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The present study is focused on the development of the RIF (Representative Interactive
Flamelet) model which can overcome the shortcomings of conventional approach based on the
steady flamelet library. Due to the ability for interactively describing the transient behaviors of
local flame structures with CFD solver, the RIF model can effectively account for the detailed
mechanisms of NOx formation including thermal NO path, prompt and nitrous NOx formation,
and reburning process by hydrocarbon radical without any ad-hoc procedure. The flamelet time
of RIFs within a stationary turbulent flame may be thought to be Lagrangian flight time. In
context with the RIF approach, this study adopts the Eulerian Particle Flamelet Model (EPFM)
with mutiple flamelets which can realistically account for the spatial inhomogeneity of scalar
dissipation rate. In order to systematically evaluate the capability of Eulerian particle flamelet
model to predict the precise flame structure and NO formation in the multi-dimensional elliptic
flames, two methanol bluffbody flames with two different injection velocities are chosen as the
validation cases. Numerical results suggest that the present EPFM model has the predicative
capability to realistically capture the essential features of flame structure and NOx formation in
the bluff-body stabilized flames.

Key Words : Turbulent Nonpremixed Bluffbody Flames, Eulerian Particle Flamelet Model,
Turbulent-chemistry Interaction, Full NOx Chemistry, Radiation

1459

Nomenclature _ . o
ap,r. . Planck mean absorption coefficient for ra- Y, M?SS fractlon. of species 2
. . Z . Mixture fraction
diating species £
¢p - Specific heat of mixture at constant pres-
sure Greek Syml.)ols
D; : Diffusion coefficient of species 7 o - Density
d  Fuel nozzle diameter o . Stefan.—Boltzmann.constant .
I, hs . Enthalpy of mixture and species % @r - Chemical production rate of species %
P Probability density function
Subscripts
* Corresponding Author, X . Scalar dissipation rate
E-mail : ymkim @hanyang.ac.kr st . Stoichiometry
TEL : +82-2-2220-0428; FAX : +82-2-2297-0339
Department of Mechanical Engineering, Hanyang Uni- S .
versity, 17, Haengdang-Dong, Sungdong-Ku, Seoul 133- 7uperscr1pts
791, Korea. (Manuscript Received August 17, 2005; ) . Reynolds-averaged (denSIty*unwelghted)
Revised May 30, 2006) ¢ . Favre-averaged (density-weighted)




1460 Seong-Ku Kim, Sungmo Kang and Yongmo Kim

1. Introduction

For the numerical study of fundamental processes
involved in nonpremixed turbulent combustion,
the laminar flamelet concept, the CMC (condi-
tional moment closure) model, and the PDF (pro-
bability density function) transport model have
been emerged as the promising tools for simula-
ting the turbulent reacting flows. Although these
turbulent combustion models have its own supe-
riority over each other and their prediction capa-
bilities have been incessantly improved, the present
review on the previous works is focused on the
recent progress in the flamelet modeling. How-
ever, it will be very worthwhile to refer to the re-
cently published review papers (Klimenko and
Bilger, 1999 ; Vervisch and Veynante, 2002) and
textbooks (Libby and Williams, 1994 ; Peters, 2000 ;
Pope, 2000) for understanding the accomplish-
ments and both differences and interlinks among
these models.

The modeling based on laminar flamelet con-
cept has been widely used during the last two de-
cades, and recently, broadened successfully the
applicable capabilities to various combustion prob-
lems such as simple jet flames (Ferreira, 1996 ;
Marracino and Lentini, 1997 ; Kim and Kim, 2002),
gas turbine engine and furnace (Barths et al.,
1998 ; Coelho and Peters, 2001), diesel spray com-
bustion (Pitsch et al., 1996 ; Barths et al., 2000),
and partially premixed flames (Chen et al., 2000 ;
Kim et al., 2004a). The growing attentions to the
flamelet modeling are mainly due to the effective
incorporation of complex combustion phenomena
such as detailed chemical kinetics, differential
diffusion, and soot formation by decoupling from
the turbulent flow and mixture fraction fields.

The common idea of flamelet models is to view
the local flame structure of turbulent flame as an
ensemble of laminar flamelets, which are stretched
and wrinkled by turbulent flows. Most of the pre-
vious works using the flamelet models have relied
on the steady state assumption of the flamelets,
which allows the construction of the flamelet li-
brary by solving steady flamelet equations prior
to a CFD calculation. However, there are the

certain circumstances where the steady state flame-
let assumption is not valid, and the emerging re-
search works have recently been performed to over-
come this shortcoming. For essentially unsteady
phenomena, such as the local extinction and rei-
gnition processes in lifted flames and auto-igni-
tion of sprays, the conventional “flamelet library”
approach is not appropriate any more since flame-
lets do not respond infinitely fast to the changes
of the flow field. To analyze the local extinction
and reignition associated with the flame stabili-
zation mechanism, Ferreira (1996) has proposed
an unsteady flamelet model in which transient
effect is taken into account by introducing two
additional parameters such as characteristic flame
time and reaction progress variable into the steady
flamelet library. For simulation of the transient
spray combustion where the formation of the mix-
ture field due to evaporation occurs very rapidly
and leads to strong mixture fraction gradients,
Pitsch et al.(1996) developed the so called RIF
(Representative Interactive Flamelet) concept in
which the flamelet equations are solved interac-
tively within CFD solver instead of the use of
steady flamelet library. The RIF model has been
successfully applied to predict the auto-ignition,
partially premixed burning, diffusive combustion
and pollutant formation like NOx and soot be-
cause these complex phenomena related to the de-
tailed chemical kinetics need not to be modeled
separately, but are part of the comprehensive chem-
ical mechanism.

The important progress in flamelet modeling
has been made for the unsteady flamelet model in
a stationary turbulent nonpremixed jet flame.
Pitsch et al.(1998) have shown that it is impor
tant to describe the transient behavior of the flame-
let if slow processes such as NOx formation and
radiation are involved, and proposed an unsteady
flamelet approach which treats the streamwise
evolution of local flame structure in a Lagrangian
like sense and this model is often called the Lagran-
gian Flamelet Model (LFM). The slow processes
such as NOx formation and radiation are con-
flicted with the steady state assumption of flame-
let, and the additional treatments in the steady
flamelet procedure are needed to realistically rep-
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resent such slow processes. For examples, the
steady flamelet model generally requires a post-
processing step with modeling the time averaged
NO formation rate. The Lagrangian flamelet model
is able to incorporate the NOx chemistry directly
into flamelet equations, and therefore allows the
detailed analysis of NOx formation mechanisms
including thermal NO path, prompt and nitrous
NOx formation, and reburn by hydrocarbon ra-
dicals. On the other hand, these detailed NOx for-
mation mechanisms are hardly taken into account
in the steady flamelet approach. The application
of the unsteady flamelet model can be extended to
numerically investigate differential diffusion (Pitsch,
2000) and soot formation (Pitsch et al., 2000) in
the turbulent jet diffusion flames. Recently Pitsch
and Steiner (2000) have applied the unsteady flame-
let model in a large-eddy simulation of a piloted
partially premixed flame. However, this Lagran-
gian flamelet model is only applicable to the
parabolic flame fields such as jet flames because
the flamelet time and spatial distribution have
to be presumed that the local flame structure is a
function only of axial distance from the fuel noz-
zle. In order to overcome this limitation of La-
grangian flamelet model, Barths et al.(1998) have
proposed the more general model by introducing
an Eulerian equation for the probability to find
the multiple flamelets, which is also applied to
the transient gaseous and spray combustion prob-
lems (Kim et al., 2004b ; Barths et al., 2000). In
the frame of the EPF model, each flamelet is re-
presented by a fictitious marker particle, and each
cell of computational domain does not belong to
one flamelet but belongs to several flamelets. This
Eulerian particle flamelet model can realistically
account for the spatial inhomogeneity of scalar
dissipation rate. They have applied the Eulerian
particle flamelet model to simulate NOx and soot
formation in the elliptic flame fields including
a gas turbine combustor. Recently, Coelho and
Peters (2001) have applied the EPF model to a
methane-air piloted jet flame and a low-flow-
rate burner operating in the MILD combustion
mode. However, the extensive study has not been
carried out for evaluating the predictive perform-
ance of the EPF models, especially for the local

flame structures which are represented mathema-
tically by conditional means of scalars.

In context with the RIF approach, this study
adopts the Eulerian Particle Flamelet Model
(EPFM) with mutiple flamelets which can real-
istically account for the spatial inhomogeneity of
scalar dissipation rate. In order to systematical-
ly evaluate the capability of Eulerian particle
flamelet model to predict the precise flame struc-
ture and NO formation in the multi-dimensional
elliptic flames, two methanol bluff-body flames
with two different injection velocities are chosen
as the validation cases. Based on numerical results
obtained by the Eulerian particle flamelet model,
the detailed discussions have been made for the
turbulence-chemistry interaction, radiation effect,
and the limitations of the present model.

2. Physical and Numerical Models

2.1 Flamelet equations

Peters (1986) derived the flamelet equations for
each chemical species and energy under introduc-
ing a coordinate system attached to the surface
of stoichiometric mixture. Recently these flamelet
equations have been derived by using a two-scale
asymptotic analysis (Peters, 2000).
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These flamelet equations describe the instantan-
eous local structure of the flame sheet account-
ing for nonequilibrium by stretch. In these ex-
pressions, the differential diffusion terms are neg-
lected. The radiation heat loss in Eq. (2) is re-
presented by the optically thin model. With the
assumption of the optically thin limit, the radia-
tive loss rate per unit volume can be expressed as :

V'Qrad<T» Y. =40s(T*—T3) ZPk'aP,k (3)

where o3 is the Stefan-Boltzmann constant, Pk
the partial pressure of species %k, T the local flame
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temperature and 7 the background temperature.
The Planck mean absorption coefficients ap,. for
radiating species k such as H,O, CO, and CO; are
calculated from the curve fits recommended by
TNF workshop which has been correctly updated
at June, 2000 (Web page for the International
Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames, www.ca.sandia.
gov/tdf/ Workshop.html).

The influence of the scalar dissipation rate
on the structure of diffusion flames was extensi-
vely discussed by Peters (1986). In general, the
scalar dissipation rate at the stoichiometric mix-
ture fraction governs the departure from chemical
equilibrium. In the flamelet modeling procedure,
the relation between the scalar dissipation rate
and the mixture fraction is needed. Pitsch (2000)
has proposed the following one-parametric func-
tion for the dependence of scalar dissipation rate
on mixture fraction by considering one-dimen-
sional semi-infinite mixing layer.

4 Z* InZ (4)

2
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Since this model has demonstrated the reasonably
good performance in terms of accuracy and effi-
ciency, the present study has utilized this relation
for modeling the conditional averaged scalar dis-
sipation rate. However, it is necessary to note that
this model is not consistent with the pdf transport
equation for the mixture fraction and this might
be a source of potential error. In the large eddy
simulation of a turbulent piloted methane/air dif-
fusion flame using the Lagrangian flamelet model,
Pitsch and Steiner (2000) have proposed a new
direct modeling of conditional scalar dissipation
rate which needs no longer the prescription of
the functional dependence such as Eq. 4 and can
account for the influence of local deviations from
a simple mixing layer structure. On the other hand,
Kronenburg et al.(2000) suggested a new model
which is consistent with the pdf transport equa-
tion for the mixture fraction and is capable of ac-
counting for non-homogeneities in the flame field.
In this aspect, the further study is needed to clari-
fy the issues in modeling the conditional averaged
scalar dissipation rate.
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2.2 Eulerian particle flamelet model using
multiple RIF concept

In context with the transient flamelet models,
the use of Lagrangian flamelet approach is limit-
ed only to the parabolic flame fields such as jet
flames because the flamelet time and spatial dis-
tribution have to be presumed that the local flame
structure is a function only of axial distance from
the fuel nozzle. In the frame of the EPFM, on the
other hand, different flamelet histories can be cal-
culated under this model, and each cell of com-
putational domain does not belong to one flame-
let but belongs to several flamelets. Each flamelet
is represented by a fictitious marker particle, and
the probability to find A particle at location x
and time £ is given by a convective-diffusive Eu-
lerian equation.

S0I) +5pwl) =L S} (9
where I;(x,#) is the probability that 4, flamelet
can be found in the cell at location x at time £.

Considering the distribution of several flame-
lets, the local species mass fractions are calculated
using the following equation :

=<

2 (X, 1)

Sxt) [V 2 2 0Pz xdz'

At a given time £, the surface-averaged scalar dis-
sipation rate of the /4, flamelet at stoichiometry
is computed by converting the surface integrals
into volume integrals and weighting with the prob-
ability of the occurrence of /i, particle :

(rseri(t)
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More detailed description of EPFM model can be
also found in the recent work of Barths et al.
(2000) .

In transient spray combustion, RIFs in context
with EPFM model are thought to undergo the
change of flow and mixing field according to the
real time of problem. On the other hand, in the
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stationary flame field, RIFs are introduced through
the fuel nozzle. In other words, the flamelet of RIFs
in transient combustion problem can be taken as
the physical time whereas that of RIFs within a
stationary turbulent flame may be thought to be
Lagrangian flight time. Because the flow and mix-
ture fields are steady, equation (7) can be rewrit-
ten as

<Xst>< )13/2ﬁ<ZSt 5
<Z o (x )]Uzﬁ(Zst ;x)dV’

X) dV’ (8)

Therefore, the temporal evolution of scalar dis-
sipation rate for %, RIF is governed only by tran-
sient solution of 7;(x, #). And the effects of each
unsteady flamelet are accumulated at all the cells
during the calculation. Finally, the local station-
ary unconditional concentrations are then com-
puted by integration over mixture fraction, flame-
let time, and summation over the number of
particles :

Yk (x)
3 Txn vz ape0Pzaza

Ny oo
lz‘.l/O T(x.0) dt

Thus, the conditional means at a given location x

can be determined as

2/ L(x,0) Yi(Z,0)dt
VZ0=2)(Z; =0 (10)
Z‘. Iz(xz‘)dt

The distribution of conditional means is more
critical for the model validation because the pre-
dicted conditional means are interpreted as local
flame structure and are less affected by uncertain-
ties in the local probability density function sub-
ject to mean and variance of mixture fraction.
The detailed formulations of the unsteady flame-
let modeling can be found elsewhere (Kim et al.,
2001).

2.3 Numerical model
In order to accurately and efficiently treat the
physically and geometrically complex reacting flow
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fields, the present study adopts the unstructured
grid finite-volume method (Kang and Kim, 2003).
In this unstructured-grid procedure, the conserv-
ative forms of the governing equations are inte-
grated over a cell-centered control volume with
collocated storage for all transport variables. The
data connectivity is constructed based on each
edge (each cell face for 3-D) since it is likely to
be more effective than cell- or node point-based
connectivity. In the turbulent nonpremixed jet
flames investigated in this study, the high-gradi-
ent reaction zone near the mean stoichiometric
line is adaptively resolved by the unstructured
grid arrangement. A second-order upwind scheme
for convection terms and the central differencing
scheme for diffusion terms are employed. The pres-
sure-velocity coupling is handled by SIMPLEC
algorithm. More detailed information can be found
elsewhere (Kang and Kim, 2003). It is well known
that the standard k-& turbulence model fails to
predict correctly the complex recirculating flow.
In this study, therefore, model constants of the
standard k-& turbulence model are properly modi-
fied according to the previous work (Turpin and
Troyes, 2000) where the semi-empirical model
constants were suggested for prediction of the tur-
bulent axisymmetric flows.

In the solution procedure of the steady flamelet
model, the flamelet equations, Eqs. (1) and (2)
are discretized in mixture fraction space by finite
differences and then solved using the two-point
boundary value solver TWOPNT which is based
on a modified damped Newton algorithm (Grear,
1992). The combined Newton-time step method
is quite reliable and fast. However this approach
is not suitable for a transient problem because
the time stepping procedure has a relatively poor
accuracy in the temporal domain. Therefore the
unsteady solution of the flamelet equations is ob-
tained by the time integration using the stiff ODE
solver, LSODE (Radhakrishnan and Hindmarsh,
1993).

3. Results and Discussions

The bluff-body combustors have been widely
utilized in many engineering applications. The
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experimental and theoretical researches (Roquemore
et al., 1984 ; Dally et al., 1998 ; Kim et al., 2000)
have been carried out for the bluff-body stabi-
lized flows because this type of flame field has
the excellent turbulent mixing characteristics and
improved flame stability. Besides these practical
interests, the bluff-body stabilized flames are very
useful to study the interaction between turbulence
and chemistry in the turbulent recirculating reac-
tive flows. Due to its simple and well-defined
boundary conditions as well as its ability to main-
tain the flame stabilization for a wide range of
inlet conditions, the bluff-body stabilized flames
are now the popular subjects for combustion laser
diagnostics and modeling.

In the present study, the EPFM model has been
employed to predict the flame structure and NOx
formation of the methanol-air bluff-body sta-
bilized flames for which detailed experimental
data (Dally et al., 1998) are available. The burner
has a bluff-body diameter, Dz=50 mm and fuel
jet diameter, D;=3.6 mm. Methanol (CH3;OH) is
evaporated and delivered through a heated line,
and injected at 373 K. The stoichiometric mixture
fraction and the adiabatic flame temperature are
0.135 and 2260 K, respectively. The coflow air ve-
locity is set to 40 m/s. Computations are perform-
ed for two fuel injection velocities of 80 m/s (ML1
flame) and 121 m/s (ML2 flame) which are corres-
ponding to 55 and 84% of the blow-off velocity,
respectively. The computational domain extends
axially to x=300mm (6.0D5) and radially to
=100 mm (2.0D3). The fully developed condi-
tion is imposed on the outlet and the free stream
condition is specified at the open boundary.

Two flames investigated in this study are clas-
sified as the fuel-jet dominant flame where fuel jet
with higher momentum flux continuously pene-
trates into the recirculation zone formed behind
the flame holder and passing by the neck zone,
followed by a long, jet-like flame at the further
downstream region. The neck zone in the bluff-
body stabilized flames is located around at the
edge of the recirculation zone. In this neck zone,
the turbulent mixing is intense and flame blow-
off possibly occurs for sufficiently high flow ve-
locities.

Seong-Ku Kim, Sungmo Kang and Yongmo Kim

In this work, combustion of methanol-air is
described by the detailed mechanism by Warnatz
consisting of 82 elementary reactions with 24
species (downloadable at the IWR internet site,
http ://reaflow.iwr.uni-heidelberg.de/). To pre-
dict NOx formation with the full NOx chemistry
(Hewson, 1997), the 101 irreversible reactions
with 13 additional species (NO, N, NOz, NHs,
NH,, NH, HNO, N,H, N,O, HNCO, NCO, HCN,
CN) are added.

As previously discussed in the studies of the
CO/H3/N; jet flames (Kim et al., 2001), the mean
velocity and mixture fraction fields are provid-
ed by numerical results of the steady flamelet
model. In order to make the unsteady flamelet
model tractable and robust, the present approach
is based on an underlying assumption that, for
the stationary turbulent flames, the mean density
field predicted by the steady flamelet model is
little influenced by the unsteady flamelet proce-
dure. This procedure is so-called the postprocess-
ing mode using unsteady flamelets and the main
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Fig. 1 Predicted steamlines for the bluff-body stabi-

lized methanol flames with fuel jet velocities
of 80m/s (MLI1, left) and 121 m/s (ML2,
right) : dashed lines represent mean stoichio-
metry line (Zs=0.135)
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purpose of this treatment is to precisely predict
the formation process of NOx and soot in the sta-
tionary turbulent flames. Similar idea has also
been adopted in the elliptic CMC simulation (Kim
et al., 2000) of bluff-body stabilized flames.
Figure 1 shows the predicted flow structures of
the bluff-body burner for the fuel injection veloci-
ties of 80 m/s (ML1 flame) and 121 m/s (ML2
flame). It can be clearly seen that the quite dif-
ferent flow patterns are created for two flames. In
case of the lower fuel-jet velocity (ML1 flame),
an inner vortex near the central fuel jet is formed
and the large portion of fuel is transported from
the inner vortex to the outer vortex. In case of the
higher fuel-jet velocity (ML2 flame), the jet mo-
mentum flux is considerably increased so that the
inner vortex nearly disappears, and most of fuel
penetrates along the centerline and passes down-
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stream without being transported to the outer vor-
tex. The stoichiometric lines represented by the
dashed line characterize the different mixing pat-
tern of two flames. The stoichiometric line of the
MLI1 flame is placed along the edge of the outer
vortex whereas that of the ML2 flame is located
along the edge of the central fuel jet. Consequent-
ly, the corresponding flame structure of two flames
becomes quite different in the proximity of the
outer core vortex zone.

In the framework of the present EPFM model,
10 RIFs are used to account for spatially distri-
buted inhomogeneity of scalar dissipation rate.
Fig. 2 presents the temporal history of total mass
within the computational domain and the condi-
tional dissipation rate for each RIF. The scalar
dissipation rate remains relatively high and does
not decrease so rapidly as that of downstream
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Fig. 2 Temporal history of total mass of flamelets within computational domain and the domain-averaged

conditional scalar dissipation rates
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region of the jet flames. For the ML2 flame with
higher fuel jet velocity, RIFs leave more quickly
the computational domain through the exit bound-
ary and initial levels of scalar dissipation rate are
slightly higher than those of the ML1 flame. The
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presence of inner vortex and fuel-rich mixtures
within the outer vortex makes some RIF to un-
dergo more complex temporal change of scalar
dissipation rate.

In Fig. 3, radial profiles of mean and rms mix-
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Fig. 3 Radial profiles of mean (solid line, square) and rms (dashdot line, triangle) of mixture fraction for the
bluff-body stabilized methanol flames with fuel jet velocities of 80 m/s (ML1, left) and 121 m/s (ML2,

right)
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ture fraction are presented at six different axial
locations. The noticeable difference in the mixing
characteristics of two flames, as discussed above,
exists at the recirculation zone. Experimental data
at x/Dp=0.26 indicates that the outer vortex has
a nearly uniform distribution of mean mixture
fraction for both flames.

In term of the mixture status in the upstream
outer vortex region, the ML1 flame yields the slight-
ly fuel-rich mixtures whereas the ML2 flame does
the slightly fuel-lean mixtures. However, in the
outer vortex region of both flames, there exist the
large differences between prediction and measure-
ment in terms of the level and uniformity of mean
mixture fraction. The level of mean mixture frac-
tion is significantly underpredicted and its rms
level is overestimated. The overestimated rms value
of mean mixture fraction leads to the overpredic-
tion of mixtutre fraction fluctuation in the same
region. These discrepancies are relatively prono-
unced for the MLI1 flame and the relatively large
deviations are also found in the downstream re-
circulation zones (x/Dzp=0.6, 0.9). At the fur-
ther downstream regions (x/Dz>1.3), the mix-
ture fraction fields of two flames become gradu-
ally similar and the differences between predic-
tion and measurement noticeably decrease.

Figure 4 presents the radial profiles of mean
temperature and OH mass fraction at the six axial
locations. Experimental profiles indicate that the
outer-vortex reaction zone represented by peaks
of mean temperature and OH mass fraction are
quite different for two flames. As shown in ex-
perimental results of recirculation zone (x/Dz=
0.26, 0.6, and 0.9), the ML1 flame creates the peak
temperature and maximum OH zone at the air
side edge of the outer vortex because the mean
mixtures of the outer vortex are uniformly fuel-
rich and become stoichiometric only on its air-
side edge. In the ML2 flame, on the other hand,
the reaction zone with the maximum temperature
and OH distribution is located close to the shear
layer between outer vortex and central fuel jet
where the stoichiometric mean mixture is formed.
However, the numerical model fails to correctly
capture the flame structure of outer vortex in the
ML1 flame due to the inaccurate prediction of

mixture fraction field. The present model predicts
the much higher and broader distribution of OH
mass fraction in the outer vortex region since the
predicted mean mixture fraction in this region is
relatively close to stoichiometry. For the same
region of the ML2 flame, however, numerical
results are relatively well agreed with experiment-
al data in terms of mean OH mass fraction al-
though mean temperature is still underestimated
due to the underpredicted mean mixture fraction
and the overestimated fluctuation. After passing
the neck zone, as shown in Fig. 4(e), the mean
temperature for two flames significantly decreases
due to the intense mixing.

Figure 5 shows the radial profiles of mean mass
fraction of NO for two flames. Nevertheless of the
inaccurately predicted mixing pattern within the
outer vortex, the present approach predicts the
mean mass fraction of NO with the acceptable
level. In the outer vortex of the ML1 flame, the
substantial amount of NO is formed due to the
presence of visible flame within this region. On
the other hand, for the ML2 flame, the NO level
produced in the combustion zone is relatively
low because the stoichiometric mixtures are plac-
ed around at the shear layer of the inner zone
and the inner zone allows the much shorter resi-
dence times than does the outer vortex zone. As
pointed out in the experimental work of Dally et
al.(1996), the level of NO produced in the recir-
culation zone decreases or remains constant with-
in the neck zone and gradually increases with the
axial distance at the further downstream region.
These qualitative trends are well predicted by the
present model even if the overall NO levels are
overestimated for both flames. This will be pre-
cisely discussed later in terms of the conditional
means.

Figure 6 shows the conditional means of tem-
perature and OH mass fraction at three different
axial locations of x/D=0.6, 1.3, and 4.5. The
scatter plots represent the instantaneous measured
data near the same radial position and the pre-
dicted conditional means are obtained at » =3D),
where Dy is the fuel nozzle diameter. For com-
parative purpose, the equilibrium limits denot-
ed by the dashdot lines are also presented. The
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equilibrium chemistry usually leads to the unac-
ceptable results for the hydrocarbon combustion
processes because the CO consumption rates are
slow especially for the very fuel-rich mixtures with
the low temperature which is unlikely to reach the

Seong-Ku Kim, Sungmo Kang and Yongmo Kim

chemical equilibrium state. Therefore, the equi-
librium limits are obtained not by the chemical
equilibrium solution but by the steady flamelet
solution at a very small scalar dissipation rate,
i.e. 0.001 sec™.
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At upstream region within the recirculation
zone (x/Dp=0.6), the predicted peak values of
temperature and OH are 1988 K and 0.518% for
the ML1 flame, and 1972 K and 0.535% for the
ML2 flame, respectively. Compared to the equi-
librium limit, the predicted OH level clearly rev-
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eals that the superequilibrium concentrations of
radicals are substantially appeared in this region
since the third-body recombination reactions of
radical pools become much slower due to the
locally insufficient residence time and the intense
turbulent mixing. At the further downstream re-
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gion (x/Ds=4.5), the peak temperature increases
up to 2028 K and 2058 K for the ML1 and the
ML2 flames, respectively while the peak values of
OH mass fraction decrease slightly to 0.468%
(ML1) and 0.454% (ML2). The downstream de-
caying behavior to the equilibrium state is slightly
different for two flames owing to the different
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temporal history of conditional scalar dissipation
rate shown in Fig. 2.

For the ML2 flame, the predicted results of
conditional means are quite consistent with the
experimental observation (Dally et al., 1998) that
the peak OH mass fraction has decreased slightly
from 0.58% at x/Ds=0.6 to 0.48% at x/Dz=4.5
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Fig. 6 Comparison of conditional means of temperature and OH mass fraction for fuel jet velocities of 80 m/
s (MLI, left column) and 121 m/s (ML2, right column) at X/D=0.6 (top), 1.3 (middle) and 4.5
(bottom) : solid line (EPFM model) ; dashed dot (steady flamelet solution at ys=0.001 sec™) ; scatter

plots (measurement)
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while the peak temperature has increased appro- 0.518 for the MLI flame, and 1970 K and 0.542
ximately by 80 K. At the neck zone (x/Dsz=1.3),  for the ML2 flame. In terms of the maximum OH
the predicted maximum conditional means of tem- mass fraction, at the neck zone of the ML2 flame,
perature and OH mass fraction are 1985 K and the predicted value (0.542%) is slightly lower than
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line (EPFM model) ; scatter plots (measurement)
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the measured one (0.6%). Experimental data of
the ML2 flame in the neck zone indicate that the
certain portion of mixture particles is locally ex-
tinguished or partially burnt at the given fuel jet
velocity (121 m/s) which is 84% of the blow-off
velocity. However, when the relatively small frac-
tion of mixture particles is locally extinguished,
numerical results indicate that the present EPFM
model still predicts the acceptable distribution of
conditional means of temperature and OH mass
fraction even if it is unable to capture the whole
physics associated with the local extinction.

Figure 7 displays the conditional means of
NO mass fraction at three axial locations for two
flames. In comparison with measurement, the over-
all NO levels obtained by the present model are
overestimated. The predicted NO levels of the
ML2 flame are lower than those of the ML1 flame
due to the higher fuel jet velocity and the shorter
residence time.

According to experimental results (Dally et al.,
1996) of the ML1 flame, the peak NO mole frac-
tion drops from 50 to 20 ppm as the axial location
increases from x/Dz=0.26 to 1.8, and then in-
creases up to roughly 40 ppm at the further down-
stream region. For the ML2 flame, the measured
peak NO mass fraction decreases from about 20
ppm at x/Dz=0.6 to approximately 16 ppm at
x/Dp=1.3 (Dally et al., 1996). In experimental
work, it is also suggested that the decrease of NO
level observed in the neck zone could be attribut-
ed to the considerable decrease in NO production
and might be associated with the conversion pro-
cess of NO to N2 which is enhanced by the re-
latively high fuel concentration.

In case of the MLI1 flame, the decrease of the
peak NO level near the neck zone is also identi-
fied even with unnoticeably small amount and
then the peak NO level increases with the axial
distance at the further downstream region. Since
the present NOx chemistry involves the reaction
paths by NOx reburn (Hewson, 1997), numerical
results potentially reflect the conversion of NO
to N2 by the hydrocarbon radicals formed in the
fuel-rich mixtures. Thus, it is quite desirable that
one of further detailed study is focused on this
subject.
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4. Conclusions

In order to assess the capability of the EPFM
model to predict the flame structure and NOx
formation in the multi-dimensional elliptic tur-
bulent flame field, the methanol-air bluff-body
flames have been numerically investigated for two
different fuel jet velocities. Based on numerical
results obtained in the present study, the follow-
ing conclusions can be drawn :

(1) In case of the higher fuel jet velocity (120
m/s), numerical results are reasonably well agreed
with experimental data. However, in case of the
lower fuel jet velocity (80 m/s), there exist the
considerable qualitative and quantitative differ-
ences between prediction and measurement espe-
cially at the recirculation zone close to inlet. These
discrepancies might be attributed mainly to the
defect of the modified .-¢& turbulence model to
predict incorrectly the mixture fraction field as
well as partly to the limitation of the present tur-
bulent combustion model to deal with the rela-
tively thick flame zone and the partially premixed
flame fields. Nevertheless of these deviations, nu-
merical results suggest that the present EPFM
model has the predicative capability to realistic-
ally capture the essential features of flame struc-
ture and NOx formation in the bluff-body sta-
bilized flames.

(2) In term of the mixture status in the up-
stream outer vortex region, the ML1 flame yields
the slightly fuel-rich mixtures whereas the ML2
flame does the slightly fuel-lean mixtures. How-
ever, in the outer vortex region of both flames,
there exist the large differences between predic-
tion and measurement in terms of the level and
uniformity of mean mixture fraction. The level of
mean mixture fraction is significantly underpre-
dicted and its rms level is overestimated. These
discrepancies are relatively pronounced for the
MLI1 flame and the relatively large deviations are
also found in the upstream recirculation zones
(x/Ds=0.6, 0.9). At the further downstream
regions (x/Dz>1.3), the mixture fraction fields
of two flames become gradually similar and the
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differences between prediction and measurement
noticeably decrease.

(3) For the ML2 flame, the predicted results
for conditional means of temperature and OH
mass fraction are generally consistent with the
experimental profiles. In terms of the maximum
OH mass fraction, at the neck zone of the ML2
flame, the predicted value (0.542%) is slightly
lower than the measured one (0.6%). Experiment-
al data of the ML2 flame in the neck zone indicate
that the certain portion of mixture particles is
locally extinguished or partially burnt at the giv-
en fuel jet velocity (121 m/s). However, for these
methanol flames where the relatively small frac-
tion of mixture particles is locally extinguished,
numerical results indicate that the present EPFM
model still predicts the acceptable distribution of
conditional means of temperature and OH mass
fraction even if it is unable to capture the whole
physics associated the local extinguished combus-
tion processes.

(4) In comparison with measurement, the over-
all NO levels obtained by the present model are
overestimated. The predicted NO levels of the
ML2 flame are lower than those of the ML1 flame
due to the higher fuel jet velocity and the shorter
residence time. Numerical results potentially re-
flect the conversion of NO to N2 by the hydro-
carbon radicals formed in the fuel rich mixture
near the neck zone and further detailed study on
this subject needs to be carried out.
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