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Thermal diffusion, caused by temperature gradients, tends to draw lighter molecules to
warmer regions and to drive heavier molecules to cooler regions of a mixture. The influence
of thermal diffusion on soot formation in coflow laminar ethylene/air diffusion flames is
numerically investigated in this paper. Detailed reaction mechanisms and complex thermal and
transport properties are employed. The fully elliptic governing equations are solved.
Radiation heat transfer from the flames is calculated by the discrete-ordinates method coupled
to an SNBCK-based wide band model. A simplified two-equation soot model is used.
The interactions between soot and gas-phase chemistry are taken into account. The thermal
diffusion velocities are calculated according to the thermal diffusion coefficients evaluated based
on multicomponent properties.

The results show that thermal diffusion does affect soot formation in ethylene/air diffusion
flames. Although the effect on soot formation in pure ethylene/air flame is not significant, the
influence is enhanced if lighter species, such as helium, are added to the fuel or the air stream.
The peak integrated soot volume fraction doubles if thermal diffusion is not taken into account in
the simulation of the flame with helium addition to the air stream.
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INTRODUCTION

Heat and mass transport processes have been shown to be

of great importance for soot formation (McLintock, 1968;

Schug et al., 1980; Axelbaum et al., 1988; Axelbaum &

Law, 1990; Gülder et al., 1996; Glassman, 1998; Guo et al.,

2002a). Thermal diffusion (Soret effect), caused by

temperature gradients in a mixture, gives an additional

term in the diffusion velocity of a chemical species.

It tends to draw lighter molecules to hot regions and to

drive heavier molecules to cold regions of the mixture.

In a pioneering work, Dixon-Lewis (1968) observed

that the thermal diffusion flux of hydrogen could be of

the same order of magnitude as the ordinary diffusion

flux, caused by concentration gradients, in a hydrogen/air

flame. The same observation was made by

Greenberg (1980) in the study of one-dimensional

hydrogen/air flames using a one-step chemistry model

and phenomenological expressions for the thermal

diffusion coefficients. Later it was found by Warnatz

(1982) that the laminar flame speeds of both lean and rich

hydrogen/air flames were lower when thermal diffusion

was taken into account, although only the thermal

diffusion fluxes of atomic and molecular hydrogen were

considered in the simulation. In the study of vortex-flame

interactions in hydrogen jet diffusion flames, Hancock

et al. (1996) showed that the thermal diffusion effect

couldn’t be neglected in the numerical simulation. Recent

studies of Ern and Giovangigli (1998, 1999) further

indicated the importance of thermal diffusion in various

reactive flows. In the paper of Ern and Giovangigli (1998),

it was shown that thermal diffusion was important not only

for the prediction of structures of hydrogen/air and

methane/air Bunsen flames, but also for the prediction of

NO in a counterflow methane/air flame. Being different

from the result of Warnatz (1982), the study of Ern and

ISSN 1061-8562 print/ISSN 1029-0257 online q 2004 Taylor & Francis Ltd

DOI: 10.1080/10618560310001634203

*Corresponding author. Tel.: þ1-613-991-0869. Fax: þ1-613-957-7869. E-mail: hongsheng.guo@nrc-cnrc.gc.ca

International Journal of Computational Fluid Dynamics, February 2004 Vol. 18 (2), pp. 139–151



Giovangigli (1999) indicated that for hydrogen/air

flames, while the speeds of lean flames were lower,

those of rich flames were higher when thermal diffusion

of all species was considered. The influence of thermal

diffusion on the speeds of methane/air flames

was negligible. More recently, Williams (2001) revealed

that thermal diffusion caused an increase in the predicted

extinction strain rate of methane/air counterflow flames.

In spite of the importance of thermal diffusion,

little attention has been paid to the influence of

thermal diffusion on soot formation processes.

It was totally neglected in some studies (McEnally

et al., 1998; Smooke et al., 1999; Bennett et al., 2001),

while only the thermal diffusion of light species

(such as H2 and H) was taken into account in

other studies, such as our two recent papers (Guo et al.

(2002a,b) and Kennedy et al. (1996)). To our

knowledge, the relative influence of thermal diffusion

on soot formation has not been reported previously in

the literature.

In the present paper, soot formation processes in a

pure ethylene/air and four helium or argon diluted

ethylene/air coflow laminar diffusion flames are

simulated. The objective is to investigate the relative

influence of thermal diffusion on soot formation. We

employ the primitive variable method in which the fully

elliptic governing equations are solved with detailed

gas-phase chemistry and complex thermal and transport

properties. The effects of soot inception, growth and

oxidation on gas-phase chemistry are taken into

account. For the soot kinetics process, a simplified

two-equation soot model is used. Radiation heat transfer

from CO2, CO, H2O and soot is calculated using the

discrete-ordinates method coupled to an SNBCK-based

wide band model.

NUMERICAL MODEL

The flame configuration studied is a coflow

axisymmetric laminar diffusion flame. The fuel

stream flows from the centre pipe, and the oxidant

stream flows from the annular concentric space. Except

for the pure ethylene/air diffusion flame, flames with

helium or argon addition to the fuel or air stream are

also studied.

Gas-phase Governing Equations

The numerical model solves the fully elliptic governing

equations for the conservation of mass, momentum,

energy, gas species mass fractions, soot mass fraction

and soot number density. In cylindrical coordinates

(r, z), the governing equations for the gas-phase are

(Kuo, 1986):
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where u and v are the velocities in axial (z) and radial (r)

directions, respectively; T the temperature of the mixture;

r the density of the mixture (soot and gas); Wk the

molecular weight of the kth gas species; l the mixture

thermal conductivity; cp the specific heat of the mixture

under constant pressure; cpk the specific heat of the kth gas

H. GUO et al.140



species under constant pressure; vk the mole production

rate of the kth gas species per unit volume; p the pressure.

It should be pointed out that the production rates of gas

species include the contribution due to the soot inception,

surface growth and oxidation (see the next section).

Quantity hk denotes the specific enthalpy of the

kth gas species; gz the gravitational acceleration in the

z direction; m the viscosity of the mixture; Yk the mass

fraction of the kth gas species; Vkr and Vkz the diffusion

velocities of the kth gas species in r and z directions;

and KK the total gas-phase species number. The quantities

with subscript KK þ 1 correspond to those of soot. As an

approximation, the thermal properties, obtained from

JANAF thermochemical tables (Chase et al., 1985), of

graphite are used to represent those of soot.

The last term qr on the right-hand side of Eq. (4) is the

source term due to radiation heat transfer. It is obtained by the

discrete-ordinates method coupled to a statistical narrow-

band correlated-K (SNBCK)-based wide band model for the

properties of CO, CO2, H2O and soot (Liu et al., 1999).

The spectral absorption coefficient of soot is obtained by

Rayleigh’s theory for small particles and the refractive index

of soot due to Dalzell & Sarofim (1969) is 5:5f v=l, with fv
being the soot volume fraction and l the wavelength.

The diffusion velocity consists of three terms:

ordinary diffusion, thermal diffusion and correction

diffusion velocities. Therefore:

Vkxi
¼ Vokxi

þ VTkxi
þ Vcxi

;

k ¼ 1; 2; . . .;KK; xi ¼ r; z:
ð6Þ

Both the ordinary and thermal diffusion velocities can

be obtained by the detailed multicomponent method, or

the approximate mixture-average method. The former is

accurate, but computationally expensive. The latter is

correct asymptotically in some special cases, such as in a

binary mixture, in diffusion of trace amounts of species

into a nearly pure species, or systems in which all species

except one move with nearly the same diffusion velocity.

Since the current study concentrates on the relative

influence of thermal diffusion, the ordinary diffusion

velocity Vokxi
, caused by concentration gradient, is

obtained by the approximate mixture-average formulation

(Kee et al., 1986), i.e.

Vokxi
¼ 2

1
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Quantity VTkxi
is the thermal diffusion velocity,

whose influence will be investigated in the present

paper, in xi (r or z) direction for the kth gas species.

It is obtained by the detailed multicomponent formulation

(Kee et al., 1986):
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where DT
k is the thermal diffusion coefficient obtained by

the method given by Kee et al. (1986).

The correction diffusion velocity Vcxi
is used to ensure

that the net diffusive flux of all gas species and soot is zero

(Kee et al., 1986).

Quantity Dk in Eq. (7) is related to the binary diffusion

coefficients through the expression:

Dk ¼
1 2 XkXKK

j–k

Xj

Djk

; k ¼ 1; 2; . . .;KK ð9Þ

where Xk is the mole fraction of the kth species, and

Djk is the binary diffusion coefficient.

Soot Model

Although some detailed kinetic models of soot inception,

growth and oxidation have been derived, such as those by

Frenklach et al. (1984) and Frenklach and Wang (1990,

1994), they are too complex and computationally

expensive to be implemented in simulations of multi-

dimensional combustion systems. Conversely, the appli-

cability of purely empirical soot models is questionable

under conditions different from those under which they

were originally formulated. Based on some semi-

empirical assumptions, McEnally et al. (1998) and

Smooke et al. (1999) used the sectional model to simulate

the soot formation processes. In addition to the

momentum, energy and gas species conservation

equations, several soot section equations (usually more

than 10) need to be solved. The model developed by

Leung et al. (1991) and Fairwhether et al. (1992)

has been successfully used in our previous studies

(Guo et al., 2002a,b) for the simulations of ethylene/air

diffusion flames. It has been shown that this model

can capture the features of the effects of inert

species dilution on soot formation in ethylene/air diffusion

flames. As only two additional equations need to be solved

for soot processes in this model, it is used again in the

present paper.

Two transport equations are solved for soot mass

fraction and number density. They are
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where Ys is the soot mass fraction, N is the soot

number density defined as the particle number per unit

mass of mixture. Quantities VT;r and VT; z are the

particle thermophoretic velocities. They are obtained by

the expression for a free molecular aerosol
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(Talbot et al., 1980):

VT ; xi
¼ 20:55

m

rT
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xi ¼ r; z: ð12Þ

Although the particle thermophoretic motion is also

a kind of thermal diffusion, its effect was not studied

in this paper, since the emphasis in this paper is the

thermal diffusion of gas species (Eq. 8).

The source term Sm in Eq. (10) accounts for the

contributions of soot nucleation (vn), surface growth

(vg) and oxidation (vO). Therefore,

Sm ¼ vn þ vg 2 vO: ð13Þ

The model developed by Leung et al. (1991) and

Fairwhether et al. (1992) is used to obtain the three

terms on the right-hand side of Eq. (13). The model

assumes the chemical reactions for nucleation and

surface growth, respectively, as:

C2H2 ! 2CðSÞ þ H2 ðR1Þ

C2H2 þ nCðSÞ! ðn þ 2ÞCðSÞ þ H2 ðR2Þ

with the reaction rates given by the expressions:

r1 ¼ k1ðTÞ½C2H2� ð14Þ

r2 ¼ k2ðTÞf ðAsÞ½C2H2� ð15Þ

where f(As) denotes the functional dependence on soot

surface area per unit volume. Similar to our previous

studies (Guo et al., 2002a,b), a simple linear functional

dependence is used, i.e. f(As) ¼ As.

Neoh et al. (1981) 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 contributes to soot oxidation

in some regions. Therefore the soot oxidation by O2, OH

and O are accounted for by the following reactions:

0:5O2 þ CðSÞ! CO ðR3Þ

OH þ CðSÞ! CO þ H ðR4Þ

O þ CðSÞ! CO: ðR5Þ

The reaction rates for these three reactions were

obtained by:

r3 ¼ k3ðTÞT
1=2As½O2� ð16Þ

r4 ¼ wOHk4ðTÞT
21=2AsXOH ð17Þ

r5 ¼ wOk5ðTÞT
21=2AsXO ð18Þ

where XOH and XO denote the mole fractions of OH

and O, and wOH and wO are the collision efficiencies for

OH and O attack on soot particles, respectively.

The collision efficiency of OH is treated as that

described by Kennedy et al. (1996), who accounted for

the variation of the collision efficiency of OH with time

by assuming 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 is used in this study

(Bradley et al., 1984).

All the reaction rate constants, ki ði ¼ 1; . . .; 5Þ; are

summarized in Table I.

The source term SN in Eq. (11) accounts for the soot

nucleation and agglomeration, and is calculated as:

SN ¼
2

Cmin

NAr1 2 2Ca

6MCðSÞ

prCðSÞ

� �1=6

£
6kT

rCðSÞ

� �1=2

CðsÞ½ �1=6 rN
� �11=6
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where NA is Avogadro’s number (6:022 £ 1026

particles=kmolÞ; Cmin is the number of carbon atoms in

the incipient carbon particle ð9 £ 104Þ (Fairwhether et al.,

1992), k is the Boltzman constant ð1:38 £ 10223 J=KÞ;
rC(S) is the soot density (1800 kg/m3), C(s) is the mole

concentration of soot (kmol/m3), MC(s) is the molar mass

of soot (12.011 kg/kmol), and Ca is the agglomeration rate

constant for which a value of 3.0 (Fairwhether et al., 1992)

is used.

Numerical Scheme

The flames modeled in this study are generated with a

burner (Gülder et al., 1996) in which the fuel stream

flows from a 10.9 mm inner diameter vertical tube, and

the oxidant stream flows from the annular region

between the fuel tube and a 100 mm inner diameter

concentric tube. The wall thickness of the fuel tube is

0.95 mm.

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 ðz ¼ 0 cmÞ

corresponds to the region immediately above the

fuel nozzle exit. This computational domain has

been shown to be large enough by a sensitivity calculation.

Totally, 104 £ 71 non-uniform grids are used. Finer

grids are placed in the reaction zone and near the fuel

nozzle exit region by a grid adaptive refinement method.

TABLE I Rate constants, as ki ¼ A expð2E=RTÞ (units are kg, m, s,
kcal, kmol and K)

ki A E Reference

k1 1.35E þ 06 41 Fairwhether et al. (1992)
k2 5.00E þ 02 24 Fairwhether et al. (1992)
k3 1.78E þ 04 39 Fairwhether et al. (1992)
k4 1.06E þ 02 0 Neoh et al. (1981)
k5 5.54E þ 01 0 Bradley et al. (1984)
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FIGURE 1 Comparison of predicted and measured flame temperature and soot volume fraction.

FIGURE 2 Comparison of soot volume fraction for pure ethylene/air
flame. a. Integrated soot volume fraction; b. Radial soot volume fraction
at axial height of z ¼ 1:0 cm: TD represents Thermal Diffusion.

FIGURE 3 Thermal diffusion factors of some main species and radicals
at the axial height of z ¼ 1:0 cm for pure ethylene/air flame.
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It has been checked that the further increase of grid

number does not significantly influence the simulation

results.

At the inlet, the velocity and temperature profiles

are obtained by the simulation in our previous study

(Guo et al., 2002b) to account for the flame preheating

effect, and the concentrations of species are specified

as the given values in fuel and oxidant streams. The

symmetric condition is used for the axis. For the outer

boundary, the free slip condition is used for velocities,

and the concentrations of species are specified as those

in the oxidant stream. The zero gradient condition is used

for the exit boundary.

The governing equations are discretized using the

control volume method. The SIMPLE numerical

scheme (Patankar, 1980) is used to deal with the

pressure and velocity coupling. The diffusion and

convective terms in the conservation equations are

discretized by the central and the first-order upwind

difference methods, respectively. The discretized

equations of gas species, soot mass fraction and soot

number density are solved in a fully coupled fashion on

every grid (Liu et al., 1995) to speed up the

convergence process, while those of momentum, energy

and pressure correction are solved using the tri-diagonal

matrix algorithm.

FIGURE 4 Radial profiles of H2O, H2, H, OH, CO2 and CO at axial height of z ¼ 1:0 cm for pure ethylene/air flame. TD represents Thermal Diffusion.
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The chemical reaction mechanism used is essentially

from GRI-Mech 3.0 (Smith et al., 1999), with the

removal of all the reactions and species related to NOX

formation. The revised reaction scheme consists of 37

species and 219 reactions. All the thermal and transport

properties are obtained by using the database of

GRI-Mech 3.0 and the algorithms given in Kee et al.

(1986, 1980).

RESULTS AND DISCUSSIONS

Five flames in total are studied. They are pure ethylene/air

flame, and the flames with 30% helium addition to the fuel,

30% helium addition to the air, 30% argon addition to the

fuel and 30% argon addition to the air. The volume flow

rates of fuel (ethylene) and air are the same for all the five

flames, while helium or argon is added to the fuel or air

stream in the second to fifth flames.

For each flame, two simulations, one with thermal

diffusion and the other without thermal diffusion, are

conducted. Since the emphasis of this paper is on the

effects of thermal diffusion of various gas species, the soot

particle thermophoresis (Eq. 12) is included in all the

simulations.

Pure Ethylene/Air Flame

In order to validate the combustion and soot model, we

first compare the simulated flame temperature and soot

volume fraction with those experimentally obtained

(Gülder et al., 1996) for a pure ethylene/air flame, as

shown in Fig. 1. The simulation results in Fig. 1 are

obtained when thermal diffusion is taken into account.

It demonstrates that the simulation captures the general

features of the flame, i.e. the temperature profiles have a

maximum in the annular region of the lower part of the

flame, and these maximum temperature contours do not

FIGURE 6 Inception and surface growth rates of pure ethylene/air flame at z ¼ 1:0 cm. TD represents Thermal Diffusion.

FIGURE 5 Radial profiles of temperature and mole fraction of acetylene (C2H2) at z ¼ 1:0 cm for pure ethylene/air flame. TD represents
Thermal Diffusion.
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converge to the axis in the upper part of the flame. The

predicted soot volume fraction distribution is close to that

obtained experimentally. The discrepancies between the

simulated and measured soot volume fraction may be

attributed to the simplification of the soot model and the

reaction scheme used.

The influence of thermal diffusion on the prediction of

soot formation in a pure ethylene/air flame is now

investigated by comparing the results of simulations with

and without thermal diffusion. Figure 2 depicts the

integrated soot volume fraction, obtained by integrating

the soot volume fraction with respect to the section area,

and radial soot volume fraction profile at z ¼ 1:0 cm for

the pure ethylene/air flame. It is observed that thermal

diffusion does affect the prediction of soot formation,

although the difference in this case is not significant.

The soot volume fraction is greater when thermal

diffusion is neglected. The peak integrated soot volume

fraction is about 2.1% higher if thermal diffusion is not

taken into account.

Thermal diffusion causes variations in the distributions

of main species and radicals in the flame. Figure 3 shows

the thermal diffusion factors, defined as the ratio of

thermal diffusion coefficient ðDT
k Þ to the product of

mixture density and species mass fraction (rYk), of several

main species and radicals at z ¼ 1:0 cm: The radial

temperature profile at z ¼ 1:0 cm is also shown for

reference. It indicates that the thermal diffusion factors of

species H2O, H2, H, O and OH are negative, while those of

CO2 and C2H4 are positive. Therefore thermal diffusion

tends to draw the lighter species, such as H2O, H2 and H,

to the hotter region and to drive the heavier species, such

as CO2, to the colder region, as shown in Fig. 4. Although

the thermal diffusion factors of radical OH are negative,

its concentrations in the hotter region are actually lower

when thermal diffusion is taken into account (Fig. 4d) due

to the nonlinear coupling effect of chemical reaction.

Similarly, the concentrations of CO in the centreline

region are lower when thermal diffusion is taken into

account (Fig. 4f) in spite of its near-zero thermal diffusion

factor (Fig. 3).

These variations of chemical species concentrations

introduce the disparities in the flame temperatures, and

thus finally cause the discrepancies of soot inception

and surface growth process. Figure 5 demonstrates the

radial profiles of temperature and acetylene (C2H2)

mole fraction for the simulations with and without

thermal diffusion. If thermal diffusion is not taken into

account, the concentrations of acetylene, which is the

main precursor of soot, are higher in the central

region and lower outside the peak value position.

However, the temperatures are higher in the reaction

zone and the centreline region if thermal diffusion is

neglected. As a result, both inception and surface

growth rates are higher at and inside the peak inception

FIGURE 8 Radial profiles of temperature and thermal diffusion factor of He at z ¼ 1:0 cm for the flame with 30% He added to the fuel.
TD represents Thermal Diffusion.

FIGURE 7 The comparison of integrated soot volume fraction
of the flame with 30% He addition to the fuel. TD represents
Thermal Diffusion.
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and growth rate positions and the situation reverses

in the outside region if thermal diffusion is neglected,

as shown in Fig. 6. Accordingly, the soot

volume fraction is higher at and inside the peak

concentration position region for the simulation without

thermal diffusion (Fig. 2b). Since peak inception and

surface growth occur in the region between the

positions with peak acetylene concentration and peak

temperature, where the concentrations of acetylene

without thermal diffusion are lower than those with

thermal diffusion, this result also implies that

temperature dominates soot inception and surface

growth processes.

The situations at other axial heights are similar to that at

z ¼ 1:0 cm: Therefore the integrated soot volume fractions

are greater when thermal diffusion is not taken into

account.

FIGURE 9 Radial profiles of He mole fraction and soot volume fraction at z ¼ 1:0 cm for the flame with 30% He added to fuel. TD represents
Thermal Diffusion.

FIGURE 10 The comparison of integrated soot volume fraction of the
flame with 30% He addition to the air. TD represents Thermal Diffusion.

FIGURE 11 Radial profile of He mole fraction at z ¼ 1:0 cm for the
flame with 30% He addition to the air. TD represents Thermal Diffusion.

FIGURE 12 Ordinary and thermal diffusion velocity of helium at
z ¼ 1:0 cm for the flame with 30% He addition to the air.
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Flame with 30% Helium Addition to Fuel

Various inert diluents have been used to investigate the

influences of their addition to the fuel or air stream on soot

formation in laminar diffusion flames. Helium and argon

are two typical examples of such diluents. The influence of

thermal diffusion on soot formation in helium and argon

diluted ethylene/air flames is investigated below.

Figure 7 compares the integrated soot volume fractions

of the simulations with and without thermal diffusion for

the flame with 30% helium addition to the fuel. Similar to

the pure ethylene/air flame, the soot volume fraction is

higher when thermal diffusion is neglected. However, the

influence is increased compared to the pure ethylene/air

flame. The peak integrated soot volume fraction is 5.0%

higher for this flame if thermal diffusion is not taken into

account.

In addition to those variations caused by thermal

diffusion for a pure ethylene/air flame, helium is driven to

the reaction (hot) zone due to its negative thermal

diffusion factors in this flame, as shown in Figs. 8 and 9.

Therefore the variations of temperature in the reaction

zone caused by thermal diffusion are further increased,

due to the addition of helium to the fuel. Consequently, the

influence of thermal diffusion on soot formation is greater

in this flame than in the pure ethylene/air flame.

Flame with 30% Helium Addition to Air

Figure 10 shows the influence of thermal diffusion on the

integrated soot volume fraction of the flame with 30%

helium addition to air. The thermal diffusion effect

becomes very significant for this flame. The peak

integrated soot volume fraction doubles if thermal

diffusion is neglected in the simulation. Again this is

due to the migration of helium to the hot region caused by

thermal diffusion.

As indicated above, thermal diffusion factors of helium

are negative and thus helium is driven to the hot region of

the flame. Figure 11 shows that the concentration of helium

in the reaction (hot) zone for the simulation with thermal

FIGURE 13 The temperature and mole fraction of C2H2 at z ¼ 1:0 cm for the flame with 30% He addition to the air. TD represents Thermal Diffusion.

FIGURE 14 Inception and surface growth rates at z ¼ 1:0 cm for the flame with 30% He addition to the air. TD represents Thermal Diffusion.
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diffusion is much higher than that of the simulation

without thermal diffusion. A more interesting pheno-

menon here is that the concentration of helium in the

reaction zone is even higher than those in the periphery

region. Since helium is added to the air stream, this

phenomenon implies that the thermal diffusion velocities

of helium exceed the ordinary diffusion velocities, caused

by concentration gradient, around the reaction zone.

This is clearly shown in Fig. 12.

The higher helium concentration in the reaction zone for

the simulation with thermal diffusion results in much lower

temperatures and lower acetylene concentrations in most

parts of the reaction zone, as shown in Fig. 13. As a result,

both inception and surface growth rates of the simulation

with thermal diffusion are much lower than those of the

simulation without thermal diffusion (Fig. 14). Therefore,

FIGURE 15 Integrated soot volume fraction for the flame with 30% Ar
addition to the fuel. TD represents Thermal Diffusion.

FIGURE 16 Radial profiles of temperature and thermal diffusion factor of Ar at z ¼ 1:0 cm for the flame with 30% Ar addition to the fuel.
TD represents Thermal Diffusion.

FIGURE 17 Mole fraction of Ar at z ¼ 1:0 cm for the flame with 30%
Ar addition to the air. TD represents Thermal Diffusion.

FIGURE 18 Integrated soot volume fraction for the flame with 30% Ar
addition to the air. TD represents Thermal Diffusion.
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we can conclude that thermal diffusion has a significant

effect on soot formation processes in helium diluted

ethylene/air diffusion flame, and thus should be taken into

account in the numerical simulation.

Flame with 30% Argon Addition to Fuel

Argon is another inert gas species that is usually used as a

diluent to be added to flames to reduce soot formation.

Figure 15 depicts the influence of thermal diffusion on the

integrated soot volume fraction for the flame with 30%

argon addition to the fuel. It reveals that the influence of

thermal diffusion on soot formation in this flame is similar

to that in the pure ethylene/air flame. The peak integrated

soot volume fraction is 2.4% higher when thermal

diffusion is neglected.

Thermal diffusion factors of argon are very small, with

a peak value less than 0.5, as shown in Fig. 16. Figure 17

shows the radial profiles of argon at z ¼ 1:0 cm: It reveals

that although argon is driven to the cold region due to the

positive thermal diffusion factor, this effect is very small.

Therefore the concentration of argon in the reaction zone

of the simulation with thermal diffusion is only slightly

lower than that of the simulation without thermal

diffusion. The influence of thermal diffusion on soot

formation in this flame is mainly caused by the variations

of concentrations of other species, such as those discussed

for the pure ethylene/air flame.

Flame with 30% Argon Addition to Air

The integrated soot volume fraction of the flame with 30%

argon addition to the air is plotted in Fig. 18. Again the

soot volume fraction is higher when thermal diffusion is

neglected. The peak integrated soot volume fraction of

the simulation without thermal diffusion is about 3.3%

higher.

Similar to the addition of argon to the fuel, although the

concentration of argon in the reaction zone is raised, the

temperature is still higher when thermal diffusion is not

accounted for, as shown in Fig. 19. This is because

the magnitude of the thermal diffusion factor of argon is

not positively large enough and thus the difference of

argon concentrations in the reaction zone of the

simulations with and without thermal diffusion is very

small. The migration of other species caused by thermal

diffusion and the nonlinear coupling effect causes higher

temperatures in the reaction zone when thermal diffusion

is neglected. Therefore the soot volume fraction is higher

if thermal diffusion is neglected in the simulation of

this flame.

CONCLUSIONS

The influence of thermal diffusion on soot formation in

coflow laminar ethylene/air and argon or helium diluted

ethylene/air diffusion flames has been numerically investi-

gated. The results show that thermal diffusion, caused by

temperature gradient, does affect the prediction of soot

formation in these flames. Although the influence of thermal

diffusion on soot formation is not significant for the pure

ethylene/air and argon diluted ethylene/air diffusion flames,

it becomes significant for helium diluted ethylene/air

diffusion flames. In particular, when helium is added to the

air stream, the peak integrated soot volume fraction can

double if thermal diffusion is not taken into account.

The thermal diffusion velocity of helium in the flame can

exceed the ordinary diffusion velocity. Therefore, it is

necessary to consider the effect of thermal diffusion in the

modeling of soot formation in ethylene/air diffusion flames.
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