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The influence of transport properties of inert additives on soot formation in a coflow axisymmetric
ethylene/air diffusion flame has been numerically investigated. Detailed reaction mechanism and complex
thermal and transport properties were used. The fully coupled elliptic equations were solved. The radiative
heat transfer from CO, CO2, H2O, and soot was calculated using the discrete-ordinates method coupled
with a SNBCK-based wide-band model. A simplified two-equation soot model was used. The interactions
between the soot and gas-phase chemistry were taken into account. The effects of adding argon and helium
to either the fuel or the oxidant were determined.

The results show that the effects of argon and helium addition on soot formation process in a laminar
ethylene/air diffusion flame are different because of the difference in their transport properties. When
they are added to the fuel, argon is found to be more efficient at suppressing soot formation than helium
due to the temperature difference caused by the different thermal diffusivities. However, when they are
added to the coflow air, it is found that although both temperature and concentration modifications cause
helium to be more efficient at suppressing soot formation than argon, it is the temperature modification
that is more significant.

Introduction

Transport properties of reactants strongly affect
the flame phenomena. When different inert diluents
are added to the fuel or oxidant of a diffusion flame,
the profiles of temperature and species concentra-
tions, and thus the soot formation process, may be
altered because of the difference in diffusivities of
the diluents.

In an experimental investigation of the influence
of various diluents on soot production in laminar
ethylene diffusion flames, McLintock [1] found that
when inert diluents were added to the oxidant, the
smoke points increased in the order of argon, nitro-
gen, and helium. Since the heat capacities of helium
and argon are same, he argued that the difference
was due to the higher mass diffusivity of helium
causing the concentration of helium in the flame to
be higher. However, Schug et al. [2] reported that
argon is more efficient than helium in decreasing the
tendency to soot when they were added to the fuel
of a coflow ethylene diffusion flame. This result was
attributed to helium’s high thermal diffusivity and its

subsequent influence on the temperature distribu-
tion. To sort out the relative influences of tempera-
ture and concentration modifications on the soot for-
mation process, Axelbaum et al. [3] investigated the
soot response to inert addition using counterflow dif-
fusion flame. The result indicated that soot forma-
tion in diffusion flames could be significantly af-
fected by concentration modification due to the
preferential diffusion of the inert additives. By fur-
ther examining the experimental results of Refs.
[2,4,5], Glassman [6] showed that for soot formation
process in a diffusion flame, the dilution effects of
added inerts should override the induced tempera-
ture effect.

Almost all the previous studies on the influences
of inert additives on soot formation were conducted
by experimental methods. The objective of the pres-
ent paper is to present the results of a mathematical
investigation of the relative influences of tempera-
ture and concentration modifications when inert
diluents are added to fuel or oxidant in a coflow axi-
symmetric ethylene/air diffusion flame. Argon and
helium are respectively used as the inert diluents to
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be added to fuel or oxidant. These gases are selected
due to the substantially greater thermal and mass
diffusivities of helium with respect to argon, while
having the same specific heat.

Numerical Methods

The flame configuration studied is a coflow axi-
symmetric laminar ethylene/air diffusion flame [5].
The flames were generated with a burner in which
the fuel (ethylene) flows from a 10.9 mm i.d. vertical
tube, and the oxidant (air) flows from the annular
region between the fuel tube and a 100 mm diam-
eter concentric tube. The wall thickness of the fuel
tube is 0.95 mm.

Governing Equations and Soot Model

We employed the primitive variable method in
which the fully elliptic governing equations were
solved with detailed gas-phase chemistry and com-
plex thermal and transport properties. Radiative heat
transfer was calculated by the discrete ordinate
method coupled to a statistical narrow-band corre-
lated-k (SNBCK)-based wide-band model for the
properties of CO, CO2, H2O, and soot [7]. The ef-
fects of soot inception, growth, and oxidation on gas-
phase chemistry were considered. The governing
equations have been described elsewhere [8]. For
the sake of brevity, only the model of soot formation,
growth, and oxidation process is given here.

Two transport equations were solved for soot mass
fraction and number density, respectively. They are

�Y �Y 1 �s s
qv � qu � � (rqV Y )T,r s�r �z r �r

�
� (qV Y ) � S (1)T,z s m�z

�N �N 1 �
qv � qu � � (rqV N)T,r�r �z r �r

�
� (qV N) � S (2)T,z N�z

where Ys is the soot mass fraction, N is the soot num-
ber density defined as the particle number per unit
mass of mixture, q is the density of the mixture, and
u and v are the velocities in axial (z) and radial (r)
directions, respectively. Quantities VT,r and VT,z are
the particle thermophoretic velocities in r (radial)
and z (axial) directions, respectively. They were ob-
tained by the expression [9]

l �T
V � �0.55 x � r, z (3)T,x ii qT �xi

where l is the viscosity of the mixture, and T is the
temperature of the mixture.

The source term Sm in equation 1 accounts for the
contributions of soot nucleation (xn), surface growth
(xg), and oxidation (xo). Therefore,

S � x � x � x (4)m n g o

The model developed by Leung et al. [9] and Fair-
whether et al. [10] was used to obtain the three
terms on the right-hand side of equation 4. The
model assumes the chemical reactions for nucleation
and surface growth, respectively, as

C H r 2C(S) � H (R1)2 2 2

C H � nC(S) r (n � 2)C(S) � H (R2)2 2 2

with the reaction rates given as

r � k (T )[C H ] (5)1 1 2 2

r � k (T ) f (A )[C H ] (6)2 2 s 2 2

where f (As) denotes the functional dependence on
soot surface area per unit volume. In the present
paper, the simplest, linear functional dependence
was used; that is, f (As) � As.

Neoh et al. [11] investigated the soot oxidation
process in flames and found that the oxidation due
to both O2 and OH is important, depending on the
local equivalence ratio. The radical O also contrib-
utes to soot oxidation in some regions. Therefore O2,
OH, and O were assumed to participate in the fol-
lowing reactions:

0.5O � C(S) r CO (R3)2

OH � C(S) r CO � H (R4)

O � C(S) r CO (R5)

The reaction rates for these three reactions were
obtained from the expressions

1/2r � k (T )T A [O ] (7)3 3 s 2

�1/2r � u k (T )T A X (8)4 OH 4 s OH

�1/2r � u k (T )T A X (9)5 O 5 s o

where XOH and XO denote the mole fractions of OH
and O, and uOH and uo are the collision efficiencies
for OH and O attack on soot particles. The collision
efficiency of OH was treated as that described by
Kennedy et al. [12], who accounted for the variation
of the collision efficiency of OH with time by assum-
ing a linear relation between the collision efficiency
and a dimensionless distance from the fuel nozzle
exit. A collision efficiency of 0.5 for radical O attack
on the particles was used [13].

All the reaction rate constants, ki (i � 1, . . . , 5),
are given in Table 1.

The source term SN in equation 2 accounts for the
soot nucleation and agglomeration and was calcu-
lated as
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TABLE 1
Rate constants, as A exp(�E/RT )1

ki A E Ref.

k1 1.35E � 06 41 [10]
k2 5.00E � 02 24 [10]
k3 1.78E � 04 39 [10]
k4 1.06E � 02 0 [11]
k5 5.54E � 01 0 [13]

1Units are kg, m, s, kcal, kmol, and K.

Fig. 1. Effect of diluent addition to the fuel on the in-
tegrated soot volume fraction.

1/6 1/22 6M 6jTC(S)S � N r � 2CN A 1 a� � � �C pq qmin C(S) C(S)
1/6 11/6� [C(s)] [qN] (10)

where NA is Avogadro’s number (6.022 � 1026 par-
ticles/kmol), Cmin is the number of carbon atoms in
the incipient carbon particle (9 � 104) [10], j is the
Boltzmann constant (1.38 � 10�23 J/K), qC(S) is the
soot density (1800 kg/m3), [C(s)] is the mole con-
centration of soot (kmol/m3), MC(s) is the molar mass
of soot (12.011 kg/kmol), and Ca is the agglomera-
tion rate constant for which a value of 3.0 [10] was
used.

Numerical Model

The governing equations were discretized using
the control volume method. The SIMPLE numeri-
cal scheme [14] was used to deal with the pressure
and velocity coupling. The diffusion and convective
terms in the conservation equations were respec-
tively discretized by the central and upwind differ-
ence methods. The discretized equations of gas spe-
cies, soot mass fraction, and soot number density

were solved in a fully coupled fashion on every grid
to speed up the convergence process [15], while
those of momentum, energy, and pressure correc-
tion were solved using the tridiagonal matrix algo-
rithm.

The computational domain covers an area from 0
to 3.0 cm in the radial direction and 0 to 11.0 cm in
the axial direction. The inflow boundary (z � 0 cm)
corresponds to the region immediately above the
fuel nozzle. The fuel used in the present study is
ethylene. Argon and helium were used as diluents
added to fuel or oxidant of the flame.

The chemical reaction mechanism used is essen-
tially from GRI-MECH 3.0 [16], with the removal
of all the reactions and species related to NOx for-
mation. All the thermal and transport properties
were obtained by using the database of GRI-MECH
3.0 and the algorithms given in Refs. [17,18].

Results and Discussion

The simulations were conducted for both options:
adding diluents to fuel and to oxidant streams. Five
flames were studied. They are: flame A—pure eth-
ylene/air flame; flame B—with 30% argon (mole
base) added to the fuel of flame A; flame C—with
30% helium (mole base) added to the fuel of flame
A; flame D—with 30% argon (mole base) added to
the air of flame A; and flame E—with 30% helium
(mole base) added to the air of flame A. In addition,
three fictitious flames were simulated to identify the
relative influence of temperature and concentration
modifications. They are: flame C�—with the same
gas compositions as for flame C, but the same tem-
peratures as for flame B; flame E�—with the same
gas compositions as for flame E, but the same tem-
peratures as for flame D; and flame E�—with the
same inlet boundary conditions as for flame E, but
the same temperatures as for flame D. In all the
flames, the mass flow rates of fuel and air are
the same, while the diluents were added to either
the fuel or the air stream of flames B–E�.

Adding Diluents to Fuel

Shown in Fig. 1 are the integrated soot volume
fractions, obtained by integrating soot volume frac-
tion with respect to radius, for four flames. It illus-
trates that argon is more efficient at suppressing soot
formation than helium when it is added to the fuel
of an ethylene/air diffusion flame. This is qualita-
tively consistent with the experimental result of
Schug et al. [2]. Since argon and helium are chem-
ically inert and have the same specific heat, the dif-
ference in their effects on soot formation must be a
consequence of the different transport properties.
Curve C�, constructed to show the relative influence
of temperature and concentration changes, will be
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Fig. 2. Radial flame temperature profiles of flames A,
B, and C at three different axial heights and the thermal
diffusivities of flames B and C at the axial height of z �

1 cm.

Fig. 3. Acetylene mole fraction profiles of flames A, B,
and C at three axial heights and the diluent concentrations
of flames B and C at the axial height of z � 1 cm.

Fig. 4. Particle inception and surface growth rates at
three different axial heights.

discussed in a later section. As soot inception and
surface growth occur predominantly below z �
3 cm, results are shown for only the lower regions
of the flame.

Although the simulations indicate that the differ-
ence in the maximum flame temperature between
flames B and C is only 26 K, the temperature dis-
tributions are different for the two flames, as shown
in Fig. 2a. The higher thermal diffusivity of helium
results in higher temperatures in the centerline re-
gion for flame C than for flame B. Fig. 2b illustrates

that the thermal diffusivity of flame C is significantly
higher than that of flame B in the centerline region.
As a result, the maximum temperature of flame C is
a little lower than that of flame B, since more reac-
tion heat in flame C is conducted away from the
primary (annular) reaction zone.

Similar to the temperature distribution, the higher
mobility of helium results in higher concentrations
of acetylene in the centerline region for flame C than
for flame B, as shown in Fig. 3a. However, with the
increase of radial distance from the centerline, the
differences of acetylene concentration between
flames B and C gradually decrease, and finally the
acetylene concentrations of flame C become lower
than those of flame B. This is because helium dif-
fuses more rapidly toward the periphery than argon.
As demonstrated in Fig. 3b, the argon concentration
of flame B is much higher than the helium concen-
tration of flame C in the centerline region, and the
situation reverses at the periphery.

The above temperature and acetylene concentra-
tion differences between flames B and C result in
different soot particle inception and surface growth
processes, as shown in Fig. 4. Since both inception
and surface growth rates depend on the temperature
and acetylene concentration, the maximum rates of
inception and growth occur in the annular region
between the peak flame temperature and peak acet-
ylene concentration locations.

At the lowest axial height (z � 0.5 cm), the incep-
tion rates of flame C are actually lower than those of
flame B in the region between the locations of peak
acetylene concentration and peak temperature, ow-
ing to the higher acetylene concentrations of flame
B. Although the acetylene concentrations of flame C
in the centerline region are higher, the temperatures
are too low for inception. Similarly, the surface
growth rates of flame B are higher than those of
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Fig. 5. Effect of diluent addition to the air on integrated
soot volume fraction.

flame C in the region between the peak acetylene
concentration and peak temperature positions when
axial height equals 0.5 cm. The peak surface growth
rate is closer to the axis than the peak inception rate
because of the lower activation energy.

With the increase of axial height to z � 1 cm, the
peak inception rates of flames B and C become simi-
lar. Although the acetylene concentrations of flame
C are still lower than those of flame B in the region
where the peak inception rates are located, the tem-
peratures of flame C are higher than those of flame
B, and this is the dominant effect. In the region in-
side the peak inception rate location, both higher
temperatures and higher acetylene concentrations
contribute to higher inception rates for flame C. A
similar situation can be found for the surface growth
process.

When the axial height is further increased to z �
2 cm, the peak inception rate of flame C has further
increased relative to flame B, because of the higher
temperatures of flame C in the region where the
peak inception rates are located. In the centerline
region, the inception rates of both flames B and C
become significant, and those of flame C are much
higher than those of flame B. This is because the
peak acetylene concentration locations of all flames
have shifted toward the centerline, and the tem-
peratures in the centerline region have risen to levels
high enough to stimulate significant inception. For
surface growth, although the situation is similar to
inception, the peak surface growth rate of flame C
significantly surpasses that of flame B. The reason is
that the surface growth process depends on not only
the local temperature and acetylene concentration
but also the particle surface area, which is closely
related to the local and upstream inception pro-
cesses.

The above results show that the shift toward
higher inception and surface growth rates of flame
C at most locations except the lowest axial height

(z � 0.5 cm) is due to the higher temperatures of
flame C in the peak inception and surface growth
regions. As clearly shown in Fig. 4, the inception and
surface growth rates of the fictitious flame C� are
lower than those of flames B and C at most locations.
The differences between flames B and C� are caused
only by the concentration differences, and those be-
tween flames C and C� are caused by temperature
modification.

Although at lower axial height (z � 0.5 cm), both
inception and surface growth rates of flame C are
less than those of flame B, the differences gradually
diminish with the increase of axial height, and the
situation reverses at higher axial height. Especially
the surface growth rate is about 1 order of magni-
tude greater than the inception rate, and the surface
growth rates above z � 0.5 cm are much higher than
those at z � 0.5 cm. Therefore, most soot mass in
these flames is formed by the surface growth pro-
cess. As shown in Fig. 1, if the temperature differ-
ences are removed, the integrated soot volume frac-
tions of flame C� are lower than those of flame B
due to the effect of acetylene concentration.

We can conclude that when argon or helium is
added to the fuel, their respective effects on the soot
yields in the flames vary, due to modified tempera-
ture and acetylene concentration distributions,
caused by the differences in thermal and mass dif-
fusivities. Temperature modification is the dominant
effect, causing greater soot suppression with argon
addition than with helium addition to the fuel
stream.

Adding Diluents to Air

Figure 5 shows the integrated soot volume frac-
tions for flames A, D, E, E�, and E�. It is clear when
the diluent is added to the air stream, the effects of
helium and argon are reversed from the effects when
they are added to the fuel stream. As before, this is
owing to the different thermal and mass diffusivities
of the diluents. The results of flames E� and E� will
be discussed later.

Shown in Fig. 6 are the temperature distributions
along the radial direction at two different axial
heights. The simulations indicate that the maximum
temperatures of flames A, D, and E are 2029, 1862,
and 1596 K, respectively. The higher thermal diffu-
sivity of helium causes a broader temperature dis-
tribution but lower peak flame temperature along
the radial direction for flame E than for flame D.

A similar situation can be found for the distribu-
tions of acetylene concentration, as shown in Fig. 7.
The acetylene concentrations of flame E are much
lower than for flame D except at the periphery, be-
cause helium has a higher diffusivity than argon.

The inception and surface growth rate distribu-
tions for flames A, D, and E are shown in Fig. 8 for
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Fig. 6. Flame temperature distributions at two different
axial heights.

Fig. 7. Acetylene mole fraction distributions at two axial
heights.

Fig. 8. Particle inception and surface growth rates at two
axial heights.

two different axial heights. Since both acetylene con-
centrations and temperatures of flame E are lower
than those of flame D in most of the inception and
surface growth region, the rates of flame E are much
lower than those of flame D. Therefore, both tem-
perature and concentration modifications are re-
sponsible for the lower soot yield of flame E than
that of flame D.

To determine which effect is relatively more im-
portant for the reduction of soot inception and sur-
face growth rates, the integrated soot volume frac-
tions of the fictitious flame E� are shown in Fig. 5.
The differences in soot volume fraction between
flames D and E� are caused only by the concentra-
tion differences, and those between flames E and E�
are caused by temperature modification. Fig. 5 il-
lustrates that the differences of integrated soot vol-
ume fractions between flames D and E� are smaller
than those between flames E and E�. This implies
the temperature modification is relatively more im-
portant.

Moreover, the temperature modification itself also
causes a concentration modification due to the vari-
ation of mass diffusivity with temperature, which in
turn causes more variation in the soot yield. As
shown in Fig. 5, if we resimulate flame E by keeping
its temperatures as the same as for flame D, the in-
tegrated soot volume fractions of this flame (flame
E�) are higher than those of flame E�. Thus, the var-
iations of diffusivities with temperature give rise to
the significance of the temperature effect.

Conclusions

The results of numerical simulation of laminar
ethylene/air flames with helium and argon added to
the fuel alone and to the air alone show that the
differences in effects of argon and helium addition
on soot formation process are a consequence of the
disparities in the transport properties. When the
diluents are added to the fuel stream, it is the tem-
perature difference caused by the different thermal
diffusivities that causes argon to be more efficient at
suppressing soot formation than helium. However,
when they are added to the coflow air, although both
temperature and concentration modifications cause
helium to be more efficient at suppressing soot for-
mation than argon, it is the temperature modifica-
tion that is more significant.
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COMMENTS

Mitchell Smooke, Yale University, USA. What technique
was used to measure the soot? In addition, do you have
experimental and numerical comparisons for any of the di-
luted flames? Moreover, did the computations for the di-
luted flames show a migration of the soot from the flame
wings to the flame centerline?

Author’s Reply. The soot in pure ethylene/air diffusion
flame was measured by the transmission of an Ar-ion (514.5
nm) laser beam (Ref. [5] in paper). Although we don’t have
the direct comparisons between the numerical and exper-
imental results for the diluted flames, the conclusions from
the present paper are qualitatively consistent with those
existing experimental results, as indicated in the paper. The
computations did not show any migration of the soot from
the flame wings to the centerline for the diluted flames.

●

Hai Wang, University of Delaware, USA. Have you ex-
amined the effect of diluent on the H atom concentration
in the flame, and how does the variation of the H atom
concentration affect soot formation?

Author’s Reply. The addition of both helium and argon
reduces the H atom concentration in the flames. The vari-
ation of the H atom concentration may affect (decrease)
the soot formation to some extent. However, this should
not affect the conclusion of this paper, since the reduction
of the H atom concentration is mainly a result of the flame
temperature decrease.
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