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a b s t r a c t

The scope of this investigation is to evaluate different radiation modeling approaches for both Lagrangian
and Eulerian flamelet models by comparing them to fully resolved simulation data of a non-premixed
flame. The numerical investigations are performed for a well established laminar methane diffusion flame
[1]. The available experimental data is used to validate the CFD results, which clearly show that radiation
must be considered in this flame to accurately describe the flame structure.

Based on the validated CFD results the main focus is to analyze the applicability of radiation modeling
approaches within the flamelet framework for unity Lewis number and differential diffusion. An
unsteady Lagrangian flamelet model with direct integration of the radiation source term as well as an
enthalpy defect formulation for steady and unsteady flamelet calculations are considered. Several model
variants are introduced and discussed and the corresponding time scales for mixing, radiation and chem-
istry are analyzed. Based on the Lagrangian flamelet time and the enthalpy defect, both postprocessed
from the CFD solution, flamelet calculations are carried out and detailed comparisons to the CFD simu-
lation results are performed for the temperature and several species along the axis and in several radial
slices. The results are finally used to evaluate the different approaches concerning their applicability and
accuracy for use in coupled CFD-flamelet simulations.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Stricter regulations for emissions and efficiency have led to con-
siderable improvements of combustion systems in the past and
this trend is likely to continue in the foreseeable future. Both com-
putational modeling and experimental investigations are driving in
the development process. In computational modeling, a large chal-
lenge is to capture the chemistry-turbulence interaction. One of
the popular modeling frameworks is the laminar flamelet concept
[2]. In addition, radiation was found to have a significant influence
on flame structure, species profiles and pollutant emissions [3,4].
Hence it is crucial to capture this phenomena appropriately.

In order to understand and improve the existing flamelet mod-
els the flamelet results can be compared with detailed numerical
simulations, e.g. a laminar flame provides the opportunity to solve
the full transport equations including realistic chemistry for smal-
ler fuels with reasonable computational effort and no additional
models such as for the turbulent viscosity are required.

For this purpose, the selected test case is a confined co-flow axi-
symmetric non-premixed methane/air laminar flame. The burner
characteristics were originally defined by McEnally and Pfefferle

[5]. Experimental data for several flame configurations are taken
from Bennett et al. [1] with a completely non-premixed configura-
tion. This well-known flame has been numerically investigated in
several publications [1,6–9]. Claramunt et al. [7] observed that
radiation effects cannot be neglected in the energy equation for
this flame. Gaseous thermal radiation in this laminar diffusion
methane flame reduces the local temperatures significantly. Hence,
the chosen flame setup provides the opportunity to study radiation
modeling within the flamelet approach.

Several radiation modeling approaches are reported in the liter-
ature [10–12] to account for enthalpy losses within numerical
investigations. There are also several different approaches for radi-
ation modeling within the flamelet concept, see e.g. [6,13–16]. The
difficulty here is an accurate modeling when using pretabulated
flamelet solutions. None of these models has been rigorously
tested for a laminar flame. The present study investigates the
applicability of those different implementations and derived vari-
ants of flamelet radiation models using constant and varying en-
thalpy defects as well as the radiation source term within the
flamelet approach. Hence, this first investigation within the flam-
elet serves as an analysis which flamelet approach has the highest
potential for a CFD coupling. Further investigations concerning a
coupling to the CFD code can be based on these findings. The rela-
tive radiative heat loss of the considered flame in the temperature
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field is about 15% [1] and thus radiation is investigated in the opti-
cally thin radiation limit.

Additionally, differential diffusion effects with or without radi-
ation cannot be described very well using the flamelet concept for
this flame in particular [6,9]. On the other hand, assuming a unity
Lewis number for all species results in a very good agreement for
the flamelet and the CFD results [6,8,9], but leads to considerably
different results compared to the experimental data [7,8]. Hence,
the effect of differential diffusion is also considered throughout
the investigation.

A description of the mathematical formulation of the transport
equations is given in Section 2.1. The flamelet framework em-
ployed here is described in Section 2.2 inlcuding radiation model-
ing and the different models that are investigated are listed
separately. The CFD solver is validated against experimental data
and a flame structure analysis is performed in Section 3. Finally,
the results and discussion concerning Lagrangian flamelets and
radiation modeling are presented in Section 4.

2. Mathematical model formulation

In the following the mathematical model for both the CFD cal-
culation and the flamelet analysis is presented.

2.1. Detailed CFD calculation

Detailed CFD calculation include the governing transport equa-
tions with the radiation source term, the discription of the molec-
ular diffusion, thermodynamic and transport properties as well as
the numerical solution method.

2.1.1. Governing transport equations
The governing equations for the density q, the velocity vector v,

the total enthalpy h (see Eq. (6)) and the species mass fraction Yi

are given below.

@q
@t
þr � ðqvÞ ¼ 0 ð1Þ

@

@t
ðqvÞ þ r � ðqvvÞ ¼ �rpþr � sþ qg ð2Þ

@

@t
ðqhÞ þ r � ðqvhÞ ¼ �r � q� _Q R ð3Þ

@

@t
ðqYiÞ þ r � ðqvYiÞ ¼ �r � ji þ Ri; i 2 f1; . . . ;N � 1g ð4Þ

Here p is the pressure and s the laminar momentum flux, g the
gravity, q the laminar energy flux, Ri the chemical source term
and ji the laminar diffusive mass flux (see Eq. (10)). The total enthal-
py h is defined by

hðTÞ ¼
Z T

T0

XN

i¼1

Yicp;iðT 0ÞdT 0 þ
XN

i¼1

Yih0;i ð6Þ

where h0,i denote the standard formation energy of the species i at
the reference temperature T0. For the laminar flame simulation the
energy equation was simplified by neglecting viscous dissipation
and the substantial derivative of the pressure within the small
Mach number limit. The pressure was assumed to be constant
and equal to the static pressure. Further, the reversible exchange
of mechanical energy into internal energy is extremely low for this
kind of open flame [2]. The radiative source term _QR was calculated
with an optically thin radiation model

_Q R ¼ 4rp
XN

i¼1

XiaiðT4 � T4
backÞ ð7Þ

based on the Planck mean absorption coefficient ai of species i as
can be found in [17]. Further, r is the Stefan–Boltzmann constant,

T the local temperature, Tback = 298 K the background temperature
and Xi the mole fraction. The radiative species considered are H2O,
CO2 and CO. The optically thin radiation model was applied by
many groups with success, e.g. [18,19] and self-absorption was
found to be negligible, e.g. in the CH4-air flame studied in [17].
On the other hand, shortcomings of this model were found, e.g.
for CO2 dilution and low-strain flames even in CH4-air flames in
[20–22] and the influence of self-absorption was found to be evi-
dent but e.g. smaller than the kinetic mechanism in [23]. However,
for the considered non-premixed CH4-air flame a relative radiative
heat loss of about 15% as found in [1] justifies the assumption of
optically thin radiation and a comparison with the experimental
data showed reasonable agreement, see Section 3.

2.1.2. Molecular diffusion flux modeling
For a detailed molecular diffusion flux modeling taking into ac-

count Stokes’ law for Newtonian fluids within Eq. (2), the laminar
momentum flux s reads:

s ¼ lðrv þrvTÞ � 2
3
lðr � vÞI ð8Þ

Here, l is the molecular mixture viscosity and the symbol I rep-
resents the identity matrix. The laminar energy flux q, solved to
fulfill Eq. (3), is described by:

q ¼
XN

i¼1
hiji|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Inter-diffusion

�krT|fflfflffl{zfflfflffl}
Fourier’s law

ð9Þ

Inter-diffusion represents the redistribution of internal energy
due to species diffusion with the specific enthalpies of each species
hi. In addition, Fourier’s law describes the diffusive flux of energy
due to heat conduction, where k is the mixture heat conductivity.
Further, Dufour and Soret effects have been neglected so far, which
becomes a reasonable simplification for this flame as seen in [7].
The laminar diffusive flux ji in Eqs. (4) and (9) was expressed in
the form of a diffusion velocity relative to the mass average veloc-
ity. This describes the transport of species i mathematically due to
a mixture-averaged (MA) diffusion approach via:

ji ¼ qðuD;i þ uCÞYi; i 2 f1; . . . ;Ng ð10Þ

The ordinary diffusion velocity uD,i is expressed as the sum of
two diffusion velocities [24]:

uD;i ¼ �
1

Lei

k
qcpYi

rYi �
1

Lei

k

qcpM
rM; i 2 f1; . . . ;Ng ð11Þ

with M being the mean molecular weight of the mixture. A pseudo-
Fickian diffusion coefficient Dm,i of a species i into the mixture m
was defined based on Bird et al. [25].

Dm;i ¼
1� YiXN

j–i

ðXj=DijÞ
; i 2 f1; . . . ;Ng ð12Þ

The first-order binary diffusion coefficient Dij, describing the
diffusive transport from species i into species j, follows the
Chapman-Enskog theory [26]. Based on this averaged diffusion
coefficient, the Lewis number in Eqs. (11) and (14) is defined as:

Lei ¼
k

qcpDm;i
; i 2 f1; . . . ;Ng ð13Þ

The approach using MA diffusion coefficients usually does not
fulfill the constraint that all diffusion fluxes add up to zero. Thus,
to ensure mass and especially element conservation, a correction
velocity (Eq. (14)) has to be evaluated following Coffee and
Heimerl [27]:
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