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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-indeperarkup 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 syngas cap@btmmldustor.
The TVC combustor premixes the syngas with air for low emissioforpgance. The
combustor was designed for operation with syngas and no additional diludr@scoffbustor
was successfully operated at targeted gas turbine conditions. kisetic mechanisms for
syngas has also been evaluated. The first is mechanism isM8&i 3.0, a well-tested
mechanism that has been validated extensively for methane dlyenaistl therefore also
includes oxy-hydrogen and carbon monoxide mechanisms. The second nmclsngs
mechanism developed recently for,/EIO combustion. The other two mechanism were
developed for this program by J. Y. Chen. They are reduced mechanismses 14 species, the
other tracks only 9 species. This reduced mechanism has been appliettES model of the
hybrid prototype which was discussed in the previous report.
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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 buatgra gas 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 developinchtiwotgy scorecard
along with preliminary modeling results from evaluating technologas af fuel flexible
combustor in Task 2 were presented in the previous reports. Dstéile chemical kinetics
calculations employed in Task 2 and the results thereof arenfedsa 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 simplified models for
predicting combustor stability performance based on reduced order (e.g., tiageaer
guantities. Specifically, appropriate methodologies are needed to predict tte effeariable
fuel composition upon combustor stability limits.

Our approach is to obtain experimental measurements of flame speed for ranges of
synthetic gas compositions, and under ranges of temperature, pressure and stnaan. flzama
speed (§ is defined as the velocity of steady, one-dimensional propagation of a planar,
adiabatic, unstrained laminar flame into a uniform premixed fuel-air mixtuesia Laminar
flame speed is an important parameter, because it contains fundamentatiofonegarding
reactivity, diffusivity, and exothermicity of a combustible mixture.

In order to address the feasibility of synthetic gas for fuel-flexible gas turbine
combustion, one must be able to accurately predict flame behavior under preheatimgnand hi
pressure conditions. Preheating increases reaction rates and diffusessurérnot only
influences molecular collision frequencies, but also the relative eitieis of the two-body
branching reactions versus the three-body termination reactions. Pressigesctine chemical
kinetics and the flame speed; hence, data @it 8igh pressures is important and the experiments
described below include plans for high pressure studies.

Syngas fuels also have a large variability in diluents content, e.g., the composition of C
can range from 1.6-30% (Zlatal., 1988). The presence of €@ the fuel will impact the
flame in at least four ways, through changes in: 1) mixture specific heat, 2) adiainad
temperature, 3) chemical kinetic rates, and 4) radiative heat transfgy.tHérmolar specific
heat of CQ is larger than that for the fuels it displaces (CO ag)d Fherefore the addition of
CO, will lower the reactant temperatures in the preheat region of the flame. Sedditidnaof
any diluent reduces the adiabatic flame temperature, and thus the lamimasple@d. Since



CO; has a higher molar specific heat than air, it reduces the adiabatic frapera¢ure and
flame speed more than an equal amount of air dilution. Thus the flammabilitydimdits
extinction strain rates of the G@ixtures are correspondingly narrower.

Third, CQ, does not act as a passive diluent in the fuel, but interacts kinetically. The
kinetic effects of C@dilution are manifested primarily in the main CO oxidation reaction,
CO+0OH- CO,+H. Higher CQ levels lead to enhanced back reaction rates and, hence, reduced
CO oxidation and enhanced consumption of H atoms. In lg&@CHlames, the H atoms are
extremely important as they control the main branching (H+O+OH) and termination
(H+Ox+M - HO»+M) reactions. Since CQlilution alters the H atom concentration, and
consequently the chain branching and termination reactionsc&Chave profound effects on
flame propagation and flame speeds ¢f3® flames. This effect is further pronounced at
higher pressures, as the three-body termination reaction dominates, resulting in lowe
flammability limits on the lean side. Chemical kinetic studies have enzglkthiis point by
comparing the flame speeds of mixtures with,@@ution, and a fictitious chemically inert
species with the same specific heat as,@GBowing that the CQOliluted flame speed had lower
flame speeds (Zhet al., 1988).

The fourth effect of C@dilution is through enhanced levels of radiation, as S§@n
effective absorber and radiator. €@lution can result in lower flame temperatures and lower
laminar flame speeds (compared to air dilution) due to radiative losseshiedtarhe (Qiret al.,
2001). Numerical studies in methane flames (Ratah, 2001) have shown that the optically
thin model loses effectiveness for large Qldution ratios and low equivalence ratios. Thus,
CO;, can also reabsorb the flame radiation and provide a means for heat transfegraatess
regions of the flame.

Despite its importance, there is substantial scatter in the data of lamingaxgbur
velocities (see review by Andrews and Bradley, 1972; Egolfop@ukls 1989) due to the
difficulty in experimentally achieving planar, adiabatic, steady, unstraamethar flames.

Various methods have been adopted to determine laminar flame speed. Onenpbsitgnted
approach is denoted the Bunsen burner method, i.e., a laminar, premixed jet flame. Another
approach that has been reasonably successful for accuragaSurements is the counterflow
technique (Wu and Law, 1984; Law, 1988) where a planar flame is established between two
opposed jets. Using this technique, flame stretch effects can be systéyratigimhcted out to
obtain un-stretched laminar flame speeds

In addition to the experiments, computational chemical kinetic studies are being used to
identify appropriate chemical mechanisms to model synthetic gas mixturesthester
conditions. With the experimental data and kinetic mechanisms, reduced chenustry a
appropriate correlations can be used to capture flame propagation and premixéidmektimts
as functions of fuel composition, strain rate, pressure and temperature.

In the current reporting period, we have tested four kinetic mechanisms. The first i
mechanism is GRI Mech 3.0, a well-tested mechanism that has been validetesively for
methane chemistry, and therefore also includes oxyhydrogen and carbon monoxide mechanis
The second mechanism that we chose is a mechanism developed recenflg@cémbustion.



This mechanism (Davet al., 2004) is built on the kinetic model of Muellgral. (1999) with
rate parameters and efficiencies that have been revised over the lgsafsw This “full”
mechanism involves 11 chemically reactive species (as well as vdiioests) and 30 kinetic
steps. The other two mechanism were for this program by J. Y. Chen. They asslreduc
mechanism: one uses 14 species, the other tracks only 9 species (which hassignifica
advantages for CFD implementations).

In the last reporting period, LES computations were started that corresponded to flow
evolution with species injection but without any reaction rate calculations. Duricgrteat
period, combustion computations have been carried out in order to get a statistitaily bet
picture of the flow field, which are presented within this report.

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 Down)(@€Ehod is utilized
to establish combustor level requirements flowing down from plant level requitemEhis task
provides combined cycle performance evaluations of various conceptallstor designs to
help downselect the combustor technologies for further development of eanhisgions fuel
flexible combustor. Results from the performance analysis aceusled determine the fuel
flexible combustor operating conditions for operation in existing conventy@salurbine power
systems. Details of the plant modeling of Task 4 were discussth@ July-December 2005
reporting period.

1.5 Task 5 (Fuel Flexible Combustor Prototype Design)

The purpose of this task is to design and fabricate two prototypesfu| dlexible
combustor and operate them in a single nozzle combustion test rig undgidbgagas turbine
operating conditions. The prototypes were designed from the downseleckelbgies in
Task-2 with operating conditions estimated from Task 4 resultswanent industrial gas turbine
cycle conditions. This report discusses the design and perforrfanttee second prototype,
which is based on the Trapped Vortex Combustion technology adapted to sypleatians.
The TVC combustor was developed under a different program for ngagalpplications. The
TVC combustor will be adapted to a syngas application and evaluated.

1.6 Task 6 (Syngas Methodology for Advanced CFD tools)

It is also important to develop the capability to apply the syngas information arid kine
mechanisms to complex combustor flows. Therefore, we have been developing CFD
methodologies to explore extinction limit issues in practical combustors. Curreessnadude
DNS and LES studies. The former is intended to examine the application of the reduced order
mechanisms required for LES studies. The second study is intended to develop and explore
capabilities to predict extinction phenomena in practical combustor geometries.



Flow features inside a gas turbine combustor are investigated by Large Eddation
computations. The configuration and test conditions were provided by GE for this studyl Specia
emphasis is placed on the mixing characteristics and the accurate repgmesehtae chemical
state space by reduced reaction mechanisms. LES computations are startexkibpldree of
the diffuser cap and throughout the simulations injection of fuel and diluents from ¢lseahel
handled with special care. Results show that the effective mixing of fuel andeoxadair on
the downstream due to the existence of a diluent stream and flame startaatios.|A
recirculation zone exists on the inner section of the combustor which carries the hotsproduc
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 ligpamilti-fuel flexibility,
and fuel flexibility with respect to a wide range of heating \&lieg syngas fuels. The goal of
this program is to evaluate and improve upon existing leading combustgnsidsat can
partially meet these requirements and to develop new technolagieppaopriate to meet
performance requirements and expand operability limits. The success anatesallizy of the
fuel-flexible combustion system are enhanced by the Design for §maS(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 capalbiach component
flows back up to understand the influence of its variability onesygterformance. Using this
methodology with a conceptual plant model and market driven inputs fexac® will ensure
that the combustion system is indeed flexible enough for highly efficient operation.

As a result of evaluating existing and advanced technology usingxXt&dgana 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 syhgashybrid
combustor successfully incorporates the lowz@rformance of GE’s most advanced premixed
combustion systems with a new version of an Integrated Gaisificdbmbined 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 fuetschanging market
demands, such as increased turndown or part load operation, may requnteothection and
refinement of some of our most advanced technology. The Trapped VortesxuSiomwas
selected because its premixing of the syngas with the air andhdnasivantage of not being
dependent on diluent addition for low emission performance. The techrmlddy upon GE'’s
successful multi-year development of an Advanced Combustion System for NexategenGas
Turbines DE-FC26-01NT41020 for natural gas combustion.

The effect of preheating and G@ilution have been studied using a burner stabilized,
stagnation flame configuration for a 50:5 €O fuel mixture for which larger discrepancies
have been observed between the previous Bunsen flame measurements and siesuétion r
Various preheat levels and equivalent ratios have been studied. Strain ratalsbdeen
measured in the flames. Four chemical kinetic mechanisms have been studesdof Tinese
mechanisms are reduced order mechanisms which can be applied to CFD modeling. The
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predictions of these models is compared with experimental measurements cfifesadeand
strain rate.

The design of a trapped vortex combustor for syngas & natural gasiapéatiscussed
in this report. The combustor has already demonstrated low emigsiformance at the
targeted conditions with natural gas in the Advanced Combustion Systeiext Generation
Gas Turbines DE-FC26-01NT41020 research program. The hardware wdiganiodisyngas
operation in this program. The TVC combustor was operated with syogaisef first time
during this reporting period.

A reduced order chemical mechanism has been applied to Prototype-lhythey
burner. The 14-species Chen mechanism was selected for this pufpeséme resolved flame
position, fuel-mixing and turbulent quantities are all characterizethisymodeling approach.
The hybrid nozzle flow field and temperature field are describededisas the fuel burnout
profiles.

12



2 Experimental

2.1 Task 3 (Syngas Fuel Flame Characterization)

2.1.1 Apparatus

During the current reporting period, our experimental efforts have focused on strained
flame measurements at elevated temperature, as the previous conicahjBlanse results
indicated that the mechanism greatest errors were at high reactant tanepereb00-600 K,
and therefore a relevant concern for gas turbine combustor modeling). The strainethtlame
were acquired in a stagnation flow configuration. This configuration, like the more common
opposed flow, allows for stretch correctadn$easurements of a one-dimensional flame.
Furthermore, it is advantageous over the opposed flow arrangement for determimiag lam
flame speeds for the following reasons: (1) the use of a solid wall leads to nedlataes
(Egolfopouluset al., 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 higher pressures.

A general schematic of the stagnation flow burner is shown in Figure 2.1-1. kuel (H
CO and CQ@ mixtures) and air flows are monitored with rotameters and the fuel/air migture i
premixed in the mixing section ahead of the burner. The burner is a smoothly contoured nozzle
with the exit diameter (D) of either 6.25 or 9 mm and a contraction ratio of either 144 ¢tvwe72. T
purpose of having a contoured nozzle is to get a top hat velocity profile at the burnetlexit s
the flame stretch will be uniform throughout the flame area. Moreover, the high tontratio
contoured nozzle ensures laminar flow even at high Reynolds number based on the burner exit
diameter. Flow straighteners have been used before the contoured nozzle to mmove a
unsteadiness in the incoming flow. Care has been taken to reduce the size of thegiwake r
created due to the finite thickness of the contoured nozzle at the burner exit.

A stainless steel plug was used to induce the stagnation zone. The plug was produced from
a stainless steel rod (1.5” diameter), with the end first formed into a hemisphengh€& end is
removed to produce a small flat 0.5” long. The distance (L) between the burner eki¢ and t
stagnation plug can be adjusted depending on the burning velocity of the fuel mixture and the
desired strain rate. As the burning velocity increases, decreasing thealistaneen the burner
exit and the plug leads to a stable stagnation flame. In the current data, L/D was8~Ulte
burner exhaust is shielded by a quartz tube to prevent entrainment of ambient aiallavihg
optical access for laser Doppler velocimetry (LDV) and flame imaging.

The reactants are preheated by electrical resistance tappesl around the burner. Once
the desired reactant temperature is achieved (as determinadyme-K thermocouple, TC
placed at the center of the burner 1” below the exit), the suréaepetature of the burner is
monitored by a second thermocouple,,,T@&d held constant by a temperature controller. The
mixture temperature at the exit of the burner has a nearly uniform radial phd##8-6 K)..

13
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Figure 2.1-1: Schematic of stagnation flame burner.

2.1.2 Experimental and operating data

Figure 2.1-2 shows an image of the stagnation flame from the earlier high pressure
measurements. The stagnation flames are extremely flat and stableeaiténdoat slightly
curved at the edges. The distance between the flame and stagnation plateorarabout 1 to
3mm, depending on the average inflow velocity. Figure 2.1-3 shows LDV velocity
measurements. Results are shown for one fuel-air mixture and various flovieg|o@.,
different strain rates. The main flame zone occurs in the sharp velocity gragjiemt between
the velocity minimum and the maximum to the left.
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Ignitor Pluc

Figure 2.1-2: Image of flame emission from a stagnation flame at p=5.0 atrutdmaitture
H,:C0O=10:90 at an equivalence raqm0.6; average inflow velocity ~4SL/D=0.5.
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Figure 2.1-3: Velocity measurements along the centerline of a stagnatienfda@9% CO and
10% H, fuel mixture,@=0.6, p=5.0 atm at seven flow rates. The flow direction is right to left in
this figure, i.e., cold reactants are present at 3.75 mm, while there are hot protikctarm.

In addition, radial and axial velocities (not shown here) were measured for our unique
burner stabilized stagnation flame configuration to make sure the flow remains onsidimak
along the stagnation stream line and so that comparison can be made to the Chemkin OPPDIFF
flame code predictions. The results indicate excellent agreement with theneresinal
assumption along the centerline.
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2.1.3 Data Reduction

The commonly employed definition of the strained (unburned) laminaefipeed in a
1-d stagnation flame is the velocity at the minimum conditiom sed-igure 2.1-3. The strain
rate is found by determining the velocity gradient in the unburned ghsesl of the minimum.
Based on these definitions, raw data such as that shown in Rigd8eis reduced to a measure
of laminar flame speed as a function of strain rate (see Figureél). In this case, the
extrapolated zero-strain laminar flame speed is nearly 15 cm/s.
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Figure 2.1-4: Measured flame speeds corresponding to results shown in Figure 2.1-3.

2.2 Task 5 (Prototype Design)
2.2.1 Trapped Vortex Combustor Design (Prototype-2)

Trapped vortex combustion (TVC) is one of the leading technologies fbfléxéle
combustion as determined in Task 2 of this program. Research imertbemance of trapped
vortex combustors with natural gas was conducted in the Advanced Combustion Systert for N
Generation Gas Turbines DE-FC26-01NT41020 program. The scale anbeistor evaluated
in that program is the same as the scale used here. Soheeaantponents were passed on to
this program at the completion of DE-FC26-01NT41020.

Several components of the TVC combustor were redesigned to faadfaration with
syngas. The cavity premixer was redesigned to handle the higheretatufiow of the syngas.
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The cavity air flow passage and the cavity fuel injection pgessavere appropriately resized for
the higher volumetric flow associated with syngas. Downstrearhigfd new cavity driver
supply tube was designed with discrete fueling passages for thedomat jets. The new tube
maintains a higher flow velocity in the premixer for additionastilaack protection. The main
premixer was modified as well. The main mixer is comprised 85" schedule 10 pipe with
static mixing elements. Additional mixing elements were added, britigentptal number to 7,
to increase the level of mixedness between the air and the Jahgme of syngas. The
additional elements were predicted to enable the mixer to perfothe devel of entitlement.
The entrance to the main burner ports was also modified to keepntgssair mixture moving
at a higher velocity to better avoid flashback. The main burnedpsign was the same as was
used in the previous program.

The cavity aft-wall utilized in impingement cooled approach. Whk was continuous
and had not cooling slots or holes. The aft-wall shape was weldetlydiceihie outer-wall and
combustion liner, and the wall was constructed from 2 sheets welddbeingdhe flat part of
the wall was a machined disk; the nose was custom machined. thhellaivas backside
cooled. The shroud cooling hole size and distribution were determindte bgcal wall heat
transfer coefficients. The offset of the shroud was determined by the desiggisanaly

The outer-wall and transition piece were cooled in the same masrtbe aft-wall. The
cooling shroud extended from the forward end of the outer wall to theostae hula seal. The
combustion air was directed through cooling holes by designing a seaebethe premixers
and the reverse flow liner. In this manner air was forcedaieelrthrough the cooling shroud
before passing into the combustor.

Effective area tests were performed to determine thespdits in the regions of the
combustor shown in Figure 2.2-2. Region A is leakage air between theséal on the
combustion liner and the downstream combustion liner (not pictured). RBg#nooling air
used to cool the metal wall temperatures of the combustion linegioRR C is air that passes
through the cavity premixer and cavity slots into the cavity zirtbe combustor. Region D,
passes through the main premixing section and main slots in the maiofzineecombustor.
Region E is effusion cooling air used to cool the surface of the coiousgector plate, which
is also referred to as the forward wall.
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Figure 2.2-2: Prototype-2 Air Flow Passages
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2.2.2 Instrumentation

Thermocouple locations for Prototype-2, trapped vortex combustor, are shéguia
2.2-3 Thermocouples were used to monitor conditions of state, detddvdck, and measure.
The inlet air temperature before and after the cooling lineressared. Inside the cavity three
TC’s were located in the mixing chamber and three in the depgiystube. Three TC’s were
also located in the main premixer. Wall temperatures wersureghon the main mixing ports,
the forward wall, outer wall, aft wall and corner. Represematiata of these surface
temperatures is given in Section 3.3.

Pressure tap locations are shown in Figure 2.2-4. These are used to monitor conditions of
state, estimate velocities, and monitor hardware conditions. iboda8 was used to monitor
combustor pressure as well as P6 and P7. P2-P3 measured coolingepiess, and P3-P8
measured combustor pressure drop. In addition, dynamic pressure measirveene taken at
pressure locations numbered 6,7, and 8 in the figure depicting the main tombegion, the
cavity combustion region, and the combustion liner region of the test stand.

Figure 2.2-5 shows a downstream view of the TVC hardware. @ueefshows the exit
of the combustor, which is covered with the hula seal that connediseta@ownstream
combustion liner during assembly. Also shown is the cavity impingeowaiing sleeve and
some of the instrumentation on the exterior of the hardware. The impngeooling sleve
keeps the walls of the combustor cool during operation. Figure 2.d-6lase up of the water-
cooled igniter protruding through the impingement cooled liner and placed flusistaga wall
of the cavity combustor.
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Figure 2.2-3: Prototype-2 Thermocouple Locations
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Figure 2.2-5: Prototype-2 Hardware
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Figure 2.2-6: Prototype-2 water-cooled, hydrogen spark igniter located through imeiigem
cooling sleeve and aft wall of the combustion cavity section

2.3 Task 6 (Advanced CFD tools)

2.3.1 Apparatus

2.3.1.1 Syngas Methodology for Advanced CFD tools

Accurate prediction of the scalar and velocity fields inside the combustion chahabe
practical gas turbine engine is a challenging task in that it requires the solutidn of a
dimensional, highly unsteady turbulent reactive flow. Even though there are rei@ddés for
the flow (Pope, 2000) and chemistry (Pope, 1997 and Maas and Pope, 1992) alone, interaction of
these processes with each other still remains as a task which needs to beistheiedrf the
first half of this year we employed direct numerical simulations (DiNSjudy flame-turbulence
interactions using relatively detailed reaction kinetics for syngas. Bhgdies confirmed the
integration of the models within our solver. However, for the full scale combustorjiNG
feasible and therefore, we employ large-eddy simulation (LES) to stusdfjouvi

Large Eddy Simulation (LES) methodology has been employed here as the computational

tool for reactive flows. In LES, scales larger than the grid size are cedh@uectly and smaller
scales are modeled (Menon and Calhoon, 1996 anceain 1999). Current efforts focus on
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the use of LES to predict flow inside gas turbine combustors. LES has been studigdedxtens
for different combustion regimes in realistic (Sankaran and Menon, 2004, PitsclarizD05
Maheshet al. 2000), and simplified geometries (Kengb&l., 2006), for which it is possible to
get experimental data (Weigaeidal., 2006, Meiegt al., 2006 and Meyest al., 2005) for
validation purposes.

As oversimplified (e.g., single-step) global reaction models are not expected lialtle te
predict the flame dynamics over a wide range of operating conditions, our work alsesnv
evaluation of multi-step, but reduced kinetic mechanisms designed espexialli
combustion. In the previous (and current) period, a 10-step, 14-species mechanism was
evaluated. In the current period, we have also tested a 5-step, 9-speciessneahdni
employed these mechanisms in an LES computation. The LES computation wasquedorm
the combustor geometry that was provided by GE Global Research. All testarmnfit the
LES were chosen from the data provided by GE researchers. Results desclhilseckpott are
still preliminary in some respects, since these simulations take timenfgete and to obtain
statistical stationary data for analysis. Nevertheless, somesiimgrebservations can be made
from the current data.

2.3.1.2 LES Mathematical Formulation

The LES equations are obtained by using a top hat filtering operatidre dildvier
Stokes equations and the following resultant equations for continuity, mometatal energy
and species conservation are obtained:

9P 0Py _ (2.5.1)
ot 0x

o, O o1

o +a[,ouiuj + PO, —T; +1,7 ]—O (2.5.2)

a%—tE+ai[(/—’E+ﬁ)lI +q —UT; +Hisgs+0iisgs]zo (2.5.3)

X;

P 0| 57 G + D, Dm0+ 0% | = 5, (2.5.4)
ot 0x 0X;

Here, ~ represents Favre averaging operator and is calculated giwen quantity?

asgf /p, where the over bar stands for volume averaging. Filtering opeiatioduced new

terms into the set of governing equations and they represent thieoéffiee scales smaller than
the grid size, on the resolved variables. These terms are derithteddensgs superscript and are,

the sub-grid shear stress terssr = ,ﬁ[ui u,—Gu; } : sub-grid heat

flux H % = ,B[Eui - EQ ]+lp_ui— ﬁUiJ, sub-grid viscous stresg® =u,r; —U,T;, sub-grid mass
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flux @3 = ,olY u, —Y u, J and sub-grid diffuse mass fl@); = p[Ymv, ] respectively.

me

Total energy is given a& :é‘+%(ﬁkﬁk)+kSgs and the filtered pressure is calculated by the

filtered equation of state by neglecting the effect of the subsgale temperature ps- ,ERT~,
where€ is the filtered internal energk™ the sub-grid scale kinetic energy and R gas constant.

2.3.1.3 LES Subgrid Closure Methods

Since the major effect of the small scales is to providepdissh for the energy cascade
from large scales through the inertial range, an eddy viscositystypgrid model appears to be
suitable for the calculation of sub-grid stresses, heat flux spedies flux. Based on this

formulation spatial and temporal evolution of the sub-grid kineticggnie™ is required in order
to evaluate the eddy viscosity coefficient and the unclosed sdilsgaie terms. For this purpose

an additional transport equation f have been solved which is in the form of;

sgs - sgs
opk +i(ﬁ[jl ksgs) = PSS DS +i ﬂak (2.5.5)
ot 0X; ox | Pr. 0x

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

DSOS — sgs aq SUS — _(ksgs)% H :
as;P¥* =-r*— andD™® =c,p+—=/—, respectively. Based on these theoretical
"oox, ‘ A
I

assumptions, sub-grid scale terms are closed as;

1% ==2pu; ( SKk ”j PK*4, (2.5.6)
v. OH

H% =_p 1 2.5.7

‘ an ox (2.5.7)

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

g ~u)
present, even though a dynamic approach to evaluate these coefégisht8Ve plan to switch
to the dynamic approach at a latter stage when the solutionliestegblished. LES governing
equations as are solved using a finite-volume scheme that isaltynsecond-order accurate in
space and time. A fourth-order accurate scheme is also avaidiide, will be used for the final
set of simulation during data acquisition for statistical analydisimulations are conducted in
parallel using MPI on Intel PC cluster.
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3 Results and Discussion

3.1 Task 3 (Syngas Fuel Flame Characterization)

3.1.1 Model Comparisons: Effect of Preheating and CO, Dilution

As indicated above, the primary goal of the experimental effort in the currenimgport
period was characterization of high temperature syngas flame speeds for somfmachemical
kinetic models for use in the CFD simulations. Four kinetic mechanisms (GRI 3/&cthe
H,/CO mechanism of Davet al. and two reduced order mechanisms of J Y Chen: a 14 species
and a 9 species model) were studied. The laminar stagnation flame was simutafedeusi
Chemkin OPPDIF flame code with appropriate detailed transport propertiesnptagant to
note that in all our flame modelingulti-component diffusion and thermal diffusion (Soret)
effects are included. These effects have a significant influence on the predicted flame prspertie
especially at high preheat temperatures.

In the OPPDIF flame simulation, there are two premixed flames on either side of t
stagnation plane and hence the stagnation surface is truly adiabatic. Moreovetagnii#os
plane, the radial velocity gradient is normally considered finite. In our expesnwemtch use a
solid wall at the stagnation plane, potential issues arise. First, it imposesradial velocity
gradient. Second, there is some amount of heat loss to the plug. Hence the effect oédmwnst
heat loss and zero radial gradient at the stagnation surface have been studiedeantsltieat
shown here) indicate that the unburned strained flame speed is not affected if ¢his ftzcated
at least two flame thickness away from the stagnation surface. Thus in alpetimeents care
has been taken to stabilized the flame sufficiently away from the wall.

3.1.1.1 Effect of Preheat: Strained Laminar Flame Speed Measurement

The wall stagnation flame method was used to measure the stilaimedspeed for the
50:50 H:CO fuel mixture at high preheat temperatures (600 K and 700 K) ancttpuivalence
ratios (0.6 and 0.8) where larger discrepancies have been betweenurisenBflame
measurements and the PREMIX flame model predictions (as repomed earlier report). Due
to the high flame speeds of these mixtures and the need for significhotdynamic strain rate
to achieve a stable flame, the smaller nozzle diameter 6.2%vithma nozzle-wall separation
distance of 5 mm was used. Figure 3.1-1 shows the measured sftamedspeeds for this
composition at 600 K preheat temperature for 0.8 equivalence ratio. Eseinee flame speed
increases with increasing strain rate, which indicate the negMarkstein length for the
unburned flame speed. It should be noted that though the calculateddsfitame speed
increases linearly with the imposed strain rate, the unstralage fspeed found by linearly
extrapolated to zero strain rate does not converge to the one diméeteminar flame speed
predicted by the Chemkin PREMIX code. A difference of as much%shH3 been observed for
these conditions. Hence it is more appropriate to compare the exatrained flame speed
with that predicted with the OPPDIF code. Figure 3.1-1 also show3RR®IFF predictions for
0.6 and 0.8 equivalence ratios in the same strain rate ranget a$ éxgeriments for all four
mechanisms. As observed with the Bunsen flame measurements, bl cde¢ehanisms (GRI
Mech 3.0 and the #ICO mechanism of Davia al.) slightly over predict the measurements. The
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reduced 14 species mechanism is in good agreement with the meassinghienthe 9 species
mechanism over predicts the measurements by 10%.
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Figure 3.1-1 Flame speeds for a 50:50 H2:CO composition at 600 K preheat temperd&uée f
equivalence ratios. (vertical bars on measurements indicate a 10% deviatiomioa
uncertainties in the measurements.)

Figure 3.1-2 shows the measured strained flame speeds for the same 8030 H
composition at 700 K preheat temperature for 0.6 and 0.8 equivalence ratios. The measured
strained flame speed increases with the imposed strain rate linearly fogbolence ratios. It
Is important to note that the flame at 0.6 equivalence r@lis (ore strain sensitive than at
¢=0.8. Figure 3.1-2 also shows the OPPDIF predictiong<$6r6 and 0.8 in the same strain rate
range as that of experiments for all four mechanisms. It can be observed fragutiee3F.-2
that again the model results with all four mechanisms over predict the meassrérhernthen
14 species mechanism is again closest to the measurements, while the 9 spE@esm over
predicts the measurements by more than 10%. As the equivalence ratio id teduée the
difference between the measurements and the model predictions increases, quattats/ely
similar to our Bunsen flame measurement results. Predictions with GRI Meaid3iteaChen
14 species mechanism is very similar, and they over predict the measureyntdis. However
the H/CO mechanism of Davig al. and the Chen 9 species mechanism over predict the data by
15% and 20% respectively.
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Figure 3.1-2 Flame speeds for a 50:50 H2:CO composition at 700 K preheat temperatue f
equivalence ratios. (vertical bar on measurements indicate 10% deviatiothérdiata. It is not
the error in measurement).

3.1.1.2 Effect of Preheat and Dilution: Strained Laminar Flame Speed Muasire

The effect of CQdilution at 700 K preheat temperature was studied for the 5Q:8DH
mixture with 40% CQdilution, which also resembles the syngas composition of interest to the
full-scale plant. The appropriate nozzle diameter and the nozzle wall sapadiatance used for
these measurements are 9 mm and 6 mm respectively. Figure 3.1-3 shows tinechstasned
flame speeds for this composition at 700 K preheat temperature for 0.6 and 0.8 equivalence
ratios. Atg=0.8, both GRI Mech 3.0 and the Chen 14 species mechanism over predict the
measurements by 10% while the/€&O mechanism of Davit al. and the reduced Chen 9
species mechanism over predict the measurements by 15%. For the lower eqinadierno
0.6, the trends remain the same for the GRI Mech 3.0 and 14 species Chen mechanisms.
However, the 9 species Chen mechanism over predicts the measurementaibly as 18%.
Comparing the undiluted 50:5G,I €0 mixture measurements with the diluted case indicates that
the spectral radiation reabsorption of Qfilution does not make significant changes, in the
agreement between the models and experiments.
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Figure 3.1-3: Flame speeds for a 30:30:4@@:CO, composition at 700 K preheat
temperature for two equivalence ratios. (ertical bar on measurementsaridiéatdeviation
from the data. It is not the error in measurement).

3.2 Task 5 (Prototype Design)

3.2.1 Trapped Vortex Combustor (Prototype-2) Experimental Results

The trapped vortex combustor was operated with a representatiie §Egas
fuel for the first time during this reporting period. The redesigmembustor
components described previously were needed to prevent flashback ipi@ithgers.
During the initial evaluation no flashback events were encounterddthanpremixers
performed in accordance with the design intent despite the preseHgerofjen. The
syngas fuel was composed of 24% Hydrogen, 65% Nitrogen, and 11% methane.
hydrogen content was representative of the levels seen in the HEISPand methane
was added to the mixture to keep the overall heating value of thenfliee with the
EECP fuel spec.

The combustor was lit in a natural gas mode, and then operation wasch@aage
syngas-only mode of operation. Measurements of the combustor performdhce
syngas only are shown in the Figures below. Figure 3.2-1 shows therdaemge of
interest during a representative time. The syngas-air mikag@ temperature of around
600 F as shown in the Figure. The combustor wall temperaturest rigié impact of
cooling on the metal temperatures. The outer wall and forwardanalthe coolest
surfaces falling below 1100 F. The aft wall is somewhat hoten the stagnation of
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flow on the surface, but temperatures remained below 1300 F. The ¢comtwrser is
the hottest region of the combustor. With temperatures below 170€h€& eorner, the
overall cooling design was deemed sufficient for prototype evaluation.

Combustion dynamics were measured at three different locations in the combustor
as described in Section 2.2. Figure 3.2-2 shows the dynamicsingressasurements
over the same period as the temperature measurements. Thpegigehance of the
combustor is clearly seen from the data. Peek dynamic pres&agurements were
around 0.5 psi. The pressure tap at the main port shows verydgpgense and the
measurements in the cavity are weaker than those measuredrdavmdPCB8. The
low dynamics in the TVC combustor is consistent with other expatahevaluations.

The performance with syngas proved to be even more stable thamatitral gas.
Lower Btu fuels will also be explored for dynamics stability later in the pragram

Figure 3.2-3 shows the measured levels of O2 and CO2 in the exh&esCOR
is the product of methane combustion. The O2 levels are below the ambient level of 21%
due the combustion of the Hydrogen and methane in air. Oxygen levels as 15%
were produced at the hottest conditions and CO2 levels of 1.5% were pratubes
level. This is far below the CO2 levels that are produced with hydrocarbon bdsed fue

Figure 3.2-4 shows the NOx emission corrected for 15% O2 levels dineng
same period of operation as above. The NOx measured NOx levels were less than 5 ppm
This is an encouraging result. It demonstrates that the prenweses successfully
mixing the syngas with air without flashback during operation, and oeacivere taking
place in a premixed manner. The presence of a diffusion flame worddddhto much
higher NOx levels in the combustor. This result paves the wawffibrer low emission
studies for the trapped vortex combustor with syngas.
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3.3 Task 6 (Syngas Methodology for Advanced CFD Tools)

3.3.1 Chemical Mechanism Validation

FVI performance comparison of the reduced mechanisms is given in Figure 2.1-1.
Computations are performed in a rectangular box with the principle dimensions of
0.02x0.0075x7.12 10m® where the third dimension is very small in order to restrict ourselves
into a 2D problem. Fuel composition is 50:5QED without any dilution and with an
equivalence ratio of 0.6. Velocity and pressure field inside the domain is ietidiz PREMIX
results obtained for the same fuel composition, equivalence ratio and are altdred by
superposition of pair of counter rotating vortex pair. Maximum vorticity is chosen3hdg®o
1/s, with a maximum velocity of 14 m/s, and the core diameter is 5.7 mm.

Comparison of the u velocities obtained at two different locations and by using two kinetic
mechanisms was shown in the previous report. Here, our aim is to demonstratetbpaiff
between the scalar fields obtained by using both mechanisms. Snapshots of the vwofaciy s
plot superimposed on the reaction rate contour plot of OH is given in Figure 3.3-1 at two
instants{=0.51 and 1.02 msec. In this simulation, non-unity Lewis numbers are used, which is
crucial for synthetic gaseous fuel mixtures as it has a very lightftd a relatively heavier
species (CO) as fuel. The general picture suggests that the straining imptseddmb dipole
is high enough that it survived through the flame and tore a portion of the flame; a pocket full of
with fresh unburnt gases is seen. This phenomenon is reproduced by both of the reduced
mechanism. During the interaction, consumption rate of OH increased at conves doen&y
the non unity Lewis number effect. However, the rate of this increase iediffer the two
kinetics model, with the reaction rate of the Chen 9 species reduced mechanismhhigffar t
the Chen 14 species reduced mechanism throughout the whole flame.
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Figure 3.3-1: OH reaction rate contour plot superimposed onto vorticity surface
plot for 5 step reduced mechanism at t= a) 0.000512, b) 0.00102 sec and for 10
step reduced mechanism at t= c¢) 0.000512, d) 0.00102 sec
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Figure 3.3-2: a) Side view of the schematics of the combustor assembly, b) ticheaneaof the
diffuser cap on the injection plane, and c) perspective view of the grid employbd for t
computations.

3.3.2 LES Computations

LES computations have been performed for a GE combustor geometry with a particular
synthesis gas fuel composition. Schematics of the combustor and a close-up vievouf the f
field are given in Figure 3.3-2. In this combustor configuration, air is injected througimalama
gap without any swirl, whereas fuel and diluents §Nd HO) are injected by a diffuser cap. The
diffuser provides swirl for an outer diluentANand fuel. The inner diluent ¢B) is injected in
such a way as to avoid the diffusion of fuel into the inner section of combustor, so that an
effective level of mixing between air and fuel is achieved. Finally, tisemaother air stream that
is used for cooling the walls of the combustion chamber. Except for the main air sttesdheral
species are injected through set of holes with different diameters andt@mrentehich
enhances the mixing.
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The LES computations are a continuation of those reported in the previous period. Those
results, however, suggested some minor changes were required on the computational grid.
Outflow boundary conditions implemented in the code require no reverse flow at tevoutfl
boundary; this constraint was ensured by adding a small convergence section at the end of the
computational geometry. The number of grid points on the stream wise direction isedcrea
accordingly. As the flame zone is far upstream, the combustion process is notl diffeitiis
addition. Another problem with the previous grid was that the mixing zone between the fuel and
diluent streams did not have sufficient resolution to fully resolve the shearégon. Thus,
additional computational nodes are added in-between these two streams to therease
computational stability and accuracy. The final version of the computational grid uses
210%x110x145 (cylindrical) and 210x37x37 (Cartesian), with a total of 3,332,496 grid points, and
is shown in Figure 3.3-3.

For LES computations, the location of the cut-off between resolved and unresolesd scal
is very important and this is dictated by the grid that is employed. Theyopfalite final version
of the grid that is used for our computations is checked by analydmgsgectra of the
instantaneous andyv velocity time trace data, which is measured at x=0.0211, y=0.0402 m. The
spectra for both data are given in Figure 3.3-4 along with the -5/3dgoirav scaling of the
inertial range. It can be seen that some portion of the ineatigleris properly resolved in high
turbulence region and therefore, this grid is considered acceptable for the LES.
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Figure 3.3-3 (a) perspective, (b) cross sectional, and (c) side view of theegtitbus
computations. Not all grid points are shown.
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Figure 3.3-4 Spectra obtained from instantaneous U and V velocity data, probed=at (x,y)
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Figure 3.3-5 Time trace of (a) u velocity, (b) w velocity, and (c) v vel@atityo different

L | L L L
0 0.002 0.004 0.006 0.008

(0.0211, 0.0402) m.

10° 10* 10
Frequency [Hz]

W Velocity [m/s]

— (x=0.0211m, y=0.040 m)
— (x=0.0211m, y=0.055m)

n | n | L | L
I%)(?()OO 0.001 0.002 0.003

TR
0004 0,005
Time [s]

1 n | n
0.006 0.007 0.008

(b)

(©)

locations; and (d) location of the points where data are from.
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Time traces of the velocity components and two different locations, (x,y) = (a) (0.0211,
0.0402) and (b) (0.0211, 0.055) m are given in Figure 3.3-5. Both data are obtained from the
samex andz locations but differeny. First location is a point which is in-between the diluent
and the air stream, whereas the second one is located downstream of the aiHsineamwmand
w components of the data obtained from second point fluctuates around approximately a zero
mean since the air stream is not swirling. On the other hand, time tracesairntie data
obtained from first point shows highly swirling flow at this location. A frequencyamirat 3
KHz is seen in the time trace and in the movies that appear to correspond to thg e
fuel and outer diluent jets, which can be seen in the following figures.
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Figure 3.3-6 Instantaneous surface plots of temperature superimposed onto vetoity. (a)
side view; cross sections obtained at (b) x=0.01239 m, (c) 0.0182 m, (d) 0.0270 m away from
the diffuser cap, and (e) close up side view along with N2 mass fraction conto

Instantaneous profiles of temperature, velocity vectoysnaks fraction, CO mass fraction
and its reaction rate from several different locations are given in Figuée B8 temperature
field shown in Figure 3.3-6(a) suggests that the flame is anchored in the skeankhyhen
spreads downstream and in the circumferential direction as the effect afitiletaianishes,
and is eventually convected as far as the walls of the combustor. After this hegion t
downstream temperature is greater than 1300 K at all points up to the exit plane. Maximum
temperature occurs in the shear layer. The region between the shear lagns tabtgases that
are convected upstream due to recirculation zone (Figure 3.3-6€). The reomczoat acts as a
pre-heater for the incoming fuel jet.

The effect of outer diluent, Nis predominant very close to the diffuser cap and acts as a
dilution region between fuel and air streams and prevents early ignition. This phenosenon i
supported by the time averaged profiles of CO mass fraction and its reactjavhiakeis given
in Figure 3.3-6(f). Here, reaction rate contour plot surrounds the whole CO skeaph for the
region close to the outer diluent.

Temperature profiles obtained at three cross sections follows the sanes gxydained
above. Very close to the diffuser cap high temperature region is bounded by the switlargifue
outer diluent jets, and is a result of the flow recirculation zone that occurg plane. As we
proceed downstream, a secondary burning zone appears in pockets. Further upstream the
secondary flame zone grows bigger and merges with the inner region.

Instantaneous profiles of CO mass fraction and reaction rate are shown in3=8gidfa) and
vorticity contours are presented in Figure 3.3-7(b). Effect of injection frony males is
apparent as the CO mass fraction contours show a discontinuous surface. Sidet\aew pl
movies made for the time evolution of CO show the rotating flapping of the fuel amd oute
diluent jets. Neither side nor the cross sectional views are symmetr thie centex-z plane.

CO Mass Fractior

Figure 3.3-7(a) CO mass fraction surface plot with CO reaction rate contoobfdoted at
x=0.01239 m away from the diffuser cap. (b) Close up side view of CO mass fracfares
plot with vorticity contour plot.
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Figure 3.3-8 Time averaged profiles of (a) u velocity and (b) temperature.

Time averaged surface plots of temperaturetawelocity component are shown in Figure
3.3-8. Two flame “wings” on either side of the center is apparent in this plot as enagizng
smoothed the effect of the wrinkling caused by the shear layer. Along the centeseepdhe
diffuser cap a low temperature region can be observed which is due to the innerstiksnt
(H20). The velocity of this stream is so low that it can not penetrate further sauaeiszed in
this region. As the wings hit the walls they are quenched and the center part of the @ombust
remains the only place with highest temperature.

Recirculation region on the center is viewed better by the time avenaggakity profiles
given in Figure 3.3-8(b). Injection of inner diluent decreases the strength of thisabne
upstream on the center but the reversed flow caused by swirling fuel and outer elifutsit |
very strong close to their corresponding injection planes on either side of the ioenaed| they
tend to merge on the upstream direction. There is another recirculation zone formedubyhe
plane on upper and lowermost regions of the plot. The cooling air stream emerging onto this
region is not very powerful to affect the size of the region, and it vanishes as saojedte.
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4 Conclusions

4.1 Task 3 (Syngas fuel flame characterization)

The effect of preheating and ¢@ilution have been studied using a burner stabilized,
stagnation flame configuration for a 50:5@ €O fuel mixture for which larger discrepancies
have been observed between the previous Bunsen flame measurements and siesuétion r
Results indicate that at 600 K preheat temperature and 0.8 equivalence réisoraltiel
predictions are in good agreement with measurements. As the preheat temperaases to
700 K andpis decreased to 0.6 (more lean mixtures), the discrepancies increase to as much a
20% for the predictions with the detailed Davis and reduced Chen 9 species mechanisms.
Dilution of the fuel with even 40% CQloes not change the degree of agreement between the
models and experiments. This indicates that the spectral radiation reabsorpi@ddtiton is
not a major issue for these mixtures. For all the cases studied, the 14 speciegaamsm
predictions at high temperature have the best agreement with the measureméatty, 3he
discrepancy between the measurements and the Chen 9 species mechanism pi@iction
always the greatest. Therefore, the experiments suggest that the reducedebspetanism
by Chen is the superior choice for the high temperature reactant gas conditionslerpbete
gas turbine environment. In addition with 10% or better agreement with the experitments, t
mechanism should not require changes to make reasonably accurate predictions $1 the LE
modeling.

4.2 Task 5 (Prototype Design)

A prototype TVC combustor was designed, manufactured, and operated os Byeigat
high pressure and air preheat temperatures. The syngas was representatiEGH &uekE The
combustor operated with very low combustion dynamics, 0.5 psi p-p. Theuston surface
temperatures fell within acceptable limits for the prototype.ighHpreheat temperatures
representative of gas turbine compressor discharge temperatiesuseel. The premixers
mixed they hydrogen containing syngas (24%) with air without flashbathkediame into the
premixer. Emissions from the combustor demonstrated low NOXx |eedtsv 5 ppm after
correction for 15% O2.

The TVC syngas combustor has met a significant milestone deatorgstpremixed
syngas operation without flashback. The combustor also performed inn@mwnsistent with
premixed performance, namely low NOx emission. Further evaluatitingow be performed
exploring the performance over the targeted fuel space.

4.3 Task 6 (Syngas Methodology for Advanced CFD Tools)

A reduced 5-step 9 species chemical kinetic mechanism for sgngasustion has been
developed. The physics of the mechanism have been established thridatomawith the
experimental data obtained in Task 3. The reduced mechanism rédice behavior
relatively well over a wide range of fuel compositions and edeince ratios. However, the
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mechanism has not been fully validated against high-pressure ddtalsial accurately predict

the influence of pre-heating. Future plans include comparing predictiomg g reduced

mechanism with more high-pressure data and investigating the discyepdh pre-heat. The

accuracy of the reduced kinetic mechanism to predict detailede flstructure has been
investigated by comparison of results obtained from detailed kimetahanisms for simplified

reactor models and DNS simulations of flame vortex interactiohe feduced kinetic

mechanism gives results similar to those obtained with the dedetled kinetic mechanisms.
The velocity profiles and estimated flame structure are ynehtical for both the reduced and
detailed mechanisms. The advantage of the reduced mechanismeommpatational costs,

which is desirable for LES of full-scale combustors.

Large eddy simulations (LES) were performed for the hybrid nqupltype combustor
geometry under conditions similar to an industrial gas turbine. ThesbB®s for the flow
structures at a scale larger than the grid size. The sulsanction, diffusion and chemical
reactions of species are calculated using a one-dimensional lauelyr model (LEM).
Calculations are performed for an overall lean swirling syngafitane using the reduced
kinetic mechanisms. Vortex breakdown and hot products recirculatigmezheted. The flame
is predicted stable and forms in the shear layer betweenirtbater/diluent/syngas passage.
The cap cooling air minimizes heat transfer at the combustor dume pted helps establish
recirculation of the hot products. As per the design requirenieninmner diluent jet helps with
flame lift-off and to keep the diffusion tip cool. Future work witiplement the LES with the
reduced chemical mechanism developed for syngas and using sub-grid niett8idsanalysis
and comparison with experimental data that will be obtained as part of Task 5.
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