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Abstract

Large-eddy simulations (LES) of a jet issuing into a hot and diluted coflow are performed. To model
this three-stream burner configuration, which is operated in the moderate and intense low-oxygen dilution
(MILD) combustion regime, a flamelet/progress variable (FPV) formulation is extended by introducing an
additional conserved scalar. This additional scalar is associated with the oxidizer split, and is used to iden-
tify flamelets of different mixture composition. Due to the extended spatial structure of this jet diffusion
flame, the moderate Reynolds number, and the overall lean operating condition, different flamelets interact
only weakly in mixture composition space, so that the thermochemical state-space is populated from the
solution of the one-dimensional flamelet equations. To account for the turbulence/chemistry interaction
on numerically unresolved scales, a presumed probability density function (PDF) is used in the LES com-
bustion model. This three-stream FPV combustion model is applied in LES of the MILD combustor,
which was experimentally investigated by Dally et al. (2002) [4]. The comparison with results obtained from
the single-mixture fraction FPV formulation shows that the coflow mixture composition can only inade-
quately be represented by a single mixture fraction, resulting in a significant overprediction of the flame
temperature and CO mass fraction. The second part of this work addresses the sensitivity of the flow field
and flame structure to the specification of scalar inflow conditions under kinetics-controlled, low-Damköh-
ler number combustion conditions. To this end, LES calculations are performed that employ an increasing
level of fidelity in the specification of the scalar boundary conditions, including homogeneous and intermit-
tent turbulent scalar inflow conditions that are derived from experimental data. From this analysis, it is
shown that the consideration of turbulent fluctuations in the scalar composition leads to improved predic-
tions for temperature and mass fractions of CO and OH. Furthermore, the results from this simulation also
suggest that effects of scalar inflow conditions are not only confined to the nozzle-near region but extend
throughout the entire flame. It is anticipated that these findings could also be of relevance to other simu-
lations of kinetics-controlled and low-temperature combustion systems, including autoignition, lifted
flames, and premixed systems in which flames are stabilized by vitiated and hot coflows.
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Fig. 1. Temperature measurements in the MILD com-
bustor [4] at an axial location 4 mm above the burner
exit. The region shown in gray indicates the coflow.
Symbols in red denote single point measurements, and
the solid line corresponds to the mean temperature, with
error bars indicating the temperature variance. The
radial direction r is non-dimensionalized by the fuel
nozzle diameter Dref ¼ 4:25 mm.
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1. Introduction

Combustion systems operating at reduced flame
temperatures have been identified as attractive
alternatives to conventional combustion strategies
in improving thermal efficiency and reducing pollu-
tant emissions [1,2]. Such low-temperature com-
bustion conditions, that are frequently referred to
as moderate and intense low-oxygen dilution
(MILD), flame/colorless oxidation, or high-tem-
perature air combustion (HiTAC), are achieved
by diluting the oxidizer stream to reduce the oxygen
concentration and preheating the reactant mixture.
The lower oxygen concentration in the unburned
mixture leads to a reduction in the flame tempera-
ture, which favors reduced emissions of soot and
nitrogen oxide (NOx). To enable stable and sus-
tained combustion of the overall lean fuel/air mix-
ture, the reactants are preheated above the ignition
temperature by means of recuperative or regenera-
tive heating [3].

The reduced oxygen concentration due to the
dilution of the oxidizer stream decreases the stoi-
chiometric mixture, so that – unlike to undiluted
flames – the flame location and heat release are
shifted towards the region of reduced dissipation
rate in the oxidizer stream [3]. Furthermore, lower
oxygen concentration and flame temperature
reduce the chemical reactivity of the mixture, so
that MILD combustion is primarily kinetics-con-
trolled, corresponding to the low-Damköhler
number combustion regime.

Because of its potential for technical applica-
tions, combustion under MILD conditions has
been studied experimentally and theoretically.
MILD combustion of a turbulent jet flame in an
unconfined hot coflow was experimentally charac-
terized by Dally and coworkers [4].

Numerical investigations and modeling efforts,
employing zero-dimensional analyses and Rey-
nolds-averaged Navier–Stokes (RANS) formula-
tions, have been conducted to characterize flow
field, flame structure, and pollutant emissions
under MILD combustion conditions. In the con-
text of a RANS model, Coelho and Peters [5]
applied an Eulerian particle flamelet formulation
to predict the NO formation in the furnace studied
by Plessing et al. [6]. Kim et al. [7] applied a condi-
tional moment closure (CMC) model to the three-
stream burner of Dally et al. [4]. In this formula-
tion, the scalar mixing between the three streams
was modeled by a single mixture fraction, and
results for temperature, major species, and NO
were in good agreement with experiments. The
same experimental configuration was used by
Christo and Dally [8] to assess different turbulence
models, chemical mechanisms, and combustion
models in predicting MILD combustion at different
operating conditions. From this RANS-investiga-
tion, they concluded that conserved scalar formula-
tions exhibit significant discrepancies for major
species predictions, which they attributed to the
single-mixture fraction formulation employed in
their investigation. In the present work large-eddy
simulations (LES) of this burner configuration
are performed. Compared to RANS, it is largely
accepted that LES provides improved predictions
for scalar mixing. This, however, appears to be par-
ticularly important for MILD combustion since the
fuel conversion occurs at very lean mixtures and in
regions of low scalar dissipation rates.

Numerical predictions of turbulent reacting
flows often exhibit a strong sensitivity to the speci-
fication of inflow conditions, including velocity,
scalars, and temperature. This is particularly rele-
vant for momentum-driven and lifted flames [9].
While in such flows the characterization of scalar
boundary conditions typically reduces to specify-
ing constant and homogeneous profiles in the feed
streams, it is now recognized that unsteady simula-
tions require time-dependent inflow velocity data
that not only resemble single-point statistics but
also contain structural information of the velocity
field entering the simulation domain [10,11].

In flames in which the oxidizer stream consists
of a vitiated mixture or is generated through a
secondary combustion process, the scalar composi-
tion in these feed streams can be highly heteroge-
neous and intermittent. Such intermittency in the
species composition can significantly affect the
flame structure, particularly for kinetics-controlled
combustion processes that are here of interest. This
is emphasized in Fig. 1 showing measurements for
the temperature in a MILD combustor [4] at an
axial location only 4 mm above the burner exit.
In this three-stream burner, the annular coflow
extends from 0:5 6 r=Dref 6 9:65, and is located
between the inner fuel pipe and the surrounding
air stream. The coflow composition is generated
through the secondary combustion of a methane/
hydrogen mixture in the upstream part of the bur-
ner, and is subsequently mixed with nitrogen and
air to achieve a specific oxygen concentration in
the coflow. These measurements suggest that the
mixture composition in the coflow, particularly in
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the wall-near region of the annulus, is highly non-
uniform.

Motivated by these measurements, the objective
of this work is to investigate the sensitivity of the
flow field and flame structure to scalar inflow
boundary conditions under low-Damköhler num-
ber operating conditions. To this end, large-eddy
simulations will be employed, utilizing an increas-
ing level of fidelity in the specification of the scalar
inflow conditions. To accurately model this three-
stream combustion system, a flamelet/progress
variable (FPV) combustion model will be extended
by introducing an additional scalar to account for
variations in the mixture composition.

The remainder of this paper is organized as fol-
lows. The mathematical formulation and the three-
stream LES combustion model are summarized in
the next section. The experimental configuration
of the MILD burner and the computational setups
are presented in Sections 3 and 4, respectively.
Computational results are discussed in Section 5,
and the paper finishes with conclusions.
2. Mathematical formulation

2.1. Combustion model for three-stream systems

In the following, a LES combustion model will
be presented for predicting three-stream combus-
tion systems. This configuration is schematically
illustrated in Fig. 2(left), resembling the MILD
combustor of Dally et al. [4]. In this burner, fuel
is supplied through a central pipe, the annulus pro-
vides the hot diluted coflow, and shroud air enters
through the outer stream. In the lower part of the
flame (indicated by the red line), reaction and heat
release are controlled by the mixing between fuel
and coflow. A shear layer establishes between
coflow and outer stream, and air is entrained into
the coflow and eventually mixes and reacts with
the unburned fuel in the upper part of the burner
(shown by the blue dashed line in Fig. 2). The cor-
responding representation of the mixing and com-
bustion process in the state-space is shown on the
right of Fig. 2. The extended spatial structure and
the fact that combustion occurs at lean conditions
in regions of low scalar dissipation rates limits the
interaction of the composition in flamelet state-
space. Therefore, this three-stream combustion
Fig. 2. Schematic of the three-stream combustion sys-
tem (left), and the corresponding state-space represen-
tation of the mixing and combustion processes is shown
on the right.
process can be represented by the one-dimensional
flamelet equations, under consideration of varia-
tions of the composition in the oxidizer streams.

In the following, combustion in the three-
stream system is modeled using the steady flamelet
equations. These equations can be written as [12]:

� vZ

2

@2/

@Z2
¼ _x; ð1Þ

in which Z is the mixture fraction, / is the vector
of all species mass fractions Y and temperature T,
and _x denotes their respective source terms. The
scalar dissipation rate of the mixture fraction is
denoted by vZ with vZ ¼ 2aðrZÞ2, and a is the
molecular diffusivity.

The mixture fraction is defined through the
solution of a scalar transport equation [13] with
the definition Z ¼ 0 in the oxidizer stream and
Z ¼ 1 in the fuel stream. The corresponding bound-
ary conditions to solve Eq. (1) are

/ðZ ¼ 0Þ ¼ /O; ð2aÞ
/ðZ ¼ 1Þ ¼ /F; ð2bÞ

in which the superscripts “O” and “F” refer to the
compositions in the oxidizer and fuel streams,
respectively. To account for the different mixture
compositions in the oxidizer stream, represented
by the coflow, the air stream, and their respective
intermediate mixtures, boundary condition (2b) is
generalized and written as

/ðZ ¼ 0Þ ¼ /OðW Þ; ð3Þ
in which W is introduced and is referred to as oxi-
dizer split. This conserved scalar is normalized with
W ¼ 0 in the coflow and W ¼ 1 in the air stream. In
principle, an expression for W can be derived from
the elementary mass fractions, following the for-
mulation of Bilger et al. [14]. This, however, intro-
duces two issues. First, this definition would make
W dependent on Z which will complicate the LES
combustion modeling. Second, the normalization
of W is poorly conditioned, resulting in strong
sensitivity to small errors in the measurements of
species mass fractions, which is therefore inappro-
priate for experimental validation. To overcome
both issues, in the following W will be related to
the elemental mass fraction of oxygen, yO, in the
oxidizer stream:

W ¼ yO � yOð0Þ
O

yOð1Þ
O � yOð0Þ

O

; ð4Þ

with the superscripts “O(0)” and “O(1)” denoting
the coflow ðW ¼ 0Þ and the shroud air stream
ðW ¼ 1Þ, respectively. With this definition, W is
independent of Z and constant for each flamelet,
equal to its value in the oxidizer stream. The bound-
ary condition for the oxidizer stream, necessary to
solve Eq. (1), is then obtained by integrating

d/O ¼ d/O

dW dW ; in which /OðW Þ is obtained from



Table 1
Reference parameters for the MILD combustor simula-
tion [4]. The mixture composition in the coflow stream
corresponds to the nominal operating condition, assum-
ing homogeneous inflow composition. The mixture
fraction due to Bilger et al. [14] is denoted by ZB.

Parameter Fuel Coflow Air

T [K] 305 1300 300
ZB 1 0.03 0
Z 1 0 0
W 0 0 1
C 0.115 0.12 0
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the solution of a scalar mixing problem between co-
flow and air stream. The solution of the flamelet
equations can then be written in the form
/ ¼ /ðZ;W ; vZ;stÞ; and vZ;st denotes the stoichiom-
etric scalar dissipation rate.

In this context, it is pointed out that the three-
stream FPV model is not limited to MILD com-
bustion, and can further be extended, for instance,
to incorporate effects due to wall heat losses and
flame autoignition. It is also noted that this model
shares similarities with the two-mixture fraction
formulation of Hasse and Peters [15], which was
derived from a three-scale asymptotic analysis,
accounting for the flamelet interaction in a split-
injection Diesel engine. It can be shown that in
the limit of weak interaction and negligible scalar
dissipation rate with respect to the oxidizer split
both models are equivalent.

2.2. LES combustion model

In the following, a LES combustion model is
developed from the three-stream flamelet formula-
tion that was derived in the previous section. To
this end, a flamelet/progress variable (FPV) for-
mulation will be employed [16,17]. In this FPV
model, the explicit dependence of the thermo-
chemical quantities on the scalar dissipation rate
is eliminated by introducing a reaction progress
variable C. This transformation provides a unique
representation of all thermochemical quantities
over the entire solution space of the steady flam-
elet equations. With this, the FPV formulation
for three-stream combustion systems can be writ-
ten as

/ ¼ /ðZ;W ;CÞ; ð5Þ
in which the reaction progress variable is defined
from a linear combination of reaction product
species, viz., C ¼ Y CO2

þ Y CO þ Y H2O þ Y H2
:

In LES, the Favre-filtered form of the governing
equations are solved, and the contribution of tur-
bulence/chemistry interaction on the flow field
structure is modeled through a presumed probabil-
ity density function (PDF) approach. Favre-aver-
aged quantities are then obtained by integrating
Eq. (5) over the joint PDF eP ðZ;W ;CÞ. Utilizing
the fact that Z and W are independent, the joint

PDF can be rewritten as eP ðZ;W ;CÞ ¼ eP ðZÞP ðW Þ
P ðCjZ;W Þ; and the conditional PDF of the reaction
progress variable is modeled by a Dirac delta func-
tion. Although more complex PDF-closure models
can be employed [18], it has been shown that this is
appropriate for combustion configurations with-
out significant extinction and reignition [17]. The
marginal PDFs for mixture fraction and oxidizer
split are described through a presumed beta-PDF.
With this, Favre-averaged thermochemical quanti-
ties are then parameterized by the first two
moments of Z and W, and the mean reaction
progress variable. In addition to the solution of
the governing equations, describing conservation
of mass and momentum (for low-Mach number
variable density LES application), five additional
transport equations are solved for these moments
[18] in order to provide information about the fil-
tered density and other thermochemical quantities.
3. Experimental configuration

The three-stream LES combustion model is
applied to the burner configuration that was exper-
imentally studied by Dally et al. [4]. In this burner, a
methane/hydrogen fuel jet is issued into a hot
diluted coflow. The diameter of the fuel pipe is
Dref ¼ 4:25 mm and the bulk exit velocity is
U ref ¼ 73:5 m/s, corresponding to a jet exit Rey-
nolds number of 9500. The outer diameter of the
coflow annulus is 82 mm, and the mass flow rate
in the coflow was reported with 4.8 g/s. The bur-
ner is surrounded by an air stream, and the air
is supplied by a wind tunnel at an exit velocity
of 3.2 m/s. In this experimental series, effects of
the coflow oxidizer concentration on the flame
structure were investigated, and measurements
for different oxygen mass fractions have been con-
ducted. The following study focuses on the so-
called HM3 configuration with a nominal oxygen
concentration of 9% in the coflow. The experi-
mental parameters are summarized in Table 1.
4. Numerical setup

The Favre-filtered governing equations are
solved in cylindrical coordinates [16]. The geometry
is non-dimensionalized by the jet nozzle diameter
Dref and the computational domain is 40 Dref�
20 Dref � 2p in axial, radial, and azimuthal direc-
tions, respectively. The axial direction is discretized
with 192 grid points following a linear growth rate,
and 165 grid points are used in radial direction. The
circumferential direction is equally spaced and uses
64 points, resulting in a total number of approxi-
mately 2 million grid points. The minimum and
maximum filter widths are Dmin ¼ 1:5� 10�2 Dref

(at the centerline near the nozzle exit) and
Dmax ¼ 7:5� 10�1 Dref (outermost computational
cell at the exit plane).



Fig. 3. Mean and root mean square for the scalar
quantities w ¼ ðZ;W ;CÞT evaluated from the experi-
mental data.

Table 2
Specification of the LES configurations.

Case Combustion model Scalar BCDs

1 Two-stream FPV Nominal
2 Three-stream FPV Nominal
3 Three-stream FPV Exp. mean
4 Three-stream FPV Turbulent
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Steady flamelet calculations were performed
using the FLAMELAMEMASTERASTER code [19], and the chem-
istry is described by the GRI 2.11 mechanism [20].
From these flamelets that are parameterized in
terms of Z; W ; and C, the chemistry library is gen-

erated. To increase the library resolution, gZ 002 and
gW 002 are replaced by the mixedness, eSZ ¼gZ 002=
ðeZ � eZ 2Þ and eSW ¼ gW 002=ð eW � eW 2Þ, respectively,

and the grid stretching in the directions of eZ ; eSZ ,
and eSW follows a geometric series. The chemistry
table is discretized by 100� 15� 26� 15� 75 in
the directions of eZ � eSZ � eW � eSW � eC :

In Section 5, the three-stream FPV model will
be applied in LES of the HM3 combustor config-
uration of Dally et al. [4]. These results will be
compared with a simulation using the two-stream
FPV model [16,17] in which the combustion pro-
cess is represented by the single mixture fraction
ZB. This simulation is denoted by case 1. For this,
the chemistry library is populated from flamelets
in which the composition of the oxidizer stream
corresponds to that of the shroud air, and bound-
ary conditions for C and Z ¼ ZB, summarized in
Table 1, are specified at the three inflow streams.
This case is similar to the simulation of piloted
flames (e.g., Sandia flame series), in which the
composition of the pilot stream is projected onto
a single mixture fraction. Results of this simula-
tion will provide insight as to whether a single-
mixture-fraction flamelet formulation is adequate
for the representation of this burner system.

4.1. Velocity boundary conditions

In this experiment, the velocity flow field has
not been measured, and the following velocity
boundary conditions were used in the LES calcu-
lations. The inflow velocity profile in the fuel pipe
was generated from a periodic pipe flow simula-
tion by enforcing the reported bulk flow velocity.
The axial inflow velocity profiles in the coflow and
air stream were described by a laminar shear layer
profile. Numerical investigations showed that the
flow field predictions are insensitive to the velocity
profiles in the coflow and air stream.

4.2. Scalar boundary conditions

For the LES calculations, boundary conditions
for all scalars of the FPV combustion model are
required. In the following, these scalars are collec-
tively denoted by w with w ¼ ðZ;W ;CÞT . A tem-
porally averaged quantity is denoted by hewi and
the resolved scalar variance is indicated by hew002< i.

The composition in the fuel and air streams are
homogeneous, so that constant boundary condi-
tions are used for both streams throughout the fol-
lowing calculations. However, in the context of
Fig. 1 it was pointed out that the composition in
the coflow is heterogeneous and intermittent. To
quantify the sensitivity of the flame and flow field
structure to variations in scalar boundary condi-
tions, in addition to case 1, three other LES calcu-
lations are performed using the three-stream FPV
combustion model. In the calculation, denoted by
case 2, constant and homogeneous scalar boundary
conditions are prescribed at the inflow with nomi-
nal values summarized in Table 1. For the other
two calculations (cases 3 and 4), inflow conditions
for ew are obtained from the experimental data.

To this end, values for eZ , eW ; and eC are determined
by minimizing the least-square error between single
point measurements and the FPV flamelet solution.
From the solution of this minimization problem the
corresponding mean and resolved rms quantities
were computed, and are shown in Fig. 3. While in
the LES calculation of case 3 only the experimen-

tally determined mean profiles hewi are prescribed
at the inflow, the last calculation (case 4) also
accounts for the intermittency in the scalar inflow
compositions. To this end, the scalar composition
at the inflow is prescribed by a turbulent profile,
which is generated using the digital filter method
of Klein et al. [21]. With this, the turbulent scalar
inflow condition in the coflow is written as
ew ¼ hewi þ Rn; were n is a three-dimensional,
normalized, and correlated field with prescribed
spatio-temporal correlation [21]. The correlation
tensor R is determined from the experimental
data, and reduces to a diagonal matrix with
R2 ¼ diagðheZ 002< i; h eW 002

< i; heC 002< iÞ; since all cross-cor-
relation terms are negligible. Homogeneous
Dirichlet conditions are used at the inflow bound-
ary for all scalar subgrid scale variances.

For reference, all four LES calculation that are
presented in the next section are summarized in
Table 2.



Fig. 5. Comparison of measured and calculated mean
and resolved rms statistics of mixture fraction and
temperature along the jet centerline in the HM3 flame.
Refer to Table 2 for the description of the four LES
configurations.
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5. Results

In this section, results from four LES calcula-
tions, summarized in Table 2, are presented.
Statistical data are collected over four flow-
through-times. For the quantitative comparison
between experiments and calculations, the mixture
fraction definition due to Bilger was used [14], and
is in the following denoted by ZB: Flow field
structure, statistical results, and scatter date are dis-
cussed in the following sections, and a comparison
of conditional results is provided as Supplementary
material.

5.1. Instantaneous flow field structure

A qualitative comparison of instantaneous tem-
perature fields obtained from two LES calculations
are presented in Fig. 4. The result on the left is
obtained from the LES calculation in which the sin-
gle-mixture-fraction FPV formulation was used
(case 1), and the temperature field on the right is
computed with the three-stream FPV model with
prescribed turbulent scalar inflow conditions (case
4). From this figure it can be seen that both calcula-
tions predict the formation of a Kelvin–Helmholtz
instability in the region separating the coflow and
the air stream. However, from this qualitative com-
parison it appears that the simulation with the
three-stream FPV formulation using unsteady sca-
lar inflow conditions predicts a delayed onset and
reduced strength of the instability. The single-mix-
ture fraction FPV model (case 1) predicts a signifi-
cantly higher temperature in the coflow-region, and
the reason for this elevated temperature will be dis-
Fig. 4. Comparison of instantaneous temperature fields
obtained from the LES calculations using the single-
mixture fraction FPV formulation (case 1) and the three-
stream FPV model with prescribed turbulent scalar
boundary conditions that were reconstructed from the
experimental data (case 4). The solid line shows the
location of the stoichiometric mixture fraction
Zst ¼ 0:05:
cussed in the context of a statistical flow field anal-
ysis. It can be seen that the flame spreading angle is
larger for case 1 and the flame corrugation corre-
lates with the wavelength of the instability in the
upper part of the flame.

Compared to case 1, the reaction zone predicted
with the three-stream FPV model is confined to a
narrow region around Zst. Experimental investiga-
tions by Medwell et al. [22] suggest that this flame
exhibits two oxidation regimes: In the lower part,
the flame is established by the fuel stream and oxy-
gen-diluted coflow; above a height of approxi-
mately 25 nozzle diameters, the coflow mixture is
replaced by shroud air so that the oxidizer stream
in the flame consists of oxygen-rich ambient air.
The simulation, shown on the right of Fig. 4,
confirms this experimental observation, and the
Fig. 6. Comparison of radial profiles for mean and
resolved fluctuations of temperature, and mean mass
fractions of CO2 and CO at three axial locations in the
HM3 flame.
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transition between these different flame regimes is
evident at x � 25Dref , resulting in a broadening of
the reaction zone and an increase in the stoichiom-
etric flame temperature above 1800 K.

5.2. Statistical flow field results

Centerline profiles for mean and resolved vari-
ance of mixture fraction and temperature are
shown in Fig. 5. It can be seen that the mean
mixture fraction profile, computed with the sin-
gle-mixture fraction FPV model, is consistently
overpredicted throughout the flame. The slower
centerline decay rate results in a slightly extended
jet core region, which moves the peak location of
the resolved mixture fraction variance down-
stream. In comparison, the three-stream FPV
model provides significantly improved predictions.
Effects of different scalar boundary conditions on
the mixture fraction evolution are mainly apparent
in the middle part of the flame in the region
5 6 x=Dref 6 25:With increasing fidelity in the def-
inition of the boundary conditions, the agreement
with the experimental data continuously improves.
It will later be shown that this improvement of the
centerline results is attributed to the population of
the state-space.

Comparisons of temperature results are shown
in the bottom row of Fig. 5. Mean temperature pro-
files, calculated using the nominal boundary condi-
tions (case 2), are considerably underpredicted in
the upper region of the flame. An analysis of condi-
tional data shows (see Supplementary material)
that this discrepancy is due to the fact that the tem-
perature on the fuel-rich side is consistently under-
predicted by more than 150 K. The resolved rms
temperature profiles, shown in the lower right panel
of Fig. 5, are in overall good agreement with the
experimental data, exhibiting only modest sensitiv-
ity to the scalar inflow boundary conditions.

Radial profiles for mean and rms of tempera-
ture, and mean mass fraction of CO2 and CO
are illustrated in Fig. 6. The mean temperature
(first row) obtained from the calculation using
the single-mixture-fraction FPV formulation (case
1) is overpredicted in the coflow-region by more
than 400 K. This overprediction is attributed to
the fact that the composition of both the coflow
and the air stream cannot be adequately repre-
sented by a single mixture fraction, and demon-
strates the limitation of the two-stream FPV
model. On the other side, the three-stream FPV
formulation yields considerably improved predic-
tions, which is particularly evident in the shear
layer region between coflow and air stream.
Despite the underprediction of the plateau for
the mean temperature at the first measurement
location, the three-stream FPV model accurately
predicts the temperature fluctuations in the reac-
tion zone. Driven by the density-difference
between coflow and air stream, all simulations
predict a Kelvin–Helmholtz instability, which is
reflected by the localized region of high-tempera-
ture fluctuations around r=Dref ¼ 10 (second row
of Fig. 6). With increasing downstream distance
this instability grows and eventually merges at
x=Dref � 25 with the inner flame core. Contrary
to these predictions, the experimental data, how-
ever, do not show any evidence of this hydrody-
namic instability, and the extended region of
high temperature fluctuations is mainly attributed
to the inhomogeneous mixture composition ema-
nating from the coflow. In fact, the simulations
(cases 3 and 4) show that the onset of this instability
is directly controlled by the scalar boundary condi-
tions, and is considerably suppressed in the simula-
tions utilizing the experimentally determined scalar
inflow conditions (case 4). Interestingly, the tem-
perature fluctuations in the coflow-region are
partially reproduced by the simulation employing
unsteady scalar inflow conditions (case 4), which
provides further evidence for the inhomogeneous
mixture composition in the coflow.

Radial profiles for the mean mass fractions of
carbon dioxide and carbon monoxide are presented
in the third and fourth row of Fig. 6. Similar to
the temperature predictions, the single-mixture-
fraction FPV model (case 1) overpredicts the mean
CO2 mass fraction in the coflow-region. While the
simulation with the nominal boundary conditions
(case 2) overpredicts heY CO2

i in the outer region of
the coflow stream, calculations utilizing the experi-
mentally determined scalar inflow conditions lead
to improved results. Furthermore, it can be seen
that effects of scalar inflow conditions are not only
confined to the nozzle-near region but also extend
to the upper part of the flame. Results for CO, illus-
trated in the bottom row of Fig. 6, show that the
CO-formation is confined to a narrow region on
the fuel-rich side of the flame. While the results
from the single-mixture fraction FPV model (case
1) are overpredicted throughout the flame, results
from the three-stream FPV model are in good
agreement with the experimental data, and some
differences in the CO predictions are apparent on
the rich side of the flame.

5.3. Scatter data

To reconcile the sensitivity of the flow field
structure to the inflow conditions, scatter data will
be analyzed next. To this end, instantaneous sam-
ple data for Favre-filtered mixture fraction eZ and
oxidizer split eW are extracted from cases 2 and 4
and plotted in Fig. 7. Symbols shown in black are
randomly sampled from the entire simulation
domain, and the colored symbols correspond to
data that were extracted along selected axial planes
in the flame. A comparison of these scatter data
shows that both calculations populate distinctly
different regions in the state-space, which is directly
controlled by the scalar inflow conditions. In



Fig. 7. Comparison of scatter plots in the eZ � eW plane.
Symbols in black are randomly sampled from the entire
simulation domain, and colored symbols correspond to
sample data along different axial planes in the flame.

1316 M. Ihme, Y.C. See / Proceedings of the Combustion Institute 33 (2011) 1309–1317
particular, the LES calculation, employing homo-
geneous inflow conditions (case 2 on the left), is
primarily occupying the region that connects the
pure fuels stream, coflow, and the outer air stream.
On the other side, the calculation using prescribed
turbulent scalar inflow conditions (case 4) occupies
a significantly larger region in that state-space.
With increasing downstream direction, the occu-
pied state-space region increases and spreads due
to the scalar mixing.

This comparison shows that the scalar inflow
conditions directly affect the flame evolution in
the compositional state-space. The demonstrated
sensitivity of the flame to inflow-conditions is
responsible for the apparent differences in the sta-
tistical flow field results.
6. Conclusions

Large-eddy simulations of a three-stream bur-
ner configuration operating under MILD combus-
tion conditions were performed. A flamelet/
progress variable (FPV) formulation was extended
to account for variations of the mixture composi-
tion in the oxidizer streams under consideration
of the weak interaction between flamelets in the
compositional state-space.

The objective of this work was the validation of
this three-stream LES combustion model and the
thorough assessment of the flame sensitivity to
variations in scalar inflow conditions under kinet-
ics-controlled low-Damköhler number combustion
conditions. While the significance of velocity inflow
conditions on the evolution of turbulent reacting
flows has been widely recognized, this work shows
that the specification of transient scalar inflow con-
ditions plays an equally critical role, particularly
for kinetics-controlled combustion configurations.
The following conclusions can be drawn:

� Compared to the single-mixture-fraction FPV
formulation, the three-stream LES combustion
model provides significantly improved predic-
tions for the flame structure and the flow field
in this MILD burner system.
� Unlike to piloted burner configurations (e.g.,
Sandia flame series), the coflow mixture compo-
sition can only inadequately be represented by a
single mixture fraction, which explains the over-
prediction of the temperature and the CO mass
fraction obtained from the two-stream FPV
model.
� The proposed three-stream FPV model

accounts for the weak interaction between flam-
elets of different mixture compositions. The con-
sideration of this weak interaction appears to be
appropriate on the basis that this jet flame is
characterized by spatially extended flame struc-
tures, moderate Reynolds number operating
conditions, and the fact that the MILD combus-
tion occurs at conditions of low scalar dissipa-
tion rates [3].
� Through a series of LES calculations, employ-

ing increasing levels of fidelity in the specifica-
tion of scalar inflow conditions, it was
demonstrated that this MILD burner exhibits
strong sensitivity to variations in scalar bound-
ary conditions that not only affect the nozzle-
near region but extend throughout the entire
flame region.

It is anticipated that these findings on the flame
sensitivity to scalar inflow conditions could also
be of relevance to other simulations of kinetics-
controlled and low-temperature combustion sys-
tems, including autoignition, lifted flames, and
premixed systems in which flames are stabilized
by vitiated and hot coflows.
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