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Abstract

This paper reports the results of a numerical investigation of several turbulent nonpremixed ethylene jet
flames, either undiluted or diluted with hydrogen, air or nitrogen, which have been experimentally studied
using a jet in hot coflow (JHC) burner. The fuel jet issues into a hot and highly diluted coflow at two O,
levels (3% or 9%) and a temperature of 1100 K. These conditions emulate those of moderate or intense
low oxygen dilution (MILD) combustion. The attention is mainly focused on assessing the performance
of different models for the turbulence—chemistry interaction. The model predictions are compared to
experimental measurements. The eddy dissipation concept (EDC), flamelet and PDF transport models
were used in combination with a two-equation turbulence model (k-¢) and two different kinetic
mechanisms (GRI-Mech 3.0 and POLIMI). The effect of the oxygen concentration in the coflow is well
captured by all models. A modified version of the EDC model, recently proposed for the modeling of
methane MILD combustion conditions, is also used. This model significantly improves the predictions of
the EDC in the case of the ethylene flames studied in this paper. The agreement between measurements
and predictions of the flamelet model is generally not as good as the PDF transport and modified EDC
models, whose predictions are in good agreement with the measurements, and are improved especially for
the apparent liftoff heights and the peak flame temperature. The effect of the fuel composition on the
CH,0 formation is also discussed, showing generally good agreement.

Abbreviated Title: CFD and kinetic modeling of ethylene jet flames

Keywords: MILD combustion, flameless combustion, jet in hot coflow burner, turbulence—chemistry

interaction.


http://ees.elsevier.com/ate/viewRCResults.aspx?pdf=1&docID=9997&rev=2&fileID=294217&msid={ECB0FCB5-0DF9-48FB-9E8A-C86C0FF56CD8}

1. Introduction

Increasing energy demand and the concerns surrounding combustion generated pollution requires new
combustion technologies to be sought that are more efficient and environmentally sustainable. MILD
(moderate or intense low oxygen dilution) combustion [1] is an innovative technique which offers a
possible solution to this problem as it allows a simultaneous enhancement in thermal efficiency of
combustion systems and lower pollutant emissions. This combustion regime proceeds in an environment
of low oxygen concentration at high oxidizer temperatures to create a more uniform and distributed
combustion region which gives higher efficiency, radiation flux and lower levels of pollutants. As a
result, the combustion process takes place in a more diluted fashion and thus the temperature peaks that
are largely responsible for NOy formation can be avoided. In comparison with conventional combustion
regimes, MILD combustion has been reported to provide energy savings of approximately 30%, a 30%
reduction in furnace size and a 25% reduction in pollutant emissions [2].

Wiinning and Wiinning [3] showed MILD combustion (also referred to as flameless oxidation, FLOX")
to be highly efficient with low NOy emissions. There have been numerous MILD combustion studies in
semi-industrial scale furnaces [4,5] and burners [6,7,8], both experimentally and using mathematical
modeling based on the eddy dissipation concept (EDC) [9,10] and conditional moment closure (CMC)
[11]. Danon and coworkers recently studied a multi-burner flameless combustion furnace. They first
studied experimentally [12] the effect of the position of the burners and found the optimal operating
conditions. Then, they performed numerical simulations using the EDC model to achieve more insight
regarding the effects of burner positioning in their multi-burner flameless combustion furnace [13].

A review of the research efforts in modeling MILD combustion have been presented by Aminian et al.
[14] and De et al. [15]. These authors also discussed the applicability of the eddy dissipation concept to
the modeling of jet in hot coflow (JHC) flames and proposed a modified EDC model capable of
enhancing the predictions of mean temperature field in JHC conditions. The interest in the JHC burner is

motivated by its ability to emulate MILD combustion under controlled conditions.

Previous studies have mainly concentrated on the combustion of CH4 or CH4/H, mixtures, while in this
study the focus is on the modeling of ethylene (C,Hs) flames. The interest toward ethylene is motivated
by the significance of this species as an important intermediate in the oxidation of larger hydrocarbons,
and also to bridge the gap between methane and the more complex chemistry of practical fuels. In order
to advance fundamental understanding of MILD combustion, Medwell et al. [16] studied the combustion

of C;H4/H»/O»/N; mixtures in the JHC burner of the University of Adelaide. In the current work we



discuss the results of CFD modeling of the JHC experiments, with particular attention to the effect of the
models adopted with a RANS approach for the modeling of turbulence and turbulence—chemistry
interactions. In particular, we examine the effects of combustion and turbulence models, differential

diffusion and chemical kinetic mechanisms on the accuracy of the predictions.

2. Burner description and computational domain

The burner in this study is the jet in hot coflow (JHC) burner, used previously by Medwell et al. [16,17]
and is shown in Fig. 1. It consists of a central insulated fuel jet (¥4.6 mm) within an annular coflow (82
mm) of hot exhaust products from a premixed secondary burner mounted upstream of the jet exit plane.
The O, level of the coflow is controlled by the secondary porous burner to give O, levels of 3 or 9%
(volumetric), while the coflow temperature and exit velocity were kept constant at 1100 K and 2.3 m/s.
The fuel used in the jet is ethylene (>99% C,H,), either undiluted, or diluted with hydrogen (H>), air, or
nitrogen (N;). A description of the experimental details is provided in ref. [16] and [17].

It is worth noting that although the experimental results presented in the present paper are shown on the
graphs only as a line, there are inherent experimental errors and uncertainties. Factors such as correction
for the Rayleigh cross-section (for temperature), collisional quenching (for OH), laser power fluctuations,
and noise all affect the experimental measurements. Analysis of measurements in a flat-flame indicates
systematic errors of 5% and 2.5% for the OH and temperature, respectively. In a turbulent flame these
errors are estimated to be less than 20% in the worst case, and for the averaged data presented in this
paper less than 10%.

In this work, numerical simulations are performed to model the flames in the JHC burner developed and
experimentally studied by Medwell ef al. [16]. The flames were simulated with the commercial CFD code
FLUENT 12.1.4. A two-dimensional steady-state simulation of the physical domain was considered due
to the symmetry of the system. Figure 2 shows the computational grid used to simulate the flames and the
boundary conditions adopted. The grid domain is 400 mm in the axial direction and 120 mm in the radial
direction from the jet exit. It is a structured non-uniform grid with 34,200 cells, which provides high
resolution in the reaction zone region and close to the inlets and save computational effort elsewhere. This
grid layout was selected based on an examination of different cell sizes, and no further significant change
was obtained for finer cells. The flame is non-confined and hence a pressure outlet condition is used (see
Fig. 2) assuming ambient air backflow conditions. The simulations were performed for two different O,
mole fractions in the coflow stream, namely 3% and 9%. Figure 3 anticipates the results of some model

predictions which are discussed later. It compares predicted temperature fields and photographs of the



flame [16] and clearly shows the effect of the different amount of oxygen in the oxidizer. Consistent with
the ‘flameless’ characteristics of MILD combustion, the photographs may indicate that the flames appear
lifted, but reactions are indeed present between the jet exit plane and the visible flame. The presence of
soot at the downstream locations is a result of the entrainment of surrounding air beyond the confines of
the coflow, where MILD combustion conditions are no longer maintained. As expected, combustion

occurs with weaker or higher intensity according to the oxygen content in the oxidizer stream.

The aim of this work is first to identify key modeling issues for predicting temperature and chemical
species in the ethylene JHC experiments and then to discuss the effect of fuel composition on the

reactivity of the reacting mixture using two kinetic mechanisms.

3. Modeling

Christo and Dally [9] have shown that in the case of the JHC burner fed with CH4/H,, differential
diffusion effects have a strong influence on the accuracy of the predictions and that conserved scalar
based models, i.e. the &/PDF and flamelet models (adopting equilibrium or finite rate chemistry), are
inadequate for modeling jet in hot coflow (JHC) flames. Moreover, they also discussed the importance of

using detailed chemical kinetics, rather than global or simplified mechanisms.

It is important to notice that, compared to traditional diffusion flames, the uniform conditions and low
oxygen concentration in MILD combustion regime, leads to slower reaction rates and enhances the
influence of molecular diffusion on flame characteristics. These two effects challenge the applicability of

simple combustion models that assume fast chemistry and neglect the effects of differential diffusion [9].

The objective of the study reported in this work is to assess the performance of the different turbulence—
chemistry interaction models in combination with different turbulence models and chemical kinetic
mechanisms in predicting JHC ethylene flames by comparing predictions with experimental data. One of
the main differences, compared to the previous methane (and CH4/H,) cases, is that ethylene is
characterized by a significantly higher reactivity and relatively more complex chemistry. The kinetic
model adopted should be able to properly characterize the role of vinyl radicals and the higher acetylene

formation in ethylene combustion. Moreover, ethylene has a greater tendency to form soot.



3.1. Turbulence and Radiation models

The burner was modeled using several turbulence and radiation models to simulate the flames. To model
turbulence, three different models have been evaluated: the modified standard k-¢ (modified SKE), the
renormalization group (RNG) k-¢ and the Reynolds Stress model (RSM). The standard k-¢ model is a
semi-empirical approximation based on solving transport equations for the turbulence kinetic energy (k)
and its dissipation rate (g), with both equations containing a number of empirical constants. In this model,
the flow is assumed fully turbulent, and the effects of molecular viscosity are neglected. Assumption of
an isotropic scalar quantity for the turbulent viscosity is another approximation of the standard k-& model.
This model is known for its shortcomings in predicting round jets. In particular, the standard k-&¢ model
over-predicts the decay rate and the spreading rate of a round jet. The C,; parameter is modified to a value
of 1.60 for self-similar round jets [18]. The RNG k-&¢ model has a formulation similar to that of the SKE
model, although it uses different constants and has additional terms and functions in the transport
equations of & and €. In this model, there are exact expressions for the turbulent Prandtl and Schmidt
numbers. The RNG model is expected to yield better results in predicting round jets, swirling flows and
flows with a recirculation region in comparison with the SKE model [19]. The Reynolds stress model
(RSM) involves calculation of the individual Reynolds stresses using differential transport equations. The
Navier-Stokes equations with Reynolds stress model become stiff and time consuming in convergence
compared to the k-¢ model. The RSM does not use the Boussinesq hypothesis and isotropic turbulent
viscosity assumption. Gran et al. [20] have reported improvement in prediction of observed flow patterns
in the near burner zone for combusting flows using the RSM.

As suggested by Christo and Dally [9], Frassoldati et al. [10], and Aminian et al. [14], the discrete
ordinate (DO) radiation model [21] has been used to calculate the flame thermal radiation. This model can
be used for a wide range of optical thicknesses. The model solves a radiative transfer equation for a
number of discrete solid angles across the computational domain. For the model, theta-divisions and phi-
divisions define the number of control angles used to discretize each octant of the angular space. Also,
theta-pixels and phi-pixels are used to control the pixelation that accounts for any control volume
overhang. The model computes the absorption coefficient from the weighted sum of the gray gas model
(WSGGM) in which spatial variation in the total emissivity is computed as a function of gas composition
and temperature. The WSGGM is a model with reasonable accuracy that takes into account particular

absorption bands. It is worth noting that the effects of radiation on the flame are negligible when in the



confines of the hot coflow (axial distance below ~120 mm) (refer to Figure S1 in the supplemental

material for further details).

3.2. Turbulent combustion models

The main challenges in modeling turbulent combustion are handling the mean rate of reaction and
adequate representation of the chemistry in the model. In this study the capability of three classes of
combustion models for predicting MILD flames is assessed: volumetric reaction-based models, conserved
scalar based models and PDF transport models. The eddy dissipation concept (EDC) model [22,23] and
the modified EDC [15,24] belong to the first category, the Steady Laminar Flamelets (SLF) model
[25,26] to the second. Finally, the composition PDF transport models allow simulating finite-rate
chemistry in turbulent flames without the assumptions needed to model the unknown terms which arise
from the Reynolds-averaging of the energy and species balance equations. Nevertheless, the PDF
transport models require the modeling of the molecular mixing of species and heat which is usually the

most significant source of error in the PDF transport approach.

3.2.1. Eddy dissipation concept model
The eddy dissipation concept (EDC) model has the advantage of incorporating detailed kinetics at a
computational cost which is quite moderate compared to more advanced models such as the transported
PDF method, especially if the in-situ adaptive tabulation (ISAT) model [27] is used. As already discussed
by De et al. [15], however, this advantage comes at the cost of a less accurate description of turbulent

fluctuations.

In a turbulent environment, combustion takes place where there is a molecular mixing, i.e. at small
turbulence scales. According to the EDC model, the chemical reactions occur only in small scale micro-

mixed turbulent structures known as fine structures.

The evolution of species mass fractions inside the fine scales (@) is then computed by integrating the

. . . . . *
chemistry within these fine scales for a residence time 7 .
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where C;is a time scale constant equal to 0.4082 in the standard EDC model and becomes C,;=3.0 in the

modified EDC proposed by De et al. [15]. Here v is the laminar kinematic viscosity.

The size of the fine scales is modeled as a function of the local turbulent properties:

1/4
vi=Cy (%) )
V=V 3)

The constant C,, is equal to 2.1377 [22].

Based on the mass transfer between the fine structures and their surroundings, the mean reaction term

becomes:
R, = -4 (0F — Y )
L T*(l—]/;) 4 2

where p is the density and @; is the mass fraction of each species. The EDC model can incorporate
detailed chemical mechanisms into turbulent reacting flows and can be used when the assumption of fast
chemistry is invalid. However, typical mechanisms are invariably stiff and their numerical integration is

computationally costly.

3.2.2. Steady laminar flamelet model
The basic assumption is that instantaneous thermo-chemical state of the fluid is related to a conserved
scalar quantity known as the mixture fraction. In this way the species transport equations can be reduced

to a transport equation for the mixture fraction & and one for its variance &'2:
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The constant Cys inside the dissipation term can be derived by turbulent spectral analysis and is usually set

at 2. If the system is not adiabatic, the enthalpy balance equation must be solved:
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where k; and C, are the thermal conductivity and specific heat of the mixture, and Sy is a generic source

term which accounts for the non-adiabatic behavior of the system.

The temperature and thermo-chemical variables are extracted from a flamelet library, in which the
temperature and composition corresponding to each value of the mean mixture fraction, mixture fraction
variance and enthalpy are stored. The average value of the generic scalar Y stored in the library is

evaluated by the following integral:

Y= [ (). (& H)dE 8)

where f¢(&) is the mixture fraction PDF (probability distribution function) and (¢, H) represents the

relationship between mixture fraction and enthalpy to the scalar ¥ . In this work a B-PDF is employed.
The function (&, H), which takes into account the treatment of complex chemistry, can be modeled
following a different approach. In the case of the steady laminar flamelet model the turbulent flame is

considered as an ensemble of discrete, steady laminar flames, called flamelets.

3.2.3. Composition PDF transport model
The composition PDF transport model allows simulating finite-rate chemical kinetic effects in turbulent
reacting flows as well as flame extinction and ignition. These PDF transport simulations are
computationally expensive, but the computational power currently available allows the use of such an

approach for two-dimensional simulations.

An alternative to Reynolds-averaging the species and energy equations (which leads to unknown terms
for the turbulent scalar flux and the mean reaction rate that needs to be modeled) is to derive a transport
equation for their single-point, joint probability density function (PDF) [28]. The main strength of the
PDF transport approach is that the highly-nonlinear reaction term is completely closed and does not
require modeling. This PDF, denoted by P, can be considered to be proportional to the fraction of the time
that the fluid spends at each species and temperature state: P has N+1 dimensions for the N species and

temperature. From the PDF, any thermochemical moment (e.g. mean reaction rate or mean or RMS



temperature) can be calculated. The composition PDF transport equation is derived from the Navier-

Stokes equations as [29]:

d d d d " d 19J;
ot (PP) + 5= (puiP) + 5= (pSiP) = — 7= [puy'[w)P] + m[f’ <; oxs

o) P )

where P is the Favre joint PDF of composition, p is the mean density of the fluid, u; is the Favre mean
fluid velocity vector, Sy is the reaction rate for species &, v is the composition space vector, v;’ is the fluid
velocity fluctuation vector, and J; ,is the molecular diffusion flux vector. The generic notation <A|B>
indicates the conditional probability of event A, given the occurrence of event B. In Equation (1), the
terms on the left-hand side are closed, whereas those on the right-hand side are not and require modeling.

The turbulent scalar flux term is modeled by the gradient diffusion assumption:

2 1 =0 (e 0P

where y; is the turbulent viscosity and Sc; is the turbulent Schmidt number.

In PDF methods, the effect of molecular diffusion on the composition is represented by a mixing model.
Two mixing models, the modified curl (MC) model [30,31] and Euclidean minimum spanning tree
(EMST) model [32] were used in this study to model mixing at the smallest molecular scales. For the MC
model, a few particle pairs are selected at random from all the particles in a cell, and their individual
compositions are moved toward their mean composition. The number of particle pairs selected is
calculated from the algorithm according to the total number of particles and the local turbulent time scale

(k/¢). For each particle pair, a uniform random number B is selected and each particle's composition @ is

moved toward the pair’s mean composition by a factor proportional to f3:

(@9m;+0m;)
®}=(1—6)®?+9(anij)’ (11)
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0y =(1-0)0 +0———— (12)
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where @; and @; are the composition vectors of particles i and j, and m; and m; are the masses of particles i
and j.



Physically, mixing occurs between fluid particles that are adjacent to each other. The MC mixing model
takes no account of this localness, which can be a source of error. The advantage of the Euclidean
minimum spanning tree (EMST) model is that it mixes particle pairs that are close to each other in
composition space. In this way the model takes into account the physical constraint that mixing occurs
between fluid particles that are adjacent to each other. Since scalar fields are locally smooth, particles that
are close in composition space are likely to be close in physical space. The particle pairing is determined
by a Euclidean minimum spanning tree, which is the minimum length of the set of edges connecting one
particle to at least one other particle. The EMST mixing model is more accurate than the MC and
interaction by exchange with the mean (IEM) mixing models, but is slightly more computationally

expensive. Details on the EMST model can be found in ref. [32].

3.3. Kinetic mechanisms

Due to the recommendations of previous studies [9,10,14], here we adopt only detailed kinetic
mechanisms. Two detailed schemes, the GRI-Mech 3.0 [http://www.me.berkeley.edu/gri_mech/] and
POLIMI ethylene mechanism [http://creckmodeling.chem.polimi.it/] were evaluated. The GRI-Mech 3.0
mechanism was employed without the NOy reactions, resulting in 219 reversible reactions relating 36
chemical species. The POLIMI ethylene mechanism used in this work is a reduced version of the
combustion mechanism developed at Politecnico di Milano. The complete scheme is available on the
aforementioned website. The kinetic model used in this study was described and validated before using a
large set of experimental data [33-38], including MILD combustion conditions [10,39]. We recently
further validated the kinetic mechanism for ethylene using the coflow flame measurements of McEnally
and Pfefferle [40], as discussed by Cuoci et al. [41]. The numerical results were found to be in
satisfactory agreement with the experimental data, demonstrating the reliability of the kinetic mechanism.
Due to the large dimensions of this scheme, it is not suitable for CFD simulations of turbulent flames.
Therefore, a reduced version was obtained using an algorithm [42] which combines the reaction path
analysis and the directed relation graph method [43]. The reduced model contains 24 species involved in
155 reactions and is able to reproduce the performance of the original mechanism over a wide range of

operating conditions (0.5<®<2.0) at high temperatures (above 1000 K) and atmospheric pressure.



4. Comparison with experimental measurements

4.1. Effect of turbulence model

Turbulent mixing has a significant effect on the flow field, temperature and turbulence—chemistry
interaction. In this study, turbulence was modeled via the RANS approach, using the modified standard k-
¢ (modified SKE), RNG k-¢ and the Reynolds Stress Model (RSM). Using the modified EDC combustion
model [15], discrete ordinates (DO) radiation model and GRI-Mech 3.0 mechanism, calculations for the
3% and 9% O, flames were performed. For comparing the different turbulence models in this section,
only the GRI-Mech 3.0 mechanism was used. Figure 4 shows radial distributions of the temperature
obtained using the three turbulence models at an axial location of 35mm above the jet exit plane for the
3% O, flames. It can be observed that discrepancies between the experiments and model predictions are
larger for the RNG k-¢ model. It is noteworthy that the RNG model fails to predict a reaction for all but
the pure ethylene flame. The poor agreement of the RNG model was also observed by Christo and Dally
[9], Frassoldati et al. [10] and De et al. [15] for methane and methane/hydrogen jet flames. Moreover, the
predictions of the modified SKE and RSM models are almost similar. This figure shows generally good
agreement, and excellent agreement between predicted profiles by the modified SKE and RSM with
experiments for the C,H4/H, and C;H4/N, flames.

The temperature predictions at the axial location of 125mm are more sensitive to the turbulence model
used. Nonetheless, the general agreement between the models and the experiments for the 3% O, flames
is good (refer to Figure S2 (supplementary data)). At this location it is noted that the measured high
temperature peak in the C,Hg/air flame is not captured in the models, which could be a consequence of
the complex three-stream mixing (due to the entrainment of surrounding room air). Importantly, the
higher centerline temperature for the air-diluted flame is in agreement between the experiments and
models. For the 9% O, flames, the RSM and modified SKE predict the location of maximum temperature
better than RNG k-¢ model (refer to Figure S3 (supplementary data)). In addition, the RSM model
predictions have smaller deviations from the experiments in comparison to the modified SKE predictions.
In most cases, however, the measured peak temperature is significantly lower than that from the models.
This effect is believed to be an artifact of the lifted characteristics of the experimental flames that has not
been captured by the models. The comparison between predicted and measured [16] OH number densities
allows better assessment of the effect of the different turbulence models. These results (not shown)
demonstrated that the modified SKE and RSM models are more accurate than the RNG k-¢ model in all

these flames. In this study, the modified SKE model is then used in all of the simulations in order to avoid



the additional computational expense of the Reynolds stress model, and to concentrate on the study of

turbulence—chemistry interactions.

4.2. Effect of turbulent combustion models

In this section the effect of the models adopted to describe the interactions between turbulence and
chemistry is discussed. Experimental measurements [16] are compared to predictions obtained using the
models described in section 3.2. Five turbulent combustion models are used to simulate the ethylene

flames in the JHC burner using the GRI-Mech 3.0 kinetic mechanism.

4.2.1. Ethylene Flames

Figure 5 illustrates the predictions of the different turbulent combustion models for the 3% O, and 9% O,
ethylene flames, with measured values of temperature and OH number density radial profiles at an axial
location of 35 mm and 125mm. It shows that all the models but EDC give good temperature predictions
for the 3% O, flame at the 35mm location (Fig. 5a). Figure 5b shows a reasonable agreement between
predicted and measured OH number density radial profile when the EDC model is used and some
discrepancies between the other models and experimental values. The higher OH values of EDC model
are expected because of the higher predicted value of temperature at the 35mm location. It should be
recognized that there is some uncertainty in the absolute values of the measured OH number density, but
importantly the location and features of the OH profiles are consistent between the experiments and the
models. Figure 5b also shows that the PDF transport models (modified curl and EMST) predict noticeable
equilibrium OH concentration in the coflow region, while the other models predict almost zero value for
OH in the coflow stream. At the 125mm axial location, as observed in Fig. 5c, the models of modified
EDC, flamelets, PDF transport modified curl and EMST predict the temperature profile reasonably well,
but the EDC model noticeably over-predicts the temperature peak. In addition, noticeable discrepancies
with measured values of OH number density can be observed for all the used models as shown in Fig. 5d.
This could be a result of the complex three-stream mixing with the surrounding air that is difficult to
incorporate into the models, as already noted by Christo and Dally [9]. For the 9% O, flames, all models
tend to overestimate the magnitude of temperature peak. This discrepancy is likely a result of the lifted
flame behavior that was observed in the experiments which has not been replicated in the models.
Interestingly, all models generally provide good agreement with experiment. Figure 5f reveals that the
EDC model can predict accurately the magnitude of OH number density while the flamelets and PDF

transport models give better predictions of the peak location of OH concentration.



4.2.2. Ethylene/hydrogen Flames
A comparison between the modeling and experimental data is presented in Fig. 6 for the two ethylene-
hydrogen flames (3% O, and 9% O; in the coflow) and two axial locations. The figure shows that for the
3% O, flame, the predicted temperature of the modified EDC, PDF transport modified curl and EMST
models at 35mm and 125mm are in good agreement with experimental measurements. Deviations in the
absolute values of OH profiles from the experiments are quite large for the all models used, though the
locations of the peaks are in agreement. For the 9% O, flame, the results of all models except EDC show
reasonable agreement in comparison to experimental temperature measurements. In addition, the OH
number density values in the 9% O, flame have comparable magnitude with experimental measurements
for all of the models. Again, similar to the observation for the pure ethylene flames, the conserved scalar

based models give a better prediction of the peak location of OH concentration.

4.2.3. Ethylene/air Flames

Figure 7 shows the temperature and OH number density profiles of 3% and 9% O, flames at 35mm and
125mm for the ethylene-air fuel case. As can be seen from Fig. 7a, the modified EDC and PDF transport
EMST give satisfactory predictions of temperature at 35mm for the 3% O, flame. In addition, the EDC
model provides good prediction of magnitude of temperature peak, but the shape (width) of temperature
profile is not fully consistent with experimental trend. In this partially premixed case, it can be also
observed that the flamelets model is too reactive in the region close to the axis and the prediction of this
model is not accurate at location of 35 mm. Figure 7b reveals that the EDC and modified EDC models
provide reasonable OH values in 3% O, flame at 35mm. Also in this case, the OH magnitude in the
coflow stream for PDF transport models is comparable to experimental values, while the other models
predict much lower OH values in the coflow stream. Figure 7c shows that the predicted temperature
profiles are in reasonable agreement for all combustion models, but the shape of the profiles are not
correctly predicted when compared with the experiments. All combustion models underestimate the OH
number density at 125mm. It is important to note that Medwell ez al. [16] showed that the influence of the
coflow persists ~100 mm downstream of the jet exit plane and that beyond this point the surrounding air
begins to mix with the jet and coflow. For this reason, these discrepancies may be related to the effect of
the turbulence model and especially the boundary conditions adopted for the coflow and surrounding air
inlets (see Fig. 2). This discussion, already presented in detail by Frassoldati et al. [10] and Aminian ef al.

[14], is outside the scope of this work, which focuses mainly on the effect of turbulent combustion models



on the CFD predictions. For the 9% O, flame, it can be seen that the EDC, modified EDC and flamelet
models are too reactive and over-predict the temperature and OH number density at 35mm. Against these
models, the PDF transport approach yield an accurate prediction of temperature and OH profiles for the
9% O, flame, particularly the EMST model. It can be observed that the (apparent) liftoff height is very

sensitive to the model adopted.

4.2.4. Ethylene/nitrogen Flames

Figure 8 illustrates the temperature and OH number density profiles of 3% and 9% O, flames at 35mm
and 125mm for ethylene-nitrogen fuel. As expected, due to the inert addition there is a lower reactivity in
the ethylene-nitrogen flame with respect to other fuels. The apparent liftoff height (not presented in this
paper) seems correctly predicted by all models. For the 3% O, flame, all combustion models give an
accurate temperature prediction at 35mm, but the prediction of OH is not satisfactory and there is a large
discrepancy between OH modeling results and measurements. The modeling results indicate that the
flame is lifted and that there are no reactions at the location. Experimentally, however, despite the visual
appearance of a lifted flame, a reaction zone was indeed recorded in this region. For the 3% O, flame at
125mm, the models generate a reasonable prediction of temperature and OH number density. The 9% O,
in the coflow stream makes this flame more reactive than the equivalent 3% case. Nonetheless, these
flames still visually appeared lifted during the experiments. This effect is largely overestimated by EDC,
modified EDC and flamelets models, while it is correctly predicted by the PDF transport models.

Overall, the results demonstrate that the modified EDC and PDF transport (EMST and MC) models are
adequate for temperature prediction in the 3% O, flames of all four fuels studied. For the 3% O, flames,
all models under-predict the magnitude of the OH peak, but the PDF transport models give a better
prediction of location of OH concentration peak. In addition, the values of OH number density in the
coflow stream predicted by PDF transport models are more satisfactory than the other models for 3%
flames. For the 9% O, flame of different fuels, the PDF transport models yield reasonably good

agreement with experiments for the temperature and OH number density.

4.2.5. Effect of fuel composition
Figure 9 shows a comparison between the measured peak values of temperature and OH concentration
and the corresponding predictions of the models for the different flames. In this way, this figure

summarizes the results already presented in more detail in the previous figures, but allows the trends



associated with the changes in fuel composition to be highlighted. It is interesting to observe that at a
distance of 35 mm from the inlet, the maximum temperature is a good indicator of the reactivity of the
system. The experimental values reported in Fig. 9a clearly show that flame number 3 (partially premixed
C,Hy/air) is the most reactive. All the models are able to reproduce this trend. The PDF transport models
significantly underestimate the temperature peak for flame 3, whilst giving satisfactory predictions for the
other flames. It is also possible to observe that the EDC model overestimates the reactivity for flame 1
(C,H4) and flame 2 (C,H4/H,), while it is in better agreement with measured values for the diluted
C,H4/N; flame. As already observed, the modified EDC provides better predictions in these conditions.
This is not surprising since this modification of the EDC model was proposed by De et al. [15] for
methane under MILD combustion conditions. In this work we extended the validation of the model to
ethylene mixtures. The flamelets model does not satisfactorily predict the trend of the temperature peak
with the fuel composition, especially for the ethylene/air and ethylene/hydrogen flames. As already
discussed, the OH concentration is under-estimated by the models, which are not able to explain the large
OH peak of the ethylene/hydrogen flame at 35 mm. The results at 125 mm could be affected by the
entrainment of the surrounding air into the flame, which is difficult to accurately capture in the models.
Some of the deviations presented in Fig. 9 can be, at least partially, explained on this basis. Figure 9 also
shows the comparison of temperature peaks and OH concentrations for the 9% O, flames (Fig. 9 e and f).
It is evident that only the PDF transport models (MC and EMST) are able to characterize the reactivity of
the system in these conditions. The ethylene/hydrogen flame shows the highest temperature peak, while
the ethylene/air flame shows a relatively low temperature peak compared with the 3% O, case. The EDC
and the flamelet model do not correctly describe the system’s reactivity and predict a shorter liftoff

height, therefore over-estimating the temperature peak. The same analysis applies to the OH peaks.

To better analyze the effect of the turbulent combustion model on the OH predictions, Fig. 10 shows the
OH distribution in the flame region close to the burner exit plane. This comparison confirms that the EDC
model predicts an attached flame for all the conditions, while the PDF model shows a significant liftoff
height for the ethylene flames diluted with air or nitrogen. This different behavior is clearly evident in the
OH predictions discussed in Fig. 9. It is interesting to note that experimentally the apparent liftoff for the
9% O, flames is 26 mm for the C,H4 flame and 33 and 34 mm for the C,H4/Air and C,H4/N, flames,
respectively. This behavior is quite well reproduced by the PDF model. On the contrary, the C,H4/H;
flame is attached and this is not completely captured by the model. The 3% O, flames are all weakly
reactive but all attached to the burner, as experimentally observed. Both the EDC and PDF models
correctly predict this behavior, based on the analysis of the OH plots. Medwell ef al. [16] showed that



rather than referring to them as lifted, these ethylene flames can be better described as having a transition
in the reaction. The apparent liftoff height corresponds to a transition of weak to strong OH levels. As
such, rather than identifying a “liftoff” height, it is more appropriate to refer to this as a transition point.
The general observations relating to this transition point seem to be analogous to conventional lifted

flame zones.

Table 2 reports the estimated error of the predicted apparent liftoff heights (transition points), for the
different turbulent combustion models. This deviation is simply calculated as the difference (in axial
space) between the 35 mm location and the region where the radial predicted temperature profile matches
the one measured at 35 mm. As an example, for the ethylene flame, the EDC model largely over-predicts
the temperature profile at 35 mm, especially for the 9% O, flame (see Fig. 5a and 5e). For this reason, to
match the measured and predicted temperature profiles, it is necessary to shift the axial position towards
the inlet by 25 mm (i.e. using the profile at the 10 mm axial location) for the 3% case and of 30.8 mm for
the 9% case. The shift is larger for the 9% case because the temperature is largely over-estimated by the
model. We use this shift as an indicator of the error in the transition points of the flames. It is important to
notice that this indicator shows a deviation which can be due both to an error in the predicted liftoff
height and in the reactivity of the flame. Since they are all attached, the negative values of ELOE for the
3% O, flames are likely to indicate that the EDC model in particular over-estimates the reactivity of the
flame and the position of the transition point between weak and strong reactivity. Also in these cases, the

PDF models are in better agreement with the experiments.

The comparison shows the better agreement of the PDF transport models compared with EDC and
flamelet models, which is likely due to their ability to characterize localized extinction or intermittency
phenomena. Another observation is that the modified EDC, compared to the original model, improves the
predictions which become very similar to the ones of the flamelet model. Finally, the errors are larger for

the 9% O, cases relative to 3% O,.

4.3. Formation and consumption of CH,O

Formaldehyde is an important intermediate in the oxidation of hydrocarbons. It is also formed in
significant amounts in the low temperature combustion of hydrocarbons and oxygenated biofuels. It is
interesting to note that the premixing of O, with the fuel allows CH,O to be formed in regions of the

flame where the local conditions make its consumption a slow process. The expected effect of premixing



is to increase the peak of formaldehyde in the flame, up to five times as compared to purely diffusive
flames [44]. A detailed analysis of CH,O formation in flames in a heated and diluted oxidant stream has
been presented by Medwell et al. [45] using laminar flame calculations. They showed that under MILD
conditions O, penetrates the reaction zone, leading to partial premixing and thus contributing to the

improved flame stability under these conditions.

Formaldehyde profiles were measured by Medwell et al. [16] and provided in arbitrary units for the JHC
burner. Since the experimental measurements are not quantitative, we decided to apply a scaling factor to
the predicted CH,O number density. For each condition (figure), the scaling factor is calculated to match
the measured and predicted CH,O peak in the pure ethylene flame. The same factor is then applied to the
predicted profiles of the other flames. In this way, it is possible to compare the shape of the profiles and
the effect of the fuel on the formation of formaldehyde. Figure 11 shows that the modified EDC and the
PDF models are able to correctly characterize the relative formation of CH,O in the pure ethylene and in
the partially premixed flames. The relatively large amount of formaldehyde on the axis of the flame is not
predicted by the models. Figure 11f summarizes the results in terms of peak CH,O. Due to the
normalization, all the predicted CH,O peaks coincide with the measured peak CH,O value for the C,H4
flame. It is quite evident that all models succeeded in predicting the effect of fuel composition on the
formation of CH,O. It is interesting to observe that the effect of H; is to reduce the formation of CH,O.
This is expected as the availability of C atoms is reduced due to the dilution with hydrogen. The same
effect can be observed for N, dilution. On the contrary, the partial premixing with air (O,) has a relevant
chemical effect which is properly captured by the models. To compare the effect of the kinetic
mechanism, Fig. 12 shows the predicted CH,O formed in two counterflow laminar flames calculated in
conditions representative of those of the experiments. The oxidant has the temperature and composition of
the coflow used in the JHC flames and the fuel is pure ethylene or ethylene/air. It is evident that the
formation of CH,O in the partially premixed case is significantly larger and that it occurs earlier (closer to
the fuel inlet), while in the diffusive flame CH,O is mainly formed in the lean side of the flame front. The
CH,0 predicted by the GRI-Mech 3.0 model is larger than the amount predicted by the POLIMI model in
the partially premixed flame. The reaction flux analyses presented in Figs 13 and 14 clearly show the
difference between ethylene premixed and diffusion flames. Both for POLIMI and GRI-Mech 3.0, the
consumption of ethylene proceeds through the formation of vinyl radicals which subsequently form
acetylene. The fate of vinyl radicals is different when O, is available in the system at the early stage of
ethylene consumption. Vinyl radicals react with O, to produce CH,CHO, which subsequently forms

CH,CO. Ketene then forms formaldehyde either directly (POLIMI) or via CH3 formation and oxidation.



The comparison of Figs 13 and 14 also explains the differences between partially premixed and diffusive
flames. It is even more pronounced at the 125mm axial location (compared with the 35 mm location) that
the partially premixed flame is characterized by the largest amount of CH,O (refer to Figure S4
(supplementary data) for further details). The effect of fuel composition is quite well captured by the
combustion models. Only the flamelet model failed in predicting this observed value for the partially
premixed flame. For the 9% O, flame the previous findings are confirmed at 35mm: the PDF transport
and modified EDC models provide a satisfactory agreement with the experimental data while the
flamelets model shows a large deviation especially in the partially premixed conditions (refer to Figure S5
(supplementary data) for further details). Also in this case the modified EDC improves the agreement
with the measurements. In fact, the EDC overestimates the increase of CH,O when air is premixed with

the fuel. This deviation was not present in the 3% O, flame.

4.4. Effect of the kinetic mechanism

The effect of the kinetic mechanism on the modeling was investigated by comparing predictions using
two different mechanisms, POLIMI and GRI-Mech 3.0. First we discuss the difference between the two

mechanisms in laminar flame conditions, then in the ethylene turbulent flames studied in this work.

Figure 15a shows a comparison between experimental measurements [46-50] and model predications of
laminar flame speed of ethylene in air for the kinetic mechanisms considered in this study. The flame
speeds were calculated using the OpenSMOKE code [51]. A more detailed description on the flame speed
calculations can be found in ref. [52], which also contains an extensive validation of the POLIMI model.
Two observations can be made: first, it is quite evident the larger reactivity of ethylene compared to
methane, whose maximum flame speed in these conditions is 35-38 cm/s under these conditions. Second,
it can be observed that the reduced C,H4 model developed at Politecnico di Milano is able to correctly
predict the reactivity of ethylene and the velocity of flame propagation. On the other hand, GRI-Mech 3.0
— a mechanism which was originally developed for methane and natural gas combustion — significantly
over-estimates the flame speed. The same difference in the reactivity of the flame can be observed in Fig.
15b, where the flame speed is calculated for a mixture of ethylene and hot and diluted air. The oxidizer
contains 9% O, and has the same composition of the oxidizer used in the coflow of the JHC burner
experiments discussed in this paper. Referring back to the earlier discussion surrounding liftoff height, it
may be deduced that the liftoff behavior was not captured in the model also as a result of the excessively

high flame speed when using the GRI-Mech 3.0 mechanism.



The EDC combustion model and modified SKE turbulence model have been adopted in simulations of the
9% O, ethylene flames and show that the temperature and OH number density profiles are very similar
for these two mechanisms (refer to Figure S6 (supplementary data) for further details). It is interesting to
note that, despite differences in the laminar flame speed for the two chemistry models considered, the
choice of kinetics does not significantly influence the reaction zone profiles in the turbulent flame
conditions. This suggests that the turbulence—chemistry interactions play a major role that largely
supersedes the differences in the kinetic schemes. On the contrary, Fig. 16 shows that the tendency of
GRI-Mech 3.0 to form a larger amount of CH,O is also evident in the turbulent partially premixed flame.
For the 3% O, coflow cases, it is difficult to stabilize the flame with the POLIMI mechanism and the EDC
turbulent combustion model. This effect, which prevents a wide range of comparisons using the POLIMI
kinetic scheme, may be due to the already discussed lower reactivity of the POLIMI mechanism with
respect to the GRI-Mech 3.0, and to the difficulty of EDC in describing the mechanism of jet flame
stabilization, as already noted by [53].

It is important to note that although PDF transport models provide simulation results which are in better
agreement with experimental measurements the EDC remains a valuable model. The interest in EDC is
mainly motivated by the advantages related to its relatively low computational requirements. This is
important, especially when referring to CFD modeling of real three-dimensional combustors. The
complexity and the size of the computational grid associated with such a geometry makes it difficult to

use PDF transport models with detailed chemistry.

5. Conclusions

Turbulent nonpremixed jet flames issuing into a heated and highly diluted coflow were investigated in
this study using a CFD code (FLUENT 12.1.4). An extensive set of simulation results is presented for
several ethylene flames, either undiluted or diluted with hydrogen, air or nitrogen, to highlight the effect
of using different turbulent combustion models and kinetic schemes (GRI-Mech 3.0 and POLIMI). The
predictions of the flame structure using the two kinetic mechanisms are very similar. In the case of the 3%
O, flames, using the POLIMI mechanism with the EDC model led to flame extinction. This behavior is
attributed to the difficulties of the EDC model in predicting the jet flame stabilization [53]. The modified
k-¢ model succeeded in simulating the fuel jet fluid dynamics flame structure. Thermal radiation was

included in the model using the discrete ordinate model. The comparison between the predicted and the



measured mean temperature profiles showed a systematic deviation for the standard EDC model. This
model is found to over-estimate the reactivity of the flame, both in the 3% and 9% O, cases. In other
words, the EDC tends to under-predict liftoff height. The predictions are significantly improved by using
a modified version of the EDC [15,24], which was developed for MILD combustion conditions. The
modeling results demonstrate that the modified EDC yields reasonable results with a relatively low
computational effort. The agreement between measurements and predictions of the PDF transport and
modified EDC models is generally better than for the flamelet model. A comparative study is also
presented for the impact of two micro-mixing models in transported scalar PDF simulations of these
flames. The micro-mixing models are MC (modified curl) and EMST (Euclidean minimum spanning
tree). In general the difference between the predictions of the two PDF models is not significant. The
predictions are in good agreement with the measurements, and are improved especially for the apparent
liftoff heights and the temperature peaks. The effect of the fuel composition on the CH,O formation is

also discussed and shows good agreement.
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Figure Captions:

Fig.1. JHC burner schematic diagram [16,17].

Fig. 2. Two-dimensional view of the computational domain and boundary conditions. Boundary
conditions are indicated in the figure. Walls are assumed adiabatic.

Fig. 3. Experimental photographs [16] and predicted temperature field (the modified EDC combustion
model, modified SKE turbulence model, GRI-Mech 3.0 kinetic mechanism are used in generating the
temperature field) of pure ethylene flames at Rej; = 10,000 for two coflow O, levels. Dotted lines show
the locations of the measurements, which were taken along the axial height 35 and 125 mm from the inlet.

Fig. 4. Effect of turbulence models (modified EDC [15] and GRI-Mech 3.0 mechanism used for the
combustion modeling and Discrete Ordinates (DO) model for radiation): comparison between
experimental measurement and model predictions at axial location of 35mm for the 3% O, coflow oxidant
stream and different fuels: (a) C;Hy, (b) C,H4/Air, (c) C,Ha/Ha, (d) CoH4/N,

Fig. 5. Effect of turbulent combustion models (adopting the modified SKE turbulence model, GRI-Mech
3.0 mechanism and (DO) radiation model): comparison between experimental measurement [16] and
model predictions (temperature (a,c,e) and OH number density (b,d,f)) for 3% O, and 9% O, ethylene
flames.

Fig. 6. Effect of turbulent combustion models (adopting the modified SKE turbulence model, GRI-Mech
3.0 mechanism and (DO) radiation model): comparison between experimental measurement [16] and
model predictions (temperature (a,c,e) and OH number density (b,d,f)) for 3% O, and 9% O
ethylene/hydrogen flames.

Fig. 7. Effect of turbulent combustion models (adopting the modified SKE turbulence model, GRI-Mech
3.0 mechanism and (DO) radiation model): comparison between experimental measurement [16] and
model predictions (temperature (a,c,e) and OH number density (b,d,f)) for 3% O, and 9% O, ethylene/air
flames.

Fig. 8. Effect of turbulent combustion models (adopting the modified SKE turbulence model, GRI-Mech
3.0 mechanism and (DO) radiation model): comparison between experimental measurement [16] and
model predictions (temperature (a,c,e) and OH number density (b,d,f)) for 3% O, and 9% O,
ethylene/nitrogen flames.

Fig. 9. Maximum temperature and OH number density of experimental measurement [16] and model
predictions (different turbulent combustion models) for studied flames. Flame number 1: (C,Hy), flame
number 2: (C,H4/H>), flame number 3: (C,H4/air) and flame number 4: (C;H4/N>).

Fig. 10. Predicted OH number densities for the studied flames using the EDC and PDF-EMST models.
Fig. 11. Experimental [16] and modeling mean radial profile of formaldehyde for 3% flame at axial

location of 35mm. Orange: C,Hs, blue: C,H4/H,, black: C,Hs/air and green: C,H4/N,. Lines:
experimental results and dashed lines: modeling results, (panels a-e). Panel f: comparison between



measured and predicted maximum CH,O (of panels a-e) using different turbulent combustion models.
Flame number 1: (C,H4), flame number 2: (C,H4/H,), flame number 3: (C,Ha/air) and flame number 4:
(CH4/N).

Fig. 12. Comparison between formaldehyde mole fraction of two kinetic mechanisms (GRI-Mech 3.0 and
POLIMI) found from laminar flame calculation. 9% O, coflow oxidant stream. Tox = 1100 K. a =200 s,

Fig. 13. a. Reaction Path Analysis for GRI 3.0 and the conditions of Figure 12a (diffusion flame), b.
Reaction Path Analysis for GRI-Mech 3.0 and the conditions of Figure 12b (partially premixed flame)

Fig. 14. a. Reaction Path Analysis for POLIMI and the conditions of Figure 12a (diffusion flame), b.
Reaction Path Analysis for POLIMI and the conditions of Figure 12b (partially premixed flame)

Fig. 15. a. Laminar flame speed of ethylene in air at 1 atm and 300 K. Comparison between GRI-Mech
3.0 and POLIMI predicted values with experimental data [46-50], b. Laminar flame speed of ethylene in
hot diluted air (9% O,) at 1 atm and initial temperature of 1000 K. Comparison between GRI-Mech 3.0
and POLIMI predicted values.

Fig. 16. Experimental and modeling mean radial profile of formaldehyde for 9% flame at axial location of
35mm. Orange: C,Hy, blue: C,H4/H,, black: C,Hy4/air and green: C;H4/N,. Lines: experimental results
and dashed lines: modeling results obtained using the EDC model and two different kinetic mechanisms.
(panels a and b). Predicted and measured maximum CH,O using two kinetic mechanisms. Flame number
1: (C,Hy), flame number 2: (C,H4/H>), flame number 3: (C,H4/air) and flame number 4: (C;H4/N;) (Panel

c).



Table captions:

Table 1. Operating conditions of two inlet streams (on a molar basis) for the different case studies.

Table 2. Estimated apparent Lift Off (transition points) Error (ELOE) (units: mm) of different turbulent
combustion models. The estimate is based on the comparison of predicted and measured temperatures.
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Fig. 1. JHC burner schematic diagram [16,17].
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Fig. 2. Two-dimensional view of the computational domain and boundary conditions. Boundary conditions are indicated in the figure. Walls

are assumed adiabatic.
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Table 1. Operating conditions of two inlet streams (on a molar basis) for the different case studies.

Fuel jet Oxidant flow
Flame Um/ T(K) CHy H, O, N Um/s) T(K) O, CO, H, 0 N
s)
C,H4-3% O, 17.5 305 100 0 0 0 2.3 1100 3 3 10 84
C,H4-9% O, 17.5 305 100 0 0 0 2.3 1100 9 3 10 78
C,Hy/H,-3% O, | 30.6 305 50 50 O 0 23 1100 3 3 10 84
C,H4/H,-9% O, | 30.6 305 50 50 0 0 2.3 1100 9 3 10 78
C,Hy/air-3% O, | 27.3 305 25 0 15.75 5925 |23 1100 3 3 10 84
C,Hy/air-9% O, | 27.3 305 25 0 15.75 5925 |23 1100 9 3 10 78
C,Hy/N»-3% O, | 27.3 305 25 0 0 75 2.3 1100 3 3 10 84
CyHy/N»-9% O, | 27.3 305 25 0 0 75 23 1100 9 3 10 78




Table 2. Estimated apparent Lift Off (transition points) Error (ELOE) (units: mm) of different turbulent combustion models.

The estimate is based on the comparison of predicted and measured temperatures.

C,H, C,H4/H; C,Hg/air C,H4/N,
O, in coflow 3% 9% 3% 9% 3% 9% 3% 9%
Experiment - - - - - - - -
EDC -25 -30.8 -27.5 -31.1 -9 -30.7 -9 -28.6
Modified EDC -17 -29 -16 -23 +6 -29.9 -8 -27.6
Flamelet -18 -28.5 21 -19 +9 -33 -5 -30.8
PDF transport -8 -19.5 -4 -12 +6 +4 +3 -1
(Modified curl)
PDF transport -7 -18.5 -5 -15 +5 0 -2 -0.9
(EMST)
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Figure S1. Effect of radiation model (Discrete Ordinates) for the C,H./N, flame with 9% O, in the coflow.
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Figure S2. Effect of turbulence models (modified EDC [15] and GRI-Mech 3.0 mechanism used for the
combustion modeling and Discrete Ordinates (DO) model for radiation): comparison between experimental
measurement [16] and model predictions at axial location of 125mm for the 3% O, coflow oxidant stream
and different fuels: (a) C,H,, (b) C,H4/Air, (¢) C.H4/H,, (d) CoH4/N,.
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Figure S3. Effect of turbulence models (modified EDC [15] and GRI-Mech 3.0 mechanism used for the
combustion modeling and Discrete Ordinates (DO) model for radiation): comparison between experimental
measurement [16] and model predictions at axial location of 35mm for the 9% O, coflow oxidant stream and
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Figure S4. Experimental and modeling mean radial profile of formaldehyde for 3% flame at axial location of
125mm. Orange: C,H,, blue: C,H4/H,, black: C,H,/air and green: C,H4/N,. Lines: experimental results and
dashed lines: modeling results, (panels a-e).

Panel f: comparison between measured and predicted maximum CH,O (of panels a-e) using different
turbulent combustion models. Flame number 1. (C,H,), flame number 2: (C,H4/H,), flame number 3:
(C,Hy/air) and flame number 4: (C,H4/Ny).
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Figure S5. Experimental and modeling mean radial profile of formaldehyde for 9% flame at axial location of
35mm. Orange: C,H,4, blue: C,H4/H,, black: C,H,/air and green: C,H4/N,. Lines: experimental results and
dashed lines: modeling results, (panels a-e).

Panel f: comparison between measured and predicted maximum CH,O (of panels a-e) using different

turbulent combustion models. Flame number 1: (C,H,), flame number 2: (C,H4/H,), flame number 3:
(C,Hy/air) and flame number 4: (C,H4/Ny).
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Figure S6. Predicted radial profiles of temperature and OH number density at an axial location of 35mm. Red

lines: GRI-Mech 3.0 mechanism. Black lines: POLIMI mechanism.
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