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Abstract :

The objective of this article is to investigate numerically the radiative structure of methane,
ethylene and acetylene lab-scale jet flames ranging from the transitional to the momentum-
driven regimes. The numerical model involves a hybrid flamelet/transported PDF method
coupled to an acetylene-benzene soot production model and a Wide-Band Correleted-K gas
radiation model. Model predictions in terms of mean and rms soot volume fraction and
temperature, integrated soot volume fraction and radiant fraction are in reasonable agreement
with the available experimental data. In particular, the model reproduces quantitatively the
decrease in radiant fraction observed as the flow becomes momentum driven. This behavior
results mainly from two mechanisms: i) an increase in flame self-absorption due to an
enhancement in flame volume and ii) for the ethylene and acetylene flames a reduction in the
soot emission per unit flame volume owing to a strong decrease in soot production. In
addition, for a given fuel, gas emission per unit flame volume remains approximatively
constant as the exit strain rate increases whereas the soot emission per unit flame volume and

the characteristic soot volume fraction scale with the Kolmogorov time scale. It was also
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found that competitive mechanisms govern the effects of Turbulence-Radiation Interaction
(TRI) on radiant fraction. Enhancement mechanisms are due to gas emission TRI and
temperature self-correlation effects on soot emission whereas inhibiting mechanisms results
from the negative correlation between soot volume fraction and temperature. Enhancement
mechanisms dominate in weakly sooting methane flames and taking TRI into account
increases the radiant fraction. On the other hand, inhibiting mechanisms become significant in
moderately and highly sooting fuels, with their importance increasing with both the fuel
sooting propensity and the Reynolds number. For flames dominated by soot radiation, the

inhibiting mechanisms prevail and taking TRI into account reduces the radiant fraction.

Key Words: Sooting jet fires, transported PDF method, radiant fraction, turbulence effects,

turbulence-radiation interactions.

Nomenclature

As soot surface area [m™']

Ca agglomeration rate constant [-]

Chnin number of carbon atoms in the incipient soot particle [-]
dr inner burner diameter [m]

E. Froude number [-]

fs soot volume fraction [-]

fsEo equivalent soot volume fraction [-]

Gnp incident radiation per unit wavenumber [W-m™']
h enthalpy [J-kg™']

Ly stoichiometric flame height [m]

I, spectrally-integrated blackbody intensity [W m™]

Iy blackbody intensity at wavenumber 77 [W m™!]



kg Boltzmann constant [J-kg™!]

N Avogadro number [part-mol™']

Ns soot number density per unit mass of mixture [part-kg™']
Py, partial pressure of O [Pa]

Poy partial pressure of OH [Pa]

Q heat release rate [W]

Qubs total absorption [W]

Qum total emission [W]

i total emission per unit flame volume [W m™]
Q',’g’,’n, g gas emission per unit flame volume [W m™]
Qims soot emission per unit flame volume [W m™]
r radial coordinate [m]

R, injection Reynolds number [-]
tres residence time of the fuel in the flame envelop [s]
tkol Kolmogorov time scale [s]

T temperature [K]

Ur fuel injection velocity [m-s]

1% volume [m?]

Vel flame volume [m’]

Ws soot molecular weight [kg-mol ']
W flame width [m]

Xr enthalpy defect parameter [-]

Ys soot mass fraction [-]

Z axial coordinate [m]

Zgt stoichiometric mixture fraction [-]



X scalar dissipation rate [s7]

Xem emission fraction [-]

XR radiant fraction [-]

Ah, heat of combustion [J kg!]

@i collision efficiency factor of the i species [-]

n wavenumber [cm™']

Ky absorption coefficient at wavenumber 77 [m™! cm]
Kp Planck- mean absorption coefficient [m™]

Kpg,EQ Planck- mean absorption coefficient for gas at equilibrium composition [m™']
p density [kg-m™]

Ps soot density [kg-m™]

W, reaction rate for coagulation [mol-m3-s]

Wy, reaction rate for soot nucleation [mol-m=-s]

Wsg reaction rate for soot surface growth [mol-m3-s]
WOy reaction rate for soot number density [part-m™-s7]
Wo, reaction rate for soot oxidation by Oz [kg-m™-s7!]
Woy reaction rate for soot oxidation by OH [kg-m™-s7!]
Wy source term for soot mass fraction [kg-m'3- s

{ mixture fraction [-]

Subscript

abs absorption

c agglomeration

EQ equilibrium

em emission



F fuel

1l flame

g gas

P Planck

R radiation or radiative

S soot

n at a given wavenumber or per unit wavenumber

1. Introduction

Radiation from turbulent jet diffusion flames is a recurrent problem in fire safety engineering
as well as in industry. This has motivated a significant amount of experimental studies to
characterize the radiative heat transfer (RHT) in ‘non-luminous’ and luminous lab- or large
scale turbulent jet flames [1-9]. Among the parameters that characterize the RHT in jet
flames, the radiant fraction, yy, defined as the part of the heat release rate radiated away from
the flame, is of particular interest since it quantifies the radiant power transferred to the
environment. In the case of ‘non-luminous’ lab- and large scale jet flames, Molina et al. [10]
suggested that yp can be related to a global residence time, t,.s, and an emission term
characterizing the fuel. The description in [10] was revisited in Ref. [11] where it was found
that yp can be expressed as yp x treng;;l(l — Qups/ Qem) where Q2 is the total emission
per unit flame volume and Qgps/ Q. is the ratio of total absorption to total emission which
introduces the flame self-absorption. Delichatsios and Orloff [3] considered methane,
propylene and acetylene turbulent jet flames ranging from buoyancy to momentum controlled
conditions. For a given fuel and nozzle diameter, the exit strain rate was increased through an

enhancement of the fuel injection velocity, resulting in a decrease in yz. The rate of decrease



was found to be higher in the high-sooting propylene and acetylene flames than in the low-
sooting methane flames. In addition, they concluded that the Kolmogorov time scale controls
the soot formation based on a scaling analysis of the experimental data for the case where soot

was the dominant source of radiation.

Numerical modelling of RHT in non-sooting or sooting turbulent flames has made significant
progress over the last twenty years [12] owing to, on the one hand, the emergence of accurate
high-temperature spectroscopic database, such as HITEMP 2010 [13], and reliable radiative
property models based on the k-distribution concept [14] and, on the other hand, to the
development of efficient RTE solvers such as the Discrete Ordinates Method, the Finite
Volume Method, the high-order PN and the Monte Carlo [14]. In addition, the application of
Transported PDF methods allowed to describe accurately the strong coupling between
turbulence and radiation which affects significantly the RHT in turbulent flames [12]. These
advanced radiation models have contributed to providing a better understanding of the

turbulence-radiation interactions (TRI) in both non-luminous and luminous flames [15-23].

The main objective of this study is to provide a better understanding of the radiative structure
of sooting jet fires by using a Wide Band Correlated-k (WBCK) method coupled to a
transported PDF approach to model emission TRI. It extends the methodology and analysis
developed in Ref. [11] for non-luminous jet flames to luminous jet flames. Methane, ethylene
and acetylene fuels, characterized by weak, moderate and high-sooting propensity,
respectively, will be considered. The turbulence will be varied by using a strategy similar to
that proposed by Delichatsios and Orloff [3]. The article is organized as follows. The
numerical model is presented in section 2 after which results are discussed in section 3.

Finally section 4 contains the concluding remarks drawn from the present study.

2. Numerical model



The turbulent jet diffusion flames are modelled by using the physical models and numerical
algorithms described in detail in Ref. [24]. This model is based on a hybrid
flamelet/transported PDF method which allows capturing turbulence/soot production
interaction and turbulence/radiation interaction. This approach, coupled to a two-equation
acetylene-benzene soot production model and a Wide-Band Correlated-K radiative property
model was intensively validated in terms of flame structure, soot production and radiative
outputs in C;-C;s jet diffusion flames covering wide ranges of Reynolds number, residence
time, fuel sooting propensity, oxygen-enhanced oxidizer and moderate increases in pressure

[24, 25].

The Favre-Averaged Navier-Stokes equations are solved in axisymmetric cylindrical
coordinates in connection with the k-€ model with the standard set of constants, except Cgq
that was set equal to 1.5. The enthalpy defect flamelet model is used to obtain state
relationships for density, species and temperature as unique functions of mixture fraction, ,
scalar dissipation rate, y, and enthalpy defect, h — h,; where h,; is the adiabatic enthalpy

[24]. The flamelet library was generated by using the mechanism of Qin et al. [26].

The acetylene/benzene-based two-equation soot model, proposed by Lindstedt [27], was used
coupled to the models of Nagle and Strickland-Constable (NSC) [28] and Fenimore and Jones
[28] for soot oxidation by O> and OH, respectively. In this model soot primary particles are
assumed to be spherical and locally monodisperse. Under such conditions soot properties can
be described in terms of soot number density of primary particles, pNg, and soot mass
fraction, Ys. The source terms and model constants for soot number density, Sy =
N,/Cpmin @0 — @, and soot mass fraction, S'ys = (d)n + d)sg)WS — Wg, — Wy, are given in

Table 1.



The radiation model was described in detail in Ref. [24]. The spectral coverage range
considered in the present study is 200-9200 cm’!. The radiatively participating species
considered are CO;, H>O, and soot. The Rayleigh’s theory was applied to obtain the soot
absorption coefficient with the refractive and absorptive indexes of the soot determined using
the correlations of Chang and Charalampopoulos [30]. A wide-band (WB) correlated-k model
was used as the radiative property model. The spectrum was divided into Nws=14 WBs with a
spectral resolution of Anws=500 cm™. On each wide band WB k-g distributions were
assembled from a narrow band (NB) database, generated from HITEMP 2010 [13], by using a
lumping strategy [31]. The gas mixture was treated at the narrow band (NB) level by using the
mixing scheme developed by Modest and Riazzi [32]. Integrations over the g-space were
performed by using a Gauss quadrature scheme with 4 points. The WB RTE was solved by
using the Finite Volume Method [33]. Concerning turbulence-radiation interaction, absorption
TRIs are accounted for by using the Optically-thin fluctuation approximation (OTFA) and

emission TRI is modelled ‘exactly’ by using a joint composition PDF [24].

Based on previous studies, the scalar dissipation rate is assumed to be statistically
independent of the other scalars and its PDF is modelled by a Dirac function [24]. The default

set of composition variables is therefore ¢ = {{, Xz, Ng,Ys} A gradient transport model for

turbulent velocity fluctuations and the Interaction by Exchange with the Mean (IEM) model
are considered to close both turbulent diffusion and micro-mixing terms [24]. The joint
composition PDF transport is solved using the Stochastic Eulerian Field method with 60

fields [34].

3. Results and discussions

3.1. Experimental data and computational details



The numerical simulations are mainly based on the experiments of Delichatsios and Orloff [3]
who measured radiant fractions in methane, acetylene and propylene diffusion flames. In the
framework of this study, only methane and acetylene, which are weakly- and highly-sooting
fuels, respectively, will be considered. Propylene has a sooting propensity similar to that of
acetylene and will not be considered. In order to complete this set of data, simulations will be

run by using ethylene, a moderately-sooting fuel.

The experimental conditions are summarized in Table 2, including the fuel exit velocity, Up,
the fuel nozzle diameter, dp, the exit strain rate,Ur/dp, which is proportional to the large
scale flame residence time for momentum controlled jets [3], the Reynold number, R,, the

heat release rate (HRR), Q, the Froude number, F., as defined in Ref. [37] and the

Kolmogorov time scale, tg,;, estimated as /VFLﬂ/ U3 following Ref. [3]. In this latter

expression, Vg and Lyg; are the fuel kinematic viscosity and the flame height, respectively. The
flame length, Ls; and width, Wy, are defined based on the iso-contour 1400K. This value was
selected since it is expected to correspond to a threshold below which soot ceases to be
oxidized [35, 36], being then representative of the “luminous” flame. Table 2 shows that the
flames belong either to the momentum-driven regime (Fr > 5) or to the transitional regime
between the momentum-driven and buoyancy-driven regimes (Fr < 5) [37]. For each fuel,
three nozzle diameters are considered. For each nozzle diameter the exit strain rate, the HRR
and the fuel exit Reynolds number are enhanced by increasing the fuel injection velocity,
leading in turns to a decrease in the Kolmogorov time scale. It should be pointed out that
some ethylene flames produced by a 2.18 mm-diameter nozzle were investigated

experimentally by Lee et al. [38] and will serve to validate the model.



For the flames generated by nozzle diameters of 1 and 2 mm, a computational domain with a
size of 0.1m (r) X 1m (z) was used. The computational domain was extended to 0.15m (r) X
1.25 m (z) for the flames produced by a nozzle diameter of 3 mm. Non-uniform meshes with
54 (r) x 93 (z) and 69 (r) x 113 (z) cells were considered, respectively. In both cases, a
uniform mesh was used in the flaming region with a grid size of 1cm x 1cm. This was found

to be sufficient to achieve grid-independent solutions.

3.2. Comparison with available data

The capability of the numerical model to reproduce the effects of exit strain rate on soot
production will be assessed by comparison with the experimental data obtained by Lee et al.
[38]. Ethylene jet flames were generated by a 2.18 mm-diameter nozzle. The fuel injection
Reynolds number was enhanced from 4000 to 23200 by increasing the fuel exit velocity,
similarly to the procedure used by Delichatsios and Orloff [3]. In a previous study [24], the
present numerical model was found to reproduce reasonably the experimental data in terms of
axial and radial profiles of mean and rms temperature and soot volume fraction (SVF) for the
flame with a Reynolds number of 12000. For more details concerning this particular

comparison, the reader can refer to Ref. [24].

Figure 1 shows that, as the Reynolds number (or Up/dp) is increased, the peaks of mean and
rms SVF occurs approximately at the same location whereas their magnitude is reduced.
These trends are captured quantitatively by the numerical model, although the peak values are

systematically overpredicted.

Figure 2 shows the radial profiles of mean SVF at different axial locations. z/dp = 60, 90
and 120 are located within the soot growth region, z/dr = 150 corresponds approximately to

the location of maximum SVF whereas z/dy = 180 is within the soot oxidation region. The



radial profiles are on the whole in reasonable agreement with the experimental data despite a
systematic overprediction. The experimental data in Fig. 2 shows also that increasing the
Reynolds number leads to broader radial profiles whereas the SVF decreases at a given axial

location. These behaviours are well reproduced by the model.

Figure 3 shows the axial evolution of the integrated SVF, defined as 27 [ f; rdr. As discussed
by Lee et al. [38], the integrated SVF is weakly influenced by the Reynolds number, except
for the Re = 4000 flame which exhibits integrated SVF significantly lower that for the other

Reynolds numbers. These trends are also reproduced quantitatively by the numerical model.

Figure 4 displays the evolution of the radiant fraction, yp = (Qem - Qabs) /0, as a function

of the HRR and Ur/dp. Qo = J, fn 4micylpy) dndV = [ 4m(ic,lp)dV is the total emission
and Qs = fv fn<Kn)<Gn) dndV is the total absorption. Figure 4 shows that, for a given fuel,

the radiant fractions exhibit an asymptotic behavior for the flames with the lowest HRR (and
Ur/dp). These flames are the most influenced by the buoyancy forces among the set of data
considered. As discussed by Delichatsios and Orloff [3], the asymptotic values of yp
correspond approximately to the radiant fraction of turbulent buoyant jets. For given fuel and
nozzle diameter, the radiant fraction decreases as the HRR (or Ur/df) increases and this
behavior is more pronounced for the moderately-sooting ethylene flames and the highly-
sooting acetylene flames than for the weakly-sooting methane flames. Model predictions are
on the whole within 20% of the experimental data. The largest discrepancies are observed for

the methane flames.

3.3. Data analysis
3.3.1. Theoretical background

Following Ref. [11], the radiant fraction can be conveniently expressed for analysis as:



Qem ( Qabs) ( Qabs)
Xr=—_1—= =y 1—= @))
Q Qem/ "\ Qem
where the ratio of total absorption to total emission, Qgps/Qem, quantifies the flame self-
absorption and can be used as a measure of the flame optical thickness. y,,, represents the

ratio of total emission to HRR and by assuming that most of radiation is emitted within the

flame volume, V;, can be rewritten as:

Vi fVﬂ4T[(Kp’g+Kp’5)1de 4

Xem =
UF d% Vfl ﬂPFAhc (2)
tres Qé%zoé;‘;l,g+0é;‘:1,s
4Qé;;’1/7TPFAhc

Vi, 1s estimated as Vi, = anzlLﬂ /12 in accordance with Ref. [39], assuming that the flame is
the sum of two opposite cones, with the diameter and the height of each cone being Wy, and
L¢/2, respectively. tys = Vii/ UrdZ is the residence time of the fuel in the flame envelop

and, for a given fuel, can be related to the residence defined by Turns and Mhyr [5], i.e. T; =
PrWALAZse /3ppdiUr. Qimg = fVﬂ 4micy oIy AV /Ve and  Qems = fVﬂ 4micy sl AV [Vp,

represent the emission of the radiatively participating gaseous species and soot per unit flame
volume, respectively. The term 4Q_.. /7 prAh, can be interpreted as the inverse of a radiation
cooling time. It should be pointed out that 4/mprAh, depends only on the fuel. Consequently,

for a given fuel, the evolution of radiant fraction with the strain rate can be explained from the

contribution of three terms:

111 Y4 Q b
Xr &X fl‘;e_g (Qem,g ;ll' Qem,S <1 - Q:: (3)
111



Y244

The emission per unit flame volume can be further developed as QJy,~kpoTx Where kp and
Tr are effective Planck-mean absorption coefficient, including radiant gases and soot
contributions, and radiation temperature, respectively. For sooting flames, the effective
radiation temperature is expected to decrease due to radiation cooling effects as the soot

volume fraction and, thus, radiative loss increase [40].
3.3.2. Emission fraction

The previous analysis leads to:

Xem X tres(Q.r’e’#n,g + Q.r,e’;n,s (4)

Let us first consider the emission of gas and soot per unit flame volume. The left row of Fig. 5
represents Q,’e’,’n,g and Qé’,’ns as a function of the exit strain rate, Uz /dg. It should be point out

that Up/dp represents the residence time in the flame, assuming momentum-controlled

n

conditions. It can be observed that, for a given fuel, Q'em,g remains approximately constant

over the entire range of Ur/dr whereas Qé’,’ns decreases by almost two order of magnitudes
as Ugr/dp increases. Emission for methane flames is strongly dominated by gas with the
contribution of soot emission to the total emission decreasing from about 6.2% for the lowest
strain rate to about 0.15% for the highest. For the ethylene flames, gas and soot emissions are
on the whole of the same order of magnitude, except for the four flames that are represented
by the larger symbols in Fig. 5b;. It should be pointed out that these flames belong to the
momentum-driven regime and are strongly dominated by gas emission. Figure 5b; shows also
that soot emission prevails on gas radiation for Ur/dy lower than 2x10* s™. For the acetylene
flames, soot emission is one order of magnitude higher than gas emission for the lowest exit

strain rates. As Up/dp increases, soot emission decreases and the two contributions tend to



become comparable for the highest values of Up/dp. The right row in Fig. 5 represents the

equivalent soot volume fraction defined as:

mZaX(Zn [ fsrdr)

= 5)
fsEQ T[szl (

Figure 5 shows that, for given fuel and nozzle diameter, the evolutions of Q;’,;l s and fs o with
Ur/dp follow similar trends. This is illustrated in Fig. 6 by the almost linear relationship

between Qg s and fs gg.

nr

Figures 5 a, b, and ¢ shows that both Q'em,s and fs g are not well correlated when plotted as a

function of Ugr/dp, the effects of the nozzle diameter being clearly still persistent. This

suggests that soot production and emission are not determined by characteristic time scales

based on Up/dp. Alternatively, Delichatsios and Orloff [3] suggested that the Kolmogorov

time scale, tg,;, i1s appropriate for these processes. The relevance of this assumption is
m

confirmed in Fig. 7 where, for a given fuel, all the Q'em,s collapse onto a single when plotted

as a function of tg,;.

The previous discussion showed that, for a given fuel, Q';’,;l, g remains approximately constant

and Q;’,’ns is a function of the Kolmogorov time scale. This suggests that Eq. 4 can be

rewritten as:

)(ern

tTES

= f(tkor) (6)

Figures 8 a to ¢ exhibit this relationship for the three fuels. It can be observed that the

dependency of Yom/tres ON tg,; increases with the sooting propensity of the fuel. In the case



of methane flames, Y., /tres 1S almost independent on tg,; due to the weak contribution of

soot emission and Y., is a linear function of t,.¢ only (see Fig. 8d).

3.3.3. Effective Optical thickness
The left row in Fig. 9 shows the evolution of Qgps/Qem as a function of Ur/dr. Qgps/Qem
ranges from about 0.14 to about 0.37, showing that none of these flames can be assumed as
optically thin. It can be observed that Q,,s/Qem increases with the strain rate. This increase
can be, at least partially, related to an increase in flame size as illustrated in the right row of

Fig. 9 that represents the evolution of Wy, with Ug/dp.

Figure 9 shows also that, for given diameter, Q,,s/Q.n, increases more rapidly with the strain
rate for the methane and ethylene flames than for the acetylene flames. These differences in
behaviour can be explained from the conclusions drawn by Metha and co-workers [16] who
showed that soot is comparatively more transparent than the gaseous radiatively participating
species. They investigated emission and absorption of soot and participating gases in weakly
and moderately sooting lab-scale jet diffusion flames and reported that a significant part of
gas emission (35-55%) was absorbed within the flame by the gases owing to the specific
spectral bands of gas absorption whereas less than 10% of soot radiation was absorbed within
the flame by soot due to the continuum nature of soot radiation. In methane and ethylene
flames, the contribution of gas radiation is significant and, as a consequence, the most
important part of absorption is expected to be due to the gases, although this part is expected
to be lower in ethylene flames. In the case of acetylene flames, radiation is mainly due to soot.
On the one hand, soot is relatively more transparent than gaseous participating species as
discussed previously and, on the other hand, SVF decreases when increasing the strain rate.
Both effects limit the increase in absorption with the flame size (and Ug/df), explaining the

observed differences with the methane and ethylene flames.



Qaps/Qem Was found to be correlated as a function of Kpg,EQ Wy for ‘non-luminous’ hydrogen
and methane jet flames [11], where k4 o is the Planck-mean absorption coefficient of the
radiatively participating gaseous species evaluated by assuming an adiabatic flame
temperature and an equilibrium composition [10]. kp,g g Was computed from HITEMP 2010
[13]. The previous discussion suggests that such correlation should also hold for sooting lab-
scale flames as long as gas emission is significant, resulting in a strong domination of gas
absorption. This is illustrated in Fig. 10 which includes all the data for which gas emission is
higher or comparable to soot emission. In particular all the data for ethylene are considered.
Figure 10 confirms that, although the correlation obtained for ‘non luminous flames is less
representative of the ethylene and acetylene data, it can be used to describe flame self-

absorption for lab-scale moderately sooting flames.

3.3.4. Discussions
Equation 3 shows that the radiant fraction depends on the residence time, on the total gas and
soot emission par unit flame volume and on the flame ‘transparency’, 1 — Qgps/Qem. The
reduction of the radiant fraction as the exit strain rates increases is due to the two mechanisms
described in section 3.3.2 and 3.3.3. The first mechanism is a decrease in flame transparency
owing to an enhancement in flame size. The second mechanism, that affects the sooting
ethylene and acetylene flames, is related to a strong decrease in soot emission par unit flame

volume.

3.3.5. Turbulence-radiation interaction (TRI)
This section investigates the effects of TRI on predicted radiant fraction. When TRI is

disregarded (NoTRI), both total emission and absorption terms are simply evaluated based on

mean species mole fraction, soot volume fraction and temperature, i.e. QemnoTrI =

fy, 416y (G2 A ATV, (T AV and. Qusivora = J [ 1 (652 F5), CTI(Gy) dmdV. T



should be pointed out that Q'em,NoTR, and Q'abs,NoTR, were determined from decoupled
radiation calculation by using quantities computed with the complete CFD simulation
(including TRI), i.e. without considering the feedback of disregarding TRI on the thermal

input.

Figures 11 a and b show that the evolutions (xz)7ri/(Xr)Norr and (Qem)TRI/(Qem)NoTRI
as a function of the exit strain rate are very similar. This demonstrates that TRI effects on

radiant fraction result mainly from effects on total emission [19].

The local gas and soot emission TRI terms can be developed as [40]:

(replp) = 1, (PN, (T)) + [(1e) — 1, (PN T, (T)) + (i) (
I

(kpIp)NoTRI

621b> (T'?)
2
T2 )\ 2

1

(7)

al, .

+ <ﬁ)<r> (e T")

I

TRI contributes to emission through the last three terms in Eq. (7). Terms I, II, and III
quantify the effects of the Planck-mean absorption coefficient self-correlation, of the
temperature self-correlation, and of the cross-correlation between Planck-mean absorption
coefficient and temperature, respectively [41]. The three contributions tend to enhance gas
emission [15, 19, 21]. On the other hand, term II tends to enhance soot emission whereas
terms I and III tend to reduce it due to the negative correlation between temperature and the
soot Planck-mean absorption coefficient in regions of soot emission [23]. This correlation
evolves as the cross-correlation between temperature and soot volume fraction which was
observed to be negative in both experimental [42-45] and numerical [23, 46, 47]
investigations of turbulent diffusion flames. This negative behavior is illustrated in Figs. 11 c,

d, and e for methane, ethylene, and acetylene flames, respectively. The reducing effects of this



correlation on soot emission TRI were found to be enhanced with both the fuel sooting
propensity and the Reynolds number (and exit strain rate, Ur/dg) [23]. As a consequence, the
effects of TRI on total emission and radiant fraction result from a competition between
mechanisms that tend to enhance them, i.e. gas emission TRI and temperature self-correlation
effects on soot emission TRI, and mechanisms that tend to reduce them, i.e. the negative
correlation between soot volume fraction and temperature that affects terms I and III in the
soot emission term. The competition between these mechanisms evolves with the fuel sooting

propensity and the Reynolds number (exit strain rate, Ug /dF).

The low-sooting methane flames are dominated by gas radiation (see Fig. 5 a;), and naturally
considering TRI enhances both the total emission and radiant fraction in these flames (see

Figs. 11 aand b).

On the other hand, the high-sooting acetylene flames are on the whole dominated by soot

radiation (see Fig. 5 c1). For most of these flames, terms I and III prevail on term II in the soot

emission term, explaining that (xz)rri/(Xr)norrr and (Qem)TRI / (Qem)NoTRI are mainly

lower than 1 (see Figs. 11 a and b). Based on the previous discussion, the non-monotonic

evolution of both (xg)7ri/(Xr)NoTrI and (Qem)TRI/(Qem)NoTRI with Ur/dp observed for

the acetylene flames can be explained as follows: at low values of Up/dp soot radiation
dominates (see Fig. 5¢i) and increasing Ur/dp (i.e. the Reynolds number) tends to enhance

the effects of the negative correlation between the soot volume fraction and temperature and,

therefore, to reduce (¥r)7ri/(XrR)NorrR and (Qem)TRI/ (Qem)NoTRI. After the inflection

point, soot radiation becomes less and less important as Ur/df increases (see Fig. 5 ¢1) and

both (xg)rr1/(Xr)Nnorrr and (Qem)TR,/(Qem)NoTRI increase.



(r)7ri/ XR) NoTRI and (Qem)TRI/(Qem)NoTRI evolves with Up/dp in the ethylene flames in

a similar manner as in the acetylene flames. Nevertheless, for the ethylene flames,

rR)1ri/ XR)NoTrRr and (Qem)TRI/(Qem)NoTRI are higher than 1, showing that the TRI

mechanisms responsible for an enhancement in emission dominate those responsible for a

reduction.
4. Concluding remarks

The radiative structure of methane, ethylene and acetylene lab-scale jet fires were numerically
investigated by using a RANS hybrid flamelet/transported PDF method coupled to an
acetylene-benzene soot production model and a WBCK gas radiation model. The following
conclusions can be drawn:

1) Model predictions in terms of mean and rms soot volume fraction and temperature,
integrated soot volume fraction and radiant fraction are in reasonable agreement with the
available experimental data.

2) The radiant fraction depends on three terms: i) a global residence time, iii) the total
emission of gas and soot per unit flame volume, and iii) the flame transparency.

3) None of the flames investigated in this study can be considered as optically-thin. The flame
optical thickness, defined as the ratio of total absorption to total emission, increases with the
exit strain rate due to an increase in flame size. In the case of weakly and moderately sooting
flames, it is found to correlate with the gas-phase Planck-mean absorption coefficient,
evaluated based on an adiabatic flame temperature and an equilibrium composition, and the
flame width.

4) Gas emission per unit flame volume remains approximately constant when increasing the
exit strain rate whereas soot emission per unit flame volume decreases significantly due a

strong reduction in soot production. Soot emission per unit volume and characteristic soot



volume fraction scale with the Kolmogorov time scale, supporting that it is the characteristic

time scale for soot production.

5) The effects of TRI on radiant fraction results from a competition between enhancement
mechanisms, i.e. gas emission TRI and temperature self-correlation effects on soot emission,
and inhibiting mechanisms, i.e. the negative correlation between soot volume fraction and
temperature that reduces soot emission. The first mechanisms dominate in the weakly sooting
methane flames whereas the second becomes significant in moderately and highly sooting
fuels, with their importance increasing with both the fuel sooting propensity and the Reynold
number. For flames dominated by soot radiation, the second mechanisms prevails and taking

TRI into account reduces the radiation fraction.
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Table 1. Rate expressions for the soot production model.

Process Rate

NllClCatIOI’l d)n = Zkl[Csz] + 6k2 [C6H6]

Surface growth

d)sg = 2k;[C,H,]Ag

Oxidation O,

kaPOZX
Wpo, = 120 |————+ (1 — y)k,P A
0, I1+kP ( )()bo2 S

202

P
Oxidation OH Ooy = 127 x 103"’0;1% A
. 6Ws\"® (6ksT\'/? (pYe\"/°
Coagulation 5. =2C ( S) ( B ) <_5> N.)11/6
g W “\7p, D, A (pNs)

Ca= 9 [26]; Cpin= 60 [27]; @ou= 0.06 [24]; k, = 0.63 X 10*exp(—21000/T) [27], k, = 0.75 X

2/3 2/3
10%exp(—=21000/T) [27]; ks = 0.4 x 103exp(—12100/T) [24]. A, = n(%) (&) (pNg)3:

nps Ws
soot surface per unit volume of mixture. The expression of k,, k;, k,, ¥ for the NCS model can be found in

Ref. [28].



Table 2. Flame conditions.

dr Ur Up/dg R,*? kol
Fuel Q" (kW) | Fre()
(mm) | (mm) x10* (s | x10° () x10° (s)
1 100-250 10-25 5.67-14.2 2.64-6.6 | 5.93-14.83 | 2.48-0.63
CH4 2 32.5-200 1.63-10 3.69-22.7 | 3.43-21.1 | 1.36-8.39 | 14.9-1.19
3 32.5-140 | 1.08-4.67 | 5.53-23.8 | 7.72-33.3 | 1.11-4.79 | 17.7-2.33
1 50-250 | 5.00-25.0 | 5.66-28.3 | 2.11-10.6 | 3.14-15.75 | 4.66-0.49
CoHy | 2.189 | 16.2-140 | 0.74-6.42 | 4.00-34.6 | 3.25-28.1 | 0.69-5.97 | 27.0-1.48
3 15-100 | 0.50-3.33 | 5.10-34.0 | 5.70-38.0 | 0.54-3..63 | 34.4-2.63
1 50-250 | 5.00-25.0 | 5.05-25.2 | 2.00-10.0 | 3.56-17.80 | 1.33-0.17
C2Hz 2 16.2-220 | 0.74-10.1 | 3.57-48.4 | 3.09-41.9 | 0.78-10.61 | 7.86-0.64
3 50-250 1.67-8.33 | 15.1-75.7 | 18.0-90.0 | 2.05-10.28 | 2.10-0.27

Upd
aRe=PFFF

UFr

*Q = ppUp md} /4.

cFr =

UpZgi®
( PF )O'Zs(Tad—Tox
Pox Tox

refers to the oxidizer [37].

4 These injection conditions are similar to those considered by Lee et al. [38].

where pr and up are the cold fuel density and kinematic viscosity, respectively.

557 Where Zg; is the stoichiometric mixture fraction and the subscript ox
o)




List of figure captions

Figure 1. Axial profiles of a) mean and b) rms soot volume fractions for the ethylene flames
with a nozzle diameter of 2.18 mm and exit Reynolds number of 12,000, 19,100 and 23,200.
The experimental data are taken from Ref. [38].

Figure 2. Radial profiles of mean soot volume fraction at different heights for the ethylene
flames with a nozzle diameter of 2.18 mm and Reynolds number of a) 8,000, b) 12,000 and c)
19,100. The experimental data are taken from Ref. [38].

Figure 3. Integrated soot volume fraction for the ethylene flames with a nozzle diameter of
2.18 mm and different Reynolds numbers. The experimental data are taken from Ref. [38].
Figure 4. Radiant fraction as a function of the heat release rate (index 1) or Ur/dy (index 2):
a) the methane flames, b) the ethylene flames and c) the acetylene flames. The experimental
data are taken from Ref. [3].

Figure 5. Total emission of gas and soot per unit flame volume rate (index 1) and equivalent
soot volume fraction (index 2) as a function of Ur/dg: a) the methane flames, b) the ethylene
flames and c) the acetylene flames.

Figure 6. Total emission of soot per unit flame volume rate as a function of the equivalent
soot volume fraction.

Figure 7. Total emission of soot per unit flame volume rate as a function of Kolmogorov time
scale.

Figure 8. Ratio of the emission fraction to the global residence time as a function of the
Kolmogorov time scale for: a) methane flames, b) ethylene flames and c¢) acetylene flames.
Figure 9. Q,,/Q.m as a function of Ur/dy for: a) methane flames, b) ethylene flames and c)

acetylene flames.



Figure 10. Computed Qgps/Q,:m as a function of Kpg,EqWsi- The diamonds and gradient
symbols correspond to the numerical simulations reported in Ref. [11] of the lab-scale H> and
CHs flames investigated experimentally in Refs. [8] and [9], respectively.

Figure 11. Effects of TRI on radiant fraction. a) Ratio of the radiant fraction computed with
TRI to the radiant fraction computed without TRI as a function of of Ug/dp, b) Ratio of the
total emission computed with TRI to total emission computed without TRI as a function of of
Up/dg. In the diagrams a) and b) the horizontal dashed lines corresponds to a ratio of 1.
Diagrams c), d) and e) Axial cross-correlation between soot volume fraction and temperature,

foT'

defined as C(fs,T) =
féz\/ﬁ

, for a 15kW-methane flame diameter (c), a 16kW-ethylene

flame (d) and a 15-kW acetylene flame. Flames in c), d) and e) were generated from a 2 mm-

nozzle diameter.
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Figure 1. Axial profiles of a) mean and b) rms soot volume fractions for ethylene flames with
a nozzle diameter of 2.18 mm and exit Reynolds number of 12,000, 19,100 and 23,200. The

experimental data are taken from Ref. [38].
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Figure 2. Radial profiles of mean soot volume fraction at different heights for the ethylene
flames with a nozzle diameter of 2.18 mm and Reynolds number of a) 8,000, b) 12,000 and c)

19,100. The experimental data are taken from Ref. [38].



3000

2500

§)

mm

2000

1500

om| ferdr (ppm

1000

500

| | Exp.; R, =4000

A Exp.; R_ = 8000
[ ) Exp.; R_=12000
Num.; R, =4000

—2—— Num.; R =38000
> Num,; R_ = 12000

40 80 120 160 200 240
4d;, ()

Figure 3. Integrated soot volume fraction for the ethylene flames with a nozzle diameter of

2.18 mm and different Reyno

lds numbers. The experimental data are taken from Ref. [38].



a,) CH,

03F
0.2F
8 e® © O ~
0.1F Ladkag %‘2.
O Qog
>2‘ | .ﬁ. n Exp.;d. =1 mm
A Exp.; d. =2 mm
[ ] Exp.; d. =3 mm
| ] Num,; d, =1 mm
A Num,; d, =2 mm
O Num,; d, =3 mm
| |
10° 10! 107
Q (kW)
b,) C,H,
0.4¢
0.3F ]
E AN QA A
2 o A
i O
- O
- 0.1 I =
= L
| |
10° 10! 10°
Q (kW)
c)CH,
0dF
0.6F
0.4F
0.2F
~ | [
< ]
< 0 i
-y
| |
10° 10, 10°
Q (kW)

XR (')

XR (')

XR (')

0.3F
0.2F

0.1

1

0.4F

0.2F

0.1

1

10°

[} Num.; d,
A Num.; d
C Num.; d,

03

b,) C,H,

10*

10° 10

10°
U/d, (s

0 10°

CZ) CZHZ

10} 10° 10° 10’

Uyd, (s7)

10°

10} 1)05 10° 10’

Uud, (s

Figure 4. Radiant fraction as a function of the heat release rate (index 1) or Up/dp (index 2):

a) the methane flames, b) the ethylene flames and c) the acetylene flames. The experimental

data are taken from Ref. [3].



a,) CH, a,) CH,
10'g 10'g
103; fffff CeBeEAATH -~~~ -~ 10°F
ER: 0 Qugde=tam 2]
R ‘e U Qugde=3mm e L %o,
S o, . Qgd=1mm . 107F ..
7 ok se 4 Qugd=2mm : ‘a
E Ag ° Q”;:m,S: d,=3mm 10°F "
r [ ] F
L [ ] N
100 Lol Lol Lol Lol 10‘4 Lol Lol Lol T |
10° 10* 10° | 10° 10’ 10° 10* 10° 10° 10
U/d, 57 Uy/d, (s
bl) C2H4 bz) C2H4
10°F 10'g
i 10° 3 S®e, -
- - - F [ ] AA
< 10°F s [ oA =
£ g E 10F .
=z r > u
& B ~ [ ]
\/E B [ a 10’2 | | |
‘o 10°F -
F |
i [ | 10°F
101 Lol Lol Lol Lol 10‘47 Lol Lol Lol T |
10° 10* 10° | 10° 10’ 10° 10* 10° 10° 10
U/d, 57 Uy/d, (s
c) CH, c,) C,H,
10°g 10' ¢ A 4
g g *1
I oA .
10°k °
10*E A A g A
~ F ‘A )
A I A —~
g L ot " £ 10"k ..
2 w0fLeeEMlE E
zZ : . 3
£ F ol 2|
C; : - o 107
10°E 3
= 10°F
101 Lol Lol Lol Lol 10‘4 Lol Lol Lol T |
10° 10* 10° 10° 10’ 10° 10* 10° 10° 10’
U/d, 5 Uy/d, (s
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Figure 9. Q,ps/ Q. (index 1) and Wy (index 2) as a function of Ur/dy for: a) methane

flames, b) ethylene flames and c) acetylene flames.
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Figure 10. Computed Q s/ Qe as a function of Kpg,EqWr1- The diamonds and gradient
symbols correspond to the numerical simulations reported in Ref. [11] of the lab-scale H» and
CH, flames investigated experimentally in Refs. [8] and [9], respectively. Note that the

definition of the flame width for these flames was modified from Ref. [11] to be consistent

with that adopted in this study.
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Figure 11. Effects of TRI. a) Ratio of the radiant fraction computed with TRI to the radiant
fraction computed without TRI as a function of of Uy /dp, b) Ratio of the total emission
computed with TRI to total emission computed without TRI as a function of of Ur/dg. In the
diagrams a) and b) the horizontal dashed lines corresponds to a ratio of 1. Diagrams c), d) and

e) Axial cross-correlation between soot volume fraction and temperature, defined as



C(fs,T) = _S—T’_, for a 15kW-methane flame diameter (c), a 16kW-ethylene flame (d) and

a 15-kW acetylene flame. Flames in c), d) and e) were generated from a 2 mm-nozzle

diameter.





