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Abstract

The calculation of radiative transfer within a sooty turbulent ethylene-air diffusion jet flame has been carried out by
using a Monte Carlo method and an accurate CK model for the gases. The influence of the turbulence-radiation in-
teraction (TRI) has been studied. In the TRI modeling, the radiative properties of the assumed homogeneous turbulent
structures are randomly obtained from a multidimensional probability density function (PDF) of the reaction progress
variable, of the mixture ratio and of the soot volume fraction. This joint PDF is obtained from an Eulerian—Lagrangian
turbulent combustion model and the sizes of the turbulent structures are directly derived from a k—e model. In the
considered flame, the TRI effect is an increase of the radiative heat loss by about 30%. The radiative heat loss becomes
almost equal to one-third of the chemical heat release. Soot particles play the most important role in the global radiative
heat loss but the influence of gaseous species like CO, and H,O can be important in the local energy balance.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

In most of the flames, radiative transfer significantly
influences the temperature field and hence the concen-
tration of reactive species. On the other hand, the radi-
ative power field strongly depends on the temperature
and on the composition of the medium. There is a strong
coupling between combustion and radiative transfer. In
numerical simulations, this coupling can be treated by
an iterative process. The purpose of this paper is to
develop a radiative transfer approach, to be inserted in
this iterative scheme, but not to iterate the procedure up
to the convergence.

Different techniques, i.e. a method of resolution of
the radiative transfer equation associated with a model
for the radiative properties, have been used to calculate
the radiative power per unit volume, in the energy bal-
ance of a sooty flame. In many cases, e.g. [1-7], these
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flames are laminar or, if they are turbulent, the effects of
the turbulent fluctuations on the radiative transfer have
been neglected. De Lataillade [1] has calculated a 1D
countercurrent laminar diffusion flame of methane by
using a radiative Monte Carlo method based on the
reciprocity principle. Soot particles have been taken into
account and radiative properties of gases, i.e. H,O, CO,
and CO, have been modeled with a statistical narrow
band model formulated in k-distribution. Zhang and
Ezekoye [2] have used a discrete ordinates method
(DOM) for a methane—air diffusion flame considered as
a gray medium. Bressloff et al. [3] have calculated a
turbulent methane-air diffusion flame by using a discrete
transfer method associated with a weighted sum of gray
gas model. Kaplan et al. [4] have used a DOM for un-
steady laminar ethylene diffusion flames assumed to
be gray media. Sivathanu and Gore [5] have used a
ray-tracing method to point out the strong coupling
between soot formation and radiation in laminar acet-
ylene diffusion flames, supposed to be only composed of
gray soot particles. For a laminar ethylene diffusion
flame, Kent and Honnery [6] have only considered the
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Nomenclature

B source point of an optical path

Ci, Cq chemical concentration of the cell i, of the
cell ¢

Cig sequence of the chemical concentrations
along an optical path linking the cells i and ¢

Cs chemical concentration in the turbulent
structure of index s

Cy constant of the turbulence model (equal to
0.09)

f probability density function (PDF)

fv soot volume fraction

F inlet point of an optical path in a volume cell

i cell index

Jj index of crossing of a given cell by an optical

path along this optical path
1°(7) equilibrium (or blackbody) spectral intensity
(Wm=2(cm ") s

k turbulent kinetic energy (m?s~2)

lis integral length scale of the turbulent struc-
ture of index s (m)

M inlet point of an optical path in a coherent
turbulent structure

n index of the turbulent structure surrounding
the point F of the absorbing cell

N; number of optical paths issued from the cell
1

Ny number of optical paths originating from
the cell i and crossing or encountering the
cell ¢

N, total number of crossings of a given cell by
an optical path

N; number of wall reflections along an optical
path

Ns number of cells made of a piece of surface
(wall or boundary)

Ny number of volume cells

P optical path index

Pt total power emitted by the cell i (W)

P power emitted by the cell i and absorbed by

the cell g (W)

P;;Ch power exchanged between the cells i and ¢
(W)
pM radiative power in the cell i given by the

forward method (W)

PREC radiative power in the cell i given by recip-
rocal methods (W)

q cell index

r mixture ratio (r is equal to 1 at stoichio-
metry)

s turbulent structure index along an optical
path

T, T, temperature of the cell i, of the cell ¢ (K)

Tiq sequence of the temperatures along an op-
tical path linking the cells i and ¢g (K)

T; temperature in the turbulent structure of
index s (K)

Greek symbols

Olgy spectral absorptivity in the cell ¢

A initial direction of the optical path

€ dissipation rate of the turbulent Kkinetic
energy (m?s™3)

Ewiv spectral emissivity of the wall i

Kiy spectral absorption coefficient of the cell i
(m™)

v wavenumber (cm™')

0 polar angle

7,(BF) spectral transmissivity between the points B
and F

Q solid angle (sr)

4 progress variable of the chemical reactions
¥, ¥, PDF of T and c in the cell i, in the cell ¢
v, PDF of T and c in the turbulent structure of

index s

Notations

() Monte Carlo statistical estimation (average
over the contributions of the optical paths)

() statistical (temporal) mean of a turbulent
quantity

||[MF||  distance between the points M and F' (m)

contribution of the soot particles, assumed to be gray,
by using a DOM. Said et al. [7] have developed a new
Eulerian—Lagrangian model of soot production in tur-
bulent flames, associated with the optically thin limit
(OTL) assumption.

In turbulent flames, the influence of the fluctuations
on the radiative transfer has to be considered. For in-
stance, in the flamelet regime, when the mean tempera-
ture is 1300 K, the temperature probability density

function (PDF) can be made of two peaks, at 600 and
2000 K, respectively; the fluctuations are then of the
same order of magnitude as the averaged values and
generate strong non-linear effects on both emitted in-
tensities and radiative properties. Faeth and coworkers
[8-12] have studied experimentally and numerically
turbulent diffusion flames of methane, ethylene, carbon
monoxide, acetylene and hydrogen. They have calcu-
lated intensities along a ray by taking into account the
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turbulence-radiation interaction (TRI) and have con-
cluded that its effect on the radiative transfer is very
important (50-300%), especially in ethylene, acetylene
and hydrogen flames. Their TRI modeling is based on
the partitioning of an optical path into a set of inde-
pendent coherent turbulent structures, supposed to be
homogeneous and isothermal. The size of a structure is
proportional to the associated turbulence integral length
scale. The thermophysical properties of a structure, i.e.
the temperature, the soot volume fraction and the molar
fraction of the gaseous species, are randomly obtained
from a 1D PDF of the mixture fraction. The radiative
properties are given by the RADCAL code. Syed et al.
[13] have applied the same approach to a methane flame
after improvement of the evaluation of the soot volume
fraction. Mazumder and Modest [14] have calculated the
radiative transfer in a methane diffusion flame with a
spherical harmonics method (SHM), associated with the
optically thin fluctuation assumption (OTFA) [15,16], to
partially take into account the TRI. Soot particles are
not considered and radiative properties of gases, i.c.
H,0, CO, and CHy,, are calculated with a box model
involving 10 wide bands. They have used a stochastic
Lagrangian method to evaluate the correlation between
the temperature and mass fraction fluctuations. The TRI
leads to an increase by 40-45% of the radiative wall
fluxes. Adams and Smith [17] have used a DOM asso-
ciated with the OTFA in an industrial furnace, assumed
to be a gray medium. The fluctuations of the thermo-
physical properties have been deduced from a 2D PDF
of the mixture ratio and of the total enthalpy. Hartick
et al. [18] have used a similar approach. Young and
Moss [19] have developed a method based on a tabula-
tion of the radiative heat loss as a function of the ther-
mophysical properties.

To calculate radiative transfer by taking into account
the turbulence-radiation interaction, the usual deter-
ministic methods (DOM, SHM. . ) require, in practice,
some simplifying assumptions, i.e. OTFA and assump-
tions on gas radiative properties. On the other hand, a
stochastic Monte Carlo method, which does not require
these assumptions, is convenient for radiative transfer
calculations in turbulent flames.

The Monte Carlo approaches in use here have been
developed and validated for averaged temperature and
concentration fields in a previous work [20]. It is now
generalized to the calculation of TRI effects in turbulent
sooty flames, considered as emitting, absorbing but non-
scattering media, typical of reactive flows in some in-
dustrial combustors from the points of view of radiation
emission and turbulence intensity. To model the TRI,
the method developed by Faeth and coworkers [8-12]
along a single ray has been improved and extended to
the calculation of the radiative power in the whole flame.
The thermophysical properties of a turbulent structure
are randomly obtained from a 3D PDF of the reaction

progress variable, of the mixture ratio and of the soot
volume fraction. This joint PDF is obtained from an
Eulerian-Lagrangian turbulent combustion model [21]
and the sizes of the turbulent structures are directly
derived from a k—e model. Gas radiative properties are
calculated with a CK model [22] involving more than
1000 pseudo-spectral points.

The Monte Carlo modeling of the TRI is detailed in
Section 2. A turbulent ethylene-air jet sooty flame, its
combustion modeling and the radiative properties
models are described in Section 3. Results obtained for
this flame are presented in Section 4. The influence of the
TRI and of the soot particles are discussed.

2. Monte Carlo modeling of the turbulence-radiation
interaction

2.1. General formulation

In a Monte Carlo method, the unknown quantities to
be calculated are weighted by the joint PDF of the
physical parameters that characterize the system. These
unknown quantities are here the radiative power or flux
in each cell of the calculation grid. They can be calcu-
lated by different methods based either on the reciprocity
principle or on the usual forward formulation of the
Monte Carlo method [20,23]. In the reciprocal ap-
proaches, the radiative power Pr"C in the cell ¢ is given
by

Ny+Ns

PqREC — _ Z I)[zxch7 (1)
i=1

where Pl.flxc}‘ is the radiative power exchanged between the
cells i and ¢. In the forward formulation, the radiative
power P;™ is obtained by

Ny+Ng
e () r g

i=1

where P is the radiative power emitted by the cell i and
absorbed by the cell g and P; the total power emitted by
the cell g. Without turbulence effects, Pif;“h is given by
Eq. (8) of Ref. [20], i.e.

+00 [O(T) Ne
P_exch :Pe/ ( vA\T4/ 1)/ / Ty BF;)a, v
=) @ ) e 2

Jj=

X fi(B,A,v)dQ;dV;dv, (3)

where the PDF f;(B, A, v) is given by

A= % (4)

i
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Fig. 1. Principle of the radiative power transmission from cell i to cell g.

if the cell i is a volume, or by

ewinl? (T;) cos 0;

£, 8, v) = PRI (5)
if the cell i is a surface (the integration over dV; is re-
placed by an integration over dS;). B and F; are the
points of the cells i and ¢ defined in Fig. 1. 7,(BF}) is the
spectral transmissivity between the points B and F;, in-
cluding possible reflections on walls or on boundaries.
The sum on the index j accounts for the N, crossings
through the cell g along the same optical path. «,, is the
absorptivity of the cell g associated with the jth crossing.
ewiv 18 the emissivity of the cell i if this cell is a wall ele-
ment and 0; is the angle between the optical path and the
direction normal to the wall. P;* is given by an equation
similar to Eq. (3), i.e.

P = PE/HO/ /42 (BE))ty,.fi(B, A, v)dQ;dV; dv.
(6)

As the method in use to calculate P;* can also be applied
to the calculation of P,.fl"“h, only the formulation dealing
with P will be here developed.

If we also consider turbulent fluctuations, I°(7;),
1%(T,), ©(BF}), a,, and x;, must be stochastically mod-
eled because these quantities depend on the instanta-
neous local temperature and composition fields in the
medium. Let us introduce the joint PDF ¥ of the tem-
perature 7 and of the chemical concentrations ¢ defined
in all the cells of the flow (c is a vector of which the
components are the concentrations of the chemical spe-
cies involved in the radiative transfer, i.e. H,O, CO, and
soots). Eq. (6) becomes in the case of a turbulent flow

+0o0
(P /Pe / // Zr‘ (BF))a,,.fi(B,A,v)dQ:dV;dy
4n

x ¥(Tigciq)d ,_qu,_q. (7

In this equation, the quantities P, t,, «,, and f; are
defined at a given time and the radiation propagation is
assumed instantaneous. The power (P") is averaged by
using the joint PDF ¥ in which 7;_, stands for all the
temperatures involved in the quantities P, t,, o, and f;
and ¢, for all the chemical concentrations involved in
the same quantities. These temperatures and concen-
trations must be defined not only in cells i and ¢ but also
along all the optical paths BF;.

If we take into account the turbulence effects, the
mean radiative power in the cell ¢, in the forward for-
mulation, is given by

Ny—+Ng

(M) = ( > <EZ“>> — (P, (8)
i=1

where the mean total power (P;) emitted by the cell g is

defined by

<P;>:4an/ /K(T
Tycq V0O

o)) (T)) ¥y(T;, ) dvdT, de,.

©)

2.2. Modeling of turbulence structures

The turbulence field is spatially correlated, i.e. the
physical properties of the medium are strongly corre-
lated along an element of optical path included in a
given coherent structure, but are not correlated with the
physical properties of the following structure. A typical
scale of the coherent turbulent structure is the turbulent
integral length /;, deduced in each mesh of the calcula-
tion grid from the values of the turbulent kinetic energy
k and of its dissipation rate e issued from the fluid me-
chanics calculations, i.e.

k3/2
Lh=C/t—. (10)

€
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We consider here a simple formulation in which all
the properties of the medium are assumed uniform along
the integral length /;; of each coherent structure s suc-
cessively crossed by an optical path. When an optical
path is generated in point B located in structure s = 1
(see Fig. 1), the temperature and concentrations 7; and
¢ are randomly determined from the PDF ¥, associated
with the first coherent turbulent structure of length /;,
from B to M;, whatever the number of cells crossed in-
side the structure. At the point M|, new temperature and
concentrations are randomly determined by using the
joint PDF ¥, defined in the cell containing M; and a
new integral length scale /, is also calculated. The
process is iterated until the transmitted fraction of the
power emitted from B is less than a given cutoff crite-
rion. In the case of the diffusion flame considered in the
following, 3-4 cells are typically crossed before new
temperature and concentrations are randomly deter-
mined. A more sophisticated turbulence model could be
easily implemented in the same Monte Carlo method,
but we focus here on radiative transfer calculations, not
on turbulence modeling. However, the influence of the
value of /; is discussed in Section 4.2.

According to the chosen turbulence model, the joint
PDF ¥ can be rewritten as

nj+a
V(T 4, ciq)dT; 4dc; g = Y (T, ¢,)dT, dcy, (11)

s=1

where n; is the total number of turbulent structures
crossed by the optical path between the point B and the
point F; belonging to the n;th structure. ¥, is the joint
PDF of the temperature 7; and of the concentrations c
in the s th turbulent structure. The indices associated
with 7 and ¢ now correspond to a turbulent structure
and not to a cell. If the cell ¢ is included in the n;th
structure, a is equal to zero. On the contrary, if the n;th
structure ends into the cell ¢, a is equal to 1 and the
index s has to vary from 1 to n; 4+ 1 in Eq. (11).

2.3. Stochastic Monte Carlo formulation

The principle of the Monte Carlo approach is to re-
place the multiple integral of Eq. (7) by a finite sum on a
large number of optical paths. These optical paths are
stochastically generated from the cell i by using the
PDF’s f; and ¥,. With the same steps as those leading to
Eq. (10) of paper [20], the following statistical estimation
of (Pg') can be derived

o 1 Nig Nep npi+1
P) = YR D 0By Fo) D Tan s (12)
top=1 J=1 s=Hpj
where J; is the total number of optical paths issued from
the cell i and N,, the number of optical paths issued from
the cell i and crossing the cell ¢g. The spectral transmis-
sivity between the points B;, and F,, is expressed as

npi—1
1,,(B;,, Fy,) =exp {— lcvp(Tx,cS)lm] exp[—r,, (T, Cny )
s=1
Nipj
X HM"pj—leip/mH(l_swhl’p)7 (13)

h=1

where the couples (T;,¢,) and (7,,,,c,,) are randomly
generated along the pth optical path using respectively
the PDF’s ¥, and ¥, . N, is the number of wall re-
flections along the pth optical path between the points
B;, and Fy,, h the corresponding index and é&y,,, the local
wall spectral emissivity. ,, (B;,,F,,) is calculated by
using the radiative models of Section 3.4.

In Eq. (12), the sum on the index s is introduced to
treat the possibility that the end of the n,th turbulent
structure is inside the cell ¢. If the whole cell ¢ is in-
cluded in the n,th turbulent structure, the product
Tgov, 0., 18 defined by

for s = ny;, 14,000, = g, = 1 —exp[—x,,(T;, ¢) 1],
(14a)

fors=n,+1, 74,0, =0, (14b)

where [, is the crossing distance through the cell g of
the pth optical path for the jth crossing. If, on the
contrary, the optical path crosses the outlet border of
the n,;th turbulent structure in the cell g, 7,4, and o,
are given by

[0Sy Ty, 3, = s, = 1~ eXPL, (Thc) |, M,

(15a)
fors =my4+1, 140, =1 =04, (15b)
U, = L —exp [ — 1, (T, )1y, — 1Fy, M, ] (15¢)

The transposition of Eq. (12) to the case of a surface cell
is straightforward.

When the cell i is a volume, the quantity Fy depends
on the stochastic values of the temperature T, and of
the concentrations Ciyy characterizing the first turbulent
structure (s = 1) crossed by the pth optical path issued
from the cell i. Consequently, it must be calculated for
each optical path by
)dv. (16)

ipl

_ * 0
P,i —41tV,-/0 K‘,(T,-p],c,-p1 (T,

For a surface cell 7, Pf does not depend on the optical
path and is calculated only once.

The numerical procedure is the same as in Ref. [20],
except two points. First, many additional stochastic
number generations according to the PDF’s ¥, are
necessary to obtain the temperature and concentration
fields on which the medium radiative properties depend.
Moreover, the source point B;,, the initial direction A of
the optical path and the wavenumber v, are stochasti-
cally generated by using the PDF f; which is now
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Ky (7—;]11 ) Ciyy )1\0 (Tipl )
f =, (17)
where Pl.i is defined by Eq. (16).

The statistical estimation (Pge") of (P") can be
obtained in a very similar way, i.e. by Eq. (12) in which
the term (£} (7,,)/I} (T;,,) — 1) is introduced. The radia-
tive power is then deduced from (P,.‘;’“’h) by using Eq. (1)
in the case of a reciprocal method or from (Pg*) by using
Eq. (2) in the case of the forward method.

Let us note that the effects of the correlations be-
tween emission and absorption properties are rigorously
taken into account. If the cells i and ¢ are included in the
first turbulent structure, the transmissivities t,,(B;,, F;,, )
and t,,,, and the absorptivity o,,,, are calculated with
the same thermophysical properties as for the calcula-
tion of the emission parameters «,,(7;, ,c;, ) and If,’p (T,,)-
Moreover, no additional assumption, like the OTFA, is
required in this numerical treatment.

3. Application to a turbulent sooty ethylene-air flame
3.1. Experimental reference flame

We consider here an open diffusion flame which has
been experimentally studied at the university of Rouen
[24]. This flame has been chosen because its geometry is
simple, the turbulence intensity in the reactive zone is
high and some measurements of temperature and soot
volume fraction are available. Pure gaseous ethylene is
injected vertically upward in atmospheric air. Different
injection velocity conditions have been experimentally
used but we only consider here the largest velocity, 29.5
m/s, which leads to a significantly high turbulence level.
The injection duct diameter is 4 mm, so that the global
Reynolds and Froude numbers near the inlet are re-
spectively 12000 and 22200. The flame holds at the
confluence of injected ethylene and air, just at the outlet
of the injection pipe and expands rapidly downstream
because of the turbulent mixing. First, the measured
temperature increases rapidly along the axis, then more
slowly until 1600 K, value reached at 40 cm from the
inlet. The temperature then gently decreases due to the
air dilution. The evolution of the measured soot volume
fraction is similar. However, the soot volume fraction
increase is slightly shifted downstream, compared to the
temperature increase, because of finite rate chemistry
effects. The soot volume fraction decrease is much
sharper than the temperature one because of the soot
oxidation in addition to the air dilution. The maximum
soot volume fraction, which is about 2 ppm, is obtained
at 40 cm from the ethylene injection. The paper [21]
displays very satisfactory comparisons about the tem-
perature and the soot volume fraction between these
measurements and the combustion calculation supplying

all the information required by the present radiative
transfer model.

3.2. Combustion modeling

The calculation of the radiative power requires the
knowledge of the averaged fields of temperature and
radiating species concentrations. Moreover, to account
for the turbulence effects, the joint PDF field of all these
quantities must be known. In this section, we remind the
main steps of the procedure used to obtain this infor-
mation. The details of the calculation are given in Ref.
[21].

In the following, due to the symmetry about the
flame axis, the computational domain, used both for
combustion data and radiative calculations, reduces to a
sector of 5° of a cylinder, i.e. 1/72 of the whole physical
domain. The cylinder height and radius are respectively
equal to 1 and 0.25 m. The discretization grid is struc-
tured but non-uniform and includes 150 cells in the axial
direction, 60 cells in the radial direction and 1 cell in the
orthoradial direction.

In a first step, a Reynolds averaged Navier—Stokes
(RANS) calculation using a k—e model adapted to jet
flows gives some of the required average fields. In order
to correct the temperature field, a source term crudely
simulating the radiative loss has been introduced in the
energy balance, i.e.

PR — _pchh*/OHG exp {— <1;—;)2:|f(r)dr. (18)

p is the medium density, o is the reaction rate, f(r) is a
B-shaped PDF of the mixture ratio r (equal to 1 at
stoichiometry) and 4* and ¢ are adjusted parameters
introduced in order to match the axial measurements.
This calculation is achieved with a simple combustion
model (fast chemistry) and does not give any informa-
tion on minor species, especially the soot particles.

In a second step, a Lagrangian calculation of the flow
is carried out. A large number of fluid packets are
tracked in the flow. The trajectory and the thermo-
chemical evolution of these packets are computed by
resolution of time dependent differential equations
which take into account the complete chemical process:
the chemistry in the gas is described by 38 species and
119 reactions while five parameters are used to describe
the soot particle behavior (the concentration of two
types of soot precursors, light and heavy, the number of
particles per unit volume, the average particle size and
the volume fraction). Let us note that the three last
parameters are independent since the particle sizes are
distributed on a large size range. The hydrocarbon
species until C¢Hg appear directly in the chemical ki-
netics, whereas heavier species are considered as a part
of the light or heavy soot precursors, which are treated
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in a global way. Concerning the soot particles, the
phenomena of nucleation, surface growth, coalescence
and oxidation are taken into account through source
terms in the Lagrangian evolution equations. At a given
time, the fluid packets give a local instantaneous picture
of the flow. Therefore it is possible to deduce, in each
cell of the grid used for the RANS calculation, the joint
PDF of all the required quantities by reckoning all the
fluid packets going through the cell and considering the
value of the different parameters (temperature, concen-

Temperature
0.9
0.8
- T in Kelvin
07 1800
5 1500
0.6
L 1200
—_ I 900
£ L
= 05—
2 r 600
[0) L
<
L 300
0.4—
0.3
0.2
0.1
O\\\\I\\\\H\\\\I\\\\I
-0.1 -005 0 0.05 0.1
radius (m)

trations, soot volume fraction) inside the cell. In the
same way, all the mean quantities can be obtained in
each cell by averaging on all the packets going through.

For ethylene-air sooty flames, the soot volume
fraction which strongly influences the radiative transfer
has to be accurately calculated. For that reason, it
has been checked that the soot volume fraction given by
the Lagrangian calculation is in agreement with the
measurements made along the axis of the flame. Figs. 2
and 3 display the average temperature field, the soot

Soot volume fraction

0.9
0.8
I f,
07 L 1.6x10°°
i 1.2x10°
0.6
: 8.0x10"
051~ 4.0x107
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0\\\\'\\\\\\\\'\\\\'
01 -005 0 0.05 0.1
radius (m)

Fig. 2. Temperature and soot volume fraction fields in the ethylene—air flame.
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Fig. 3. H,O and CO, molar fraction fields in the ethylene-air flame.

volume fraction field and the H,O and CO, concentra-
tion fields. It is worth noting that, due to post-flame ox-
idation, the highly sooting zone does not extend as far as
the burnt gas zone. Fig. 4 gives the profiles of tempera-
ture, soot volume fraction and H,O and CO, concen-

trations, 50 cm above the ethylene inlet section. The peak
of soot concentration is located in a very narrow zone at
the center of the flow which corresponds to the fuel side of
the diffusion flame. The total radiative loss of the initial
empirical model, equal to 5760 W, has been obtained by
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Fig. 4. Profiles of temperature, soot volume fraction, H,O and CO, molar fractions, 50 cm above the burner inlet.

integrating Eq. (18) on the whole flow; it represents 31%
of the power introduced by the reaction heat release.

3.3. Joint PDF dimension reduction

The storage of the multidimensional PDF is a real
problem. For example, if each direction of the phase
space is discretized in 20 intervals, the number of values
to be stored is 20* x 150 x 60 (the exponent 4 stands for
the dimension of the PDF of which the arguments are
the temperature, the CO, concentration, the H,O con-
centration and the soot volume fraction and the two last
numbers are the mesh numbers). That makes a storage
of 11.5 Gb. In order to decrease it, some assumptions
were made so that a PDF of lower dimension could be
used.

As the major burnt products are created by very
sudden reactions the PDF dimension can be reduced.
Concerning the major species, it is assumed that, in
terms of progress variable &, there is at a given point and
at a given time either fresh gas (¢ = 0) or burnt gas at

equilibrium (¢ = 1). Under this assumption, the thermo-
chemical parameters associated with the major species
depend only on ¢ and on the mixture ratio . Moreover,
when ¢ is zero, the medium is cold and contains neither
soot particles nor absorbing gases. If we neglect the
ethylene absorption, the medium is then non-partici-
pating. The optical properties associated with the major
species have thus to be determined only when ¢ is equal
to 1. The ethylene absorption could be taken into ac-
count but we neglect it because, in our case, the volume
filled with unburned ethylene is very small.

The above assumption is valid for the temperature.
It can be seen in Fig. 5 that, for three different fluid
packets, which are typical of the packets made up of
burnt products, the temperature is a function of the
mixture ratio but is relatively independent of the pocket
itself. The previous assumption also applies to the CO,
and H,O concentrations. On the other hand, Fig. 5
shows that this assumption does not apply to the soot
volume fraction fy. Consequently, the considered PDF
only depends on the three parameters &, » and fy. In
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practice, the PDF has to be stored only when ¢ is equal
to 1, because the medium is transparent when ¢ is equal
to 0. Comparisons are carried out in Section 4.2 between
calculations with and without TRI. In order that small
errors introduced by the PDF reduction do not bias
these comparisons, the averaged fields of temperature
and H,O and CO, concentrations, used for the calcu-
lations without TRI, have been directly calculated from
the reduced PDF. In these conditions, all the averaged
fields are coherent with the PDF used for the TRI cal-
culations. In fact, the initial PDF and the reduced PDF
give rigorously the same field of soot volume fraction.

3.4. Radiative characterization of the flame

For gas radiation, only H,O and CO, are taken into
account. Gas radiative properties are treated in a cor-
related manner by a CK model [25-28] based on the
parameters of Soufiani and Taine [22]. These parameters
have been generated for applications at atmospheric
pressure in the temperature range 300-2500 K. For
H,O0, 44 joined spectral bands, with variable width, are
considered between 150 and 9200 cm~!. However, CO,
absorbs radiation in only 17 of these bands. The use of a

7-points Gauss quadrature for each gaseous component
leads to 1022 pseudo-spectral points, since 49 quadra-
ture points are used in the 17 overlapping bands. It is
worth noting that the Monte Carlo approach allows us
to use this accurate spectral model without increase of
the computational time compared to a much more
simple one.

For the radiation of the soot particles, 71 spectral
bands have been introduced between 150 and 20,000
cm™!, of which 44 are common to the gas. The scattering
by the soot particles is neglected because of the small
value of the size parameter x = 2nR/1 associated with
the primary soot particles. R is the radius of these pri-
mary soot particles and 4 is the order of magnitude of
the wave length radiation. In absence of agglomeration
phenomena, the parameter x lies typically in the range
(0.06-0.18). If required, the treatment of the scattering
phenomena would not significantly increase the com-
putational time, assuming that the scattering parameters
associated with soot agglomerates are well known. The
chosen spectral soot absorption coefficient (in m™') is
given by

K3 = 5500 fy, (19)

where v is the wavenumber (in cm™') and fy the soot
volume fraction, as discussed in Ref. [23].

In the radiative calculations, all the boundaries of the
calculation domain, except the two vertical planes,
borders of the 5° sector, on which periodicity conditions
are set, are open boundaries. We assume that no radi-
ative energy enters from outside through these open
boundaries. This is a simplifying assumption for the
upper horizontal boundary, based on the fact that the
temperature and the soot concentration decrease rapidly
beyond this boundary, due to the mixing with air.

4. Results

As mentioned in Ref. [20], one single Monte Carlo
calculation allows us to obtain the results corresponding
to different approaches, i.e. the forward method (FM),
the emission reciprocity method (ERM) and the absorp-
tion reciprocity method (ARM). The FM is the usual
Monte Carlo method where the energy balance in a cell is
made from all optical paths crossing this cell, along which
only one propagation direction is considered. On the
other hand, the ERM and ARM are based on the reci-
procity principle, which means that the energy propaga-
tion is considered in both opposite directions along a
given optical path. In the ERM, the optical paths are
issued from the cells where the energy balances are made
while, in the ARM, the optical paths are issued from the
other cells. In the case of our diffusion flame and of the
chosen boundary conditions, the use of the ARM is im-
possible because the volume cells can not emit according
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Fig. 6. Radiative power field in the diffusion flame obtained with the numerical techniques FM-NUD and ERM-NUD (calculations
based on the averaged field).

to the reciprocity principle the power which is transmitted

through an open boundary. Therefore only the results of

the FM and ERM will be compared.

The number of optical paths emitted by each cell has
been chosen proportional to the radiative energy emitted

by this cell (without taking into account the energy
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Fig. 7. Standard deviation on the radiative power in the diffusion flame for the numerical techniques FM-NUD and ERM-NUD

(calculations based on the averaged field).

self-absorbed in the cell). This technique of emission
treatment, called non-uniform distribution (NUD), has
been preferred to the uniform distribution (UD) tech-
nique because the considered diffusion flame is similar to
the case 6 of the benchmark of Ref. [20] for which the
NUD is the best choice.

4.1. Results based on the averaged field

We consider here radiative transfer calculations in the
flame defined in Section 3.1. In a first step, The calculations
have been carried out without taking into account the
TRI. 107 optical paths, statistically independent, have been
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generated. They have been gathered in 10 sets of 10°
tracked optical paths in order to obtain 10 independent
calculations of the radiative power field. A rough estima-
tion of the radiative power standard deviation is then de-
duced from these 10 results. For a given number of optical
paths, a larger number of independent calculations would
give less noise in the estimation of the standard deviation
but a higher value of it since these calculations would be
less accurate. We have checked that the standard deviation
roughly decreases as the inverse of the square root of the
number of tracked optical paths. Fig. 6 gives the radiative
power fields obtained by the FM and ERM which are
practically identical. The radiative power integrated on the
whole calculation domain, a 5° sector, is equal to —58.7 W
(—4230 W for the whole flame) regardless of the method. It
is worth noting that the ERM does not give the radiative
flux on the open boundaries, which do not emit. With the
FM, the outwards radiative flux is strictly equal to the
absolute value of integrated radiative power, that is 58.7
W. Fig. 7 gives the standard deviation maps for the FM
and ERM. The standard deviation of the FM results is
clearly less. This is in agreement with the conclusion of
Ref. [20] where the NUD-FM has been found the most
accurate approach for the case 6 of the benchmark. The
standard deviation is maximum on the axis because the
volumes of the cells are there small and the numbers of
optical paths involved in the statistics of these cells are
consequently low. These facts are confirmed in Fig. 8
which gives the profiles of the radiative power and of its
standard deviation, 50 cm above the ethylene inlet section.
It is worth noting that a good estimation of the standard
deviation associated with 107 optical paths can be obtained
by dividing by a factor 10'/? the results of Figs. 6 and 7.

4.2. Results based on the turbulence—radiation interaction

The same approach as in Section 4.1 has been carried
out by taking into account the TRI with 10 independent
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sets of 10° tracked optical paths. Only the results of the
most efficient numerical technique, the FM-NUD, have
been analyzed. Fig. 9 shows the emitted power fields
with TRI and without TRI, (F;) and P; defined re-
spectively by Eq. (9) and an equation similar to Eq. (16)
with (7,) and (c,) in place of 7}, and c; . In the center of
the flame, the emission is larger without the TRI but the
emitting zone is wider with the TRI. Indeed, the emis-
sion is significant when the temperature and the soot
concentration are simultaneously high. Near the flame
front, on the fuel side, these conditions can be found for
the averaged values and therefore the emission without
TRI is large. With the TRI, an averaged state where the
mean temperature and soot concentration are simulta-
neously high corresponds to a set of instantaneous states
where the mixture ratio is alternately much higher than
one or slightly lower than one. In the first case, the soot
concentration is high but the temperature is low; in the
second case, the temperature is high but the soot con-
centration is low. In both cases, these conditions are not
very favorable for emission. Consequently, the emission
is lower with the TRI in the center of the flame. On the
other hand, on the air side, the average temperature
decreases when the distance to the axis increases and,
without TRI, the emission decreases rapidly. With the
TRI, a state of relatively low average temperature can be
characterized by successive instantaneous states of very
low temperature and relatively high temperature. Due to
the non-linearity of the emission law, these conditions
are favorable to the radiative emission. Consequently,
the emission zone is wider with the TRI than without it.
This is confirmed in Fig. 10, which gives the profiles of
the emitted and of the radiative powers with and without
the TRI, 50 cm above the ethylene inlet section. It is
worth noting that, because the peaks of emitted power
are located on the axis and because the geometry is
axisymmetric, the intensities of these peaks influence less
the global power emitted by the flame than the widths of
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Fig. 8. Profiles of the radiative power and of its standard deviation, 50 cm above the ethylene inlet (calculations based on the averaged

field).
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Fig. 9. Emitted power field in the diffusion flame without TRI (on the left) and with TRI (on the right).

the emitting zones. This remark is also valid for the sponding radiative powers are —76.7 and —5550 W with
radiative power field shown in Fig. 11. Therefore, the the TRI and only —58.7 and —4230 W without the TRI.
global emitted power is higher with the TRI (123.5 W The global results are summarized in Table 1. It is
for a 5° sector and 8890 W for the flame) than without worth noting that the radiative loss is an important

the TRI (respectively, 93.0 and 6700 W). The corre- fraction of the reaction heat release: with the TRI, the
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Fig. 10. Profiles of the emitted power and of the radiative power, 50 cm above the ethylene inlet.

total radiative loss is 5550 W, i.e. 30% of the reaction
heat release. The power absorbed in the flame by the
soot particles and by the burnt gas, H,O and CO,, is
also important compared to the emitted power. Conse-
quently, the assumption of optically thin medium is not
valid in our case. Moreover, the radiative power is 31%
higher with the TRI than without it. As expected, be-
cause of the non-linearity of the radiative emission law,
the turbulence strongly increases the global radiative
transfer in the flame. This can be clearly seen in Fig. 12,
which gives the radiative flux on the open vertical
boundary. The flux calculated with the TRI is higher at
any position above the burner. The standard deviation
of this flux is also much higher with the TRI. In fact, the
number of parameters involved in the modeling with the
TRI is larger and thus the accuracy of the Monte Carlo
method is lower than without the TRI, though accept-
able. The noise of the standard deviation lines is due to
the low number (equal to 10) of independent calcula-
tions used to evaluate this quantity.

Calculations with the TRI but using an uncorrelation
assumption (UA) have also been carried out for com-
parison. According to this assumption, the absorption
properties in the turbulent structure containing the
emission point are calculated independently of the
emission properties. Moreover, the absorption coeffi-
cient of each cell is obtained in a deterministic manner
by averaging over all the possible values of &, r and fy,
by using the previously defined PDF. This uncorrelation
assumption leads to an underestimation of the absorp-
tion and hence to a moderate error on the radiative
power (9%), as shown in Table 1.

For TRI calculations, the sensitivity of the results to
the turbulent integral length has been estimated. For
that purpose, two calculations have been carried out by
dividing and multiplying respectively the integral length
/; initially deduced from the k—e model by a factor 3. For
large, standard and small /, the global radiative powers
are 67.6 W (4867.2 W for the whole flame), 76.7 W

(5522.4 W for the whole flame) and 81.1 W (5839.2 W
for the whole flame) respectively. This shows that the
radiative transfer is very sensitive to the turbulence field,
especially to the value of /. Of course, the difference
between these results arises only from the absorbed
power. It is worth noting that, for small values of /;, the
coherent turbulent structures tends to become optically
thin. When this limit is reached, the results are close to
those obtained with the UA, if the meshes of the cal-
culation grid are also optically thin. In this case, the
OTFA could be used as well.

4.3. Influences of soot particles and gaseous species

The influence of the soot particles and of the gaseous
species on the radiative transfer has been studied. Some
partial calculations of the radiative transfer in the flame
taking into account, respectively, the soot particles only,
the gaseous species only, H,O only and CO, only have
been carried out and compared. The results are sum-
marized in Table 2. The global emission of the gas,
dominated by CO.,, is of the same order of magnitude as
the soot emission. It is worth noting that the burnt gas,
CO, and H,O, are distributed everywhere in the flame
while the soot particles are located in a small volume, on
the fuel side where the conditions of temperature and
mixture ratio are both favorable to their formation. At
the location of the soot particles, the soot emission is
much higher than the gas emission. At other locations,
only the gaseous species practically emit radiation. It
appears also that the part of the emitted energy which is
absorbed in the flame is not negligible for all the com-
ponents and is even very large in the case of CO,. This
result invalidates again the assumption of optically
thin medium in this flame. Because the self-absorption
phenomenon is higher in gas than in soot, the global
radiative loss of the flame due to the soot particles ap-
pears to be larger than the global radiative loss due to
the gas. However, gas radiation plays a prominent role
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Fig. 11. Radiative power field in the diffusion flame without TRI (on the left) and with TRI (on the right).

in the energy balances inside the flame, except in the soot
location region.

The computation time for a radiative transfer cal-
culation involving 107 optical paths is about 10* s on one
processor of a NEC SX5, regardless of the physical
model. It does not depend strongly on the physical

model because the generation of random numbers re-
quires much less computation time than the geometrical
treatment of the optical paths, which is common to all
the models. It is worth noting that this treatment could
be easily optimized. In comparison, the computation
time of both RANS and Lagrangian calculations is
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Table 1

Influence of the turbulence-radiation interaction (TRI), of the uncorrelation assumption (UA) and of the turbulent integral length on

the global radiative power

Emitted power (W)

Absorbed power (W) Radiative power (W)

Without TRI 93.0
TRI and UA 123.5
With TRI 123.5
TRI with /; divided by 3 123.5
TRI with /; multiplied by 3 123.5

343 -58.7
39.9 —-83.6
46.8 =76.7
424 -81.1
55.9 -67.6

Table 2
Influence of the components of the semi-transparent medium on the global radiative power
Soot and gas Only soot Only gas Only H,0 Only CO,
No TRI TRI No TRI TRI No TRI TRI No TRI TRI No TRI TRI
Emitted power (W) 93.0 123.5 43.7 59.3 49.3 64.2 9.7 12.8 39.6 51.5
Absorbed power (W) 343 46.8 34 8.8 29.8 35.8 23 25 27.3 33.1
Radiative power (W) -58.7 -76.7 —40.3 -50.5 -19.5 -28.4 -7.4 -10.3 -12.3 -18.4

about 7x10* s and the complete calculation coupling
CFD, chemistry and radiative transfer is expected to
require less than five iterations.

5. Conclusion

The radiative transfer in the considered open ethyl-
ene diffusion flame is very significant. Due to the non-
linearity of the radiation emission, the turbulence
strongly increases this radiative transfer so that the
turbulence-radiation interaction must be taken into ac-
count. The simplifying assumption of optically thin

medium is not valid for this type of flame. The contri-
butions of the soot particles and of the gas, H,O and
CO.,, to the radiative emission have the same order of
magnitude. However, self-absorption by the soot parti-
cles, enclosed in a small region, is lower than self-
absorption by the gases. Consequently, the soot particles
influence more the global radiative loss than the gaseous
species.

The Monte Carlo method is very convenient for these
radiative calculations, because it allows us to easily treat
the turbulence-radiation interaction, as well as to in-
clude sophisticated models of gas properties, without
computation time increase. Among the different Monte
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Carlo approaches, the forward-method associated with
a non uniform distribution of the source points of the
tracked optical paths is the most efficient approach for
our configuration, because the optical thickness of the
flame is moderate.

One key point to achieve these calculations is to
know the PDF of the quantities involved in the radiative
transfer. This joint PDF is bi-dimensional for a given
value of the reaction progress variable (0 or 1). The
Eulerian—Lagrangian combustion models are an excel-
lent way to get this information.
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