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Extended EDC local extinction model accounting finite-rate chemistry
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Abstract An extended Eddy Dissipation Concept (EDC) local extinction model is proposed to take into
account the effects of finite-rate chemistry, normally occurred in Moderate to Intense Low oxygen Dilution
(MILD) combustion, on the extinction limits. Local extinction is predicted when the local fine structure
residence time is below a local critical value that is determined theoretically in the present study. The
proposed model has been evaluated against experimental data reported for CH4/H, jet-in-hot and diluted
coflow flames. Comparison with the standard EDC extinction model is also presented. Results show that
prediction of extinction threshold in MILD conditions is attainable only through the application of the
extended EDC extinction model on a well resolved turbulence-chemistry interaction field. The effect of
penetrating of surrounding air into the reaction zone and subsequent flame cooling at downstream is also
captured by the proposed extinction model. Despite its simplicity, the extended EDC extinction model
describes many features of localized extinction under the MILD combustion as well as conventional

combustion conditions.
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1 Introduction

A good understanding of the phenomena governing the extinction of turbulent
diffusion flames is essential because of their widespread appearance in practical
combustion applications. A large amount of experiments in jet diffusion flames using a
variety of laser techniques revealed that local extinction may occur in two physical and
chemical stages [1]. In a coflow jet diffusion flame studied by Takahashi et al. [2], these
stages were found to be related to the unsteady transport effects of external or internal
vortices on chemical kinetics. Detailed experiments of Rolon et al. [3] on a counter flow
diffusion flame showed that the strong vortices were responsible of flame extinction and
subsequent blowout while re-ignition occurred after interaction with weak vortices. Kim
et al. performed a comprehensive study on the effect of strain rate and conductive heat
loss on the premixed and partially premixed syngas-air flames extinction [4]. They
investigated various mechanisms responsible for flame extinction and showed that the
lower and upper extinction boundaries as well as reaction zone thickness can become
narrower with increasing strain rate. By the analysis of flame structure near extinction on
CH4, Ha, Hy/Ar, and CO/H,/N; jet diffusion flames, Masri et al. [5, 6] revealed that
extinction is only slightly affected by turbulence and is mainly controlled by the width of
the reaction zone. For instance, addition of methane to fuel promoted local extinction as it
reduces the width of reaction zone due to scavenging reactive radical species like H and
OH. Based on the comprehensive set of measurements of the local flame structure
provided by Masri et al. [5, 6], Koutmos developed a local critical Damkohler number

criterion to determine extinction limits in turbulent methane jet diffusion flames [7].
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As presented above, various studies are being attempted worldwide to investigate the
governing concepts of flame extinction under conventional premixed or diffusion
combustion regimes. However, for innovative combustion technologies such as the
Moderate or Intense Low-oxygen Dilution (MILD) combustion, phenomena which
control extinction may be different due to the strong differences in kinetics and flow
fields with respect to conventional combustion. In MILD combustion, the fuel is burnt
with a highly diluted oxidant supplied at a temperature higher than the reacting mixture
self-ignition temperature. Spontaneous ignition occurs and progresses with no visible or
audible signs of the flames usually associated with conventional combustion. In this
regime the diffusing and broaden reaction zone leads to almost uniform heat release and
smooth temperature field. These features results in a much more efficient combustion as
well as in a suppression of pollutant emissions [8]. This technology is also known as
flameless combustion due to its invisible flame front [9] and high temperature air
combustion (HiITAC) due to the common procedure of preheating the oxidizer to ensure
the mixture temperature to be higher than the self-ignition temperature [10].

A few works discussed the extinction behavior in MILD combustion, partly with the
aim to elucidate the role of governing parameters on the extinction limits. Mastorakos et
al. [11] investigated the effects of simultaneous dilution and preheating of reactants by
mixing with hot combustion products in terms of the stability of turbulent counter flow
flames. The air was heated from ambient temperature up to 1750 K while it was diluted
down to 0.02 mole fraction of oxygen. Extinction limits were measured by igniting the
flame under stable conditions and gradually increasing the bulk velocity or decreasing the

oxygen content until the flame was extinguished. They concluded that a temperature
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increase of 100 K is necessary for every 0.02 mole fraction of oxygen loosed by dilution
to maintain stability. Flame instabilities were observed for air temperatures less than
1400 K. They reported that dilution level of vitiated air did not affect the extinction of
lean premixed flames. Its temperature, however, was indicated as the main parameter
affecting the transition from sudden extinction to no-extinction regime [10, 11].

Maruta et al. carried out an experimental study on a counter flow burner fed with N»-
diluted methane and air with temperature between 300 to 800 K to study the combustion
limit and reaction zone structure in flameless combustion regime [12]. One-dimensional
computation with detailed chemistry was also performed to cover a wider air temperature
range. Similar to Mastorakos et al. they reported that when the air temperature was kept
higher than 1300 K, extinction limits disappeared. In this temperature range, combustion
continues even under extremely fuel-lean conditions such as 1% methane in nitrogen
since the energy that high temperature air brings into the reaction zone is high enough to
sustain a weak reaction zone [11, 12].

Kumar et al. proposed an empirical flame extinction model based on the competition
between mixing and chemical time-scales to predict extinction limits and flame lift-off
height in MILD combustion conditions [13]. The extinction model which accounted for
reactants dilution and preheating of the oxidizer was evaluated against flame lift-off
height for a variety of experiments reported in the literatures [13, 14].

Very recently, Lilleberg et al. [15] conducted a numerical study using the EDC
combustion model with a pre-calculated extinction database using single and two-step
chemical mechanisms on the Sandia/TNF Flame D and Flame E. For the local extinction

approach a database of chemical time scales for different inlet temperatures (300 to 865
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K) and equivalence ratios (about zero to 5) was pre-calculated based on the well-stirred
reactor assumption. Similar to the Kumar’s approach, Lilleberg et al. [15] assumed that if
the fine structure residence time was lower than the pre-calculated chemical time-scales
extinction occurs. They compared results of the local extinction approach with a fast-
chemistry EDC approach known as the Eddy Dissipation Model and a full detailed
chemical mechanism of the gas research institute (GRI-Mech 3.0) and showed that the
detailed chemistry approach gave the best predictions compared to the experiments with a
considerable higher calculation efforts compared to the fast chemistry and local
extinction approaches.

In MILD combustion, accurate treatment of turbulence-chemistry interaction (TCI)
through a proper combustion model plays a fundamental role for modeling and predicting
this regime. Most works have highlighted the superior performances of the Eddy
Dissipation Concept (EDC) [16-18] combustion model with respect to others, mainly
because such a model allows taking into account finite-rate chemistry effects and an
efficient implementation of detailed kinetics. However, some researchers showed that the
EDC combustion model usually over-predicts the flame temperature for MILD
conditions, so both Aminian et al. [19] and De et al. [20] suggested a revision of the
model for MILD conditions, based on an increase of the EDC fine structure residence
time constant. The importance of combustion model on capturing the interaction between
chemical oxidation and turbulence are also emphasized by Duwig and Dunn [21] for Jet-

in-Hot Coflow (JHC) with highly turbulent shear layers.
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The present study is aimed at developing a new extinction model applicable for
MILD combustion conditions and at further characterizing the importance of accurate

treatment of the turbulence-chemistry interaction towards local extinction analysis.

2 Experimental observations

The Jet-in-Hot Coflow burner experimentally studied by Dally et al. [22] consists of a
central fuel jet (i.d. = 4.25 mm) which is surrounded coaxially by an annulus (i.d. = 82
mm) equipped with a secondary burner providing hot combustion products (Fig. 1). The
hot flue gases are premixed with air and nitrogen via two side-inlets at the bottom of the
annulus to vitiate the oxidizer and produce coflow streams with 9%, 6% and 3% oxygen
mass fraction denoted as HM3, HM2, and HM1 flames, respectively. The whole burner
was placed inside a wind tunnel, with room temperature air at the same velocity as the
hot coflow, to help the stabilization of the flames. In this research the HM3 and HM1
flames are interested as they mimic characterization of the diffusion-like flames as well
as the MILD conditions, respectively.

Using the scatter data for hydroxyl radical (OH), Dally et al. [22] reported that no
sign of localized extinction was observed at upstream (z < 100 mm) for all JHC flames.
However, based on the large scatter of OH around stoichiometric mixture fraction for
HM1 flame they concluded that only HM1 flame partly extinguished at the downstream
(z =120 mm). The scatter plots of hydroxyl radical alone, while providing useful insights
into the flame structure does not give enough information to fully resolve issues
regarding reaction zone structure and local extinction effects. Such issues require
additional information; best provided by radical species, such as oxygen and

formaldehyde (CH»O). The hydroxyl radical is, normally, used as a flame marker, while
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the formaldehyde intermediate species is predominant at low temperatures typical of
those found in MILD combustion.

Medwell et al. [23] performed a more in-depth analysis of local extinction using the
instantaneous images of the OH, CH,O and temperature on the similar experiment of the
JHC burner with slightly higher jet Reynolds number. They reported that at the
downstream the entrainment of surrounding air can lead to localized extinction of the
reaction zone by means of cooling. They stated that the extinction/re-ignition phenomena
in JHC flames occur in a consecutive manner. First, extinction occurs due to cooling by
the surrounding air. Then, breaking of the reaction zone leads to premixing of the fuel
and surrounding air. Finally, the premixed fuel-air ignites by the heated coflow which
acts as a pilot. Employing the OH and temperature images they showed that the
associated temperature drop from the surrounding air can lead to localized extinction at
downstream for the HM1 flame. However, the entrainment of surrounding air into the
HM3 flame with more intense initial reaction zone lead to weaken the reaction zone
rather than extinction. In addition, they have reported that physical strained induced
mechanisms have no effect on the extinction of JHC flames and the increased frequency
of extinction events with the increased Reynolds number was attributed to the increased
mixing and entraining more cooling air into the reaction zone. Based on the analysis of
the OH, CH»O and temperature image set at z = 125 mm they showed that 11.9% of HM1
flame was extinguished while no extinction was observed for the HM3 flame [23].

In another study on the HMI1 flame, Medwell et al. demonstrated that different
stabilization mechanisms are governed in the MILD conditions [24]. They showed that

lower amount of O, in the heated coflow lead to lower reaction rates and therefore lower
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OH concentration which was defined as weakened reaction zone. The non-intense
weakened reaction zone subsequently allows more permeation of oxygen across the
reaction zone and leads to some partial premixing in the lift-off region. Their observation
suggests that molecular transport and finite-rate chemistry effects are essential in order to
capture the stability and structure of flames in MILD conditions.

The comprehensive set of detailed measurements of Dally et al. [22] and Medwell et
al. [23, 24] provides a thorough insight on the local structure of the HM1 and HM3
flames and help to identify a set of parameters that control their behavior close to
extinction. Based on these findings, a new local extinction criterion will be hereby

developed and presented following to the standard EDC extinction model.

3 Computational and Physical models

Due to the symmetry of the HM1 and HM3 flames, a 2D axisymmetric domain
starting from the burner exit was constructed (Fig. 2). A mesh independency task was
performed on four structured grids of 13, 20, 25 and 33k elements. Comparing the cold-
flow velocity profile along the burner center line the grid with 25k cells was found to be
the optimum grid.

The steady-state Reynolds-Averaged Navier-Stokes (RANS) equations are solved
with a finite volume scheme using the commercial CFD code FLUENT. The modified k-
¢ turbulence model (Cy is set to 1.6 instead of 1.44) was employed to compensate for the
round-jet/plane-jet anomaly [25]. The full KEE58 mechanism [26] consists of 17 species
(CHa4, O,, CH3, CH,, CH, CH,0, HCO, CO,, CO, H,, H, O, OH, H,0, HO,, H,0,, and
N») and 58 reversible reactions related to methane is employed in this study. Differential

diffusion was considered based the kinetic theory and a modification of the Chapman-
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Enskog formula [27]. The discrete ordinate (DO) method together with the Weighted-
Sum-of-Gray-Gases (WSGG) model was employed to solve the radiative transfer
equation (RTE) in 16 different directions across the computational domain. Second-order
upwind scheme was applied for discretizing all transport equations and the SIMPLE
algorithm to handle velocity-pressure coupling. Table 1 shows the operating conditions of

all inlet streams for the HM1 and HM3 flames.

4 Model descriptions

The main focus of this paper is on developing a new extinction model for MILD
combustion conditions based on the classical EDC extinction model developed for the
conventional diffusion flames. However, every extinction model should be coupled with
a combustion model to enjoy the thermo-chemistry and turbulence properties calculated
by the combustion model. Therefore, at first the modified EDC combustion model which
is previously studied by the authors of this paper will be briefly discussed in section 4.1.
Then details of the EDC extinction model will be critically reviewed and an extended
extinction model for MILD combustion conditions will be presented in sections 4.2 and
4.3, respectively. Fig. 3 illustrates a conceptual scheme of the modeling strategy
performed in the previous studies (STEP 1 and STEP 2: modifying the EDC combustion
model constant for MILD conditions) and the overall procedure of developing a new

extinction model for MILD conditions in the present paper (STEP 3 to STEP 5).
4.1 EDC combustion model
The EDC combustion model provides an empirical expression for the mean reaction

rate based on the assumption that the chemical reactions occur in the regions of the flow

which represent only a fraction of the entire volume and where the dissipation of
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turbulent kinetic energy takes place [28]. These regions are denoted as fine structures and
they are believed to be vortex tubes, sheets or slabs, whose characteristic dimensions are
of the same order of the Kolmogorov length scale. Gran and Magnussen [29] proposed an

expression for the mean reaction rate of specie i in a fine structure as:

*2/3

R=2—(v-1) (1)

1 * 1

where, 7" is the fine structure volume and z* is the fine structure residence time. Y’ is
the mass fraction of species i in the surrounding fluid and Y, is the fine structure species

mass fraction after reacting over the time z*. From the concept of step-wise turbulence
energy cascade, characteristic scales of the fine structure have been introduced in the

EDC combustion model as follows:

34
. 3CDZ (£j3/4 ~ C (£]3/4 (2)
" Tlac, ) e "\

1/2 1/2 12
- [2] [Kj - CI(KJ (3)
3 £ £

where, v, k and & are the kinematic viscosity, turbulent kinetic energy and its

dissipation rate, respectively. C;, and C), are the model constants set equal to 0.134 and
0.5 leading to fine structure volume and residence time constants equal to C, =2.1637

and C, =0.4083.

In recent studies, an increase of the fine structure residence time constant in the EDC
combustion model has been suggested for better prediction of the interaction between
turbulence and chemistry (TCI) in MILD combustion conditions [19, 20]. Figs. 4 and 5

illustrate the effect of increasing C, from the default value (i.e., 0.4083) to 1.5 on the

10
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prediction of temperature and hydroxyl profiles obtained with the KEE58 mechanism and
the modified k-¢ turbulence model for the HM1 and HM3 flames [19].

As can be seen in Figs. 4 and 5, results of the standard EDC combustion model,
hereafter called Std. EDC-TCI, showed an intensified reaction zone at downstream.
However, the modified EDC combustion model (Mod. EDC-TCI) accounts for the
reaction zone weakening as it reduces the peak values of temperature and hydroxyl
radical makes it more reliable for MILD combustion conditions. Some under prediction
of OH radical at the upstream of HM1 and HM3 flames is attributed to the unattained
temperature fluctuations via the RANS approach [30]. The thermo-chemistry and
turbulence properties calculated by the standard and modified EDC combustion models
will be applied in the extinction models describing in sections 4.2 and 4.3.

4.2 EDC extinction model

It is well accepted that localized extinction occurs when the mixing time-scale
becomes smaller than a typical chemical time-scale in the combustion process. According
to this, the EDC combustion model cannot be employed directly to analyze local
extinction. Since, if the residence time in the fine structure is too short, not only
extinction occurs but also a fast chemistry will be approached according to Eq. (1).
Therefore, neither versions of the EDC combustion model can be employed directly to
predict local extinction by comparing of mixing and chemical time-scales.

In the EDC extinction model, however, a critical fine structure residence time is
introduced which must always satisfy the energy and mass balance equations for the fine

structure [31]. The fine structure mass balance is defined as:

11
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R*'u ’ T* po
Y, = fc—o 0 )
fiu

where, R;u is the rate of mass transfer between the fine structure and surrounding fluid

and C;, is the local concentration of the fuel in surrounding fluid. The EDC extinction

model assumes that the rate of reaction between fuel and oxidizer is infinitely fast [31].
Hence, the rate of combustion is controlled by the mass transfer between the fine

structure and surrounding fluid which is formulated as follows:

* '_~ k
Rfu:m Cm;n |: 3g j| (5)
-y m’-s

where, ¢ . is the smallest of local mean concentration of the fuel (¢, ) and oxidizer
(Co, /1y, ) and 1y, is the stoichiometric O, requirement. 7z is the transfer rate of unit mass

of fluid between the fine structure and surrounding which has been obtained based on

turbulence parameters [31] as follows:

m= 23.6[V'fj F} (6)
k s

If fine structures are considered to be adiabatic, the fine structure energy balance can

A=

£
k

be defined as:

v - CP!T*—T0 !po (7)

Su 0
AHy -c,

where, 7" and T° are the fine structure and surrounding fluid local temperatures,

respectively. AH, is, also, the heat of combustion generated in the fine structures. Thus,
the critical fine structure residence time (r:r) which satisfies both heat and material

balances can be derived from Eq. (4) and Eq. (7) as follows:

12
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If the fine structure residence time defined in Eq. (3) becomes smaller than the critical
residence time obtained in Eq. (8) reactions will not complete [31]. In other words, in fine
structures with residence time smaller than 7z, one of the mass or energy balance

equations has not be satisfied resulting in extinction of chemical reactions in the fine

structure.
4.3 Extended EDC extinction model

It is well accepted that in MILD conditions the chemical time-scale is of the same
order of turbulent or mixing time-scale, leading to conditions far from the fast-chemistry
assumption [32]. The aim of this section is to extend the applicability of the EDC local
extinction model to the MILD combustion conditions by incorporating the effect of
finite-rate chemistry in the rate of combustion reactions. The theoretical basis of model
extension, here, will be discussed using two different perspectives, one based on diffusive
fluxes and the other based on rate of reactions.

4.3.1 Diffusive perspective

According to Eq. (5) the rate of combustion reactions in the EDC extinction model is

assumed to be controlled by the rate of mass transfer ( R;u) from surrounding fluid to the

fine structures [31]. Eq. (5) can be re-written using the molar flux of species i diffusing

from surrounding fluid toward the fine structures as follows:

ES

Ry, = pk ¥ 1) ©)
where, k, is surrounding fluid mass transfer coefficient and ¥,” and Y are the mass

fraction of species i in surrounding fluid and at the fine structure entrance, respectively,

13
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as schematically illustrated in Fig. 6a. Under the assumption of fast-chemistry, ¥ can be
assumed as Y, resulting to development of the EDC extinction model [31] described in

section 3.2. However, finite-rate effects may lead to deviation of ¥;' from Y, (see Fig.

6b). According to the EDC combustion model [29] the source term in the conservation

*2/3

- ( A —YiO)As shown in

equation for the mean species i is modeled using Eq. (1). R, =
T

Fig. 6b Y at the fine structure entrance is denoted as Y, to consider the effect of slow

chemistry inside the fine structure. Therefore, another combustion resistance for the slow

chemistry inside the fine structures could be defined as follows:
R = pk, (¥ 1) (10)
where, k; is the mass transfer coefficient inside the fine structures. Therefore,

eliminating ¥;' between Eq. (9) and Eq. (10) will result in:

(11)

ok, =
- pkg(YiO -¥ )+ TR,
kg
Since, temperature of the fine structures is, only, slightly higher than the surrounding or

local mean temperature it can be assumed that &, and k; are almost equal. The fine

structure temperature and local mean temperature of the HM1 and HM3 flames are
depicted in Fig. 7. As can be seen in the contours of Fig. 7 the local mean and fine
structure temperature fields are almost similar in both inner and outer regions of the
flames. A more accurate comparison is shown in the X-Y plots of Fig. 7 where radial

profiles of local mean and fine structure temperatures of both flames at to axial locations

14
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are illustrated. It is observed that both temperature fields at two axial locations are quite
similar in fuel-rich and fuel-lean sides of the HM1 and HM3 flames. A minor deviation
is, however, observed at the peak temperatures which correspond to the main reaction
zones. Quantitatively speaking, the maximum values of local mean temperature at z = 30
mm from the burner tip are 1376.3 and 1718.3 K for HM1 and HM3 flames, respectively.
The corresponding maximum values for fine structure temperatures are 1433.5 and
1811.7 K. Similarly, at z = 120 mm from the burner tip the maximum values of local
mean temperatures are 1635.2 and 1874.8 K and the corresponding maximum fine
structure temperatures are 1756.2 and 2003.2 K for HM1 and HM3 flames, respectively.
These quantities reveal that deviation of local mean temperature from the fine structure
temperature in the main reaction zone is about 4 to 7 percent at all situations mentioned
above. As a consequence, the assumption of equal mass transfer coefficients at
surrounding and fine structure temperature fields could be reasonable. Therefore,
following to Eq. (11) a new definition for the rate of combustion reactions under the

effects of finite-rate chemistry is proposed as follows:

* * puny

R =R, +R (12)

new fu i

where, R;u is computed based on the Eq. (5) and R, is the mean reaction rate of species i

in the fine structure computed using the EDC combustion model.
4.3.2 Reactive perspective
Again, according to Eq. (5) the rate of combustion reactions in the EDC extinction

model is calculated based on a single-step mass transfer-controlled phenomenon leading

.. inside the fine structure (Fig. 6a). However, the

to the full equilibrium of ¥, and Y;)

EDC combustion model can incorporate detailed chemistry into turbulent combustion to
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account for finite rate effects. Based on Eq. (1) the concentration of specie i at the fine

structure entrance Y, deviates from its outlet concentration Y;| = as they are not in

t

equilibrium due to finite rate effects. In other words, in the EDC combustion model fine

structures are assumed as partially stirred reactors which converts Y to Y with a

finite rate of R . To incorporate the effect of finite rate chemistry in the EDC extinction

model we can start from the finite reaction rate available in the EDC combustion model

and perform addition/subtraction of the inlet concentration:

*2/3 *2/3

R= (¥}, =X )= (¥, Y - ¥, +Y,) (13)

]ii = ! * _},10 + Ktn + * ( it)ut - }7:” ) - _R;u + R:ew
T ’ T ' (14)
= R:ew = R;u + _z

Eq. (14) is quite similar to Eq. (12) which was obtained based on the diffusive fluxes.
Therefore, as shown in Fig. 6b, in the extended EDC extinction model proposed here

based on diffusive and reactive viewpoints, besides the transfer rate of reactants from

surrounding fluid to the fine structures (R; ), the rate of chemical reactions inside the

fine structures (E ) is incorporated to determine the overall rate of combustion. Hence,

i

the new critical fine structure residence time is defined as follows:

G =T)p
Tcr,new - R:ew . AHR [S] (15)

Based on the above new definition, the final expression for occurrence of local

extinction in MILD conditions can be formulated as:
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A=——x<I (16)

Ty new

In the proposed new extinction model the calculation of chemical time-scale is hidden
in the determination of the mean reaction rate of species i in Egs. (12) and (14) using the
EDC combustion model. In addition, the extended EDC extinction model is applicable to

both classical diffusion flames with R, =0 (fast-chemistry assumption) in Eqs. (12) and

(14), and newly developed MILD combustion flames. Last but not least, no ad-hoc
constant parameters are employed in the new extinction model, extending its applicability

to any kind of fuel.

5 Results and discussion

The implications of the extended EDC extinction model are now examined with the
aid of the experimental observations of Dally et al. [22] and Medwell et al. [23] on the
HM1 and HM3 flames of the JHC experiments reviewed in section 2. Moreover, the
proposed new extinction model will be compared with the standard EDC extinction
model on the prediction of extinction limits and position of the reaction zone. Here, we
have focused on the HM1 and HM3 flames of the JHC experiments [22] which represent
a MILD condition and flame-like behaviors, respectively. The flames conditions and their
local extinction positions are presented in Table 2.

As can be seen in Table 2, while the jet Reynolds numbers are slightly different, in
both experiments, the extinction was approached in HM1 flame at downstream. It arises
from the fact that the reduced oxygen content in the oxidizer coflow at downstream can
extinguish the weak HM1 flame. In addition, entraining more cooling air into the reaction

zone can accelerate flame extinction at downstream [23].

17



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

From the numerical results (thermo-chemistry and turbulence parameters) obtained
using the standard and modified EDC combustion models [19, 30], the local extinction
criterion is, here, evaluated for the HM3 (flame-like behavior) and HM1 (MILD
behavior) flames presented in Table 2. The resulting A distributions are plotted in Figs. 8
and 9 against the mixture fraction calculated using the Bilger formula [26]. The local

extinction analysis presented in Figs. 8 and 9 includes two extinction models that are:
1. The standard EDC extinction model: A =7"/7. <1, where r* and 7', are defined
based on Eq. (3) and Eq. (8), respectively.

2. The new extended EDC extinction model: 1 = z'*/ z':,,’”ew <1, where 7" and 7°

are defined based on Eq. (3) and Eq. (15), respectively.

As mentioned above, to evaluate the role of turbulence-chemistry interaction model
on the extinction analysis the above extinction models are examined based on the
numerical results obtained using the standard and modified EDC combustion models
[19]. As suggested by Medwell et al. [24], the reaction zone thickness () was considered
as the distance between the OH and CH,O peaks which represent the fuel-lean and fuel-
rich sides of the reaction zone, respectively. In Figs. 8 and 9, due to the steep distribution
of A across the main reaction zone, denoted by . and d,,,4. (obtained using the standard
and modified EDC combustion models), part or the whole of the reaction zone may reach
A values below the limit as extinction approaches.

According to Table 2, no extinction has been observed for the HM3 flame at both
upstream and downstream locations. The standard EDC extinction model coupled with
the standard EDC combustion model completely failed to capture this behavior at

upstream (z = 30 mm) as displayed in Fig. 8a. The extended EDC extinction model on
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the same combustion field provides slightly improved results, but still half of the flame
predicted to be extinguished. The problem is solved when either the standard or extended
EDC extinction models have applied on the numerical solution obtained based on the
modified EDC combustion field (Fig. 8b). In other words, for the flame-like behavior of
HM3 flame the role of turbulence-chemistry interaction treatment on the accurate
prediction of local extinction is much more important than the direct role of the extinction
model. This issue supports the importance of previously proposed modification on the
treatment of turbulence-chemistry interaction in JHC flames [19].

At downstream (z = 120 mm), no extinction has been observed for the HM3 flame as
reported in Table 2. While the standard EDC extinction model was developed for the
classical combustion regimes which benefit an intense reaction zone, coupled with the
standard EDC combustion model it could not provide reasonable predictions for the HM3
flame at downstream (Fig. 8c). Even with the extended EDC extinction model on the
same combustion field the A values, still, below the cross-over line for the entire reaction
zone. This failure is resolved when either the standard or extended EDC extinction
models were applied on the modified EDC combustion field (Fig. 8d). While the
extended EDC extinction model reveals reasonable results like the standard version, the
accurate resolving of turbulence-chemistry interaction using the modified EDC
combustion model shows superior influence on the extinction prediction for the HM3
flame.

To further evaluate the extended extinction model similar analysis is performed for
the HM1 flame. As illustrated in Fig. 9a, results of the standard and extended EDC

extinction models obtained on the standard EDC combustion field reveal total extinction
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of the HM1 flame at 30 mm from the burner tip. This is against the experimental
observations on the HM1 flame in this position. However, by applying both standard and
extended EDC extinction models on the modified EDC combustion field (Fig. 9b) A
values lie totally above the cross-over line in agreement with the experimental findings
that no extinction occurred at upstream of the HM1 flame.

According to the experimental observations presented in Table 2, HM1 flame partly
encountered to extinction at downstream. As can be seen in Fig. 9c and d only the new
extended EDC extinction model when applying on the numerical results obtained with
the modified EDC combustion model can predict this phenomenon properly. In relation
to the standard EDC extinction model, complete extinction of the HM1 flame across the
full extent of the reaction zone is thought to occur even when employed on the modified
EDC combustion field.

In general, it can be concluded that prediction of extinction limits in MILD conditions
is attainable only through the application of the new extended EDC extinction model on a
well resolved turbulence-chemistry interaction field.

Development of the extended EDC extinction model enables one to investigate the
influence of the amount of cooling air entrained into the reaction zone on the chemical
reaction rates. Fig. 10 illustrates the net reaction rate of CH4 (as the bottleneck for
combustion reactions comparing with H,) together with the available O, content at
different axial locations for the HM3 and HM1 flames. In Fig. 10 the HM3 and HM1
flames show a quite opposite manner along the axial direction. In HM3 flame, the net
reaction rate of methane is high at upstream and it decreases along the axial direction.

Conversely, for the HM1 flame the net reaction rate of methane close to the burner is low
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and it increases toward downstream. This antithetical manner may be attributed to the
competition between the oxygen penetrating from surrounding air to the reaction zone
and its cooling effects on the flame. In the HM3 flame which benefits higher oxygen
content in the hot coflow (9% by weight) a fixed amount of oxygen is available in the
reaction zone along the axial distance, as can be seen in Fig. 10a. Therefore, penetrating
surrounding air into the reaction zone at downstream, only, cools down the flame and
resulted to slower methane oxidation in comparison with that at upstream. However, for
the HM1 flame the oxygen deficient content in the hot coflow stream (3% by weight)
slows down the methane reaction rate and resulted to partial extinction at upstream as
previously captured by the proposed extended EDC extinction model. In addition,
entraining more oxygen to the reaction zone towards downstream has accelerated
methane oxidation as displayed in Fig. 10b. Interestingly, these specific behaviors of the
JHC flames are captured by the proposed extension on the EDC extinction model and as
shown previously resulted in accurate capturing of localized extinction for both HM3 and
HM1 flames at upstream and downstream locations.

Despite the success in describing local extinction behavior of the Adelaide JHC
flames, the extended EDC extinction model requires further tests and refinements to

verify its wider applicability for other geometries, conditions and fuels.
6 Conclusions

In this paper, localized extinction is studied in the context of turbulent jet flames
issuing into a heated and diluted coaxial oxidizer stream. A theoretical extension of the

EDC extinction model was proposed to account the finite-rate chemistry effects normally

occurs in MILD conditions, on the overall rate of combustion. According to this criterion
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the flame is assumed to be locally extinguished, when the fine structure mixing time-
scale is lower than a critical mixing time-scale determined in the present study. The
proposed extinction model is evaluated against the experimental observations for JHC
flames with 9% (HM3) and 3% (HMI1) oxygen mass fraction in the hot coflow. It is
found that, accurate prediction of flame extinction not only requires a reliable extinction
model but also strongly dependent on the well treating of turbulence-chemistry
interaction field. The presented local extinction model when applying on a well-resolved
turbulence-chemistry interaction field is demonstrated to be able of capturing the local
extinction behavior of purely MILD flames (HM1) as well as classical diffusion-like
flames (HM3). Further investigations are needed to assess the suitability of the model for

different types of flames.
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Table 1 Operating conditions of all three streams for the HM1 and HM3 flames [22]

Fuel jet Oxidant coflow Tunnel air
Flame Q T CH4 H2 u T 02 HzO COZ u T 02
(kg/s) (K) |(wt.%)|(wt.%)| (m/s) | (K) |(Wt.%)|(Wt.%)|(Wt.%)| (m/s) | (K) |(Wt.%)
HMI1 | 3.12e-4 | 305 88 11 3.2 | 1300 3 6.5 5.5 32 | 294 | 232
HM3 | 3.12e-4 | 305 88 11 3.2 | 1300 9 6.5 5.5 32 | 294 | 232
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Table 2 Flame conditions and the reported local extinctions

Flame Y Oz,wﬂow o Rejet Local extinction Local extinction
@ z=30 mm @ z=120 mm

HM1* 0.03 1300 10000 No Yes

HMI" [ 0.03 1300 11000 | No Yes

HM3* 0.09 1300 10000 No No

HM3" [ 0.09 1300 11000 | No No

“Dally et al. experiment [22], "Medwell et al. experiment [23]
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(Coflow 0,=3% wt.) (Coflow 0,=9% wt.)

\§ r\\ Fuel jet (@4.25mm)
18 ™ Co-flow (282mm)

— Perforated plate

o

@/ Porous bed

4 x Secondary

burner inlets
(Natural Gas / Hydrogen /
Nitrogen / Air)

™ Fuel nlet
(Natural Gas / Hydrogen)

Fig. 1 Jet-in-hot coflow burner configuration and hydrogen-methane flames [22]
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' STEP 1 Numerical model development [19, 30]
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1
: Model validation Model verification
: -Effect of inlet TKE adjustment —Boundary conditions
1
: -Effect of turbulence model —Wall thickness
' -Effect of kinetic scheme —Grid independency
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dies | -Temperature over-prediction at downstream
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: STEP 2 Analysis of turbulence-chemistry interaction [19]
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: Modification of the EDC combustion model
|
1
! Modified EDC-TCI
' - Improved results for T and Y; at all axial and radial locations
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STEP 3 Extraction of thermo-chemistry and turbulence parameters for
extinction analysis
CP/ p*i T*y TO’ AHR} 197 ki 87 CTrni‘n’ Rmin/ Y027Yf
Pre |
sen W/
t STEP 4 Extinction analysis using the standard EDC extinction model
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STEP 5 Incorporating finite-rate effects in the standard EDC extinction model

Extended EDC extinction model development
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Fig. 3 Conceptual scheme of the modeling strategy performed in previous studies (STEP 1 and STEP 2) for
modifying the EDC combustion model constant and the overall procedure of developing the extended EDC

extinction model in the present study (STEP 3 to STEP 5)
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Fig. 6 Schematic of combustion resistance(s) accounted for in a fine structure in the (left) standard EDC
extinction model and (right) extended EDC extinction model
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Fig. 8 Effect of extinction models combined with two versions of the EDC combustion model on local

extinction analysis of the HM3 (9% O, mass fraction in the hot coflow stream) flame at two axial locations

(z= 30 and 120 mm). The cross-over horizontal dashed line represents extinction limit in reaction zone

below which extinction occurred.
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