating conditions for the premixed mode. Tlarditer of the burner tube is easily calculated
from the annulus area. The combustion liner diamist chosen so that the hot gas residence
time and the ratio of the cross-section area ofitiee to the cross-section area of the burner tube
is approximately the same as in the full can of tRd+e GT. Note that we are designing a
single burner of an array of burners in the aatuethine.

The CFD optimization experiments are performed di18" sector model representing
one hole in each row of holes. The premixed pasgagpproximated by specifying axial and
tangential velocity components to the air streavielocity components are specified according
to the air swirl angle in the design of experimentse inlet mass flow rates are specified for the
air, syngas, and diluents inlets. The airflowixed according to the 7FA+e airflow for one
burner.The fuel and diluents flow rates such that therddstombustor exit temperature and the
9 ppm NOx emissions target are achieved. Thesratiadhe flows are estimated from reactor
network calculationsThe molar composition of the fuel for the CFD c#dtions is 0.47% Cl
23.05% H, 30.37% CO, 21.05% COand 25.13% M The LHV of the fuel is 168 btu/scf.

2.5 Task 6 (Advanced CFD tools)
2.5.1 Apparatus

2511 Svyngas Methodology for Advanced CFD tools

Accurate prediction of the scalar and velocitydgelnside the combustion chamber of a
practical gas turbine engine is a challenging taskhat it requires the solution of a 3
dimensional, highly unsteady turbulent reactivevil&ven though there are reliable models for
the flow (Pope, 2000) and chemistry (Pope, 1997Ndads and Pope, 1992) alone, interaction of
these processes with each other still remainstaskawhich needs to be studied further. In the
first half of this year we employed direct numeksianulations (DNS) to study flame-turbulence
interactions using relatively detailed reactionetios for syngas. These studies confirmed the
integration of the models within our solver. Howewer the full scale combustor, DNS is not
feasible and therefore, we employ large-eddy siiangLES) to study this flow.
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Large Eddy Simulation (LES) methodology has beepleyed here as the computational
tool for reactive flows. In LES, scales larger tlihe grid size are computed directly and smaller
scales are modeled (Menon and Calhoon, 1996 andeKiamh, 1999). Current efforts focus on
the use of LES to predict flow inside gas turbinenbustors. LES has been studied extensively
for different combustion regimes in realistic (Sardn and Menon, 2004, Pitsch, 2005 and
Maheshet al 2000), and simplified geometries (Kengifal, 2006), for which it is possible to
get experimental data (Weigamd al, 2006, Meieret al, 2006 and Meyeet al, 2005) for
validation purposes.

As oversimplified (e.g., single-step) global reactimodels are not expected to be
reliable to predict the flame dynamics over a wialege of operating conditions, our work also
involves evaluation of multi-step, but reduced kimenechanisms designed especially for CO-
H, combustion. In the previous (and current) periadlO-step, 14-species mechanism was
evaluated. In the current period, we have alscedest 5-step, 9-species mechanism and
employed these mechanisms in an LES computatioa.LHS computation was performed on
the combustor geometry that was provided by GE &l&8®search. All test conditions for the
LES were chosen from the data provided by GE rebess. Results described in this report are
still preliminary in some respects, since theseukitions take time to complete and to obtain
statistical stationary data for analysis. Nevedbg| some interesting observations can be made
from the current data.

2.5.1.2 LES Mathematical Formulation

The LES equations are obtained by using a top ilatirig operation of the Navier
Stokes equations and the following resultant eqoatfor continuity, momentum, total energy
and species conservation are obtained:

9P, o _ (2.5.1)
ot 0x
0ol 0 [~~ o ol
T-'-a[puiuj +Po; T I ]_0 (2.5.2)
OL—E"'i[(ﬁE"‘ pu +q -U;7; + Hisgs+0-ingS]:0 (2.5.3)
ot ox
Pho+ 2| 7,0, + 7D, T2 + 03+ | = 5, 254

j 0X;

ot 0x

Here, ~ represents Favre averaging operator arwhlcalated for a given quantity~

asE/,B, where the over bar stands for volume averagiilterifg operation introduced new

terms into the set of governing equations and tepyesent the effect of the scales smaller than
the grid size, on the resolved variables. Thesad@re denoted with the sgs superscript and are,
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the sub-grid shear stress term8t= p[ui u,—Gu; } : sub-grid heat

flux H** = p|Ey - Eq |+|pu - pi |, sub-grid viscous stress® = u,7; 0,7, , sub-grid mass

flux @33 = ,B[Ymuj A i J and sub-grid diffuse mass fl@X?’ = ,B[Ymvjm —Ym\7jm], respectively.
Total energy is given ag :é'+%(ﬁkﬁk)+ksgS and the filtered pressure is calculated by the

filtered equation of state by neglecting the effegicthe sub-grid scale temperaturqﬁasﬁRf,
whereé€ is the filtered internal energ¥>** the sub-grid scale kinetic energy and R gas cohsta

25.1.3 LES Subarid Closure Methods

Since the major effect of the small scales is tigie dissipation for the energy cascade
from large scales through the inertial range, atyedscosity type sub-grid model appears to be
suitable for the calculation of sub-grid stresdesat flux and species flux. Based on this

formulation spatial and temporal evolution of thue-grid kinetic energyk**is required in order
to evaluate the eddy viscosity coefficient anduhelosed sub-grid scale terms. For this purpose

an additional transport equation fki®*have been solved which is in the form of;

sgs — sgs
P2 2 (pigicew)= pro-prr 4 O [ 24 K (255)
ot 0X; ox, \ Pr. 0x

Here, P*®* represents the production term abd® is the dissipation term, and are given

o (k=) . .
as;PSgS:—r;gSa—' andDSgS:cgﬁT, respectively. Based on these theoretical
X .
J

assumptions, sub-grid scale terms are closed as;

1= ‘ZﬁUT[éu' _%Skkéij j +§’5k5955ii (2.5.6)
v OH

Hsos = 521 YT 2.5.7

‘ P Pr. 0x, ( )

The sub-grid eddy viscosity is then obtained/as c, (ksgs)%z. Within this formulation
there appears two coefficients, c,, whose values are taken 0.067 and 0.916 as ctsstain

e v
present, even though a dynamic approach to evatluase coefficients exist. We plan to switch
to the dynamic approach at a latter stage whersdhgion is well established. LES governing
equations as are solved using a finite-volume sehiai is nominally second-order accurate in
space and time. A fourth-order accurate schemsasaaailable, which will be used for the final
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set of simulation during data acquisition for stital analysis. All simulations are conducted in
parallel using MPI on Intel PC cluster.

3 Results and Discussion
3.2 Task 3 (Syngas Fuel Flame Characterization)

3.2.1 Atmospheric Pressure Laminar Flame Speed Measurements

One of the prime objectives of the present workoisneasure the flame speed for the
syngas (FHCO) compositions with varying levels of G@ilution and preheating under lean
conditions. This will allow validation or improvemieof the models used to compute syngas
flame properties. Numerous, @O compositions were examined, ranging from 5-3%%@nd
CO, along with H:CO mixtures with upto 20% CQdilution. Most of these results were
presented in the last report. A new set of flamesnailar conditions to the mixtures previously
reported are re-measured for verification and coispa purposes. In addition, both the
previous and new data for the atmospheric were aoedpto the two HCO mechanisms
described above.

3.21.1 Method Comparison

In previous reports, results were presented fologpieric-pressure flame speeds of a
wide range of reactant compositions. Since thosesarements were obtained in a Bunsen flame
that is not truly one-dimensional, there was somestjon about the accuracy of the results.
Therefore, one of the first things done during ¢berent reporting period was to measure flame
speeds in the 1-d stagnation burner at a few atmeo®ppressure conditions.

Figure 3.2-1 shows results for two reactant contjprs: 1) a somewhat lean, high CO
content mixture (5% kand 0.8 equivalence ratio) and 2) a very lear) g content mixture
(50% H and 0.6 equivalence ratio). The former mixtureileikh little strain dependence, while
the ultralean, high Hmixture has stronger strain dependence. Fig@& 3hows a comparison
of measured flame speeds for a typical diluted agngixture (H.CO:CQ, = 40:40:20). Results
are shown for the conical (Bunsen) and stagnatame experiments. The agreement is well
within the measurement uncertainty of the fuel tastccomposition. Thus we conclude that the
previously reported laminar flame speeds can beidered reliable.
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Figure 3.2-1: Laminar premixed syngas burning vékxin a 1-d stagnation flame as a
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Figure 3.2-2: Laminar burning velocities as a fiorcbf equivalence ratio for
premixed flame with a fuel composition of 50% CQ &0% H, with 20% CQ
dilution by volume (H:CO:C(Q=40:40:20).
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3.2.1.2 _Model Comparisons Effect of Preheating

In our previous report, we showed that current ¢baimmodels were not able to
accurately predict the dependence of laminar flapged on initial (preheat) temperature. Three
chemical mechanisms were compared: a detailed ahagas mechanism (GRI Mech 3.0), a
detailed H/CO mechanism (Davist al), and a reduced order/O mechanism (Chen). Since
the previous report, modifications suggested byaimors of the detailed,CLO mechanism
were implemented. The resulting comparisons aresshio Figure 3.2-3 (50:50 2O mixture)
and Figure 3.2.4 (76:4:20,KLO:CQ, mixture).

As before, all the mechanisms over-predict the sxatpre dependence compared to the
measurements for the high khixtures (for low H, high CO compositions, the models all under-
predict the measured temperature dependence)h&amdiluted, 50:50 mixture of,Hand CO,
the three mechanisms produce nearly the same gediie detailed mechanisms are nearly
identical, while the reduced order mechanism (Chehjch was developed in parallel with the
current work, provides slightly better predictidrntiee high preheat temperature flame speeds for
this case. For the high;idase with C@dilution, the two syngas mechanisms now producg ve
similar results that more closely match the measargs for mixtures closer to stoichiometric.
For the very lean conditions, the natural gas (GRéchanism drops off and approaches the
measurements.
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Figure 3.2-3: Flame speeds for a 50:503 fuel composition for various
preheat temperatures and three mechanisms: GRI [ipals), Davis (short dash)
and Chen (long dash).
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Figure 3.2-4: Flame speeds for a 95530 composition with 20% CQdilution
for various preheat temperatures and three meehanGRI (solid lines), Davis
(short dash) and Chen (long dash).

3.2.1.3 Elevated Pressure Strained Laminar Flanasiements

During the current reporting period, we have exéehdur measurements to elevated
pressures. This required various modificationdéodombustor to produce stable flames. Figure
3.2-5 shows results for lean 5 atm flames withed#ht syngas compositions and strain rates. As
can be seen, all the measured flame speeds eaHib&gar dependence on strain rate. The range
of strain rates shown is limited by flame stabiliBor strains outside the range shown for each
fuel composition, the flame either reattaches #olthrner lip or oscillates.

31



24
[ ¢ H2:CO 5:95
22 || ®mH2:CO10:90
—_ I aHzCo2080 | LT . :‘/‘/‘0.018 -
w2+ LT
£ e
é-)/ e
UT‘ 18 ; .................
5 e .
2 /
(/) 16 e
q) _______________
% i S, =0.0166 0 +11.3
o 14
12 [ e
10 L
0 50 100 150 200 250 200

Strain Rate, o (1/s)

Figure 3.2-5: Strained flame speed measurementhriee H:CO fuel mixtures at

¢=0.6, p=5.0 atm. The points represent the expetahgalues at various strains.
The lines are linear fits extrapolated to zeroistra

These results are compared to zero-strain predgtabtained with the two detailed
reaction mechanisms in Figure 3.2-6. The resultath mechanisms demonstrate reasonable
agreement with the experiments, though the syngeshamism (Davis) produces a better
agreement with the elevated pressure results beanatural gas mechanism (GRI). Results from
the reduced mechanism are expected to producesiagteement. Though not presented here,
good agreement is also seen for the strained figpreed measurements (where the predictions
employ the opposed flame simulation available ieiGkin).
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Figure 3.2-6: Solid lines (GRI), dotted (Davis)sbad with symbol (Chen). Comparison
of measured and predicted laminar flame speed measats for three undiluted,iCO
mixtures atp=0.6 and 5 atm. The experimental values are eXtxsgabto zero strain as
shown in figure 3.2-5.

3.3 Task 4 (Systems Modeling)

The plant level requirements from the DOE Co-geti@mgrogram plan and EECP phase 1
report were identified and summarized in previoeports. For completeness, the plant
requirements are restated below:

» Fue Flexible — *it could use one or more of several different feedstock for example
coal, natural gas, or petroleum coke. Any of these could be mixed withagso
Biomass-only plants are excluded.”

» Process Flexible — **A 21st Century Energy Plant is not a single configuration, instead
it will be a group of plants with different configurations that would be tadaio meet
specific market needs.”

* Output Flexible andEconomical - **Produce one or more of a number of high-value
products such as electric power, clean fuels, chemicals, or hydrogesm,Glffordable
transportation-quality fuels at costs equivalent to $20 per barrel or less (1998 $).”

* Output Flexible andHigh Efficiency - **Secondary products such as heat/steam for
industrial use could also be produced. Combined Heat/Power: Ovedmalimal
efficiencies of 85-90%.”
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* Low Air_Polluant Emissions — **Eliminating environmental issues associated with the
utilization of fossil fuels — Emissions of air pollutants such as sdifxide, nitrogen
oxides, and mercury would be reduced to essentially zero levels.”

» High Efficiency, Process Flexible andFuel Flexible - **Emissions of carbon dioxide, a
greenhouse gas, would be dramatically reduced because of the higbeneyt The
plant design would also include the option for capturing and sequestering carbon
dioxide. Carbon dioxide emissions reduced by 40-50% by efficienmpvements;
reduced to zero [net] if coupled with carbon sequestration.”

» High Efficiency - **The plants would be designed to use as much of the energy in the
fuel as possible. Power Generating efficiencies greater than 60%) osal and greater
than 75% using natural gas.”

» Economical - “Costs of electricity competitive with market clearing priaethe time of
deployment.”

* Quotes from DOE Co-generation Program Plan.

The critical combustor level requirements are distadd as the following:

* Fuel Flexible — exceed current +/- 10% Wobbie Index variatiortheiit hardware
modification.

» Co-Firing capability — capable of operation on syngas and NG simultsigmver a
wide range of load.

* Low NOx emission — less than 9 ppmvd @ 15% O2, comparable to standhN
combustor.

* Diluent reduction — uses less diluent than diffusion type combustioNO, abatement.

» Air extraction capability — supply air to ASU.

» Hardwarelife— exceed 24000 hrs, which is same as standarddobMbustor.

A Quality Flow Down analysis was performed to rdahk& importance of the combustor
level requirements and there effects on criticanplperformance. The importance of the
combustor requirements are indicated by the omdevhich they are listed. The methodology
and results for this analysis have been presentprevious reports.

Results of the EECP fuels diffusion and premixethlwastor cases hybrid nozzle and
TVC concepts are summarized and presented in peveports. The project objectives of Task
4 were completed in the previous reporting peribdthese validation runs, the EECP diffusion
combustor cases included steam and nitrogen asntklu The important finding in this plant
analysis is that the 9 ppm N@equirement is only is satisfied by using bottasteand nitrogen
as diluents. Results for the premixed natural @BS and premixed natural gas and EECP
Trapped Vortex Combustor (TVC) systems are the sasnshown in previous reports. These
systems do not include diluent augmentation as roregjuired to meet the N@missions limit.
The co-generation efficiency for a TVC system méo than that for the diffusion combustor,
due to the additional steam injection in the diffascombustor. However, the advantage of the
TVC system is that NOx emissions are lower evehaut diluent injection (for natural gas and
EECP fuels).
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For this report, additional diffusion and TVC corslar system analysis are performed to
verify the previous analysis and for use in optimgzthe performance of the prototype designs.
The outputs of the performance analysis are usexstimate the optimal combustor operating
conditions.  Additionally, the analysis helps ebsib the appropriate full-scale scaling
requirements for the design of both combustionesgst

3.4 Task 5 (Prototype Design)

3.4.1 Hybrid Diffusion Nozzle

In previous reports (EPACTS protected sectionsdlipinary CFD calculations have
been performed to investigate mixing and the fleldf phenomenon. The results show a
flowfield comprised of recirculation zones due he swirling air and fuel flows. Mixing of the
fuel, air, and diluent streams are studied by logkat the diluents/fuel/air mass ratio
distributions along different cross-sections at dstneam axial locations in the combustor. The
generated iso-surfaces of stoichiometric fuel-girithution represent the flame zone. The shape
and the length of the flame zone provide us witbrmation of the rate of mixing between the
fuel and the air streams. The calculations shadvedtically different flame shapes implying a
strong correlation of the diffusion flame zone he geometric parameters being studied. The
changes in the flame shape also influence thetemperature profile and the thermal NO
emissions at the combustor exit.

Drawing from these previous investigations, a glesif experiments was conducted as
described in section 2.4.2. The influencing geoynedriables were examined, resulting in an 8
experiment DOE to examine the combustion charatiesiof the hybrid nozzle design. CFD
calculations of the combustor flowfield are perfednfor the eight different combinations of
geometric parameters for the hybrid burner operatedyngas. Geometric parameters include
the orientation of the fuel and the diluents jetserms of swirl and radial angles. The degree of
swirl in the air stream is also included as a patam The response of the hybrid nozzle
combustion characteristics for each of the 8 gegnsts are estimated and used to generate
perturbation plots for each of the geometry vagabl The final combustor geometry is selected
by analyzing the perturbation plots to obtain tpémized variable settings that meet the critical
combustor design criteria. The final configuratisrselected based on an optimum compromise
between the requirements for lower NGlame length, pattern factor, and gas temperature
impinging on the diffusion tip. The optimized design of the diffusion tip geomeigythen
validated using CFD.

34.1.1 Flame Shape and Exit Profile

Analysis of the three dimensional flame surfacesnéd by the fuel/air stoichiometric
contour as functions of static temperature for8rgeometry cases show significant differences
in the flame structure. The flame shape and flength depend on the orientation of the fuel
and diluents jets and the swirl imparted on the lmastion are by the swozzle assembly. An
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optimized flame shape and length determine the ostob exit temperature distribution which is
critical for combustor performance in terms of heade life, emissions levels, combustion
efficiency, and pattern factor (hot-gas uniformitgy entry of the hot gas into the turbine. A
pareto/perturbation analysis was used to deterthmmgeometry parameters that most effectively
influence flame length and shape. In the pareta/getion analysis, the results of the design
variables are analyzed as a function of their mimmand maximum values in DOE to
investigate their corresponding effects on flammecstire. The angles of the syngas and diluent
jets are significant parameters affecting the fldemgth. These effects are expected since
increasing or decreasing the angles of the jesshible fuel/diluents mix slower or faster with
the combustion air. The diluent splits and the siirl angle are also other significant
parameters that affect the flame length.

A uniform pattern factor, or exit plane temperatprofile, is desirable to reduce the heat
load on the turbine. From the analysis, the angfethe syngas jet have a large impact on
pattern factor. This is because the syngas jdearagso significantly affects the flame length.
Under ideal cases the flame should be as shorossbe to allow for more post-combustion
mixing of the hot gases to create a more uniformperature distribution. Air swirl angles also
affect the pattern factor. In general, the geomitiluence on pattern factor is similar to the
responses for flame shape and length. The georttetyproduces a smaller flame length
generates a lower pattern factor. Typically thase the observed trends for diffusion flame
combustion in gas turbine systems since the prasesiing rate limited, i.e. the mixing length
determines the flame characteristics.

3.4.1.2 Temperature Profiles

The swirling flow induces a flow recirculation ihe dump zone of the combustor. The
recirculating gas is comprised of the hot gas catit products. The hot gases impinge on the
diffusion tip, which can impose large thermal loadsl potentially lead to failure of the diffusion
tip. Therefore it is necessary to minimize the gemature of the recirculating gases. Axial
temperature distribution plots of the CFD resulesevexamined. The figures show the presence
of a central recirculation zone and hot gases igipgqon the diffusion tip. Temperature at the
diffusion tip varied as a function of the geometnyh longer flame length geometry resulting in
lower tip temperatures, but greater pattern facfassindicated by the flame shape analysis).
Thus in terms of obtaining lower recirculation zdeeperatures for lower tip temperature and
increased hardware reliability, the optimal tip foguration conflicts with the optimal design
settings for shorter flame lengths and patterrofactt appears that variables that lead to shorter
flame lengths and lower pattern factors tend toeiase the gas temperatures impinging on the
diffusion tip.

3413 Emissions

Profiles of thermal NQ which is the pathway for NGormation since diffusion flames
burn at stoichiometric conditions, at the exit glaf the diffusion combustor system indicate a
maximum at the centerline and decrease radiallyangt This trend is expected as thermakNO
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is a strong function of temperature and the pafi&ctor at the exit plane. This is also indicated
in the 8 geometry cases tested, since the shdlamseé lengths and correspondingly lowest
pattern factors produced the lowest thermal,N@d the longest flame lengths and highest
pattern factors produced the highest ,N@vels. Cross-sectional mass averaged emissions
profiles along the axial length of the combustitramber are used to provide insight into the
history of NQ formation. For the short flame length cases teramed NQ levels increase
with axial distance upto the corresponding axiaghtmn of peak flame temperature and then
reach either a steady state level based on thprbdtict gas temperature or slightly lower level
as the hot-products cool downstream near the cambesit plane. The geometries that result in
longer flame lengths produce N@ a linear rate as a function of axial distaadlethe way upto
the axial location of peak flame temperature arehdwe the combustor exit plane. These results
are consistent with thermal N@heory and experimental observations, which dtade flames
with higher peak flame temperatures tend to progooee NQ since the thermal NQpathway
depends on the maximum temperatures and the conaisig flow residence times. Thus for
the diffusion combustor the N@missions are directly related to flame length paitiern factor,
with flames of shorter length and lower patterntdadeing more desirable. However, these
factors lead to higher temperatures at the diffusip and pose hardware life risks due to the
high thermal loads.

The temperature history, and thereforexN@mation, in the combustion chamber is a
function of the mixing between the fuel, air antbents streams. Faster mixing leads to faster
decrease of the maximum temperatures in the corohugtamber. The mixing in the diffusion
nozzle design is investigated by examining the marn fuel mixture fraction as a function of
the axial distance in the combustion chamber. flleemixture fraction is the mass fraction of
all species originating from the fuel stream. Maxm fuel mixture fraction is 1 at axial distance
of zero, which is close to the point of fuel injeat The mixture fraction decreases as the fuel
stream mixes with the combustion air and the disistreams. The geometries with shorter
flames show rapid decreases in mixture fraction edhiately downstream of the injection tip.
This implies a very short axial extent of the flaem@ hence faster combustion, which reduces
the residence times for N@ormation. Correspondingly, the longer flame kngeometries
show the slowest fuel/air mixing rate.

The mixing between the diluents and the fuel aimds@eams is another important
parameter the effects N@rmation. In a similar manner, mixing rate effeon NQ formation
are examined by comparing the minimum ratios oftiass of the diluents to the fuel stream as a
function axial distance. Results indicate that thlsient-fuel mixing is critical to mitigate NO
formation. This is the desired and expected trieasked off of diluent augmentation theory.
Faster diluent mixing lowers the peak flame temjpeeaand thus lowers emissions. For the 8
cases studied, the maximum temperatures and theX@al characteristics depend on the
combination of the mixing between the fuel andstéiieams and the diluents and fuel streams.
Note: the shortest flame length did not always poedthe most rapid diluent-fuel mixing. In
short, NQ formation is a direct function of the temperatbistory in the combustor, which is
determined by the fuel, air, and diluent mixingegat These rates are controlled by the diffusion
tip geometry.
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The analysis of the optimal configuration showseasonable flame length and exit
temperature profile. The maximum gas temperatness the diffusion tip are also lower than
some of the extreme cases examined in the desigxpefiments. The NOx values appear to be
higher then 10 ppm, but the values are sensitivbdédurbulence-chemistry interaction model.
Also the NOx values can be lowered by increasimgdifuents during the experimental testing
phase of this program. Overall we feel that weehawdiffusion combustor design that can be
tested for syngas performance.

Just say that we have optimized the design acaptdithe DOE results to get the lowest tip to,
best emissions, pattern factor, best mixing.

3.4.2 Premixed Swozzle

CFD calculations for the airflow around the swihes have been performed to examine
the characteristics of the swirling flowfield atetbburner tube exit. We also examined the
capability of the swirling flow to induce a recifation zone. The premixed natural gas injection
strategy is also examined using CFD calculatiofistough a parametric design of experiments
and in conjunction with the detailed computations,have been able to determine the optimum
jet momentum and penetration, fuel hole size, ad placement to ensure effective premixing
of the fuel and combustion air at the exit panthefburner tube.

3.5 Task 6 (Syngas Methodology for Advanced CFD Tools)

3.5.1 Chemical Mechanism Validation

As noted in a previous section, two reduced mechami(the 14 species-10 step
mechanism compared to the experiments above, Qrgpecies-5 step mechanism, also provided
by J. Y. Chen) were investigated for the LES coratoims. The 10-step mechanism’s accuracy
for flame speed prediction was addressed in theique section. As the 5-step mechanism is
computational less expensive, it may be preferédethe LES calculations. To be sure it
predicts the chemical state-space reasonably wdkrthe actual flow configurations inside the
combustor, we examine its predictive accuracy ftaied flame parameters. The accuracy of
this simpler mechanism is validated by comparirgylte obtained with more detailed reaction
mechanisms.

First, we compare the 5-step mechanism to a détailechanism with laminar flame
(PREMIX) and perfectly stirred reactor (PSR) modelsigure 3.5-1shows results for flame
speed that indicate the 5-step (9-species) mechapisvides results reasonably close to the
more detailed mechanism for two common syngas ceitipas. Similarly, Figure 3.5-2 presents
output of a PSR as a function of residence timeHanole fraction and temperature for two
other syngas compositions. In general, the predistmatch quite well with the detailed results.
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Next, we compare the detailed predictions obtaiméth the 5-step and 10-step
mechanisms for two test cases: a PREMIX flame &iiom and DNS of a flame vortex
interaction. The one-dimensional laminar flame (RRE calculations are shown in Figure 3.5-
3 for a 50:50 RHCO fuel composition under atmospheric pressuref@andn equivalence ratio of
0.6. The CO mole fraction and temperature proflesidentical for both reduced mechanisms.
The intermediate species profiles are slightlyedéht. For example, the peak H mole fraction is
~10% higher for the 5-step (9 species) mechanidmiewhe peak OH level is about 20% higher.
Given the reduced number of intermediate speciéiseirsmaller mechanism, it is not surprising
that it over-predicts the concentrations of thoseermediates that it does track. The DNS
comparisons for the same fuel composition are shiowfigure 3.5-4. This is the same DNS
code that was validated in the previous phase @fptioject. The velocity profiles are nearly
identical in the unburned (left) and vortex (middkegion of the flame. There is a small
difference for the velocities obtained in the dtane region (right).

The relatively similar predictions with the 5-stef)-step and detailed mechanisms
demonstrated to date indicate that both reducechamésms provide cost-effective chemical
models for LES of full-scale combustors. This ixdese in LES with finite-rate kinetics,
chemistry evaluation can be over 90% of the tovahutational cost. We are exploring further
modifications to these mechanism (perhaps by adalitatifional reaction steps), but the current
mechanisms are employed in the LES studies repbediedv.
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Figure 3.5-1: Flame speed calculation with PREMdKtivo syngas
compositions: a) ILVA (HCO:CO:N,=8.6:26.6:14.3:51) and b) TAMPA
(H2:CO:CQOiN2:H,0= 37.2:46.6:13.3:2.6:0.3).
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3.5.2 LES study

LES computations have been performed for a GE cetabgeometry with a particular
synthesis gas fuel composition. Schematics of tmbastor and a close-up view of the flow
field are given in Figure 3.5-5. In this combustonfiguration, air is injected through an annular
gap without any swirl, whereas fuel and diluents dNd HO) are injected by a diffuser cap. The
diffuser provides swirl for an outer diluentNand fuel. The inner diluent ¢B) is injected in
such a way as to avoid the diffusion of fuel inb@ inner section of combustor, so that an
effective level of mixing between air and fuel @heeved. Finally, there is another air stream that
is used for cooling the walls of the combustionrohar. Except for the main air stream, all other
species are injected through set of holes witherfiit diameters and orientations which
enhances the mixing, and this feature is spedifistiidied in the current effort.

In order to provide a better understanding of tlwsv ffield with many injectors, a
perspective view of the flow field is given in Figu3.5-5(c), where a velocity iso-surface for 25
m/s is plotted with a vorticity surface plot. Th@shevident feature in the graph is the existence
of the cooling air stream in region B. Also, flomjaction through diluent and fuel holes can be
seen, which causes a flow field with finger likevfl structures in region A. Here, the flow differs
from the usual annular type kind of injection tisatised for most of the gas turbine simulations,

which exhibits a smooth surface.
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Fuel and outer diluent @Nare injected with a mass flow rate of 0.9916 lagid 0.4021
kg/s from 36 elliptical holes (18 for each) at tergiures of 477 K and 553 K. Major and minor
axes of the holes are 8.1x5.6 mm for fuel and Sx & for outer diluent, respectively. Air is
also preheated to 685 K and blown at a mass flewoh2.867 kg/s. A butterfly type grid with
Cartesian inner and cylindrical outer sections lbesn used for the computations. The grid is
generated with special emphasis on minimizing tfexeof errors that may propagate from the
holes and a fair amount of clustering has been nmaties regions close to these injectors.

Preliminary computations were performed with a 2ckl grid that incorporates
140x%88x89 (cylindrical) and 140x23x%23 (Cartesiandh a total of 1,170,540 cells. A cold flow
study with air was performed on this grid to ché@skquality. The velocity vector field (Figure
3.5-6) demonstrated poor results near the dumpeplahich is associated with the non-physical
pressure oscillations occurring in this region doggrid related problems, such as excessive
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Figure 3.5-5. a) Side view of the schematics of twenbustor
assembly, b) schematic view of the diffuser capheninjection plane,
and c) perspective view of the grid employed fer ¢dbmputations.

amount of clustering in the axial direction or thmall number of grid points used in the
azimuthal direction. Following these results, aoselcgrid was generated with 190x90x145
(cylindrical) and 190x37x37 (Cartesian), in totar39,610 cells. For this configuration, care
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was taken to keep the aspect ratio of the gridectosunity, especially near the mixing region.
This is achieved by decreasing the resolution e rtidial direction while increasing it in the

azimuthal direction. The effect of the cooling gacttis also taken into consideration for the
second grid. As it is seen in Figure 3.5-6(b), itssior this configuration seem to be free from
any unphysical flow pattern, which allowed us te tsis grid for the rest of the computations.
For this second grid configuration, 20 (5x4) and3%5) cells are used for each fuel and outer
diluent injection hole.

Cold flow simulations were performed, with speciagction, which allowed us to
achieve an acceptable level of mixing before periiog any chemically reacting computations.
Since only the species related with fuel, oxidized diluent streams are simulated, the
computational resources needed to run the codsigmédicantly smaller compared with a full
combustion simulation. Time evolution of the tengtere and total velocity fields for this
configuration are given in Figure 3.5-7. Here, thigecies are injected into a quiescent
environment of air at room temperature. Since olted velocity of the air flow is greater than the
other streams, it evolves much faster and two weeikculation zones occur on either side of the
air stream. As the cooling air stream catches ithstr@am, the circulation zone is destroyed on
the outer most region of the combustor. Whereasirther one is broken by the shear layer
generated due to the diffuser cap. As the floweigetbped, flow features with different scales
occur within the combustor.

The evolved cold flow was used to initiate the castlon flow. In the combustion simulation, it
iS necessary to create an ignition process ond@igeair are mixed. In an initial effort, we used
the sub-grid EBU approach to initiate the combunstidhis procedure was not successful,
however, because the model ignores the actualespetking process and assumes combustion
is dominated by the turbulence in the high shegiore Therefore, we are currently employing a
straight filtered species based kinetic model witramy explicit closure for turbulence to initiate
and sustain the initial combustion process. Theee&b this stage, the calculation of the source
terms for all species are calculated at time stapsh smaller than the flow time step and
multiple chemical updates are performed with anegre developed earlier by Eggenspieler
(1996).
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Figure 3.5-6. a) Velocity vectors andvelocity surface plot for the first
grid (with 1,170,540 grid points) and b) velocitgctors for the second grid
(2,739,610 grid points).

(b)

(a)
© (d)
Figure 3.5-7. Time evolution of temperature (a Bh@nd velocity magnitude

(c and d) obtained att=a) 1.93, b) 11.6, ¢)®.abd d) 11.6 msec
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Instantaneous COH,O, G, and N contour plots obtained #&24 msec are given in
Figure 3.5-8(a-d), respectively. The fuel compositsimulated contains GOthus it exhibits a
peak near the fuel stream. As the flow evolves,Gkk is convected by the bulk flow to the
walls of combustor. Since GOis also a combustion product, it exhibits anotipeak
downstream in the shear layer. Due to the non-p@snnature of the combustor, it is not
possible for @ to penetrate the shear layer and co-exist witifubkeon the core section of the
combustor. It has to be consumed on the shear lalyere most of the combustion processes
occur. This is also the case for our simulatiorr. ¢t simulation, cold flow computations were
performed with species injection without any reactrate calculations, and the composition
within the combustor was initialized as air at 3Q0Even though this helped to obtain a good
flow evolution and diffusion of fuel along the shéayer, Q on the inner section could not be
swept out due to the existence of a reverse floinigwregion. However, the flow is still evolving
and these conclusions are preliminary. It is exgmethat further simulation of this flow may
change this view and therefore, the simulation tié snderway. On average, due to the
combustion processes occurring there, theddtent is still decreasing.

As shown in Figure 3.5-8 (b),-B is injected from the inner section up to the sleeger.
It is then convected by the bulk flow in the forfpmckets and remains inside the shear layer.
The variation is similar to C£ as HO is also a combustion product, it does not vanish
downstream but rather is produced. It reachessiméaximum value slightly inside the shear
layer. The N mass fraction variation is given in Figure 3.5d8 (n general it is close to its level
inside the air except for the region close to thedtion plane and along the shear layer.
Existence of streams with different Moncentrations (inner diluent 0%; outer diluen® 26;
fuel 10 %; air 79 % B and combustion is the main reason for this.

A close up view of the injection plane of the £8,0, O, and N mass fraction contour
is shown in Figure 3.5-9, along with instantanewelocity vectors. The results indicate three
recirculation zones close to the injection plan®e Tirst (i) is located on the inner section, which
Is mostly due to the injection of inner diluent ati@ swirl injection of the fuel and diluent
streams. The other two recirculation zones aran@ietween the fuel and diluent streams, and
(iii) slightly downstream region of the cooling atream. The innermost recirculation zone is the
larges of the three and causes the hot productsme back and heat the incoming streams. Zone
(iii) is associated with the dump plane geometristence of the cooling air injected in this
region pushes the circulation zone in the downstréaection, until it is dissipated by the shear
layer that spreads into that region. In the mealewhisecondary bubble is created on top of the
cooling air stream, which eventually will be pusteed dissipated as the previous one. Hence,
existence of the cooling air stream prevents extgef a dead region close to the dump plane
and prevents extensive spreading of the combuségion by cooling this region. Once the
effect of the inner diluent vanishes, the bulk flomeves in the positive direction. In this
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(d)
Figure 3.5-8. a) C® b) H0O, ¢) Q, and d) N mass fraction
distributions at = 24 msec.
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Figure 3.5-9. Close up view of a) g(b) HO, ¢) @ and d) N mass
fraction distribution at =24 msec.
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region, the fuel remains in a thick zone followihg shear layer and diffuses towards the inner
section, where the outer diluent still remains ighhconcentrations between fuel and. O
Following its peak value in the inner diluent stredhO concentration decreases gradually. It
will increase in the downstream direction as cortibosstarts to occur. Existence of small
pockets of @can be seen clearly in Figure 3.5-9 (c). Thes&gisare convected in the negative
axial direction due to the recirculation zone amdise an inner flame zone by replacing the
diluent HO in this region.

Further results of the LES calculations are showrrigure 3.5-10. The intermediate
species OH is often used to define the locaticim®flame, and its concentration and production
reaction rate are shown in Figure 3.5-10 (a) andAb noted earlier, the outer diluent acts as a
barrier between air and fuel streams and prevéeis from mixing, which limits combustion
close to the injection plane. Thus, the OH existsstiy far downstream. OH production is
stopped before the flow reaches approximately dfalie combustor length, and afterwards it is
convected without any change in its compositione Tétation of the maximum temperature
region resembles the OH distribution and is givefrigure 3.5-10 (c). Due to the existence of
O in the inner region close to the injection plathere are secondary flame zones of a premixed
nature, and the temperature in those regions isese@part from that, high temperature regions
are located on the shear layer and are convectt iform of pockets. The effect of injection
through holes is demonstrated in Figure 3.5-10vfthre N and CQ surface plots are visualized
with velocity vectors on the injection plane.

In summary, preliminary results with combustion tmee GE combustor have been
obtained with the LES and a reduced syngas mecha@iembustion occurs in the shear layer as
the fuel is pushed to the air stream and its tranispto the inner region is limited by the inner
diluent. Outer diluent, on the other hand, whictbé&ween fuel and air steams, avoids early
mixing, and keeps the flame away from the injectane. Inner diluent also creates a
recirculation zone on the inner region and causeseaction of the unburned air that is on the
downstream region. The simulation is still underveayl further analysis will be carried out in
the near future to ensure that the observationednabove are present in the statistically
stationary state.

For combustion, the transport equations for allcise that exist in the reduced
mechanism are solved in order to get a good ingmyhitthe evolution of the scalar field. For the
next step, based on these results a model to acéouthe sub-grid mixing effect will be
included to better represent the sub-grid effeicishiould also be noted that due to the 3D
resolution and finite-rate multi-step kinetics thas to be simulated, these calculations are
requiring significant time to complete due to liedtparallel computing resources available. This
resource constraint is unfortunately unavoidabl&iattime.
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(©) (d)
Figure 3.5-10. a) OH mass fraction and reactioa satface plot, b)
OH mass fraction (0.0016) and reaction rate (580 i$b-surfaces,
c) temperature contour plot and d) £0.213) and N (0.98) iso-
surfaces plotted with velocity vectorstat24 msec.
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4 Conclusions

4.2 Task 3 (Syngas fuel flame characterization)

Results were presented for laminar flame speedurgagnts at atmospheric pressure and
elevated pressured for different compositions ofC fuel mixtures. The experimental data
was compared with one-dimensional premixed flamé&utations using three chemical
mechanisms: GRI 3.0, Davis mechanism fof( oxidation and a 5-step reduced chemical
mechanism (Chen mechanism) that was developedrasfphis program. The effect of GO
dilution and preheating on the laminar flame spe&s evaluated both experimentally and
numerically. The GRI 3.0 prediction for GQlilution agreed well with experiments for
stochiometric flames, but not for lean flames. Dawis mechanism showed good agreement for
lean flames, but not for stochiometric flames. Téduced mechanism showed good agreement
for all the mixtures. All the mechanisms showeddjagreement (within 10-20%) for high the
H, content fuel. All mechanism show comparable agsz# for the high CO content fuels.

With respect to the effect of preheat, all the Imaeisms overpredicted the temperature
dependence of the laminar flame speed. The GRpi&@ictions provided the closest scaling.
The Davis and Chen mechanism predictions wereyhehhtical. The temperature dependence
of the CO + OH reaction step needs to be closehmmed to further develop the reduced
mechanism.

First results from high-pressure, atmospheric trafpre test of the system show
promise. The data set is limited due to flameiktplissues that need to be resolved to extend
the operating range of the system. However, cosgarof the experimental data with
numerical predictions using the reduced chemistgchmanism shows excellent agreement.
Further measurements of flame speed at high-peskigh-temperature conditions are needed
to verify/develop the chemistry mechanisms at éesiyas turbine operating conditions.

4.3 Task 4 (Systems Modeling)

The Co-generation plant system combined with th@kesstor level requirements have
been defined and ranked. The most important reougnts are improved system level
efficiency, dual fuel flexibility (co-firing capaliy), allowance for enhanced fuel variability
(Wobbie index), and low emissions (<9 ppm ,N&hd CO). The system level evaluation has
shown that the Co-generation efficiency is higtwerthe diffusion combustor concept than the
TVC concept. According to the systems evaluatibe, hybrid diffusion concept is not able to
meet the 9 ppm NQrequirement with syngas fuels angd diluent addition. In this cycle format,
there is not enough available Mom the air separation unit to provide the regdidilution of
the flame temperature. Steam augmentation isdeddo meet the emissions requirements.

The additional steam augmentation also increaseswerall plant efficiency. Another
problem with steam diluent addition is the condemthe gas turbine hot gas path (HGP) life,
which is expected to be shorter when steam injegiaused at lower temperature conditions in
order to maintain the same expected HGP life. Hewehe H content in the EECP syngas are
lower than typical syngas due to part of the symgiasnverted to hydrocarbon liquid products in
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the upstream Fisher Tropsch process. As a consegjuibe Hcontent in EECP syngas is lower
than normal and therefore the® content in the exhaust is lower than normal dmeraeven
with supplemental steam injection. Hence, theudifin combustor cases do not require
operating at lower temperature within these EEGRay cases and the system evaluation shows
a better co-generation efficiency than TVC casé®wever, the TVC system shows ~10%
increase in plant efficiency when the combusticteay is in operation with natural gas.

4.4 Task 5 (Prototype Design)

The purpose of this task is to design two protatypea fuel flexible combustor selected
from the technologies listed in Task-2. The conimgsare to operate them at heavy-duty
industrial gas turbine operating conditions. Treisort discussed the design and calculations for
the first prototype, which is a hybrid of a learemixed DLN burner for natural gas and a
diffusion burner for syngas with diluents injectifam NO, abatement.

Important geometric parameters of the diffusiombumwere identified through a design of
experiments study in conjunction with CFD calcwaas of the diffusion burner geometry and
flowfield. Results show the different possiblenfia structures from the range of possible tip
geometries and their corresponding effect on, Mfissions, mixing, and the exit temperature
profiles. Critical parameters by which to guide tbombustor design were identified: NO
flame length, exit temperature pattern factor, naxiates, and temperature of gases impinging
on diffusion tip. Cases with shorter flame lesgtbredicted lower NOvalues in general
thereby underlining the importance of high temperatresidence times on thermal NO
formation. Thus, the emissions performance ofrtbezle concept is a strong function of the
maximum temperatures in the combustor and mixinghef fuel, air, and diluents.  The
optimized design is a compromise between fuel-agt &uel-diluents mixing to achieve the
optimal flame structure for low NOperformance. The optimal combination of the diidun
combustor design variables was selected to obdairNO, while satisfying the requirements of
a short flame length, low diffusion tip temperatugnd a flat exit temperature profile. CFD
analysis of the design was performed to verify thatcombustor requirements are satisfied.

Design of the swozzle for natural gas operation paformed through a parametric study
using CFD calculations to determine the air floeldiand mixing at the burner tube exit plane.
The shape and dimensions of the vane surface cowtsidecided based on GE methodology
for DLN style premixers. Air-side CFD for the floaround the vane was performed to evaluate
the swirling flow characteristics. The velocityofites coming out of the vanes were found to be
consistent with expectations for a lean premixechéu An optimal strategy for premixed fuel
Injection was developed and validated with exceélieal air mixing capability.

Currently the hybrid combustion nozzle is in theqass of being manufactured and

preparation of the test facility for high-pressaoenbustion experiments with syngas and natural
gas is in progress.
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4.5 Task 6 (Syngas Methodology for Advanced CFD Tools)

A reduced 5-step 9 species chemical kinetic meshafor syngas combustion has been
developed. The physics of the mechanism have bstblished through validation with the
experimental data obtained in Task 3. The reduceghanism predicts flame behavior
relatively well over a wide range of fuel compasis and equivalence ratios. However, the
mechanism has not been fully validated against-prgssure data and fails to accurately predict
the influence of pre-heating. Future plans incledenparing predictions using the reduced
mechanism with more high-pressure data and in\asiig the discrepancy with pre-heat. The
accuracy of the reduced kinetic mechanism to predetailed flame structure has been
investigated by comparison of results obtained fomtailed kinetic mechanisms for simplified
reactor models and DNS simulations of flame vortateraction. The reduced kinetic
mechanism gives results similar to those obtaingd the more detailed kinetic mechanisms.
The velocity profiles and estimated flame structame nearly identical for both the reduced and
detailed mechanisms. The advantage of the redommmhanisms is in computational costs,
which is desirable for LES of full-scale combustors

Large eddy simulations (LES) were performed fortililerid nozzle prototype combustor
geometry under conditions similar to an industgak turbine. The LES solves for the flow
structures at a scale larger than the grid sizee slub-grid convection, diffusion and chemical
reactions of species are calculated using a onerdiilmnal linear eddy model (LEM).
Calculations are performed for an overall lean lavgr syngas/air flame using the reduced
kinetic mechanisms. Vortex breakdown and hot prtsdtecirculation are predicted. The flame
is predicted stable and forms in the shear lay&wvden the air/outer/diluent/syngas passage.
The cap cooling air minimizes heat transfer atdbmbustor dump plane and helps establish
recirculation of the hot products. As per the gesequirement, the inner diluent jet helps with
flame lift-off and to keep the diffusion tip cooFuture work will implement the LES with the
reduced chemical mechanism developed for syngasising sub-grid methods for 3D analysis
and comparison with experimental data that wilbb&ined as part of Task 5.
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