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Abstract
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The present work focuses on the five different chemical mechanisms coupled with probability density function (PDF) model
to represent the local extinction and re-ignition flame characteristics of the well-known Sandia Flames D-F. These five
mechanisms span from the Foundational Fuel Chemistry Model (FFCM) mechanism involving 38 species to the Glarborg
mechanism involving 150 species. The coupled computational fluid dynamics (CFD) and transported-PDF method are
used for the turbulence modeling, and the reaction—diffusion manifolds (REDIMs) are used as an advanced technique for
the simplification of chemical kinetics and to speed up the numerical computation. It is demonstrated that these chemical
mechanisms have an ability to represent the degree of local extinction and re-ignition accurately. Furthermore, the sensitivity
analysis shows that the degree of local extinction is very sensitive to only several key elementary reactions, and an analysis
on the turbulence—chemistry interaction investigates the influence of these elementary reactions.

Keywords Probability density function (PDF) - Turbulent combustion - Reduced chemistry - Methane flame

1 Introduction

The development of an accurate chemical mechanism is a
key issue in the numerical simulation for chemical react-
ing systems. This is because not only the accurate predic-
tion of the thermokinetic quantities (for example species
concentrations, temperature, pressure) but also the strong
turbulence—chemistry interactions are significantly affected
by the modeling of chemical mechanism [1]. The chemical
mechanism of fuels has normally been validated extensively
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against experimental data of fundamental combustion targets
such as ignition delay times and flame speeds and species
profiles of laminar flames, before being applied in turbulent
flame modeling [2, 3].

However, various studies confirmed that the performance
of chemical mechanisms in a laminar flame can be different
from the one in a turbulent flame. Dasgupta et.al. reported in
Ref. [4] based on the simulation of a hydrogen-air turbulent
premixed flame that the key elementary reactions that have
the most contributions to a laminar flame can be different as
those in turbulent flames. Cao and Pope reported in Ref. [1]
the behaviors of seven different mechanisms in a CH, non-
premixed turbulent jet flames. They found out that although
the Smooke mechanism is constructed with a good accuracy
for the species profile measured in a CH, counterflow non-
premixed flame [5], it displays a significant inaccuracy in the
prediction of the local extinction. Farokhi et.al. reported in
Ref. [6] based on the simulation of a CH, turbulent flame in
a small-scale biomass burner that predictions of thermoki-
netic states can become less sensitive to reaction mechanism
in the regions of equilibrium chemistry condition.

These observations from the literature motivate the pre-
sent work aiming at answering the following questions:
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e Are the prediction uncertainties of chemical mechanisms
for laminar flames be correlated with their prediction
uncertainties for turbulent flames?

e Whether different chemical mechanisms show a similar
degree of local extinction in the turbulent simulation?

e  Which of the elementary reactions show large sensitiv-
ity with respect to the flame behaviors? Could the key
reactions in a turbulent flame be different than in a lami-
nar flame? And how these elementary reactions would
change the interaction behavior between the chemical
kinetics and turbulent mixing processes?

In the literature, a large number of CH, chemical mecha-
nisms have been tested and compared for different combus-
tion configuration such as ignition delay time in homogene-
ous reactors [7] and laminar flame properties [8—11]. In the
present work, five different chemical mechanisms (listed in
Table 1) are selected for the turbulent non-premixed CH,
flames. The mechanisms used here contain different number
of species and elementary reactions. While the numerical
computation using the Foundational Fuel Chemistry Model
(FFCM) [12], the GRI 3.0 [1, 13-15], the reduced version
of Sandiego-2016 [16] can be found in literature, the per-
formance of the USCII and Glarborg mechanisms in the
turbulent flames has not yet been reported.

This work is structured as follows:

e Section 2 gives the first information on five different
well-known chemical mechanisms, focusing on the
comparison on laminar non-premixed flame, which is
similar to the turbulent flame configuration in later sec-
tion. The sensitivity analysis will be carried out to have
a first insight which elementary reactions are important
or unimportant in the laminar case.

e Section 6 focuses on the theory of the transported-PDF
method, and its coupling with the CFD simulation.

e Section 4 will give the theory of the reaction—diffusion
manifold (REDIM) method [22], a method for reduction
of chemical kinetics which will be used for the turbulent
flame simulation to speed up the computation. The gener-

Table 1 Chemical mechanisms

Mechanism # of species/# of reactions References
FFCM 38/289 [17]
GRI 3.0 53/317 [18]
SanDiego-2016 58/279 [19]
USCII 111/784 [20]
Glarborg 150/1391 [21]
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ated REDIM reduced chemistry, which will be used later
in the turbulent flame simulation, will be first validated
in the laminar case.

e Section 5 will give a deep investigation on the interaction
of turbulent mixing process with chemistry. This analysis
stems from the fact that different chemical kinetics can
lead to different degree of extinction, and such analysis
helps us to understand whether the system state will go
to burning state or extinction state.

e Section 6 will give a brief review on the validation of
proposed CFD/transported-PDF methodology coupled
with REDIM reduced chemistry by means of comparing
with experimental measurements of well-known Sandia
Flame series [23] and the results using detailed chemis-
try.

e Section 7 will emphasize on the main results and discus-
sion on the prediction of species concentrations by using
five different chemical mechanisms. And the sensitivity
analysis will also be performed to check whether those
reactions, which are important or unimportant in the
laminar case, play also role in the turbulent flame.

2 Chemical mechanisms and their
comparison

In this part, five chemical mechanisms listed in Table 1 will
be shortly introduced. Then, they will be tested for a simple
laminar non-premixed counterflame configuration, and sev-
eral species concentrations are compared.

2.1 Chemical mechanisms

Five chemical mechanisms for methane combustion are con-
sidered in this study.

e The GRI 3.0 [18] model was developed by Smith et al.
by calibrating its kinetic parameters automatically against
the fundamental combustion targets, such as ignition
delay times and laminar burning velocities. It has been
widely applied in the combustion community in the mod-
eling of oxidation of methane various cases like homo-
geneous reacting systems and laminar flames in addition
to turbulent combustion systems at various conditions.

e The USCII [20] model was developed based on the GRI
3.0 [18] model and contains the high-temperature chem-
istry of hydrogen, carbon monoxide, and a number of
C1-C4 hydrocarbon species, including methane. Since
it consists of 111 species, its application in the modeling
of turbulent flames is rarely reported.

e The SanDiego-2016 [19] model was proposed to describe
the oxidation of C0—C4 species, such as hydrogen, meth-
ane, methanol, ethanol, propane, and n-butane. It was
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Table 2 Arrhenius parameters for selected elementary reactions

Elementary reactions A p E,
RIDH+0,=0H+0 2.650x10'®  —0.6707  17041.0
(R2) CO + OH =CO, + H 4.760 x10’ 1.228 70.0
(R3))CH+OH=HCO+H  3.0x10" 0.0 0.0

Units are cm3-s-kcal-K, and k = AT’exp(~E, /RT)

derived with a minimum number of species and reactions
required to predict the fundamental combustion targets
accurately. Its performance on the turbulent flames is
reported in Ref. [24].

e The FFCM [17] model was developed for the combustion
of H,, H,/CO, CH,0, and CH, by incorporating up-to-
date kinetics and by applying uncertainty quantification
method in order to improve its performance. The model
was validated successfully against a large set of avail-
able combustion data over a wide range of conditions. It
has also been used in the modeling of turbulent methane
combustion system under general engine-operating con-
ditions. [12].

e The Glarborg model [21] was proposed to describe the
formation and consumption of nitrogen oxides in the
combustion of hydrocarbon fuels, such as methane. In
the methane sub-reaction mechanism, the rate constants

(b) maximum mass fraction of CO

3
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of the elementary reactions were revised carefully based
on a thorough review on the measured and calculated
results available in the literature.

Numbers of species and reactions involved in these chemical
mechanisms are summarized in Table 1.

2.2 Comparison in a laminar non-premixed
counterflow flame configuration

In this part, we provide a short comparison of thermokinetic
quantities predicted by these five different chemical mecha-
nisms for a laminar counterflow non-premixed configuration
at p = lbar. The gas mixture compositions of both fuel and
oxidizer sides are consistent with the one used in Sandia
Flame series [23]:

e Left boundary: mixture consists of 25% CH, and 75% air
by volume; Its temperature is 7 = 294K.

e Right boundary: mixture consists of pure air with tem-
perature T = 292K.

In the framework of laminar non-premixed flame, the scalar
dissipation rate y is an important quantity, which is defined
as [25]:

@ Springer



525 Page 4 of 16 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:525
Fig.2 Change of selected spe- x107 0.06
cies concentrations with respect 5 ’ .
to three different elementary AY
reactions. Color lines: the pre- 4.5+ 0.055 \\\\
exponential factor is increased \x;\\
i as N T
20% (color figure online) . N 2 o0 N
= —original AN T ~ee
--—-H+0O_=OH+O LN T N
2 \ N ~ o\
3.5 _.-.CO+OH=CO,+H \Y Y 0.045 N
CH+OH=HCO+H ' )
3 : : : 0.04 : : :
0 100 200 300 0 100 200 300
x (17s) x (1/s)

(a) maximum mass fraction of OH

¥ =2D:(VE), (1)

where ¢ is the mixture fraction and D its diffusion
coefficient.

The numerical computation is performed using the in-
house INSFLA code [26] with the assumption that the Lewis
number for all species is unity (Le; = 1). The reason for the
use of unity Lewis number assumption is to enable a consist-
ent comparison with the turbulent calculations.

Figure 1 compares the thermokinetic quantities over sca-
lar dissipation rate y at stoichiometric mixture fraction posi-
tion. The very right points of the curves are the extinction
scalar dissipation rate (yz), above which no stable burning
flame can be obtained and any burning flame is quenched.
Several important observations should be mentioned
here before evaluating their performance on the turbulent
simulation:

e These mechanisms show similar extinction limit.
More precisely, the FFCM mechanism predicts the
lowest extinction limit with yz(FFCM) = 243 s~
and the Sandiego-2016 the highest with
xe(Sandiego-2016) = 270 s~!, and the max. deviation
is only around 10%.

e The predicted species mass fractions can differ signifi-
cantly in the regime where stable burning flames exist.

@ Springer
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For example, the value of OH mass fraction can differ of
order 20% at low scalar dissipation rate regime. This can
be attributed to the different formation rate of these spe-
cies. For example, the FFCM gives the highest formation
rate of CO, which resulting in a high CO concentration.

2.3 Sensitivity of non-premixed counterflow flame
with respect to reaction rate

An important aspect of modeling investigation on chemi-
cal kinetics is the determination of key chemical reactions,
which most strongly affect the thermokinetic quantities and
non-premixed flame properties such as extinction limit. This
can be approached by performing the sensitivity analysis
[27]. Therefore, in this part, we examine how sensitive the
predicted thermokinetic quantities change with respect to the
elementary reactions. Table 2 lists Arrhenius parameters for
three selected elementary reactions. The selection follows
the fact that (R1) is the most sensitive elementary reaction
and (R3) has almost no influence on the flame properties,
which is confirmed through the laminar flame speed and
flame extinction limit in Refs. [10, 28-30].

The sensitivity study has been performed in the way
that the pre-exponential factor for each elementary reac-
tion is increased 20% (1.2A). The effect of these elementary
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reactions on the species concentrations and the extinction
limit for the laminar system is represented in Fig. 2. Several
interesting observations should be addressed here:

e While the selected species concentrations are almost
insensitive to the change of the reaction rate of (R3) CH
+ OH = HCO + H, they are sensitive to (R2) CO + OH
= CO, + H and significantly affected by the (R1) H + O,
= OH + O. This is a well-known fact that the (R1) and
(R2) are most important. Moreover, it is noticed that the
larger the scalar dissipation rate y is, the more sensitive
the species concentrations are.

¢ As also confirmed in Refs. [10, 28], (R1) H 4+ O, = OH
+ O and (R2) CO + OH= CO, + H are the two most
sensitive elementary reactions with respect to the extinc-
tion limit. Especially for the (R1), the increase of its pre-
exponential factor improves significantly the burning
stability against extinction limit.

2.4 Some comments on the behaviors of different
mechanisms

Based on the performance of these five chemical mecha-
nisms on the laminar non-premixed counterflow flame cal-
culation, several interesting questions can be raised:

e If the chemical mechanisms predict different behaviors
of the thermokinetic quantities, will such difference be
preserved in the turbulent case?

e [f the chemical mechanisms predict similar extinction
limit, will these mechanisms also predict the similar
degree of local extinction in the turbulent case?

o [f the flame properties are sensitive to some key elemen-
tary reaction, will the turbulence prediction (e.g., the
degree of local extinction) also be sensitive to it?

To answer these questions, numerical simulation for the
turbulent reacting systems has to be performed. In the rest
of the work, we will only focus on the turbulent simula-
tion. The theory of the turbulence modeling and the chemi-
cal kinetic modeling will be discussed. Afterward, the five
chemical mechanisms will be applied for the simulation of
well-known Sandia Flame series [23].

3 CFD/Transported-PDF models
for the simulation of turbulent reacting
flows

In the present work, the Reynolds-averaged Navier—Stokes
(RANS) coupled with the transported-PDF (TPDF) model is
used for the mathematical modeling of the turbulence simula-
tion with chemical kinetics. The used algorithm is consistent

with the one proposed by Murodoglu et al. [31] and our previ-
ous work [32]. Therefore, only the most important equations
are outlined in this work. More details can be found in the
corresponding literature references.

3.1 Reynolds-averaged Navier-Stokes (RANS)
for the flow field

For the flow field calculations, the Favre-averaging is applied
for the governing conservation equations, and accordingly, the
Favre-averaged continuity equation and momentum equations
for RANS can be written as:

9 49 (zi) =0,

o T ox, (o) @
()Wi — _ a — 1"

p-75-RT =0 4)

where ~ represents the Favre-averaged values and - the

Favre-fluctuations. Here u; = (u;, u, u3)" is the velocity vec-

"u is
i%

the unclosed Favre-averaged Reynolds stresses determined
from the TPDF model (see Sect. 3.2). §; is the Kronecker
delta, which equals 1 fori = jand O fori # . R, is the mass-
specific gas constant defined as R, = R /W (WM: molar
mass of mixture; R = 8.314 J/(mol K): universal gas
constant).

In our model, we follow the idea from Ref. [31] that the
effect of the flow viscosity (the divergence of deviatoric
stress in Eq. (3)) is negligible. Furthermore, there is no need
to solve the energy conservation equation in the CFD code
as the Favre-averaged temperature T is determined by the
PDF method and can be easily retrieved from the reduced
chemistry table.

tor including three velocity components. The term pu

Table 3 Parameters and their values for each model used in the TPDF
method

Parameter Value Applied model

Co 2.1 Simplified Langevin model Eq. (9) [34]

Co 0.6892 Turbulent frequency model in Egs. (6),
(7) and (8c) [41]

C.1 0.71

C.o 0.90

G, 1.0

C, 1.25

Cy 1.5 EMST-mixing model [37]

@ Springer
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3.2 Transported-PDF (TPDF) model ol -
1% 1 p i //*aui
o du;” == ————dr —u; " —dt
In the present work, a joint probability density function P 0x; 7 ox; 9)

(PDF) of velocity-composition-turbulent frequency (VCF-
PDF) is employed [31, 33] due to its remarkable advantage:
Chemical reactions can be treated in an exact way, without
approximation. The derived TPDF equation can be solved
numerically by using the Monte-Carlo particle method [34,
35], where the PDF is represented by an ensemble of
notional particles with flow and thermokinetic properties
(position x*, velocity fluctuation u”+*, thermokinetic states
W* and turbulent frequency w*) evolving according to sto-
chastic processes [34, 36]. The thermokinetic state ¥* in a
reacting flow with n,, species can be described by a vector

T
Y= (h,p, bis-ees q’)nw) of n = ng, + 2 dimensions, where

h and p are the specific enthalpy and pressure, respectively,
and ¢, is the specific mole fraction of species i, defined as
¢; = w;/WM, (w; is the mass fraction and WM, the molar
mass of species 7).

The evolution of the notional particle’s properties is
described by the following stochastic differential equations
(SDEs) [31, 34, 35]:

e evolution of the particle position x?:
a; = (7 +u" ), 5)

e evolution of the particle turbulent frequency w*:

do* = - C;Q(0* - @)dr — S, Qu*dr

/ ~ Q)
+ 1/2C;C,Qow* - dW,

where S, is the sink of turbulent frequency

P
S,=C,,—C, - —,

w @2 wl k-Q (7)
‘P the turbulence production, k the turbulent kinetic
energy and Q the conditionally averaged turbulent
frequency:

P=—wy . 2
Uit x; (8a)
k =lu"u” (Sb)
27 ’

prw*|w* > ®

P

Q=C, (8c)

e evolution of the particle velocity fluctuation u)":

@ Springer
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e evolution of the particle thermokinetic states ¥*:

av

el F(¥*) + M, (10)

where the terms F(¥*) and M are, respectively, the
source term of the thermokinetic states and the mix-
ing process. The modeling of the mixing process in the
framework of PDF methods plays an important role for
the simulation accuracy. Various mixing models with
different levels of accuracy and complexity have been
developed, ranging from the most simplest Interaction by
Exchange with the Mean (IEM) to very complex models
such as the Euclidean minimum spanning trees (EMST)
[37] and the multiple mapping conditioning (MMC) [38].
A nice review on the discussion about various mixing
models can be found in Refs. [39, 40]. In this work, the
EMST mixing model is used.
In Table 3, all values of model parameters are listed and
used in the present work for the simulation of Sandia Flame
series, which is consistent with those used in Ref. [1].

4 Modeling of chemical kinetics

Although the high-performance computing (HPC) allows
a numerical simulation using detailed chemical kinet-
ics, the large number of species and reactions involved in

0.065 Lines: detailed solution
Symbols: 3D REDIM solution
0.06 1
o 0.055
&)
S
0.05
0.045
0.04
0 100 200 300

x (1/s)

Fig.3 Comparison of the mass fraction of CO in the non-premixed
counterflow flame configuration using the detailed chemistry (solid
lines) and the 3D REDIM reduced chemistry (symbols). The colors
are consistent with those in Fig. 1 (color figure online)
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the detailed chemistry enhances the complexity of turbu-
lence—chemistry interaction and computational effort. For
example, Wang et al. used a reduced chemical model derived
from GRI 3.0 [17] involving 28 species and 268 reactions
in Ref. [42] for the study of turbulent premixed methane/
air flames at high Karlovitz number, and the simulation is
reported to take approximately 22 days. Therefore, although
the use of detailed chemistry provides most reliable results,
its large simulation time is less acceptable for engineering
application and is only achievable for those detailed chem-
istry with less than around 60 species, as reported, e.g., in
Refs. [43—45]. In order to speed up the numerical computa-
tion, the model reduction for chemical kinetics with high
accuracy is required. The manifold-based simplified chemis-
try is one of the class, which is usually expressed as [46, 47]:

M={Y:¥=¥Y0), ¥Y:R"™»->R"} (11)

with © the vector of reduced coordinates parametrizing the
slow manifold. Candidates within this class are, e.g., the
intrinsic low-dimensional manifold (ILDM) [48], laminar
flamelet model [49], flamelet-generated manifold (FGM)
[50], reaction—diffusion manifolds (REDIM) [22], etc.
In Ref. [47], a detailed introduction and overview can be
found. Although the simplified chemistry can largely save
the computational cost, it must fulfill the requirement that
the flame quantities and structures (e.g., species concentra-
tions, extinction limits) must be preserved when using the
simplified chemistry. The REDIM model is applied in the
present work. After reviewing briefly its theory, it will be
examined in the laminar non-premixed counterflow flame
configuration, showing its ability to capture the flame quan-
tities and structures.

4.1 Outline of reaction-diffusion manifolds
(REDIMs) model

The reaction—diffusion manifolds (REDIMs) method [22] is
an advanced reduction technique for the chemical kinetics
based on the concept that the thermokinetic states are con-
strained on the slow manifold with much lower dimension
(compared to dimension of full system) due to chemical and
physical time-scales differing from orders of magnitude [46,
47]. Unlike other efficient computational tools such as ISAT
[51] where reaction mechanisms of only order 50 species
can be effectively applied as reported in Ref. [1], there is no
restriction on the number of species involving in the reaction
mechanisms if the REDIMs method is applied.

A detailed description and implementation of REDIM can
be found in, e.g., Refs. [22, 52]. Here we only give a short
outline. The method begins with the governing equation for
the thermokinetic state [47]:

(2023) 45:525 Page70f16 525
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(a) process with one equilibrium state
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= 200 /

0 1 2
¢CO2

(b) process with three equilibrium
states

Fig.4 Illustration of stationary states for reaction and mixing pro-
cesses with different turbulent frequency w,,,. Black lines: reac-
tion rate Fq,; Color lines: mixing process Mcq,. Here parameters:
Drnomix = 25.27Tmol/kg, Peop mix = 1.1mol/kg (color figure online)

% =F¥) - u- grad(¥) + 1div(D - grad(¥)) (12)
P

Here, u is the velocity, D is the n X n—dimensional trans-

port matrix. According to Ref. [22], it was proposed that the

REDIM can be obtained by integrating the following PDE

system to its stationary solution:

oY
D (1- ;) {F+;1,[(D‘I’e)r)ex]} (13)

where O is the reduced coordinate. ‘P;r is a pseudo-inverse
and y(0) = grad(0) is an estimate of the local gradients of
the 6. The resulted REDIM reduced kinetic is then pre-tab-
ulated as ¥ = ¥(®).

4.2 Validation of the REDIMs for the laminar
non-premixed counterflow flame configuration

A representative example of numerical computation of a

laminar non-premixed counterflow flame (c.f. Section 2.2)
is shown in Fig. 3. Here 3D REDIM reduced kinetics are

@ Springer
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Fig.5 Illustration on the
properties of equilibrium states
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generated for each chemical mechanism. The solid lines
represent the solution using the detailed chemistry, and
the symbols represent the solution using the 3D REDIM
models. Note that these 3D REDIM models, generated
from different chemical mechanisms, will also be further
used for the turbulence simulation.

We observe that the detailed solution and the REDIM
solution correspond to each other with a high accuracy.
The difference on the species concentration can be well
captured by the REDIM model, and the extinction limit
(most right point) is also predicted in a good accuracy.
This is also consistent with the conclusions shown in, e.g.,
Ref. [53, 54]. A sensitivity analysis on the REDIM model
with respect to the chemical mechanism can be made,
based on Ref. [55], which is our ongoing research.

4.3 Application of the REDIM in the PDF modeling

For the application of the REDIM reduced kinetics for a
turbulent simulation in the PDF model, the evolution of
the reduced coordinate © is used instead of thermokinetic
states W:

dv* .

S = Yo (R +M). (14)
Using this equation, the reaction and mixing processes are
projected on the REDIM manifold, and the evolution of the

@ Springer

reduced coordinate is constrained on the manifold. For more
discussion on the coupling of reduced kinetic and mixing
processes, one can refer to Ref. [56].

5 Analysis on the interaction
between mixing process and chemistry

Strong interaction between the chemical kinetics and mixing
process poses whether one particle undergoes the burning
process or the local extinction in the turbulent flames. Dif-
ferent chemical kinetics can lead to different degree of local
extinction [1]. Therefore, it is worth investigating whether
the mixing of one particle with others will lead to extinction
or burning, provided that the reaction takes place at the same
time. The analysis is based on the perfectly stirred reactor
(PSR) model together with the reduced kinetics, which is
expressed in the same form as Eq. (10):

D = F(©) — 0 (0= 0,) (15)
The corresponding stationary equilibrium state can be easily
determined if the © satisfies the following condition:
F(O,) = 0 (O

eq_emix)' (16)

Note that one can get one equilibrium state or several equi-

librium states, depending on the w,;, and ®,;,. Moreover,

mix
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Fig.6 Conditional Favre-averaged quantities over mixture fraction at
three different locations for Sandia Flame D-F. Symbols: experimen-
tal measurements [23]; Dashed lines: ISAT results [1]; Solid lines:
present results using 3D REDIM

the ©, can fall into the steady flame regime (where steady
burning flame exists) or the extinction regime (where no
steady burning flame can be observed).

Figure 4 provides an illustrative example showing the
stationary states. Here the study is based on a 2D REDIM
reduced kinetics parameterized as © = (py,, Peon)’- The
mixing state in reduced coordinates in all three cases is the
same: O, = (Pno.mix» Pcoo.mix)=(25.27,1.1) mol/kg. The
black lines represent the reaction rate for CO, (Fq,), and
the color lines the mixing rate (Mq,) with three different
turbulent mixing frequencies w,;,. The circles stand for the
corresponding equilibrium states for each case.

There are two different cases that can be observed and are
needed to be addressed:

e Figure 4a: we observe that for both mixing processes
with small and large turbulent frequencies w,,;, = 100
and 2000 s~!, only one stationary equilibrium state
exists. On the left-hand side, reaction rate is larger than

(b) Sandia Flame E

0.06
x/d=1.5 x/d=15 Y x/d=30
w 0.04 '\
8 Q0 I\\ i °°\-
20.02 % AN i ToR,
dd A 4 o, ? '
0 Zd
0 04 08 0O 04 08 0 04 08
3 £ 3

(c) Sandia Flame F

Fig. 7 Conditional Favre-averaged quantities over mixture fraction at
three different locations for Sandia Flame D-F. Symbols: experimen-
tal measurements [23]; Dashed lines: ISAT results [1]; Solid lines:
present results using 3D REDIM

the mixing rate so that the change of state is positive.
In contrast, right-hand state depicts that the mixing rate
is larger than the reaction rate, and the change of state
is negative. Therefore, this equilibrium state is a stable
state, which does not depend on the initial conditions,
and clarifies the direction the state change after mix-
ing process (extinction or ignited). Moreover, if the
turbulent frequency is small (here @,,;, = 100s7"), the
equilibrium state falls into the burning regime where
steady burning flame exists, due to the reaction being
much faster; and the equilibrium state falls into the
extinction regime where no steady burning flame exists
and quenching takes place, if the turbulent frequency is
large (here w,,;, = 2000s7Y).

e Figure 4b: at moderate turbulent frequency (here
@, = 800s7!), three stationary equilibrium states
exist, in which one is an unstable state. Depending on
the initial state, its corresponding equilibrium state can
fall into either the burning regime (right one) or the
flame extinction regime (left one).
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Fig.8 Conditional Favre-averaged quantities over mixture fraction at
three different locations for Sandia Flame D-F. Symbols: experimen-
tal measurements [23]; Dashed lines: ISAT results [1]; Solid lines:
present results using 3D REDIM

Figure 5 shows several representative examples about how
the stationary equilibrium state changes with the turbulent
frequency, depending on different mixing states. Three dif-
ferent regimes are observed:

e Red regime: only one stable equilibrium state is
observed (c.f. Figure 4a, left) and the reaction rate is
observed to be much larger than the mixing rate, such
that this equilibrium state falls in the burning regime.

e Blue regime: in this regime, only one stable equilibrium
state is observed (c.f. Figure 4a, right). The reaction
rate is much smaller than the mixing rate and equilib-
rium state falls in the extinction regime.

e Green regime: in this case, three equilibrium states
are observed (c.f. Figure 4b). Depending on the ini-
tial state, the equilibrium state can fall into either the
burning regime or the extinction regime.

It is quite evident that at a low turbulent mixing fre-
quency (here, e.g., »,;, = 100s7!) the extinction is more

@ Springer
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(c) Sandia Flame F

Fig.9 Conditional Favre-averaged mass fraction of OH over mixture
fraction at three different locations for Sandia Flame D-F. Symbols:
experimental measurements [23]; Colors lines are the same as those
in Fig. 1 (color figure online)

likely to happen at lean and rich side where chemical
reaction is very slow, and most of the regime shows that
the equilibrium state falls into the burning regime as the
reaction is much faster as compared to the mixing process
at a low turbulent mixing frequency. Nevertheless, the
blue regime expands because the mixing process becomes
faster and overcomes the reaction rate. At extremely high
turbulent mixing frequency (here, e.g., @, = 50,000 s7h,
green regime disappears and the blue regimes covers most
of the part, indicating that at high turbulent intensity the
mixing process becomes so fast that particle states have a
high tendency to fall in the extinction regime.

This analysis clearly helps us to examine the inter-
action between mixing process and chemical reactions.
Later, the influence of the key elementary reactions on
the properties of equilibrium state will be discussed.

However, it should be emphasized that this analysis
does not demonstrate how fast the thermokinetic states
can reach their equilibrium states after mixing, instead
they explain the direction in which they will arrive.
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Fig. 10 Conditional Favre-averaged mass fraction of CO over mixture
fraction at three different locations for Sandia Flame D-F. Symbols:
experimental measurements [23]; Colors lines are the same as those
in Fig. 1 (color figure online)

6 Computational test case and a-priori
validation

6.1 Configuration of Sandia flame series

In order to compare the performance of different methane
mechanisms on the turbulent reacting flames, the well-
known methane/air piloted turbulent jet non-premixed
flame [23], Sandia Flame series D-F, is chosen as test
case. This flame is optimal for our purpose because the
Reynolds number of the jet increases from 22,400 (Sandia
Flame D) to 44,800 (Sandia Flame F), ranging from low to
high degree of local extinction. It can be used not only to
investigate the difference on the prediction of species con-
centration, but also to study the predicted local extinction.

6.2 A-priorivalidation

The hybrid CFD/transported-PDF method using the
REDIM reduced kinetics has been developed and

£ £ 3

(c) Sandia Flame F

Fig. 11 Conditional Favre-averaged mass fraction of H, over mixture
fraction at three different locations for Sandia Flame D-F. Symbols:
experimental measurements [23]; Colors lines are the same as those
in Fig. 1 (color figure online)

successfully applied for the simulation of the Sandia
Flame in our previous work [32, 56] by using the GRI 3.0
mechanism. The aim of this part is show that our applied
algorithm based on the 3D REDIM reduced chemistry
provides the similar results as those based on the detailed
chemistry calculation.

We show in Figs. 6, 7, 8 the present numerical results
(solid lines) together with experimental measurement (Sym-
bols) [23] and the results based on ISAT detailed chemistry
(dashed lines) [1] for Sandia Flame D,E and F. It can be
clearly observed that the present hybrid model using the
REDIM reduced kinetics agree with those using the ISAT
detailed kinetics very good for all represented species. Com-
pared with the experimental measurements [23], numerical
simulations show large deviations for H, species, especially
at positions x/d = 7.5 and 15. This can be attributed to the
fact that the differential diffusion effect of H, at both posi-
tions is dominant and the unity Lewis number assumption is
not accurate enough for the prediction of H, concentration
[32,57].

@ Springer
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Fig. 12 The eigenvalues (|45| < |44| < |4;|) along the 2D REDIM
composition state space

To be concluded, the present hybrid model using the 3D
REDIM reduced kinetics can predict the local extinction
and re-ignition effect accurately and has almost the similar
performance as those using the detailed chemistry. There-
fore, the use of REDIM model does not introduce additional
model errors.

In the following, 3D REDIM reduced kinetics will be
generated for each chemical mechanism. Its performance
on the prediction of (i) species profiles under different strain
rates, (ii) the extinction limit and (iii) the transient extinction
solutions are examined for the laminar non-premixed flame.

7 Results and discussion

This section is divided as follows. First of all, selected spe-
cies concentration profiles for the Sandia Flame Series D-F
are used to analyze the behavior of five different chemical
kinetics. Secondly, the influence of reaction rates is studied
side by side and discussed together with the laminar flame
calculation.

@ Springer
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Fig. 13 Conditional Favre-averaged mass fraction of OH over mix-
ture fraction at three different locations for Sandia Flame D-F with
the change of the pre-exponent factor of three different elementary
reactions. Symbols: experimental measurements [23]; Colors lines
are the same as those in Fig. 2 (color figure online)

7.1 Comparison of different chemical mechanism
for Sandia flame series

Numerical simulations are performed by using five different
chemical mechanisms listed in Table 2 for Sandia Flame
series D - F at three different axial locations, i.e., x/d =
7.5,15 and 30. The following observations can be pointed
out as follows:

e All five chemical mechanisms provide very similar
results and agree very well with the experimental meas-
urements [23].

e For Sandia Flame D and E where the degree of local
extinction is low till moderate, the differences of species
concentrations observed in the laminar calculation (c.f.
Figure 1) are also preserved in the turbulent calculation.
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Fig. 14 Conditional Favre-averaged mass fraction of CO over mixture
fraction at three different locations for Sandia Flame D, E and F with
the change of the pre-exponent factor of three different elementary
reactions. Symbols: experimental measurements [23]; Colors lines
are the same as those in Fig. 2 (color figure online)

For example, FFCM mechanism predicts the highest
level of CO concentration due to its highest formation
rate of CO, which can be noticed in both cases.

¢ A high degree of local extinction can be observed for the
Sandia Flame F, the differences in the concentrations of
the predicted species become trivial. It can be deduced
that at high turbulence, the turbulent mixing process
plays a more important role in the numerical accuracy,
and leading to the suppression of slight differences in the
species concentration. Another most important aspect is
the accuracy in the prediction of extinction limit. Since
all five chemical mechanisms have the similar extinction
limit (the most right point in Fig. 1), all mechanisms
predict the same levels of local extinction. Further ahead,
it will be shown that how the degree of local extinction
can be under-estimated, if the reaction rates of some key
elementary reactions are changed and the corresponding

(c) Sandia Flame F

Fig. 15 Conditional Favre-averaged mass fraction of H, over mixture
fraction at three different locations for Sandia Flame D-F with the
change of the pre-exponent factor of three different elementary reac-
tions. Symbols: experimental measurements [23]; colors lines are the
same as those in Fig. 2 (color figure online)

extinction limits in the laminar calculation are changed
(Figs. 9, 10, 11).

The similarity in the predicted species concentrations
depicts that the chemical source terms are of the similar
order of magnitude despite of different chemical mecha-
nisms. In order to examine this issue, the eigenvalues of the
local Jacobi of the chemical source terms are calculated for
the FFCM, GRI 3.0 and Glarborg mechanisms. These eigen-
values correspond to the inverse of the characteristic chemi-
cal time-scales, describing how fast the chemical reaction
is. In Fig. 12, the first three eigenvalues (| 15| < |4¢] < |47])
along the 2D REDIM composition state space are shown.
The use of 2D REDIM is only for the purpose of simple
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Fig. 16 Properties of equilibrium states for left) unchanged elemen-
tary reactions and right) the change of reaction rate of (R1) H+ O, =
OH + O by 20%

representation. The same conclusion can be observed for
a 3D REDIM used here. The first four eigenvalues (| 4;| for
i < 4) represents the infinite long time-scales due to conser-
vation of elements and are negligible.

We observe clearly that the eigenvalues in the compo-
sition state are very similar by using these three chemical
mechanisms. This signifies the below points:

e Although the elementary reactions in different chemi-
cal mechanisms can largely differ from each other, the
chemical source terms of the species are of the similar
order of magnitude and the formation/consumption of
species are similarly fast. Therefore, these five chemi-
cal mechanisms show similar prediction for the species
concentrations.

e Since the chemical time-scales are at the similar order of
magnitude, the systems using different chemical mech-

@ Springer

anisms should have the similar dynamic behaviors. In
other words, the response of the combustion phenomena
to the physical perturbation (e.g., turbulent mixing pro-
cess) is similar and results in the indistinguishable level
of degree of local extinction.

7.2 Sensitivity with respect to the chemical kinetics

In this section, observations from the laminar configuration
are compared and discussed together with those from the
turbulent configuration by numerically simulating the Sandia
Flame series. Figures 13, 14 and 15 show the predicted spe-
cies mass fractions against mixture fraction, if each elemen-
tary reaction has a 20% higher pre-exponential factor. The
GRI 3.0 is used here as base chemical mechanism for the
investigation.

While the Sandia Flames D &E are less sensitive to the
change of selected elementary reactions, the Sandia Flame
F is significantly influenced by their reaction rates. It is
observed that an increase in reaction rate of (R1) H + O, =
OH + O leads to a large over-prediction of all the species
concentration, while an increase in reaction rate of (R3) CH
+ OH = HCO + H does not change the numerical predic-
tions. This is very much consistent with the observation
from the laminar case, i.e., the (R1) is most important for
the prediction of the extinction limit. An increase in extinc-
tion limit means a lower degree of local extinction.

Since the chemical kinetics play an important role in
the prediction of local extinction, the interaction between
chemical kinetics and mixing process is investigated. Fig-
ure 16 shows the properties of equilibrium states at three
different turbulent mixing frequencies spanning from low
(@, = 1000571 to high (@, = 30,000s7") levels. In the
left column, we show the results obtained using the original
unchanged chemical kinetics, and in the right by changing
the reaction rate of (R1) H + O, = OH + O by 20%. It is
evident that while the properties of equilibrium states are not
that much sensitive to the chemical reaction, they become
increasingly sensitive with higher w,;,. For example, at
w,i, = 30,0007, the properties using the original chemical
kinetics show larger area of extinction regime (blue regime)
and the green regime where three equilibrium states almost
disappear. This confirms the statement that the increase of
reaction rate of (R1) H + O, = OH + O by 20% will lead to
a lower degree of local extinction and a more stable flame.

mix

8 Conclusions

In the present work, five different chemical mechanisms for
the CH, combustion system are applied for the numerical
simulation of the Sandia Flame D - F, in which the degree
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of local extinction varies from low to high levels. The tur-
bulence simulation is based on the CFD/transported-PDF
method and the reaction—diffusion manifolds (REDIMs) are
used to speed up the numerical computation. It is shown that
all five chemical mechanisms provide the similar prediction
of species concentration and agree with the experimental
measurements very well. An analysis on the chemical time-
scales indicates that the chemical source terms are of the
similar order of magnitude and thus the similar formation
rate of the species among these chemical kinetics.

Further sensitivity analysis shows that the degree of local
extinction is very sensitive to (R1) H+ O, = OH + O and
(R2) CO + OH= CO, + H. An increase of reaction rates
of both elementary reactions improves the flame stability
against extinction and thus leads to an over-prediction of the
species concentrations.

The chemical mechanisms are also suggested to be per-
formed for more complex combustion systems such as multi-
regime turbulent combustion.
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