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The Lagrangian Flamelet Model is formulated as a combustion model for large-eddy simulations of
turbulent jet diffusion flames. The model is applied in a large-eddy simulation of a piloted partially
premixed methane/air diffusion flang8andia flame D The results of the simulation are compared

to experimental data of the mean and RMS of the axial velocity and the mixture fraction and the
unconditional and conditional averages of temperature and various species mass fractions, including
CO and NO. All quantities are in good agreement with the experiments. The results indicate in
accordance with experimental findings that regions of high strain appear in layer like structures,
which are directed inwards and tend to align with the reaction zone, where the turbulence is fully
developed. The analysis of the conditional temperature and mass fractions reveals a strong influence
of the partial premixing of the fuel. @000 American Institute of Physics.
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I. INTRODUCTION sub-grid scale stresses and variances, might not necessarily
be applicable in the modeling of the chemical source terms.
While numerical simulations of turbulent flows applying In recent years many studies have been devoted to

Reynolds averaging techniques solve equations for ensembjgjori testing of the applicability of combustion models in
or time averaged mean quantities, Large-Eddy Simulationggs1-7 Most of the proposed models have previously been
(LES) have the capability of resolving the major part of the used, or could very similarly be applied, in RANS calcula-
turbulent kinetic energy of turbulent flows. Hence, only theions. Essentially, the proposed models can be divided into
influence of the small turbulent scales on the resolved fielg, categories: the direct method, the Linear-Eddy Model,

has to be.modeled. Since, in a_ddition, the .small t.urbulen{he transported probability density functidpdf) method,
scales fulfill the common modeling assumption of ISotropY . 4 the conserved scalar method

much better than the large scales, a very high accuracy in
predictions of the turbulent flow field can be achieved by
using LES. This is particularly interesting for simulations of

Similarly, as in RANS combustion models, the direct
modeling of the spatially filtered chemical source terms is a

. : L ery challenging problem. Different direct closure models
chemically reacting flows, where an accurate description o . :
N : ; ave been proposed by DesJardin and FrahReley first
mixing is essential and very complex phenomena like turbu-

lent transition and instabilities might be of great importance.ShOW that modeling the reaction term by only using the re-

The success of LES in predictions of turbulent flows issolved scales without a sub-grid model gives very poor

due to the fact that the kinetic energy content of the turbulenfigreement compared with DNS results. This has also been

. . . . 7
motion decreases with increasing wave number. Thereby, thﬂwwn. |.n many other studies, for mstan.ce by Colutcal.
major part of the Reynolds stresses is resolved. In the mod? @ddition they propose two different direct closure models

eling of the unresolved part it is still most important to rep- based on the scale similarity assumption, which considerably
resent the larger scales by a sub-grid scale model. Howevefnprove the predictions, but are still not in good agreement
since chemical reactions in nonpremixed combustion occufith DNS data. The reason for this is obvious. The scale
only by molecular mixing of fuel and oxidizer, which in similarity assumption actually implies that the smallest re-
practical applications occurs only on the dissipative turbulensolved scales are statistically similar to the largest unre-
scales, the combustion process occurs essentially at tis®lved scales. This assumption seems to be very reasonable,
smallest scales of the sub-filter level, and has to be modeldaut still, it does not assist in the modeling of the chemical
entirely. This also explains why sub-grid modeling tech-source term. As mentioned earlier, in turbulent nonpremixed
niques, which have successfully been used in predictions afombustion, chemical reactions occur on the dissipative
rather than the larger unresolved scales. This problem is in-
aAuthor to whom correspondence should be addressed; Pres@:725-  herent for all models, which estimate the reaction rates by
6635; fax: (650 725-7834; electronic mail: H.Pitsch@stanford.edu only using the resolved scales and it explains why the com-
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bustion models applied in LES do not differ significantly mixture fraction pdf in a conserved scalar approach. This
from RANS combustion models. conclusion depends certainly on the spatial resolution of the
The Linear-Eddy ModelLEM) has been proposed by calculation and the turbulence intensity.
Kerstein® In this method scalar mixing is described in lines, Different approaches have been used to specify the func-
the linear eddies, which are convectively transported with theion Y;(Z) appearing in Eq(1). Among these are the infi-
mean flow. The governing one-dimensional equations innitely fast irreversible chemistry assumptitnthe equilib-
clude molecular transport as well as turbulent convectiomium assumptiod, the conditional moment closure
modeled by random flow field rearrangement events. Thisnethod®*® and the steady laminar flamelet modél.
model has been formulated in the frame of LES by Mc-  In the present study the Lagrangian Flamelet M&tR)
Murtry et al® In this implementation one or more linear ed- is applied in a large-eddy simulation for a turbulent, piloted
dies are solved for each computational control volume. Thenethane/air diffusion flame. The results are discussed and
convective transport of the linear eddies is modeled by s@ompared with experimental data by Refs. 21-23.
called splicing events, which randomly exchange adjacent
cell linear eddies based on the LES-resolved velocity field.
The transported compositional pdf method has been apt. MATHEMATICAL MODEL
plied to turbulent reactive flows using RANS methods in
many studie¥*? and has also been extended to LES by
using so called filtered density functiofDF),”***3which The set of equations solved in the current modeling
are pdfs of the sub-grid scale scalar quantities. study can be derived by applying a spatial, density-weighted
The concept of sub-grid scale pdfs has also been adopteilter to the continuity equation, the momentum equations,
in the application of conserved scalar methods, which asand the mixture fraction transport equation resulting in
sume that the chemical state and thereby the species mass
fractions, can be related to a conserved scalar, typically the ‘7_P 1V. (ﬁ):o %)
mixture fraction in the case of nonpremixed combustion. ot '
Then, by presuming the sub-grid scale pdf of the mixture

A. Large-eddy simulation

fraction P(Z), the filtered species mass fractiovisin each @+v.(;7,;): ~Vp+V-o-V-(p(vv—o0)), (3
computational cell can be evaluated by at
- 1 ~ &;2 — — —_— e
V- | viop@az 1 V(@)= V(B2 -V (02 -52)),
Z=0

4
provided the functional dependendg(Z) is known. Here itp
and in the following the tilde denotes density-weighted spa- - o
tial filtering. o=u((Vv)+(Vo))— 3uV-vé. (5)

~ P(Z) is commonly assumed to follow A-function dis-  pere , is the densityt the time,v the velocity vectorp the
tribution, parametrized by the first two moments of the MIX-hressureZ the mixture fractionD, the molecular diffusion

ture fraction. The filtered mixture fraction is determined by .qefficient of the mixture fractiong the unity tensor, ang
the solution of a transport equation; its sub-grid scale variype dynamic viscosity.

ance is typically given by a sub-grid scale model. The valid-
ity of the B-function representation of the pdf of the mixture
fraction has been investigated by several authors using DN
data of nonpremixed reacting flows for constant and variable — , o,

density’®-514-16 The two main conclusions are that the ~ #~ fDG(X_X )X )dx’, ®)
B-function pdf provides an excellent estimate for the sub- ] ) o ]
grid scale mixture fraction distribution and that this estimate?VhereD denotes the integration domajs the coordinate
is even much better for LES than for RANS models. This isVector, and given the filter siz&, the spatial filter function is
shown to be particularly true if the mixture fraction variance defined as

The spatially filtered valugs of a quantity¢ is defined

is taken from the DNS data, suggesting that@ginction as A

a model for the statistical distribution of the mixture fraction Glx—x')= Loif x=x'[=3, @
performs much better than the commonly used sub-grid scale ]

models for the mixture fraction variance. 0, otherwise.

The mixture fraction variance can be determined byAs mentioned earlier the tilde denotes the Favre filtered
standard sub-grid scale modeling methods like the scalgy e for any quantityb given byTzS:m
similarity model as proposed by Cook and Rifegr by us- The unclosed terms in Eq&3) and(4) are expressed by

ing a small scale equilibrium assumption and determininqlsing eddy viscosity type models, such that the sub-grid
the remaining coefficient by the Dynamic Procedure follow-¢-51e fluxes in the momentum equations and the mixture
ing Pierce and Moirt” However, DesJardin and Frankeibr  f4cion transport equation are given by

instance, have shown that their modeling results do not differ . B N
if they use as-function instead of thg-function as sub-grid p(vv—vv)=—2p1S, S=31i(Vv)+(Vv)") (8)
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1 ——————————————————————— tions of turbulent jet diffusion flamés:2°The model follows
i | the conserved scalar approach, which has briefly been de-
S 0.8 i scribed in the Introduction, and uses the flamelet ide4S$.
g ) Here however, the functiow;(Z) is determined by the solu-
-§ 1 tion of the unsteady rather than the steady flamelets equa-
Zz 0.6 . tions.
=t | The unsteady flamelet equations for the species mass
g 04 P N fractionsY,; and the temperatur€ can be written as
v Y. ;- —
E (7Yi X (92Yi . 0 12
20z 1 Py P 2 M=0 (12)
3 0.
[ ] aT X(aZT 1 dc, aT)
o pP——PF|—=+T——= =
d 2 2 ¢, 9Z 9Z
0 2 4 6 8 0 12 7 A

/D 1 N . .
+—| > hame+ae—H|=0. (13
FIG. 1. Sub-grid scale Schmidt number of methane/air jet diffusion flame Cpl\k=1
(Flame D at different downstream positions. .
Here r is a Lagrangian type flamelet timle, andm; are the

specific enthalpy and the chemical production rate per unit
and volume of species, respectivelyc,, is the constant pressure
;(172—52)— —;D v7 9) specific heat capacity, and the scalar dissipation yatexs
= VZ,

been introduced as
where v; and D, are the sub-grid kinematic eddy viscosity

and eddy diffusivity, respectively. X=2DzVZ-VZ. (14
The eddy viscosityr, is given by the Smagorinsky D, is the diffusion coefficient of the mixture fraction aftd
model as accounts for the enthalpy flux by mass diffusion. The exact

,=CA2S), (10) form for this term depends on the particular diffusion model
and is given in Ref. 27 for the present work. In E¢2) and
where following Moinet al?* the Smagorinsky consta@tis  (13) the Lewis numbers of all chemical species have been
determined by the Dynamic Model as a function of time andassumed to be unity. This assumption is discussed in great
space. This procedure needs no model constants and assugesail in Ref. 20, where it has been argued that in turbulent
that the turbulent fluxes vanish in the limit of a laminar flow. combustion only a thin region around the reaction zone is
The sub-grid diffusivityD is determined from governed by molecular transport, whereas turbulent transport
D,=,/SG, (12) is.predo_minant. in the outer inert _mixing regipn, which im-

) ) plies unity Lewis numbers. Numerical simulations have been
assuming a constant turbulent Schmidt number. In Reyn‘)'dﬁerformed for the present configuration assuming nonunity
averaged simulations the turbulent Schmidt number is comp ewis numbers. The results show that Lewis number effects
monly assumed to be equal to 0.7. However, in LES thingdeed cannot explain the remaining discrepancies to the ex-
value is different. An approximation for a constant sub-gridperimental data discussed below. These simulations show
scale Schmidt number has been obtained by evaluating thgat the temperature is only influenced in the lean part of the
sub-grid eddy viscosity; and the sub-grid diffusiviyD; by flame. Of the major species only molecular hydrogen reveals
applying the Dynamic Model. The sub-grid Schmidt numberchanges on the rich side, which lead to an even stronger
can then be determined from E(L1). The resulting ime  oyerprediction than the unity Lewis number results.
averaged sub-grid Schmidt number distribution for the flow The radiation heat loss terg, is represented by using

configuration described below is shown in Fig. 1 at different ; : N : 4
L oo an optically thin gray gas approximation as given by Smith
downstream positions. The data clearly indicate that a con 3 y gray g bp 9 y

tant val f 04 d imation th hout ét al?® This model provides some basic features of the radia-
stant value of Se=0.4 is a good approximation throughou tion process, for example, that the heat loss essentially oc-

the whole domz?un. e . curs at the highest temperature and that the radiation process
L SUb_g”q scale diffusivitD, is compute_d asD, is slow compared to other physical time scales of the prob-
=1 /Sq assuming a constant turbulent Schmidt numbene, ., “\ hich has been discussed in detail in Ref. 19. The va-
Sq=0.{1. This value has been found to be "?‘Ppmp“ate fromIidity of the model has been assessed by comparing the pre-
calcglanons, wher®, has also been determined by the Dy- dicted with the measured conditionally averaged
hamic Model. temperatures atx/D=60 andx/D=75, which are in very
good agreement. In contrast, calculations which neglect the
influence of radiation overestimate the temperature/at
The Lagrangian Flamelet ModéLFM) is used in this =75 by approximately 100 K.
study to describe the turbulence—chemistry interactions. This  The consideration of the time dependence certainly adds
approach has successfully been applied in RANS calculasome complexity to the problem, but it has been shown that

B. The Lagrangian Flamelet Model
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it is essential to consider the unsteadiness, if for instance 30 ——————"————1T———T " 40
radiation cannot be neglected or NO formation is ]
considered? 25 1 30

Equations(12) and (13) can readily be solved and the ]
solution used to provide the remaining unknown quantitiesz 20 . ] 20
such as the density and the temperature if the scalar dissipa& 1 al
tion is known as a function of the mixture fraction, and the i ] 2
flamelet timer can be related to the physical space coordi- ~ 15 110
nates. These relations will be derived next. — Vzstr

The basic idea of the model is that flamelets are intro- 10 ! — _ Instantaneous T 0
duced at the inflow boundary. These flamelets then move [ — & - Time averaged 1
downstream, essentially by convective transport. In the fol- sL0 g
lowing, for all instantaneous scalar quantitis where ¢ 0 10 20 30 40 50 60
stands for the temperature or the species mass fractions, onl, x/D

averages over planes of equal nozzle distana®nditioned FIG. 2. Instantaneous velocity of the stoichiometric surface and instanta-
on the mixture fraction, will be considered. This implies thatneous and time averaged Lagrangian type flamelet time as a function of the
these conditional averages, here denoted¢&)(x,t) de-  nozzle distance.

pend only on one spatial coordinate, the axial nozzle distance

X, and the time. Hence, the flamelet solution needed in Eq.

(1) can be parametrized as a functionxandt asY;(Z,x,t),

wherex will be expressed by the flamelet time gradient vectory is normal to the nozzle axis. This indeed is

Since flamelets are actually associated with the reactioff goqd approximqtion f or the time averaged rT"X“”e fraction
zone, which is located in the vicinity of the stoichiometric field in t_urbulent et d|ffus!c_)n flames. S!ncg in the present
formulation both the conditional averaging in E4.6) and

mixture, the instantaneous local velocity of a flamelet par- Iso the int tion in Ed17) introd th t
ticle has to be associated with the velocity of a point on the}S0 the Integration In q17) introduce an average, the ne

surface of a stoichiometric mixture fraction. Following effect of this term on the Lagrangian type flamelet timss

Gibsort® the velocity of iso-surfaces of a conserved ScalalalsoAassumed to Ibe ;mag ar;]d IS therefor? nteglected. i
has contributions from the mean velocity and from the dif- S an example, Fg. < Shows Ohe Instantaneous reaflza-
fusion of that scalar. Thereby, the velocity of the resolvedtion of (Uz|Zs) and the corresponding development of the

mixture fraction iso-surfaces can be expressed as Lagrangian type flamelet time as a function of the dimen-
- sionless nozzle distanceéD. It is very obvious that the ve-
V- (p(Dz+DyYV2Z) locity (U3|Z) reveals strong turbulent fluctuations, whereas

v3(X,t) =D (X t)—

;|V2| 1z, (15 these do not appear in. The reason for this can be ex-
plained as follows. It is also obtained in Fig. 2 that after a

wherei,=VZ/|VZ| is the unit vector in the direction of the transitional region at approximatel/D =10, when the jet
gradient of the resolved mixture fraction. becomes self-similar, the mean value @f3|Z) hardly

If Eq. (15) is multiplied by the unit direction vectag, changes and seems to be around 20 m/s, independed of
then conditionally averaged over planes of equal nozzle disthis independence of the axial nozzle distance can be shown
tancex, and written forZ=2Z,, one obtains for the resolved analytically® and has also been found in experimetitshe
axial velocity u of the stoichiometric mixture fraction sur- integration in Eq.(17) can hence be interpreted as a time

face, integration, which would, after normalization, yield the time
o s averaged mean velocity at stoichiometric mixture. This in
(Uz|Z=Zg)(x,1) =(U[Z=Zg)(x,1) turn implies that the time average othould not be different
— - o~ from any instantaneous representation. Indeed, comparing
_ V- (p(Dz+DYVZ) % F_7 the instantaneous representationrafith the time averaged
p|VZ[? X /" value, which is also given in Fig. 2, shows that these are

almost identical.

Using Egs.(12) and(17) the resolved mass fractions of
which will be written as(Uz|Zy in the following. Equation ~ chemical specie¥; are given by
(16) can now be used to relate the Lagrangian type flamelet .

time 7 to the flamelet location in physical space as Yi(x t):f Y.(Z,x,1)P(Z,x,t)dZ (18)
I ’ | 1\ 1Ny .

(16)

x 1
= JO de’. (17 B(z,xt) is presumed to follow @-function, whose shape is
ais ' determined by the mean and the sub-grid scale variance of
The second term on the right hand side of Ekp) rep-  the mixture fraction. Since no transport equation for the mix-
resents the axial component of the velocity of the stoichioture fraction variance is solved, this value has to be modeled.
metric surface caused by diffusion normal to this surfaceFollowing Pierce and Moil{ the sub-grid scale mixture frac-
Hence, this term is identical to zero, if the mixture fractiontion variance can be expressed as
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pZ"=C,A%|VZ|?, (19

where the coefficienC; is determined using the Dynamic
Procedure.

Similarly, the spatially filtered scalar dissipation rate,
which will be needed in the following, is expressed in terms
of the eddy diffusivity and the gradient of the resolved mix-
ture fraction following Girimaji and Zhoif as

x=2(D,+D)VZ-VZ, (20)

where following Smook®& D,~T7, which is evaluated
with the mean temperature. B

In Egs.(12) and (13), the temporal development of the ——
scalar dissipation rate is unknown and has to be related to th 0 0.2 0.4 0.6 0.8 1
unconditional mean given by E¢R0). A common approach 7
is to presume the functional dependence of the scalar dissi- 3 S _
pation rate on the mixture fraction d$(|z>(xyt):<)(st> ::)Ié;a.tighSCondltlonal mean scalar dissipation rate at different downstream
X(x,t)f(Z), where different analytic expressions for the '
function f(Z) have been suggestéd?>3*Then, it is suffi-
cient to determine the value conditioned on stoichiometric
mixture. This can be achieved by using this expression in the
equation for the filtered scalar dissipation rgtewhich can In order to solve the unsteady flamelet equations, the
be written as scalar dissipation ratg(Z,r,t) appearing in Egs(12) and

(13), which can be written ag(Z,x,t), has to be expressed

~ 1 ~ in terms of the conditional mean scalar dissipation rate

x(x.t)= fz=0<X|Z>(X't)P(Z’X’t)dz' (1) (x|Z)(x,t) determined from Eq(21). The closure assump-

tion here is thaty(Z,x,t) is given by the conditional mean

However, since in the present study a piloted flame isscalar dissipation rate,
considered, the functiofi(Z) cannot be represented by the
commonly applied expressions, which will be demonstrated
below.

In the present model, the conditional average of the sca-
lar dissipation rate as a function of the axial distance fromwhich in turn implies that also the results obtained by solv-
the nozzle(x|Z)(x,t) is computed by the inversion of the ing the flamelet equations are conditional mean values.
integral in Eq.(21), similar to the approach used by Bushe In this model the solution of the flamelet equations
and Steinétfor the estimation of chemical source terms. TheY,(Z,x,t) is still a function of the timet, because the La-
details of this model are described in Ref. 35, where alsg@rangian type flamelet timg(x,t) given by Eq.(17) and also
predictions for(x|Z)(x,t) close to the nozzle are presentedthe model for the scalar dissipation rate given by E29)
and discussed. There, it is shown that the influence of thbave an implicit time dependence. However, as demonstrated
pilot flame on flame stabilization can be explained only byin Fig. 2, the comparison of an arbitrary instantaneous rep-
its influence on the conditional scalar dissipation rate. resentation ofr with its time averaged mean indicates that

It should be noted that this model also ensures that théhe time dependence afis very weak and will therefore be
actual flamelet does not necessarily extend over the wholeeglected. In order to simplify the model, the time depen-
mixture fraction space. This can be observed from the condence of the scalar dissipation rate is also neglected, which
ditional mean scalar dissipation rate distributionsxab means that in the calculations presented below time averaged
=15, 30, and 45, which are given in Fig. 3. AtD=15  values are used for the scalar dissipation rate.
the scalar dissipation rate still extends over the complete Note that this assumption still allows for turbulent fluc-
mixture fraction space. This has already changeck/&t tuations of the resolved mass fractions and temperature, be-
=30, where the maximum mixture fraction value with non- cause it only neglects the influence of fluctuations of the
zero scalar dissipation rate has become smaller than unitgcalar dissipation rate on the chemistry. This assumption can
This continues in the downstream direction, such that abe justified for nonpremixed combustion far from extinction
x/D =45 the scalar dissipation rate is zero #r0.65. In  as discussed by Kuznetsov and Sabel'nibVhe reason for
the calculations of the flamelets this region is still included.this is that for lower values of the scalar dissipation rate its
However, it can easily be seen from E¢§2) and(13) that  influence on the mass fractions of the chemical species and
for zero scalar dissipation rate, diffusive transport in mixturethe temperature is weak, as for instance shown in Ref. 27.
fraction space vanishes, resulting in localized homogeneoubhe validity of this assumption is demonstrated in Ref. 35 by
reactors at each value @f which are independent from each a comparison with calculations using the time dependent in-
other. stantaneous conditional scalar dissipation rate.

Cond. Mean Scalar Dissipation Rate [s 1]

x(Z,x,1)=(x|Z)(x,1), (22)
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15D

)
FIG. 4. Schematic representation of the coordinate system used in the simu-
lation.

IIl. NUMERICAL PROCEDURE
A. Algorithm

The numerical computation of the flow was carried out
with a second-order finite volume code, which has originally
been developed for the DNS of nonreacting, low Mach num-
ber turbulent jets by Boersmat al®’ The computational
mesh is in spherical coordinates as shown in Fig. 4. It has
192 cells in the radial directiog) 110 points in the tangential
direction®, and 48 points in the azimuthal directigh

The LES transport equations for momentum and the sca-
lar Z as given by Eqs(3) and(4) are advanced in time using
a predictor—corrector-projection scheme following Najm
et al® The advancement of the numerical solution from
time-levelt" to t"*1=t"+ At" involves the following steps. @

(1) The Adams—Bashford predictor-step:

n n

(T =(pt)"~ —-| | 2+ e (adv-+diff.)]
n
- Atn_l(adv.eriff.)ﬂi*l , (23
e e AN n .
(b2 =(p2)'= || 2+ o |(dv-Hdiff. )
t" )
- Atn_l(adandiff.)Q*l , (24)

yields the predictions denoted with the asterisk resulting
from the advective and diffusive fluxes, here abbreviated
as(adv4diff.), which are given at the time-level$ and
t"~1. Even though for the sake of a simple notation it is
not indicated in Eqs(23) and (24) all diffusive terms,
which involve derivatives with respect i, are treated
implicitly. A TVD scheme is applied for the advection of

©6)

H. Pitsch and H. Steiner

the scalaiZ to avoid spurious oscillations in the vicinity
of strong gradients which occur particularly in the shear
layer of the jet close to the nozzle exit, where large
amounts of unmixed fuel meet the oxidizer from the co-
flow.

The predicted densit?k is obtained by

2*:(pfn) , (25
p

i—f ! P*(zx,t)dZ (26)

= " Jopzs LHDdz

integrating the pdf of the mixture fraction given as
P*(z,x,t)=P(Z,2*,2"**). The density p(Z,s) is
given by the solution of the flamelet equations as de-
scribed in the previous section. The sub-grid scale vari-

ance of the mixture fractiod”?* is evaluated using*
in Eq. (19).
Pressure correction: The corrected velocity field at the

predictor level is computed as
x

T~ ke k n&p
(pu)* = (puy)* — At ' (27

where the pressure gradient is obtained from the solution
of the Poisson equation,

o~

Apuyy*  ap*| 1 Pp*
2= 28
x| A awox 9

with the time derivative of the density being approxi-
mated by

AR 2 n\2
— — n n—1
(7} 1+ Atn_l) 1lp*—| 1+ ! p"+p
N AT @
AA Y 1+
Atn*l

The Adams—Molton corrector-step:
n

()™= (ot )"~ - l(adv+diff. )] +(adv.+diff. ),

(30)
— — t"

(p2)"t=(pz)"— 7[(adv.+diff. )2+ (adv+diff.)3 ],

(31
involves the advective and diffusive fluxes,
(adv4+diff.) *, obtained with the predictor-step solution
pr Ul 2.
p""1is computed by
_ _2 n+1
Zr‘H—lz%' (32)

p
! —fl L Bzxt)mtidz 33
T Jop@n (Zx,1) : (33
Pressure correction:
. Py pn+1
(Pui)nﬂz(ﬁﬁi)nﬂ—AtnT, (34)
|
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with the pressure gradient obtained from the PoissorC. Flamelet calculations

qufltion: . The unsteady flamelet calculations have been performed
Apti)™t  ap)tt 1 FPpttt using theFLAMEMASTER code?? The chemical mechanism
X AT Ap ook (85 used for the results presented in the following is the GRI

2.11 mechanisif® which includes reactions among 48
chemical species. In order to reduce the computational time a
reduced version of the mechanism has been developed,

At the inflow boundary all the required mean quantitieswhich consists of 29 global reactions. The reduced chemical
are specified according to the experimental data given in Regcheme has been kept rather large in order to avoid humeri-
22 for the fuel jet, pilot, and co-flowing air stream. Velocity cal difficulties in the formulation of the steady state concen-
fluctuations are added to the measured mean prafilgsto  trations and to yield exactly the same results as the original
mimic turbulent inflow conditions. The perturbed axial in- mechanism. As an example, the maximum difference in the
flow velocity u;, is obtained by superimposing rotating heli- NO mass fraction calculated using the detailed and the re-
cal and oscillating axisymmetric perturbatidhen the mean duced mechanism is approximately 0.4%.

B. Boundary conditions

profile as It will be discussed below that the main differences in
the comparison of predictions and experiments is in the onset
6 of chemical reactions in the very rich premixed part of the
TJin(@,t):uin'erEl [Aisin(a;+igp+Wt)] configuration, which in the current predictions occurs too
=

early. In order to investigate the influence of the chemical
8 scheme on the computational results, unsteady flamelet cal-
+ > [Asin(¥t)]. (36)  culations have been performed with different chemical
=7 mechanisms, including GRI 3band recent mechanisms
from other author§>=* The predictions using the mecha-

The numerical values fax; , which determine the phase Nhism by Warnatz show large differences and a strong over-
shift of each helical mode in the azimuthal direction relativePrediction of the temperature in the rich part of the flame,
to i, as well as the frequenciek; are randomly chosen. because the mechanism predicts the onset of chemical reac-
The Coefficientﬁi are Specified to match the time averagedtions in that region even earlier. The results obtained by the
inflow velocity RMSu, ,, observed in the experiments. With rémaining mechanisms show some differences in the mass

the present velocity perturbation this is achieved by settindractions of individual species. But only for the NO mass
A;=05-u/, . for all modesi=1, ... ,8.Calculations have fractions a stronger sensitivity to the individual chemical
also been performed without the random velocity fluctua-Scheme is observed. The GRI 3.0 mechanism, for instance,
tions resulting in only very slight changes in the flow field léads to substantially higher NO mass fraction than GRI
predictions. 2.11. However, the qualitative performance of all these
Following Akselvoll and Moifi® a convective boundary chemical schemes is very similar.
condition is used for the outflow boundary st s, as
IV. RESULTS AND DISCUSSION

i i 0 37) The configuration used for the validation of the proposed
at con vs ' models is a piloted methane/air jet diffusion flarf@andia
Flame D. The fuel is a 25/75% methane/air mixture. The

Therein, the convection velocity ., is the mean out- fuel has been premixed with air in order to minimize the
flow velocity averaged over the azimuthal directign The  formation of polycyclic aromatic hydrocarbons and soot. The
convective boundary condition convects vortical structuresfuel nozzle has a diameter Bf=7.2 mm and is enclosed by
which eventually approach the outflow boundary, out of thea broad pilot nozzle with a diameter 8f,=2.62D and an
computational domain, thereby stabilizing the simulation.air-co-flow. In the experiments the pilot composition and
Although this approach introduces an error in elliptic prob-temperature have been adjusted such that the pilot stream has
lems, it can still be applied to flows of convective nature likethe same equilibrium composition as a mixture of the main
free jets without disturbing the upstream solutfdrdow-  fuel and oxidizer with a mixture fraction &=0.27, which
ever, the region very close to the outflow boundary has to bés slightly lean compared with a stoichiometric mixture frac-

disregarded in the analysis of the numerical results. tion of Z=0.35. In the LES the pilot can thereby be repre-
A traction-free condition is used for the lateral boundarysented by specifying the appropriate inlet mixture fraction.
at @ =0 ... ** This condition is given by The fuel bulk velocity is 49.6 m/s, which leads to a fuel
stream based Reynolds number of=R&2400.
o-n=0, (38 The flame has been experimentally investigated by Has-
selet al,?® who provided data for the velocity field obtained

wheren is the unit vector normal to the boundary. Unlike the by LDV measurements and by Barlow and Fr&hk? who
no-slip or free-slip conditions it allows for a flux of ambient performed Rayleigh measurements for the temperature, and
fluid across the lateral boundary. Thus, it is well-suited toRaman and LIF measurements to obtain mass fractions of
capture the entrainment in a spreading jet. chemical species and the mixture fraction.
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FIG. 5. (Color) Instantaneous temperature and strain rate distribution. The black line represents the contour of the stoichiometric mixture fraction.

In the remaining part of the paper, time averaged resultéractions will be shown and compared with unconditionally
from the simulation are discussed and compared with thend conditionally averaged experimental data.
experimental data. The averages have been obtained from the
computational results by sampling over two flow-throughA. General observations

times, where the flow-through time is defined as the time a ) , .
particle traveling along the centerline would reside within ~ F19ure $a shows an instantaneous temperature field of

the flow field. After a general discussion of the flame, theth® computed jet and Fig(i5) gives an enlarged view of the
predictions of the flow field calculation, including velocity near field region at the same instance. Also shown in these
and mixture fraction field will be discussed. These resultdigures is the surface of the stoichiometric mixture, which
essentially serve as input quantities for the combustionndicates the location of the reaction zone. Figuré)5
model. Then, the predicted temperature and species maskearly shows the broad pilot flame. It is also interesting to

a) b)
a0 30k
0
&0 TIK] -

2100
20KED
1000 0=
0 1500 |
1700
1600 L
=] 1500
Sw e Bl
1300
e i) L
k1] 11
K0 (]
900
00
0 00
i
So0
0 400
i 1 80
[i] l [1] =3
-20 1] [} 10 20
o

FIG. 6. (Colon Instantaneous temperature and strain rate distribution at a time 3.2 ms later than Fig. 5. The black line represents the contour of a
stoichiometric mixture fraction.
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note in this figure that close to the nozzle the region around
the reaction zone hardly shows turbulent motion and might__
be regarded as being laminar. This has been found in manjﬁ
experiments and might be of great importance, since forg
fuels with Lewis numbers different from unity it can be the %
source of strong differential diffusion effects, which can sur- ;
vive even far downstream of the transition to turbulence asi1
has been discussed in Ref. 20. In order to give an impressiol
of the dynamics of the flame, Figs(a# and gb) show the =
instantaneous temperature distribution at a time approxi-
mately 3.2 ms later than in Fig. 5. The comparison with Fig.

5 reveals that the jet core shows a completely different struc-
ture, indicating that turbulent structures have been trans-
ported far downstream, while in the outer part hardly anyFIiG. 7. Mean and RMS of axial velocity along the centerlitiees: calcu-
motion can be observed. It can also be seen that the locatid#fion: symbols: experiments

of the flame tip, indicated by the stoichiometric contour can

s:trongly.vary with time. For the currgnt calculation the fIameB_ Prediction of the flow field

tip location moves between approximatedyD =48 to x/D

=62. In order to provide a better picture of the dynamics of ~ 1n€ mean axial velocity and its normalized root mean

the flame, animations of the computational results correSduar&RMS) along the centerline are given in Fig. 7. Both

sponding to Fias. @) and 5b) are provided on the world guantities are in reasonable agreement with the experi_mentgl
wFi)de we%“g gs- @) ib) P data, although the mean values seem to be overpredicted in

e . - the far field region of the jet.
The temperature distribution given in Figs. 5 and 6 also Figure 8 shows that the mean mixture fraction is well

allows some qualitative comparison with fundamental Obserbredicted by the current simulation along the centerline until

vations from experiments in jet diffusion flames. It can be, ;5 _gq. Thereafter, the experimental data is slightly over-

observed, for instance in Fig(i9, that regions of very broad pregicted. The mixture fraction RMS, including resolved and
high temperature zones around the stoichiometric contour argp-grid contributions, is also given in Fig. 8. The experi-

alternating with regions of very narrow high temperature disment is slightly underpredicted in the far field of the jet. The
tribution. In can also be seen that the broad temperature rémderprediction forx/D<10 might be attributed to experi-
gions always coincide with reaction zones, which are di-mental uncertainties, since the RMS has to go to zero close
rected outwards, whereas the narrow temperature regions cém the nozzle. This conclusion is supported by the compari-
be associated with reaction zone structures, which are irson of the temperature variance, which will be given in the
wardly directed. The analysis shows that these changes afellowing. In addition, Fig. 8 shows the sub-grid scale RMS
essentially caused by fluctuations in the mixture fraction graof the mixture fraction, which is shown to be much smaller
dients which also cause fluctuations of the scalar dissipatiofan the RMS based on the resolved and the sub-grid fluc-
rate. Since the scalar dissipation rate is also related to the ratgations, indicating that the major part of the turbulent mix-
of strain, it can be concluded from the calculations that refure fraction fluctuations is resolved by the LES.

gions of high strain rate are aligned with regions of a narrow Radial mixture fraction profiles are given in Fig. 9 at

temperature maximum. This is in accordance with the ex-X/D: 15, 30, and 45. The comparison with the experimental

perimental findings of Rehm and CleméfsThe strain rate data shows that the general agreement for both the mean and
field in the region very close to the nozzle is shown in Figs.

5(c) and Gc). The alignment of the reaction zone and the 12 ———————————————————————— 0.14

strain rate field starts to become obvious in the downstrean -
regions of these figures. However, it is interesting to note g 1r
that closer to the nozzle the reaction zone embraces the reg
gion of high rate of strain rather than to follow the high LE -
strain layers. This lack of alignment is, as pointed out by 2 ¢¢ [
Rehm and Clemen¥, because of the laminar nature of the
region around the reaction zone, where the high viscosity§ 0.4 |
does not allow the fluid to freely adjust to the applied strain. =
Similar structures have been found by Donbaal! in the -
analysis of two-dimensional CH measurements and PIV o L
measurements in jet diffusion flames. It is generally observec
in experiments that these structures occur in an angle witt.
the jet axis of approximately 45°. A similar discussion on theFIG. 8. Mean and RMS of mixture fraction along the centerlifires:
scalar dissipation rate is provided in Ref. 35. calculation; symbols: experimeits
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FIG. 9. Radial distribution of mean and the RMS of the mixture fraction and temperature at different downstream pdiséiensalculation; symbols:
experiments

the RMS of the mixture fraction, is reasonable at all these  The following figures show centerline profiles for spe-
positions, although the maximum values of the mixture fraccies mass fractions of CHand G (Fig. 11), H,O and H

tion RMS seem to be consistently underpredicted. (Fig. 12, CO, and CO(Fig. 13, and NO and OHFig. 14).
In general all profiles agree well with the experimental data.
C. Predictions by the chemistry model Small discrepancies a/D>60 can mainly be attributed to

The calculated mean temperature and the temperatufSe overprediction of the mixture fraction. In the rich part of
P D the flame aix/D <40, H,O and CQ are also slightly over-

RMS along the centerline are shown in Fig. 10. Radial pro- . . )
files of these quantities are provided in Fig. 9. Both the mearpred'Cted’ while Clj and G are underpredicted. Also very

and the RMS agree well with the experimental data. Even thgbwous_ls th_e overprediction of the_lnf[ermed|ate_zsaﬁd CQ .
decrease in the temperature RMS around the maximum me the rich su_je. T_he reason for this is the part|al_ premixing
temperature, which can be observed very clearly in the axial the fu_el with ar. As W'_" be shown t_)elow, Fh|s causes
profile in Fig. 10, is well represented by the simulation. It is substantlal_chemlcal reactions to occur in the ”Ch. prem_lxed
interesting to note that this is not caused by heat release, bR Qf the jet fgrther down;tream. The onsgt of th's pa”""?"y
is simply because of the vanishing temperature gradient wit remixed burnn_ng occurs in the curr_ent simulation earhler
respect to the mixture fraction. The mean temperature i{han can be estimated from the experiments. The OH radical
slightly overpredicted up to/D=40, which will be dis-

cussed below.

0.2
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FIG. 10. Mean and RMS of temperature along the centeflines: calcu- FIG. 11. Mean CH and G mass fractions along the centerlifimes: cal-
lation; symbols: experiments culation; symbols: experiments
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FIG. 12. Mean HO and H mass fractions along the centerliriines: FIG._14. Mean NO and QH mass fractions along the centeflines: cal-
calculation; symbols: experiments culation; symbols: experiments

Also the agreement of predicted and measured NO ma d OH are shown n Fig. 15. Adp=15 the temperatur.e as
fractions can be considered to be very good. The analysis 6’1”_6” as all the SPecCies mass fraction pro_ﬂles agree quite well
the formation of nitric oxide shows that only approximately with _the experimental data on the lean 3|de_, but_tend to over-
one third of the total NO is formed by the thermal path andpredICt fuel to produc_:t conversion on the rich S".je' In addi-
that the NO path contributes to approximately 10%. The tion to the reasons given above, this can be attributed to the
formation of NO is thereby dominated by the prompt path. fac.t th?‘t the current model dpes ”,Ot allgw for Ipcal flame
The comparison of the radial profiles of the chemicaIeXt'nC_t'on' By comparing the S|mulat|on with the single point
species with the experimental data shows reasonable agre%ggperlmenta[ data, it becomes evident that, at least up to a
ment and does not differ substantially from the centerlind"xture fraction sz,: 0.5, the tgmperature, as an example,
profiles. The presentation is therefore being omitted. agrees very well with th.e. burning branch of the Qata. The
Although the results discussed so far are quite encourad[;-)"v_er values of the cpndltlonal mean temperature in the ex-
ing, the conclusions about the chemical structure of the tur er_lmer_ltal data in F'g' 15 are .CaUSEd by cqmparably few
bulent flame, which can be drawn from these, are quite limEXtinguished data points. _Th'_s Is shown n Fig. 15. for the
ited, because only time averaged quantities have bee mperature at/.D: 15, which mcludes.the single pq|_nt data
discussed. It is therefore important to compare the time av" o™ the experiments used to determine the conditional av-
erages of the temperature and mass fractions of the chemicgj29es: However, this seems to demonstrate the need for an
species conditioned on the mixture fraction, because condﬁXtens'on of the mode_l. )
tioned data provide substantially more insight in turbulence/ As dISCUSS?d earlier, the consgmptlon qf fqel and mo-
chemistry interactions. Ieculf':\r oxygen in the fuel consumption Iaygr is slightly over-
The conditional averages at the axial location® predicted, wh_lch_also leads to an overprediction of the water
=15, 30, and 45 for the temperature and the mass fraction@"d carbon dioxide values. , .
Farther downstream a¢/D=230 the profiles still agree
reasonably well with the experimental data. For mixture frac-
o —™—— tion values ofZ>0.4 the consumption of CHand G on the
i ] rich premixed side is already visible in both the computa-
tional results and the experiments. Also, in the predicted and
the measured O profile a formation region is observed at
approximately Z=0.6. However, the partially premixed
burning is stronger in the predicted results, which is very
obvious in the temperature, and leads to overpredicted inter-
mediate mass fractions. NO is well predicted on the stoichio-
metric to lean side. However, the predicted profile reveals a
NO consumption region at the location of the rich premixed
flame, which cannot be observed in the experimental data.
At x/D =45 the effect of the partially premixed reaction
zone becomes very strong and chemical reactions start at
even richer mixtures. This is observed in the temperature
profile, which indicates heat release at approximatély
=0.65. The partially premixed burning leads to a plateau
FIG. 13. Mean CQ and CO mass fractions along the centerlitines: region in the HO profile of the numerical simulation, which
calculation; symbols: experimeits is also very obvious in the experiment. Also the Qgdofile,

mass fraction shown in Fig. 14 is predicted very accuratelyOf the chemical species GHO,, H,0, H,, CO,, CO, NO,
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FIG. 15. Conditional averages at different downstream posititimss: calculation; symbols: experiments

which is much less influenced by the chemical reactions ofv. CONCLUSIONS

the rich side, is in good agreement with the experimental 11 Lagrangian Flamelet Model, which has been suc-
d?ta- The discrepanpies digcusseq for CO and NO on the rictbssfully used in RANS calculations of turbulent diffusion
side seem to remain at this location, but are limited to th&lames has been formulated as a combustion model for large-
very rich region. On the lean side the agreement can still beddy simulations of turbulent jet diffusion flames. The model
considered to be quite good. has been applied in a large-eddy simulation of a turbulent
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