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Abstract

A three-step mechanism foryHiir combustion (Boivin et al., Proc. Comb. Inst. 33, 201@swecently designed to reproduce
both autoignition and flame propagation, essential indiftame stabilization. To study the implications of the uséhis reduced
chemistry in the context of a turbulent flame simulations thiechanism has been implemented in a compressible exjplagtand
applied to the simulation of a supersonic lifted co-flowinglfogen-air flame. Results are compared with experimengalsore-
ments (Cheng et al. C&F 1994) and simulations using detaiteunistry, showing that the reduced chemistry is very ateurA
new explicit diagnostic to readily identify autoignitioagions in the post-processing of a turbulent hydrogen flamalation is
also proposed, based on variables introduced in the dawelopof the reduced chemical mechanism.
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1. Introduction laminar autoignition, for a wide range of pressure, temioeea

) o . . and equivalence ratios.
With the democratization of high-performance technical q

computing, reliance on the numerical computation of combus
tion processes is growing. Ensuring the accuracy of the meth
ods and models used in numerical simulation of combustion is
therefore critical. One element in achieving this accuriacy ] ]
to base the calculations on a correct detailed chemicaitiin ~ 1he purpose of the present paper is twofold. The first ob-
mechanism, but this usually leads to prohibitively expemsi J€ctive is to complete the validation of this three-steprohe
calculations. This has promoted numerous studies on chrgmis IStry. in the context of turbulent autoignition. To this eral
reduction methods, among which hydrogen-oxidation haa beeSUpersonic lifted co-flowing hydrogen-airfilision flame sta-
a pioneer as relatively few elementary reactions and eacti Pilized by autoignition is chosen as test case. Given that th
species are involved (resp. 21 and 8), and the reactionaeges flame involves autoignition, dusion and premixed combus-
well validated under most conditiorlg [1]. Accordingly, amu  iOn processes under intensely fluctuating flow CC.)ndI'[It[IﬁS.,
ber of explicit reduced mechanisms for hydrogen combustiot challenging test case for the three-step chemistry. Tiwis o
have been proposed in the pdst[|2-8], designed to reprodué@€tive is tackled in the first two sections of the paper. &yst
accurately one combustion process in particular — auttgni ~ atic post-processing of such unsteady three-dimensidte |
deflagrations, or diusion flames — and for a limited range of flame simulations to analyze stabilization is a challehge L]
temperature, pressure or equivalence ratios. In manyipahct because the instantaneous stablllzgtlon position tylpidlalc- -
applications, however, these combustion processes can-be duates rapidly. Moreover non-premixed combustion, prehix
countered simultaneously — and possibly under a wide rahge §OMbustion and autoignition processes can contributelmu
conditions — which renders the use of such reduced cheasstri N€OUsly to stabilization. Fifteen years ago, the Takenoglam
inadequate. index was introduced to identify premixed and non-premixed
A three-step mechanism for,+air combustion was recently combustion[10]. Identification of autoignition remainswe
proposed [9], designed to cope with high-temperature gntoi  days an active S{Jble&_ﬂll], as the role of autoignition iméa
tion, diffusion flames and flame propagation. To encompass afabilization is still actively studied [13]. Being ableittentify
toignition, a specific correction was included in the mecbirmn 1N @ Systématic manner zones where autoignition originates
based on an eigenvalue analysis of the chain-branching rea@ crucial issue. Section 4 presents a new explicit diagnosti
tions between reactants and the main radicals. It has béien va®adily identify regions where autoignition is occurrimgsed

dated in premixed and non-premixed laminar flames, as well a1 joint use of quantities inspired bEl [9.]11) 14]. The diag-
nostic is fully explicit, which makes it computationally edp,

*Corresponding author and easily accessible both at the post-processing stagaand
Email addresspboivin@ing.uc3m.es (P. Boivin) run-time.
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2. Description of the supersonic flame

The supersonic burner (SSB) of the NASA Langley Research
Center lﬁi] sketched in Fid.] 1 and with operating conditions
given in Table[dl, produces an axy-symmetric flame from a
sonic pure hydrogen cold jet surrounded by a largely supé&so
(Mach 2) jet of hot products generated by a lean combustor.
Massive convection leads to a large induction zone, pregedi
the flame stabilization area, about 6 cm from the nozzle exit,
or 25 D (D=2.36 mm, is the diameter of the inner hydrogen
jet). The work of Cheng et al|__[il6] with the SSB provides ac-
curate experimental data on the dynamics, the mixing and the
combustion conditions of this supersonic lifted flame. Tiylo
combining ultraviolet spontaneous vibrational Ramantecat

ing and laser-induced predissociative fluorescence tgqabsi
they obtained simultaneous instantaneous measuremants fo
temperature and species concentrations (main speciestdnd O
radical). Measurements are reported as radial profilessat di
tancesx/D = 0.85, 10.8, 21.5, 32.3, 43.1, 64.7 and 86.1 from
the burner exit and as scatter plots of temperature andespeci
at several selected locations.

2.1. Numerical set-up

Simulations of the supersonic flame described above are car:
ried out with the Navier-Stokes equations solver AVBP) [17], a
developed at Centre Européen de Recherche et de Formation
Avancée en Calcul Scientifigue (CERFACS). AVBP is an un-

Dimensions

Air mass flow rate £2%) 0.0735 k¢
H, mass flow rate£2%) 0.000173 ke
O, mass flow rate£3%) 0.0211 k¢
fuel mass flow rate+£3%) 0.000362 k(s
Nozzle exit inner diameter  17.78 mm
Fuel injector inner diameter 2.36 mm
Fuel injector outer diameter 3.81 mm
Vitiated Air Exit Conditions

Pressure 107 kPa
Temperature 1250 K
Mach number 2.0
Velocity 1420 njis

O, mole fraction 0201

N, mole fraction 0644

H,0 mole fraction @55

Fuel Exit Conditions

Pressure 112 kPa
Temperature 540K
Mach number D

Velocity 1780 nfs

H, mole fraction 10

ble 1: Supersonic burner nominal operating conditiofi [1

structured parallel compressible solver designed for & &dgdy
X Simulation (LES) or Direct Numerical Simulation (DNS) of

.
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combustion systems. The balance equations for mass, momen-

tum, energy and species mass fractions are explicitly iated

with a 39-order scheme in space — Taylor Galerkin — and time

— Runge-Kutta. To handle shocks in the supersonic jet thé str

egy proposed idﬂS] was followed: the sub-grid scale tuehtl

viscosityu; is modeled through a standard Smagorinsky model,

a centered numerical scheme is chosen and a hypervisgksity |

in [@] is used for capturing shocks. A subgrid scalfudiv-

ity is introduced for chemical species via a turbulent Sahmi

number equal to 0.6 (molecularfilisivity is different for each

species, and specified by the Schmidt numbers::28; Q:

0.99; BO: 0.77; H: 0.17; O: 0.64; OH: 0.65; HO0.65; HO;:

0.65; Np: 0.87). No sub-grid turbulent combustion model is

used, on the grounds that the resolved scales control fudly t

combustion processes in the region of interest for thisysthat

is, in the stabilization region. More details on this areegiin

the dimensional study in S€c. P.3.
A number of groups have simulated the main characteristics

of the supersonic flame using Eulerian and Lagrangian Monte

N Carlo Probability Density Function (PDF), or flamelet madel

I [2d-25], in a Reynolds Averaged Navier-Stokes (RANS) con-

text. The boundary conditions have proven to be one of thé mos
sensitive elements in simulating this flame. The experisgnt

HE% ﬁ Fuel
Water out

Figure 1: Sketch of the supersonic burner.

[16] provide detailed data on the fluid mechanical scalesoand
the flow composition ak/D=0.85, a very short distance from
the nozzle exit compared to the 25D experimental flame stabi-
lization lift-off height. A set of velocity, temperature, pressure
and main species concentrations profiles — consistent tth t



experimental data and the nominal flow rates of the burnergiv the numerical stability of the switch, and to assess theracgu
in Tab.[1 — is imposed at the supersonic inlet of the simutatio of the three-step mechanism, the simulation of the sup@&rson
located atx/D=0.85. Homogeneous isotropic turbulence is thenflame was performed thrice, using the detailed San Diego ehem
superimposed in the vitiated air coflow, with a rms velocity o istry, the reduced chemistry with the correction descridsalve
300 nys, consistently with the 20% fluctuations in velocity at (] /w = w;/wy = W}, /wn = A), and the reduced mechanism
the jet exit reported in the experime@[lG]. without the correction.

The computational domain is a hemisphere corresponding to
x > 0.85D and of radius 10000D, and the fully unstructured
grid consists of 6.6M tetraedric cells, with a minimum vokim
of Av = 8.103m?3. The convex boundary on the sphere is an
adiabatic wall, sfiiciently far so that no wave reaches it during
the simulation time.

2.3. Physical scales and mesh requirements

The experiments show that the flame anchors in a flow of
mean velocityt = 1200mjs, which is hundreds of times the
laminar flame speed of a hydrogair stoichiometric premixed
flame. Even with a turbulence level of 20%, it is clear that the
. - . . . flame cannot be stabilized through a propagative edge flame,

The main objgctwe of this work is t(.) test, in a turbulent because the flow velocity is at least ten times higher than the
case, the behavior of the recently published three'Stem’mecdeﬂ::igration speed. Instead, the flame of the present study is

anism for |‘.b-ai!' combustipn ] by compgring it to a detailed stabilized by the autoignition of a mixing layer betweendcol
chemical-kinetic mechanisml[1], consisting of 21 elempnta hydrogen and hot vitiated air

reversible reactions and involving 8 reacting species.tffee- . . . —
. . The physical scales associated with the autoignition m®ce
step mechanism was derived from a twelve-step skeletal mech o o :
. : : ; .. are evaluated from a preliminary computation, in laminar-co
anism by assuming O, OH, ang®, to be in chemical-kinetic -, . . ; X
. . , ditions, in order to estimate the mesh resolution requirdme
steady state, and consists of three global reactions betiivee . . . .
. o in the turbulent computation. The transient evolution ohe-o
reacting species: . . - o S .
dimensional mixing layer of KHand vitiated air with composi-
| tion and temperature as given in Tdb.1 was computed using a

3H; + 0, f 2H0 + 2H DNS code with detailed chemistry and complex transport as in

H+H+M = H,+M [2€].

Hy+ 0, = HO,+H,

2.2. Reaction mechanisms for hydrogen combustion
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which ratesw;, wy andwy, are detailed in[9]. The three-step Detailed [1] Reduced [9]

mechanism also includes a correction accounting for tteréai

of the steady state assumptions for O and OH during autoigni-

tion events above the second explosion limit, wha$eotive- 10
ness and numerical stability has yet to be proven in a tunibule
flame.

The correction consists in using modified rate§w, =
wy /wy = wy, /wn = A during the chain-branching period that
leads to autoignitionA, given in E!)] depends on the local reac-
tants concentrations and temperature.

It was shown in[[14] that H@is a good marker of autoigni-
tion. To identify when and where to use this correction, that 0 _i 0 1 _i O 1
when is autoignition occuring, a variablewas defined |n|]9] x (mm) x (mm)
as

time (107°s)

. ) Figure 2: Isocontours of heat release rate corresponding to
o = Production rate(HE) — destruction rate(Hg) (1) 2"x10°nr3s?forn = 1 upton = 4 in the transient one-
production rate(Hg) dimensional mixing layer between the fuel and the vitiatied a
The occurrence of autoignition is identified by the conditio with conditions given in Tati]1. The black lines indicates th

that e be larger than a threshold value in regions of positivelocation wheref = fg (stoichiometry) andf = fmr (MoSt-
H-atom production. If this condition is not satisfied, the-co €acting).

rection is not needed anl = 1 is to be used instead. The

threshold criterion used in the computations was 0.05, al- Autoignition occurs at the most-reacting mixture fraction
though the results were found to be quite independent of théy,, leading to the formation of two premixed fronts that leave
threshold value used, provided the value selected wéis su behind a trailing dfusion flamel[27]. The temporal triple-flame
ciently small [9]. This switch could in principle cause nume structure obtained using detailed and reduced chemispmeis
ical problems when autoignition occurs in a turbulent ceite sented in Fig(2. Also shown are lines corresponding to the
as strong gradients in reacting rates could be introducedr-1  evolution of the stoichiometric and most-reacting mixtires-

der to understand thefect of the proposed correction, to study tion position (s and fy,;). The mixture fractionf is defined as

3




The left side plots in Fig]4 show that HGppears well be-
- ] ) fore the high temperature region, indicating that autdiginiis
Zy tuel — ZH.coflow starting at distances of about 20D from the burner exit.

Here,Zy is the hydrogen elemental mass fraction in the mix-
ture, 3.000e+03

Zu=S uinV. 3 2.250e+03
= Y @ e
wherey; 4 denotes the mass proportion of atomic hydrogen in  7.500e+02

the species i, andt; are their mass fractions. Figuré 2 shows 0.000
that autoignition occurs after a timigy. ~ 6.10"°s, after which &)
the flame ignites and splits into three branches : a lean, spa
tially decaying premixed flame (left branch), dfdsion flame
anchored around the stoichiomefgy=0.03 and a rich, spatially
decaying premixed flame (right branch). The time scale asso-
ciated with the premixed branches is dendigdnd estimated

=~ 4.1055.

Considering a mean velocity= 1200njs estimated from the
table of the fluid mechanical scales in the flame reporteddh [1
the induction zone should extend over a regiot@fu ~ 30D,
and the premixed branches ovgr.u ~ 20D in the laminar
jet. In this stabilization region (& x/D < 50), mixing is a
key phenomenon and must be captured from the largest to the
smallest scales, i.e. in a DNS-like approach.

A very refined mesh was then used in the near burner area,
0.1 < AX < 0.4mm was imposed fox/D < 40, to ensure that
mixing and ignition are well resolved, and there is no need fo
turbulent combustion modeling in this area. The ratio of the
minimum grid spacing to the experimental integral and Kol-
mogorov scale are then respectively of the order of 0.02 @nd 1
according to the experiments by Cheng etlall [16]. A posterio
tests on the mesh resolution are presentgd in Apperdix A.

Further downstream, the absence of a sub-grid turbulent
combustion model will lead to an under-resolution of the dif
fusion flame. This does not imply numerical instabilities, a
species and temperature gradients are controlled by tbkveels
flow. As the flame stabilization is the result of an autoigpniti
process, and not an upstream propagation equilibratedioy co
vection, the lack of subgrid model in thefldision flame cannot
affect the flame position. Figure 3: Instantaneous (left side) and mean (right sid®a) te

The time step is limited by the smallest cell size and thePerature in the center plane of the flame. From left to right :
fastest acoustic propagation Sp&eé c,u being the flow ve- detailed Chemistr)ﬂl], reduced Chemistry without the eotr
locity, andc the sound speed, using a Courant-Friedrichs-Lewyion, and reduced chemistry as in [9]. Contour lines aretgtbt
criterion of 0.7. The resumng time-step is close to zgm every 250K from 1000K to 2500K. White dots in the rlght plOt

which is at all times below any chemical-kinetic time scale. ~ correspond to the location of scatter plots of Figs. [[to 9.

f ZH - ZH,coflow

3. Results Focusing on the mean temperature in [Eig. 3, the first note-
worthy result is that the detailed chemistry predicts wittod
Computations were performed on a HP AMD cluster withaccuracy the stabilization position of the flame at about 25D

20.3 peak Tflop's at CERFACS, using up to 120 cores. from the supersonic burner, as obtained in the experimaht, v
idating the choice of the San Diego detailed chemistry [13 as
3.1. Qualitative results reference. Secondly, the reduced mechanism includingdhe a

Figure$3 anfl4 present the instantaneous and mean tempeeguate modified ratesf, ), andwy,) as presented in Sdc. 2.2
ture and HQ@ mass fraction fields obtained in the simulation of predicts a very similar turbulent flame: the stabilizatiarsip
the supersonic flame, and allow a first qualitative comparisotion, and the instantaneous and mean temperature apdddo
between the three chemical-kinetic mechanisms. The highlical mass fraction fields are very similar to those obtainét w
fluctuating nature of the flame can be observed on the left sideetailed chemistry.
plots in Fig.[3, showing the instantaneous temperature.field Finally, the reduced mechanism without correction (middle

4



pictures in Figd.13 arld 4) expectedly results in a large yméer correction. Some experimentally measured points, exdact
diction of the stabilization height, about 40% shorter. iBes,  from radial profiles, are also included. They were obtaingd b
the shape of the mean flame base indicates that this mechanigmterpolating ay=0 the radial profiles reported iﬂ16]. Because
predicts a leaner autoignition, which is consistent withltim-  of the asymmetry of the experimental radial profiles (Eig. 6)
inar results presented in [9]. The inclusion of the corattf  this interpolation does not necessarily correspond to xiead

the reaction rates in the reduced chemistry changes datigtic the flame. The SSB, depicted in Hig. 1, shows a short combus-
the stabilized flame, both in position and shape, indicaggn  tion chamber fueled asymetrically by the hydrogen and oxy-
that autoignition is the key mechanism in this flame sta®iliz gen injectors, followed by a short convergent divergentziez
tion. The resulting flow is expected to be more asymmetric than the
present CFD inlet conditions, which explains the deviatbn

gjgggZ:gZ the numerical results and experiments in these plots. Adwil
2.000e-04 seen below, numerical and experimental radial profiles show
1.000e-04 much better agreement.

O,Dg})emo Table[2 shows the lift-f height in D units, computed as

the position of the maximum temperature gradient of theethre
mean temperature profiles in F[d. 5. These values confirm that
the reduced mechanism without correction predicts theoffft
height with an error of more than 40%, while the introductibn

the correction reduces the error to about 5%. In the remainde

;j‘;f A

of the discussion, only the detailed mechanism and the estuc
mechanism including the adequate correction will be censid
ered.
Lift-off height Relative error
Detailed chemistry 26.12 0
Reduced chemistry 24.73 -5.35%
No correction 14.55 -44.5%

Table 2: Stabilization position in D units, as obtained vifie
detailed chemistry[1], the reduced mechanism [9], and ¢he r
duced mechanism without the correction. Experiments mreasu
stabilization at 25D.

The reduced chemistry reproduces with good accuracy the
mean and rms fluctuations profiles of all species predicted by
the detailed chemistry. This is even true for the hydropgrox
radical HGQ (bottom plots in Figl ), which shows outstanding
agreement in the induction zone, up to abg/t=20.

Figure[® includes experimental and numerical radial prefile
for mean values and rms fluctuations of the temperature, mole

0.85D fractions of main species10,, H,O and radical H@ mole
fraction at axial distancegD=10.8, 21.5, 32.3 and 43.1. These
Figure 4: Instantaneous (left side) and mean (right side) HOaxial locations are indicated in Figs. 3 ddd 4 for refereirre-
mass fraction in the center plane of the flame. From left tdiles atx/D=0.85 reported in the experiment are not included
right : detailed chemistryf [1], reduced chemistry withowét here, as this position corresponds to the inlet of the compu-
correction, and reduced chemistry aslin [9]. Contour limes a tational domain, where experimental profiles are direatly i
plotted every 10° from 2.107°to 21074, posed.
Mean and rms profiles in the induction zone, corresponding
to positionsx/D =10.8 and 21.5, and represented in Figk. 6.a
3.2. Comparison with experiment and®.b, are identical for the main species and temperaitite w

A guantitative comparison of the flames obtained in the thre¢he detailed and the reduced chemistry. They are also v@ry si
simulations is presented in Figl 5. It represents profiles foilar for HO, mole fraction. Moreover, the agreement with the
mean values and rms fluctuations of the temperature, male fraexperimental mean values is very reasonable. Rms fluctisatio
tions of main species £ O, H,0, and radical Hmole frac- in the simulation are comparable in magnitude to the exper-
tion along the flame axis, as obtained with the detailed chemimental measurements, even if the central area peaks are not
istry, the reduced chemistry, and the reduced chemistiyowit ~ well reproduced.
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Figured 6.c anfll6.d show radial profiles for the same quarture and main species are all very close to the mixing lirgi; in
tities atx/D=32.3 and 43.1, inside the stabilized flame. Meancating that no reaction has occurred yet. This good agreemen
values of the main species are still in good agreement fatehe
tailed and the reduced mechanism, with small overestimstio Experiment Simulation

of HO, mass fraction in the dfusion flame. The two peaks ob- 3000
served in the numerical rms profiles in Figs 6.a &hd 6.b slowly
merge into one as distance from the nozzle increases, gaving
better agreement with the experiment.
mean rms 0
2500 e =600
1500 300 Hzo
500%——= 0
2 O
05 .’ %\ 03 0.06
SNl ° o ° 0.04
0 . 0 OH OH
O, i 0.02
01 < e N e Joos 0%
° \\ o ! __o_;, g HZ// =
0 - P
H20 ) S
03 . ’// ° N>
2 0.06 0.12
0 f
Figure 7: Scatter plots of temperature, main species mate fr
1 tions (H, Oz, N, H>0), and OH mole fraction versus mixture
fraction atx/D = 10.8,y/D= -0.65. Equilibrium (solid curve)

and mixing lines (dashed curve) are also included. Left:dExp
iment. Right: Simulation.

Figure 5: Mean and rms profiles for the temperature and molgalidates the resolution of mixing at large scales, a sirgergqn
fractions of selected species along the flame axis, as @atain condition for the good prediction of the liftdheight. Some
with the detailed chemistry/[1] (solid curves), with theuedd  traces of OH, appear in the experiment at very low mixture-fra
mechanism[[9] (dashed curves), with the reduced mechanisgions, which correspond to products of a lean pre-combutio
without correction (dot-dashed curves), and in the expeni$1  the SSB, as reported in the experim [16], and not to thetons
[16] (circles). of ignition.
For the next scatter plots, in Figi$. 8 4dd 9, probes are Idcate
To further compare the numerical results and the experiinside the stabilized flame (see Hig. 3). The species andgemp
ments, scatter plots of temperature and species molednacti ature progressively approach their adiabatic equilibrievel.
are presented in Figs[] 7 9. The left plots correspond he range of mixture fractions encountered at the secortuepro
to simultaneous experimental measurements at threedosati in Fig.[8, located in the flame, is fairly similar in the expeent
[%/D, y/D]=[10.8, -0.65], [32.3, 1.1] and [43.1, 0] and the right and in the simulationf( € [0, 0.08] and [0,0.07] respectively).
plots to instantaneous values from the simulation with #e r Agreementin the range of fluctuatirigzalues is not as good at
duced chemistry over 0.6ms at the same locations. The plothe last probe (Fid.19), but remains acceptable.
also show lines, representing the limits of pure mixing lesta Conditional averaging of the experimental and simulation
the reactant streams (mixing line), and of adiabatic elguilim  scatter plots would show a good agreement, however, the scat
after combustion (equilibrium line). Stoichiometry cagpends  tering of the points in the vertical direction of these plistao-
to fgt = 0.03. ticeably diferent, as shown in Figlsl 8 apd 9. It is to be related
The first scatter plots, in Fid.] 7, correspond to the probe loto the lower rms fluctuations for temperature and specidsan t
cated atx/D = 10.8 andy/D = -0.65, in the induction zone, far vicinity of the symmetry axis, as reported in Figk. 5 ahd 6.
from the ignition region (see Fifll 3). As expected, the terape  This is due to the choice of the injected turbulence (homoge-
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Figure 6: Mean and rms profiles for the temperature and matgifms of selected species at g)=10.8, (b) 21.5, (cxy/D=32.3
and (d) 43.1, as obtained with the detailed chemistry [1ldsurves), with the reduced mechanism [9] (dashed cumdsensses),
and in the experiments [116] (circles).



neous isotropic), which does not describe the inhomogeseit conditions.

produced by the splitter between the two jets. As a conse- )

quence, less fluctuations are found in this area comparégto t Experiment Simulation
experiment. This however seems to have a negligible impact o 3000 N
the global mixing (see Fi@l 7). The quality of the simulateaifl

2000,

is then considered flicient to study the impact of the finite-rate 1755
chemistry on flame stabilization. 1000
Experiment Simulation 0
3000——

2000

1000

0.06
0.04
0.02} &

Figure 9: Scatter plots of temperature, main species mate fr
tions (H, Oz, N, H20), and OH mole fraction versus mixture
fraction atx/D = 43.1,y/D= 0. Equilibrium (solid curve) and
mixing lines (dashed curve) are also included. Left: Experi
ment. Right: Simulation.

Figure 8: Scatter plots of temperature, mgin species mg&e fr In Fig. [I3, OH radical, absent from the reduced chemistry,
tions (H;, Oz, N2, H>0), and OH mole fraction versus mixture \yas estimated using the appropriate steady state expmessio

fraction aty/D = 32.3,y/D= 1.1. Equilibrium (solid curve) and  given in [9], showing a reasonable agreement with the dtail
mixing lines (dashed curve) are also included. Left: Experi chemistry.

ment. Right: Simulation.

- . 3.3. Discussion
We compare in Fig._10 scatter plots of H@ole fraction

atx/D=20,y/D=0, (where instantanteous autoignition seemsto The comparison of the shapes of the mean and rms profiles
start according to Fig$.] 3 afdl 4) as obtained with the detailein the induction zone preceding the flame, shown in Higs. 5,
and the reduced chemistry. This area preceding the st@bilizlB.a andB.b. indicates that the mixing layer between hydroge
tion point contains the most important variations for the hy and the hot coflow is not well reproduced in the simulation. A
droperoxyl radical, while all other quantities remain @ds  better strategy for the inlet boundary condition shouldives-

the mixing line, indicating the onset of autoignition cldsehe  tigated, to account for the non-uniformity of the turbulerat
most-reacting mixture fractioh ~ f,,, = 0.015. The similarity =~ x/D=0.85, and the species fluctuations due to the unsteadiness
between the detailed and reduced chemistries indicatdéttbat of the flow characteristics after the pre-combustion chambe

latter captures the main autoignition mechanism. However, this does not influence the flame stabilizationcivhi
Figure[11 includes the same comparison for the temperatuigeems to be purely chemistry related.
and the mole fractions of 51 H,O and OH in the mixture frac- A second diference is that the experimental flame seems

tion space at}/D, y/D]=[25, 0]. At this position, autoignition generally wider than the simulated flame. This error is recur
has occurred, and all species show intense fluctuationst Mogent in all recent simulations of this fIanEt@-ZS], and may b
of the hydroperoxyl has been consumed, triggering the ehailessened by a more realistic boundary condition includiog,
branching reactions characteristic of bixidation under these instance, a realistic burner geometry.
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Figure 10: Scatter plots of HOmole fraction versus mixture
fraction atx/D = 20, y/D= 0. Left: detailed chemistry. Right:
reduced chemistry.

Besides these inaccuracies, this flame simulation captuges
correct physics, and is a good reference for studying thaanp
of the chemistry model, which is the objective of the present
work.

The detailed and reduced chemistries predict mean values
and rms fluctuations very similar for all main species, excep
in a very small area around 25D, as revealed in[Eig. 11. This )
probe was purposedly located in the area between the two stglgure 11_: Scatter plots of temperature_ and sele<_:ted pecie
bilization positions predicted by the detailed and the oedu mole fractions (i, HO and OH) versus mixture fraction as ob-

chemistries (resp. at about 26D and 24.5D, as presentedbin T4ined with detailed and reduced chemistryx/ = 25, y/D=

D), to evaluate the size of the largest possible errors. 0. Equml:_)num (solid curve) ar_1d mixing _Imes (dgshed cyrve
However, the burnt gases maximum temperature is overesti'® al_so included. Left: detailed chemistry. Right: redlce

mated by about 150K, as shown in Fig8.[5, 6.c@hd 6.d. Thi§"emistry.

is a well-known drawback of using explicitly reduced cheahic

mechanisms: the selected subset of radicals has a stroagtimp e propose an explicit expression for the eigenvalue aatasti

in the evaluation of the specific-he@g, and thus on thermody- ¢, autoignition chemistry.

namics. Hydrogen autoignition above thé®explosion limit can be

characterized by the competition of the chain-branchiag+e

tions

4. An explicit diagnostic for autoignition identification.

1

The hydroperoxyl radical HOpeaks typically in igniting O;+H — OH+O
mixtures, therefore it has been extensively used for detect H,+ O 3 OH+H
and visualization of autoignition in lifted-flames [13, 128)]. 3
However, HQ concentration also peaks in ignited mixtures Ho+OH = HO+H,
near the fuel-rich reaction zones of flames [11] I\/loreO\lBr, i and the radical Consumption through the th|rd_b0dy e|emnt
concentration during autoignition processes changesicllly  reaction
with local conditions, and can hinder the detection of éerda- 4
toignition spots when several local maxima (in Hi@vel) are H+O;+M — HO;+ M.
simultaneously present.

This section shows a possible use of the quantities derive
in [9] and reviewed in Se€. 2.2 for a new explicit diagnostic t
identify autoignition at the post-processing stage.

his competition can only occur if traces of radical are pro-
uced by the initiation step

Hy+0, — HO,+H.

4.1. Reactivity of the mixture Autoignition above the ' explosion limit can then be studied

The chemical explosive mode analysis (CEMA) proposed byS the following linear system
Luetal. [11]20], and derived from the computational siagul _ _
perturbation (CSP) method_[30], is a method to quantify the qiC=AC+e (4)
reactivity of the mixture at each point of a simulation. Clieah

explosive modes are associated with positive eigenvalitego  WNere

Jacobian of the chemical source term.[In [11], explosive&sod —(kif + KstCm)Co, kotCh,  kaiCh,
are detected by computing numerically the eigenvaluesef th A= ki¢Co, —k2tCh, 0 ,
full Jacobian at every point of the computational domainreHe ki¢Co, kotCh, —k3tCh,

9



e 1
C=|Co| and €=ksCo,Ch,|0 y

Com 0

Here theCx are the molar concentrations of the species X, and
kit i=15 are the forward temperature-dependent Arrhenius rates
of the reactions listed above.

It can be shown thaf has a single positive eigenvalue
characteristic of the chain-branching, which can be olthin
with good approximation neglecting the cubic term in thereha
acteristic polynomial[9], as:

21.5D
,“i + 4|0|2 - |1
A= —m———, 5
0, ®)
where thd; are the cofficients of the characteristic polynomial:
|2 = k]_CQ2 + szH2 + k:g,CH2 + k4C02C|\/|
|1 = k2k3Cf,2 + (kz + k3)k4CH2C02CM
lo = (2kCo, — kaCo,Cm)kzksC, .
This simple expression fat, depending only on the local
reactant concentrations and temperature, gives an aecesat
timation of the local non-premixed potential reactivity.chn
also be used to estimate a priori the most-reacting mixraie f
tion [@@E’V] which corresponds to the maximum value 10.8D
of 1in a mixture.
Note thatd is proportional to the inverse of the autoignition
time in homogeneous conditions. It is possible to obtaidiexp
itly the relation between and the autoignition time, by fully
integrating the dferential equation${4), as iﬂ31]. The com-
plete integration results in an additional logarithmicii€asso-
ciated to the initiation terna), which was not found to improve lambda
significantly the identification of the most-reacting misds in 6.000e+05
this case. 4.500e+05
Figure[12 presents a snapshot of the instantangotsue 3.000e+05
in the supersonic flame simulated in this work. Given that 1.500e+05
depends only on the local temperature and concentraBgns 0.000e+00
andCo,, and because these quantities barely change during in- 0.85D

duction, A is approximately constant along the most-reacting
mixture line, marking reactivity but not the actual occuce

of ignition. Autoignition occurs along this line afterfiigient ~ Figure 12: Snapshot of, the reactivity of the mixture. Contour
accumulation of H@radical, which can be identified by a sec- lines att = k.10°s7!, k=1,2,..,5.

ond variable, as presented in next section.

4.2. Autoignition progress the homogeneous autoignition process, HBoduction starts
Figure[13 shows the evolution af the temperature and se- by the initiation step K+ O, — HO, + H. While the pro-
lected species mole fractions in an isobaric homogeneaous reluced H radical is readily consumed by the third-body reacti

actor with initial conditions close to those encounterethie H + O, + M — HO, + M, producing more H@, HO, cannot
induction zone of the supersonic flamg=(atm., ==1200K, be consumed by any of the reactants antemains by defi-
f=0.03). It shows that, as explained above, the concentrationition unity during this stage. As H{Oradical accumulatesy
of Ha, Oz, H,0, H, as well as the temperature and therefore thelecreases, reaching 0 when the Hf®ncentration reaches its
reactivity A remain constant during the induction process. maximum value, triggering the autoignition. We can identif
The chemical steady-state parametedefined in Eq.[{l1), the autoignition period as the period when H@ogresses to-
was originally introduced idIi4], and used laterlih [9)taet®  wards steady state, whendecreases. In Fif L3 two vertical
autoignition and activate the correction in the 3-step cedu lines are plotted atrmax = 0.95 andamin = 0.05 to show that
mechanism. The evolution af during autoignition in the ho- these two values can be chosen as delimiters of the autoignit
mogeneous reactor is included in the lower plot of Eid. 13. Inregion. Given the variations of (see Fid.IB), the criterion de-
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Figure 13: Evolution of the mole fractions of the main spscie
(top), of Hand HQ radicals (middle), reactivity and autoigni-
tion criteriaa (bottom), and temperature (full-height), during
isobaric homogeneous autoignition. Vertical linesaxa.95
and 0.05.

pends very little on the choicey,n, provided it is stficiently
small (also described irE|[9]). However, the valueagfax sets
the sensibility of the criterion. It has to be small enougibé¢o
insensitive to numerical instabilities, but large enougltap-
ture the induction region. Figures in the next section shuat t
amax = 0.95 is a good choice.

4.3. ldentifying autoignition
The stabilization of a turbulent lifted flame by autoignitis

the autoignition kernel in Fig—14 shows théieacy of the
method as an identifier of autoignition. Upstream, the apriei
tion kernel shows finger-like shapes, corresponding to tise fi
detectable stages of autoignition. The coloring indicées
autoignition at this first spots occurs at maximum valueg,of
that is, at the most reactive mixture, as should be expected.

In addition, this method can be adapted to syngas autoigni-
tion (H, : CO mixtures). The expression for the reactivity Eq.
(®) remains valid, as the chain-branching is dominated by H
chemistry. The chemical steady-state parameter fog,HQ
includes additional CO related reaction rates [32].

It should be remarked that the expression for the reactivity
is not valid below the second explosion limit, where autéign
tion is not controlled by the chain-branching, but by a thalrm

runaway [3B].

5. Conclusions

We have presented simulations that validate a three-step re
duced kinetic-chemical mechanism fog ldxidation @] in a
turbulent, autoignition-stabilized flame. As outlined hetin-
troduction, one of the main motivations for studying redlice
chemistry is the possible saving in computational costse Th
use of the reduced chemistry results in a significant 20%spee
up compared to the detailed mechanism. Note that a speed-up
of up to 45% was obtained using the reduced mechanism in a
two-dimensional cartesian grid DNS solveer|[26]. Higherespe
up, of up to 75%, was obtained in transported PDF simulations
These diferences in speed-up can be related to tffewint rel-
ative weight of chemistry integration in the cost of the #re
simulation methods.

The reduced mechanism fop ldxidation E)] dfers an attrac-
tive alternative to detailed chemistry as being compueiy
cheaper, and leading to practically identical results. iFaas
derived in a fully explicit manner, no tuning is necessarpipr
to a flame computation and it can be readily adapted to gry H
oxidation detailed chemistry available in the literature.

The simulation using the reduced chemistry is as stableeas th

more complex than the homogeneous case described inTFig. 1&mputation with the complete chemistry. The modificatibn o

However, the discussion stands in reactive preheatedl&nbu
mixtures, and the region whedds betweenyyax andamin, may
be identified as the autoignition kernel.

the three global reaction rates where- 0.05 has proven to be
an dfective correction even in a turbulent simulation, and, more
importantly, does not cause any particular numerical bikta

Figure[14 represents on the left the area corresponding tGiven the excellent results obtained with the reduced cbigyni
0.05 < @ < 0.95 in the symmetry plane, and on the right the in laminar combustior] [9], and its accuracy in this liftechiie,

isosurfaces ofr=0.05 and 0.95 colored with the reactivity
computed from an instantaneous solution obtained withehe r
duced chemistry. As a reference, a gray temperature iseurf

it is expected to give good results in other turbulent lifiadhes
as well, provided that autoignition occurs at conditione\ah
the 2'¢ explosion limit.

at T=1600K is also plotted, delimiting the burnt gases region. Based on the quantities introduced i [9], afficéent au-
For visualization purposes thdsosurfaces were restricted here toignition detection methodology was presented in thedast

to very reactive mixtures, eliminating points wheres smaller

tion. This method is computationally cheap, as all quastiti

than one third of its maximum value. The volume correspondare given by explicit formulas, and can be adapted to apy H

ing to 005 < a < 0.95, well separated from the burnt gases,

can then be associated to the autoignition kernel.

air oxidation scheme, provided that the hydroperoxyl radic
HO; is included in the mechanism. This includes also any

Further study of this ignition kernel shows that it containsH,-dominated autoignition process, for instance that of agng
pockets of burnt gases, some of these pockets readily &isib(H, : CO) mixtures. Also, it provides a simple way to eval-
in Fig.[14. The strict separation of the burnt gases regiah anuate the most-reacting mixture fraction in a mixing-layé.

11



21.5D

10.8D
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Figure 14: Left: in black, area corresponding t0®< a < 0.95 in the symmetry plane. Right: zoom on the iso-surfaces0.05
and 0.95, colored with. In gray, temperature isosurface atT600K.

similar method for more complex fuels should be further in-Appendix A. Resolution in the stabilization region
vestigated, starting with a systematic simplification of Hu-
toignition process. The resulting system might not restive No subgrid scale turbulent combustion model is used in the
simple quadratic expression, as for the hydrogen mixtuges r present simulations, that are considered DNS in the flame sta
activity, or even be fully explicit, but it should remain aper  bilization regions. This was justified a priori[D 2.3, as auk
computationally than analyzing the complete Jacobian ef thof a very fine mesh resolution in the near burner region (from
chemical source term, whose complexity grows with the sgjuarx = 0 to x = 40 D). This refined region should contain the area
of the number of species. of interest for this study, estimated from laminar flame ltssu
Additionally, this study enlightens the fact that the cl@ic to cover a region up te/D=30 for autoignition and a region
of the chemistry scheme in a simulation of an autoignition-up to x’D=50 for the stabilization point. It can readily be seen
stabilized lifted flame is essential, as an inappropriaticeh  from Figs[3[% anfl12, that also in the turbulent flame casg, th
can lead to errors on the flame stabilization-height of u®8»5  stabilization region is included in the well resolved area.
Additionally, an a posteriori test for the resolution inghe-
gion can be obtained by comparing the SGS turbulent vigcosit
w and the laminar viscosity in this region. FigurE/A 15 shows
This work was supported by the UE Marie Curie ITN an instantaneous plot of the ratig/u in the central plane of the
MYPLANET, by the Spanish MCINN through projects # simulation, in which contour lines of reactivityare superim-
ENE2008-06515and # CSD2010-00010 and by the Comunidagosed. In the induction region, where mixing and autoigniti
de Madrid through project # S20@ENE-1597. We acknowl- occur, that is, in the region delimited by the= 10° contours,
edge fruitful discussions on hydrogen chemistry with PAoL.. the SGS turbulent viscosity is less than an order of mageitud
Sanchez and Prof. F.A. Williams. We also wish to thank Proflarger than the laminar viscosity~ 5.10°° kg/m s. This shows
T. S. Cheng and Prof. R. W. Pitz for providing experimentalthat the turbulent structures in the induction area are reell
data in electronic form. solved.
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