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Abstract

A gas turbine model combustor is studied using Large Eddyulition with a transported
Probability Density Function approach solved by the Ealerstochastic field method. The
chemistry is represented by a reduced methane mechanigaireéng 15 steps and 19 species
while the subgrid scale stresses and scalar fluxes are raddedispectively, via a dynamic
Smagorinsky model and a gradient diffusion approximatidhe test case comprises a par-
tially premixed swirl flame in a complex geometry. Four stagtic fields are utilised in the
simulations, which are performed for two different comlousiperating conditions involving a
stable and an unstable flame. Good agreement between tHatstmand measurement data is
shown in a comparison of mean velocity, temperature andepatass fraction profiles as well
as scatter plots of the instantaneous thermochemical giregeln conclusion, the predictive
capabilities of the employed Large Eddy Simulation meth@dsaiccessfully demonstrated in

this work.

1 Introduction

The interaction between turbulence and chemistry on thdl,samresolved subfilter - or sub-
grid - scales (sgs) presents one of the major challengeseinélelopment of Large Eddy
Simulation (LES) methods for turbulent reacting flow prob&e Governed by highly non-

linear reaction rates, these so-called turbulence-chigmigeractions are represented in the



LES scalar equations via a filtered chemical source termeauine extensive modelling work.
An overview of different closure strategies can be foundpagst others, in a review by Pitsch
(2006). In contrast to the wide majority of combustion medghich are formulated for one
specific flame regime only, the Eulerian subgrid Probabilignsity Function (PDF) method
employed in this work allows for a potentially regime indedent description of turbulent
flames. This becomes particularly useful in the context oflemo gas turbine combustion
where lean, partially premixed operating conditions arésetl to effectively reduce pollutant
emissions such as nitrogen oxides (J@nd carbon monoxide (CO). Under these conditions,
parts of the flow field are governed by premixed flame propagatnd finite-rate effects, i.e.
auto-ignition, extinction or ignition, while other partsiidisplay mixing controlled reactions
as encountered in diffusion (non-premixed) flames. Thegmteflly Eulerian subgrid PDF
method was found to perform well in both flame regimes (Jondd\avarro-Martinez 2007,
Jones and Prasad 2010, 2011) and has been successfullsdagopdi wide range of flow con-
figurations in the past. It was recently extended to strdtifiBrauner et al. 2016) and spray
(Jones et al. 2015, Gallot-Lavallée and Jones 2016) catmobusnd was also employed in the
simulation of an industrial gas turbine combustor (Bulale?013] 2014).

The target test case chosen for this work is the PRECCINSTAd({Etion and Control of
Combustion Instabilities in Industrial Gas Turbines) mrrrwhich provides a solid basis for
the assessment of LES combustion models. The gas turbinelmoohbustor was subject
to a number of experimental (Meier el al. 2007, Steinberdle2@13, Caux-Brisebois et al.
2014, Oberleithner et al. 2015, Yin et al. 2017, Stohr ePAl7) as well as computational
(Roux et al. 2005, Galpin et al. 2008, Fiorina et.al. 2010, Mau et al. 2011, Lecocq et/al.
2011, Franzelli et al. 2012, Veynante and Moureau 2015, ieet al! 2015, Wang et al. 2016,
\olpiani et al. 2017) investigations in the past. Note tHhtemputational studies were per-
formed using either simple chemistry involving very few sigs and reaction steps or tabu-
lated chemistry based on fully premixed, laminar flame datcans. A shortened flame length
caused by slightly faster combustion was observed in mosilations. Furthermore, the use
of adiabatic combustion chamber walls was identified to leeciuse for overestimated tem-

peratures in the Outer Recirculation Zone (ORZ) as any losatdccurring in the experiments



remains unaccounted for.

In this work, the PRECCINSTA model combustor is simulatedadpplying the flame
regime independent Eulerian subgrid PDF approach with acestl 15-step and 19 species
chemical mechanism. Test cases for two different combog@rating conditions are simulated
and results are compared against available experimerteahdth the objective of evaluating
the predictive capabilities of the employed LES method m ¢bntext of partially premixed
combustion in a complex geometry. This includes charaagan of the flow field using mean
axial and radial velocity component profiles at differentdtions in the combustion cham-
ber as well as a description of the flame based on both mean aotdMRean Square (RMS)
temperature, carbon dioxide (Gxand methane (CH profiles. The simulated mean and in-
stantaneous flame structure is further assessed in a gualtamparison with experimental
hydroxide (OH) images. Finally, the representation of famental thermochemical properties

is evaluated by analysis of the instantaneous temperatixtete fraction relation.

2 Mathematical formulation

2.1 Large eddy simulation

In LES, the separation of large-scale, energetic and sscalk, dissipative turbulent motions
is achieved through a spatial filtering operation over thigrerflow domain where the filter
width is taken to be the cube root of the local grid cell volunhe order to account for the
strong density variations arising in combusting flows, &ddal density weighted - or Favre -
filtering defined byf = pf/p can be introduced. Application of this filter to the equasiarf
motion, i.e. mass conservatidd (1) and momentum conserv@), and to the scalar transport
equations[(3) results in the following set of filtered eqomas:
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The subgrid scale stress tensgf® = p(u;u; — u;u;) is determined via the Smagorinsky
model (Smagorinsky 1963), which introduces a subgrid saalsity.,,, to mimic the dif-

fusion process on the dissipative small-scales:

fisgs = P(CsA)?[Sy]] (4)

Wheregij = (Ou;/0x; + 0u;/0x;) /2 annginE (2§Z-j§ij)1/2 are the resolved rate of strain
tensor and its respective Frobenius norm. The SmagorirstgnmetelC, is obtained through
the dynamic procedure of Piomelliand Liu (1995). The ispicgart of the viscous and sub-
grid scale stresses is absorbed into the pressure. Basedemianumber unity assumption
(Poinsot and Veynante 2005), the scalar transport equefig)rare expressed in terms of a gen-
eral scalarp, = [¢1, ..., on.] representing the species mass fractidhsand the enthalpy
whereN;, is the number of scalars required to describe the systenspgezies plus enthalpy. A
low-Mach-number flow, constant thermodynamic pressuresgd! diffusivities for all species
D, = D, which can be related to the viscosity via the Prandtl - onSdh- numbew = 1./pD,
have been assumed in the formulation. A gradient diffusgpr@ximation is adopted for the
scalar fluxes/;” (Schmidt and Schumann 1989). The filtered chemical source tepre-
senting the net rate of species formation through cheméeaitionpw,, remains unclosed and

requires modelling.

2.2 Eulerian subgrid PDF method

The combustion model underlying the present work is a fullieBan transported subgrid PDF
approach. Following Gao and O’Brien (1993) and through th@ieation of Favre filtering, a
joint subgrid PDF can be derived according to:

Pur(wix.t) = = [ pGOx= X, 60T (05X e ©)



Here,.# denotes the joint PDF, which is the product of the fine-gmipsobability density

function P, of each reactive scalar:

F (s x,t) = HP _H5 — da(X,1)] (6)

where), is the sample - or composition - space of the reactive sgaland? is the Dirac-
function. An exact equation describing the evolutionf(;;S can be derived from the appro-
priate conservation equations using standard methods, @ap and O’Brien((1993). This
formulation contains the chemical reaction term (1), whagpears in closed form, as well as
two additional unknown terms representing subgrid scatwection (1) and molecular diffu-
sion (Ill) of the PDF. In the present work, these unknown &are approximated by a gradient
closure directly analogous to the LES Smagorinsky modelgritie Linear Mean Square Es-
timation (LMSE) closure/ (Dopazo and O’Brien 1974), respety. Taking into account the

approach of Brauner etlal. (2016), the subgrid PDF evolworation appears in its final form:
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Here, the values 0.7 and 2.0 are assigned, respectivelgetsubgrid scale - or turbulent -
Schmidt number,,; and the micro-mixing constaidt,. The micro-mixing time scale,; is

assumed to be given by:
o ﬁAQ o _%2
Togs = (1 — exp( ) (8)
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with a subgrid scale turbulence Reynolds number define@ asy., /..
The Eulerian stochastic field method is used to solve theedlésrm of the subgrid PDF
evolution equation((7), wherésgs(@ is represented by an ensemble/dfstochastic fields -

namely<”(x, t) - for each of theN, reactive scalars. The joint subgrid PDF equat(dn (5) can



then be rewritten as follows:

Ny
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Two approaches by Valiiio (1998) and Sabel'nikov and Soul2005) exist for the derivation
of a system of stochastic differential equations equivatethe subgrid PDF evolution equation
(@). In the present work, the Itd formulation is adoptedtfar stochastic integral (Valino 1998)

and the stochastic fields thus evolve according to:

pden +ﬁﬂig§“ dt = pwl(€™)dt + 0 {F’ it } dt
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wherel” = u/o + psgs/0s4s IS the total diffusion coefficient. The Wiener procedd’d is

approximated by time-step incremengy(dt)*/2

wheren; is a{—1,1} dichotomic random
vector, which is different for each field but independentha spatial locatiox. The Favre fil-
tered value of each reactive scatarcan finally be obtained from averaging over the stochastic

fields:
~ 1 n

3 Test case

3.1 Experimental set-up

The initial experimental test campaign of the PRECCINSTA ty@bine model combustor con-
sidered in this work was conducted by Meier et al. (2007) at@hR (German Aerospace
Center). Measurements were performed for three differpataiing conditions by varying the
fuel mass flow rate to adjust the global equivalence rétjg, of the mixture. An oscillating
flame undergoing self-excited thermo-acoustic instaeditvas observed at,,;, = 0.7 (case
1). Increasing the fuel mass flow ratedq,,, = 0.83 (case 2a) resulted in a ‘quiet’ flame not
exhibiting any oscillations whereds;,,;, = 0.75 (case 2b) produced a subtly pulsating flame.

The combustor geometry is shown schematically in Eig. 1 amdmises four sections.



Dry, pure air at atmospheric conditions is fed into the pharaection through a large orifice.
The injector section consists of a radial swirler followgdabluff body’ and was derived from
an industrial design by Turbomeca. In between each of thevr®es vanes, fuel (methane)
is injected into the air stream with high momentum to enswadgmixing. The chamber sec-
tion is made of 1.5 mm thick quartz glass windows with a 85 x 85%roross section area
and a total length of 114 mm. Its entry plane - aligned withaighe ‘bluff body’ - is de-
fined as axial locationg= 0 mm for all measurements. Burnt combustion products |&dave
domain through the exit section connecting the combusttra@tmosphere via a converging
duct. Comprehensive experimental data is available froset.®oppler Velocimetry (LDV)
measurements for the cases 1 and 2b as well as laser Rami@mniisganeasurements for the
cases 1 and 2a. These provide both mean and RMS values oftlegydemperature, mixture
fraction and major species mass fractions. Measurememespeeformed along radial profiles
in one vertical plane at different axial locations withiretbombustion chamber. Additional
planar Laser-Induced Fluorescence (LIF) of OH radicals agdied to visualise the flame
structure. An overview of the three different combustorrapiag conditions including the em-
ployed measurement techniques can be found in Table 1 wielsystematic and statistical

measurement uncertainties are presented in Table 2.

3.2 Numerical set-up

The in-house, block-structured, boundary conforming doate LES code BOFFIN-LES is
employed to carry out the computations. It is fully parasleti by means of domain decom-
position and MPI message passing routines. The code stéisecond-order-accurate finite
volume method, based on a low-Mach-number, pressure beaedble density formulation.
For the momentum equation convection terms, an energyecang discretisation scheme is
used. All other spatial derivatives are discretised wittosel-order central differences, with
the exception of the convective terms in the scalar equsitidrhese are discretised using a
Total Variation Diminishing (TVD) scheme to avoid unphyaiovershoots. A description of
the weak first-order temporal approximation used for sgjtire stochastic field equations can

be found in_Mustata et al. (2006).



Test cases 1 and 2a corresponding to an oscillating fldme, € 0.7) and a ‘quiet’ flame
(400 = 0.83) are considered in this work. Four stochastic fielésugitised to represent the
influence of the subgrid scale contributions. The componali domain is almost identical
to the combustor geometry investigated in the experimeasilcampaign. A close-up of the
generated block-structured mesh containify7 million cells is shown on the right-hand side
of Fig.[1. In order to account for preheating of the mixture,observed in the experiments
(Meier et al., 2007), both air and methane are injected anaéeature of 320 K and a pressure
of 1 bar. The inlet velocities have been adjusted accorditmlreflect the prescribed mass
flow rates. A zero-gradient pressure boundary conditiondpged for the outlet plane and all
domain walls are treated as adiabatic. Radiative heatfaaissincluded in the simulations
through the radiation model described in Barlow et al. (30The chemistry is represented by
a 15-step Augmented Reduced Mechanism (ARM) involving E2s, which was derived by
Sung et al.l(2001) from the full GRI 3.0 mechanism and isdisteTable 3.

4 Results and discussion

4.1 'Quiet’ flame

Results for the ‘quiet’ flamed,;,, = 0.83) are presented and discussed first. In order to un-
derstand the flame topology, mean and instantaneous imates©H intensity are displayed
in Fig.[2 in a strictly qualitative comparison between expents and simulation. Generally,
the LES replicates the flame structure well despite not babig to resolve the smallest tur-
bulent length scales captured by the LIF measurements.KiWrgnof the flame front seems to
increase with downstream position where most of the smstitactures are found. The flame’s
characteristic V-shape can be clearly identified in botHisialthough mismatching spreading
angles of the outer flame surface lead to a reduced flame widtteisimulation. Moreover, a
noticeable difference in the depicted flame lengths can berméned from the mean images.
The jet of low OH intensities in the experimental image egteheyond 30 mm into the com-
bustion chamber whereas reaching only about 25 mm in the bBEfsfiot. An over predicted
degree of premixing (described later based on [Big. 5) coatdrgially be the cause for the

underestimated outer flame angle and length.
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Figure[3 shows radial profiles of the mean and RMS temperatuleCH, mass fraction
at five different axial positions in the combustion chambéigh mean temperatures near the
centreline characterise the Inner Recirculation Zone IREere burnt gases are transported
back to the flame front with the purpose of stabilising the #anThese temperatures, both
mean and RMS, as well as the ¢hhass fractions in this region are in excellent agreement
with experimental data. Discrepancies between the medsure simulated temperature pro-
files appear towards the combustion chamber walls as a tulb overlapping effects. Heat
loss occuring in the experimental test campaign, also roeeti in e.g. Moureau etlal. (2011),
can be determined by cross-correlating the temperatur€biaanass fraction profiles at axial
positions i3 and hy. In the region r> 25 mm, both the computed and measured mean and RMS
values of the Ckl mass fraction are approximately zero indicating a fullyrfbumixture. The
temperature deviation in this region is therefore mostyikaused by experimental heat loss.
Further downstream aphand hy, the temperature differences become more significant and ar
complemented by a discrepancy in the Ohlass fraction profiles. Compared to measurement
data, an earlier consumption of ¢Hwith downstream position - occurs and the mean temper-
atures converge towards their ‘equilibrium’ state at a kglicate. A shortened flame length can
be concluded (in agreement with the OH images in Hig. 2) asdescribed by Galpin et al.
(2008) who argued a higher degree of premixing in their satoihs leads to the increased
burning rate. In accordance with the under predicted flamgtle RMS temperature and GH
mass fraction intensities towards the combustion chamladis\are not sufficiently captured
by the LES, particularly at the downstream positions. Ninadess, a fair description of the
general RMS trends can be observed. &t Bl of the CH; is fully consumed, the temperature
distribution becomes homogeneous and the RMS values begegtligible as expected from

the experimental measurements.

4.2 Oscillating flame

A simulation of the oscillating flame case f,, = 0.7) was performed to complement the
‘quiet’ flame results presented above. Note that the lowiMaember solver applied in this

work will not propagate acoustic waves, prohibiting therogluction of thermo-acoustic insta-



bilities observed in the experiments (Meier et al. 2007)diRlgprofiles of the mean axial and
radial velocity component for the oscillating flame are sham the left-hand side of Figl 4.
Three distinctive flow regions can be identified when charsing the flow field. The con-
ically shaped, swirling jet of unburnt gases is charaaterisy high axial and radial velocity
magnitudes reaching approximately 40 m/s and 20 m/s, régplgc The jet transitions into an
Outer Recirculation Zone (ORZ), located outside of the expentally measured region, which
can easily be detected by low velocity magnitudes towarelsdimbustion chamber walls. High
negative velocities around the combustor centreline atdian Inner Recirculation Zone (IRZ),
created by the swirling flow to stabilise the flame. The higloety jet widens with increas-
ing downstream position and shifts towards the combusti@mber walls reducing the size of
the ORZ while widening the IRZ. Overall, the quantitativéogity results match experimental
data with very high accuracy as all of the above-mentionead features are captured in the
simulation.

The right-hand side of Figl 4 presents radial profiles of te@amand RMS temperature. A
corresponding instantaneous snapshot of the temperatidesfidepicted in Fid.]1 illustrating
the highly turbulent flame behaviour. Looking at the meariilg® general temperature trends
including the location of the temperature dip representimgurnt gases are well reproduced by
the LES. Unaccounted heat loss effects at the combustionlmdrawalls as well as a shortened
flame length can be detected similar to the ‘quiet’ flame ca&thgy both the experimen-
tal and numerical temperatures reach a homogeneous ‘equiilstate at the adiabatic flame
temperature of just over 1800 K. From the RMS profiles, it Ioees clear that temperature
fluctuations towards the combustor centreline are comglgtenderestimated; the method’s
inabilty to reproduce an oscillating flame undergoing saifited thermo-acoustic instabilities
serves as a possible explanation for the underestimaticemzelli et al. [(2012) have shown
significant improvements of the RMS temperature resultsecto the centreline by resolving
flame oscillation in a previous LES of the same combustorpideshis shortcoming, an accu-
rate reproduction of the RMS temperature profiles away ftogrcentreline can be determined.
Radial profiles of the mean and RMS g@ass fraction, depicted on the left-hand side of

Fig.[3, show very similar trends supporting the aforemergebfindings.
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The instantaneous relation between temperature and raiktagction is visualised on the
right-hand side of Fid.15 at four axial locations in order tamkyse the numerically predicted
thermochemistry. Each experimental scatter represertsiogle-shot laser Raman scattering
measurement taken at different radial positions over tinteadl LES scatters were obtained at
identical locations in the chamber. A solid line indicates adiabatic flame temperature and
the global mixture fraction is g, = 0.0391. The temperature distribution gtduggests that
the assumed inlet temperature of 320 K is suitable to reeregterimental preheating of the
mixture.

In terms of the mixture fraction distributions, experimaréxtreme values of about.g ~
0.015 and 4ax~ 0.08 can be observed. It becomes clear that the LES doespnotiteee such
a wide range of mixture fraction values but instead predidigyher degree of premixing. The
expanded experimental distribution is likely to be causgthle occurrence of thermo-acoustic
instabilities periodically varying the amount of fuel iretimixture, as observed experimentally
(Meier et al. 2007) and numerically (Franzelli et'al. 201R)rthermore, four stochastic fields
in the calculation of the subgrid PDF evolution equation mai/be enough to sufficiently ac-
count for the influence of the subgrid scale contributiongvi®us findings by Mustata et/al.
(2006) and Jones and Navarro-Martinez (2007) suggest ihlat €tochastic fields provide a
reasonable compromise between prediction accuracy andutational costs. A similar anal-
ysis with one stochastic field (not shown here) revealed am earrower mixture fraction
distribution representing a more homogeneous mixtures iEhdue to the micro-mixing and
Wiener process terms being neglected in the formulationeEulerian stochastic field method
when only one stochastic field is utilised.

Finally, looking at the evolution of the simulated temparatmixture fraction distribution
with downstream location, the shortened flame length detenfrom the mean temperature
and CQ mass fraction results as well as the OH images can be obsemeedhgain. Unlike the
experimental findings at axial positiog,lonly a small amount of scatters is still located within
the fresh gas region below approximately 400 K. 44, lall of the scatters have moved up into
either the reaction zone with intermediate temperaturgbefully burnt region close to the

theoretical adiabatic flame temperature. Neverthelessopvkrall instantaneous temperature-
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mixture fraction relation matches experimental resultsuding a reasonably estimated mix-

ture fraction distribution.

5 Conclusions

The Eulerian subgrid PDF combustion model has been suctigsapplied to account for
turbulence-chemistry interactions in the LES of a gas hebnodel combustor for two dif-
ferent operating conditions. Time-averaged results otéhgerature and major species mass
fractions were overall in good agreement with measurematat demonstrating the capabili-
ties of the subgrid PDF approach. An excellent reproduatiche velocity field was achieved
supporting the applicability of the solver with a dynamidgtd turbulence model to highly
swirling flows. Similar to previous numerical studies ofstiparticular combustor, heat loss in
the experiments was found to be the source of local temperatterestimation towards the
combustion chamber walls. The implementation of non-atialwalls can thus be identified
as a scope for ensuing work. Furthermore it has to be notatlptith the flame length and
width were slightly under predicted compared to experirmenteasurements. This may be
attributed to a higher degree of premixing in the simulaioaused by two potential factors.
First, the utilisation of four stochastic fields in the cd#tion of the subgrid PDF evolution
equation - subsequent simulations with a larger numberoahsistic fields will show if further
improvement of the results can be achieved. Second, thersolaw-Mach-number formula-
tion prohibits any modulation of the local mixture fractidne to thermo-acoustic instabilities,
which might additionally be the cause for underestimatedlasdfluctuations near the com-
bustor centreline. The computed thermochemical proertiere finally analysed based on
the instantaneous temperature-mixture fraction relgtiaviding satisfactory agreement with
measurement data. In summary, the employed LES method bavakdated for partially pre-
mixed combustion in a complex geometry. All results wereaotad without any adjustments
to the model constants underlining the method’s robustindsg simulation of turbulent react-
ing flow problems. A future extension of the method to fullyrgaressible flow may reproduce

thermo-acoustic instabilities observed in the experisient
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Figure 1. Schematic of the PRECCINSTA combustor (left) and snapshahanstantaneous
LES temperature field with a close-up of the computationam{eght).
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perimental OH-LIF measurements (top) and LES snapshoteddH mass fraction (bottom).
Note that the LES colour scale had to be approximated sircengrasurements are qualitative
only.

18



mean RMS mean RMS

T - T  YCH4 - YCH4
(K] 80 (K] -] 80 (]
1200 600 0.03 0.015
400 200 0.01 0.005
2000 H—e—e—e\/ hy 1000 0.05 LI 0.025

LRy
1200 g oo 1600 0.03 oo o 10.015
400 e Nf20 oo ° f\ 0.005
2000 W by 1000 0.05 by, 0.025
o <>
1200 /o o0 [600 003 °, 0% [0.015
o o
400 M/&/‘X 200 0.01 A g 0.005
2000 h 1000 0.05 h 0.025
LR R ¢ o
i
1200 9 600 0.03 o 0.015
Q) o ¢
400 ¢ /\%\% 200 0.01 o 0.005
(X4 >
2000 h, 1000 0.05 ), h 0.025
<><><><><><><>
1200 . 600 0.03 0.015
o <>&>°
400 fo ¥ \e000, |200 0.01 o 0.005
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
r [mm)] r [mm)] r [mm)] r [mm)]

Figure 3. Radial profiles of both the mean and RMS temperature (left)@iH, mass fraction
(right) for the ‘quiet’ flame case obtained from experimgrit3 and LES () at axial locations
h =6, 10, 20, 30, 80 mm.
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Table 1. Summary of three experimentally investigated combusteraimg conditions.

Case 1 2a 2b

Equiv. ratio 0.7 0.83 0.75

Flame behaviour Oscillating ‘Quiet’ Subtly pulsating
Measurements LDV, Raman, LIF Raman, LIF LDV
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Table 2. Experimental measurement uncertainties for selectedtiiesriMeier et al. 2007).

Uncertainty Velocity Temperature Mixture Mass fraction
fraction CH, CO,

Systematic <0.5% +3-4% +3-4% +5-9% +3-5%

Statistical +1.5-2% +2.5% +1% +1-3% +7%
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Table 3. 15-step ARM for methane involving 19 species (Sung et al1200

Step Reaction
1 2H + 20H < 2H; + O,
2 2H & H,
3 H+HOy; & Hy + O,
4 H + H,0, < Hy + HOq
5 OH + CH; < H, + CH,0O
6 H+ CHy; < H,; + CHj;
7 H+ OH + CO < H, + COq
8 CH,O < H, + CO
9 02 + CoHy < Hy +2CO
10 OH + C3Hy < Hy + CH3 + CO
11 CoHg < Hy + CoHy
12 H+ OH < H;0
13 2NO & Oy + Ny
14 H, + CO+NO < H+ Oy + HCN
15 3H + H,O + NH3 < 4H; + NO
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