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Introduction
Arthur [1] first observed that the suppression of H atom concentration in flames is accompanied by

the suppression of flame luminosity due to carbon. During the thermal decomposition of natural gas, it
has been shown that dilution by hydrogen slows down the formation of carbon black particles [2]. In the
experimental study of a coflow methane-air diffusion flame, Tesner et al. [3] noted that soot yield
decreases with increasing the hydrogen fraction in methane. Dearden and Long [4] found that the addition
of hydrogen to fuel results in a decrease in sooting rates for ethylene or propane diffusion flame on a
Wolfhard-Parker burner. Du et al. [5] observed that hydrogen addition to fuel results in a substantial
decrease in soot particle inception limit for ethylene, propane and butane counterflow diffusion flames.
These investigations demonstrated that the addition of hydrogen to fuel in diffusion flames results in an
overall suppression of soot formation. However no relative influences of dilution and direct chemical
suppression on soot formation were given.

In the experimental study of coflow laminar diffusion flames, Gülder et al. [6] first indicated that for
ethylene-air diffusion flame, hydrogen addition to fuel suppresses soot formation through both dilution
and chemistry effects.

In the present paper, we use numerical simulation to further investigate the influence of hydrogen
addition to fuel on soot formation in coflow laminar ethylene-air diffusion flames. The objective is to use
the details from the simulation to gain further insight into those phenomena that have been observed
experimentally. Computationally 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. For the soot formation process, a simplified two-equation model [7] is used with modifications
to account for the influence of [H]/[H2] on soot inception and surface growth processes. To identify the
relative influences of dilution and direct chemical suppression, the simulations are conducted for three
flames, with the fuel mixtures being pure ethylene, ethylene/helium and ethylene/hydrogen, respectively.

Numerical Model
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.
The transport equations for the soot mass fraction and number density are given as
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where Ys is the soot mass fraction, and 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 in r and z

directions, respectively.



The source term Sm in Eq. 1 accounts for the contributions of soot nucleation ( nω ), surface growth

( gω ) and oxidation ( Oω ).  Therefore

OgnmS ωωω −+= (3)

Although soot nucleation is a complex process, it has been known [9] that the polycyclic aromatic
hydrocarbons (PAH) develop into soot particle nuclei when their structures reach a large enough size, and
acetylene is the most important precursor of PAH’s. PAH grows mainly owing to the addition of
acetylene. Following soot nucleation, particles grow by surface reaction due to the addition of acetylene.
Therefore from the viewpoint of carbon mass conservation, similar to Leung et al. [7] and Fairwhether et
al. [10], soot nucleation and surface growth are respectively expressed as:

C2H2 →  2C(S) + H2 (R1)
C2H2 + nC(S) →  (n+2)C(S)+H2 (R2)

The rate expressions for nucleation and surface growth (R1 and R2) are modified from those used by
Leung et al. [7, 10] in the present simulations. Frenklach and his coworkers [11] have shown that PAH
grows via HACA reaction sequence and a key kinetic factor responsible for PAH growth is [H]/[H2] that
represents the superequilibrium of H-atoms. They also showed that soot surface growth can also be
described by a HACA reaction sequence that is analogous, on the per-site basis, to the corresponding
gaseous reactions of PAH growth, and thus [H]/[H2] is also an important kinetic factor controlling the
surface growth process. Therefore the ratio of [H]/[H2] should be taken into account in the numerical
model.  As a simplification, we assume the following rate expressions for soot nucleation and surface
growth steps:
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where f(As) denotes the function dependence on soot surface area per unit volume. In the present paper we
simply assume that the function dependence is linear, i.e. f(As)=As .

Neoh et al. [12] indicated that 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. We, therefore,
account for the soot oxidation by O2, OH and O, and assume the following reactions:

O2 + 0.5C(S) →  CO (R3)
OH + C(S) →  CO + H (R4)
O + C(S) →  CO (R5)

For the oxidation by O2, the Nagle and Strickland-Constable model [13] is used. The oxidation rates
of those by OH (R4) and atom oxygen (R5) are given as:
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where XOH and XO denote the mole fractions of OH and O, and OHϕ  and Oϕ  are the collision efficiencies

for OH and O attack on soot particles. The collision efficiency of OH is taken as 0.13 [12], and that of O
is taken as 0.5 [14].

The source term SN in Eq. 2 accounts for the soot nucleation and agglomeration, and is calculated as:
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where NA is Avogadro’s number (6.022 x 1026 particles/kmol), Cmin is the number of carbon atoms in the

incipient carbon particle (9x104), κ  is the Boltzman constant (1.38x10-23 J/K), )(SCρ  is the soot density

(1800kg/m3), and Ca is the agglomeration rate constant for which a value of 3.0 [10] is used.
All the reaction rate constants are given in Table 1.

Table 1   Rate constants, as RT
E

Ae
−

 (units are kg, m, s, kcal, kmol and K)
ki A E Reference
k1 9.00E+04 20
k2 3.33E+03 12
k4 1.27E+03 0 [12]
k5 6.65E+02 0 [14]

The SIMPLE numerical scheme [15] is used to solve the governing equations. The diffusion terms in
the conservation equations are discretized by the central difference method and the convective terms are
discretized by the upwind difference method. The governing equations of gas species, soot mass fraction
and soot number density are solved in a fully coupled fashion [16].

The chemical reaction mechanism used is basically from GRI-Mech 3.0 [17], with the exception
being the removal of all the reactions and species related to NOX formation. All the thermal and transport
properties are obtained by using the database of GRI-Mech 3.0 and the algorithms given in references 18
and 19.

Results and Discussions
The numerical model is used to simulate coflow laminar ethylene-air, (ethylene+helium)-air and

(ethylene+hydrogen)-air diffusion flames, respectively. The inner and outside diameters of fuel nozzle are
10.9 and 12.8 mm, respectively. The air flows from the annular region between the fuel nozzle and a
100mm diameter concentric tube. The volume flow rates of air and ethylene are kept as 284 l/min and 194
ml/min for all three flames, while 30% helium and 24% hydrogen (volume base) are respectively added to
ethylene in the second and third flames.

Figure 1 shows the comparison of soot volume fractions obtained by experiment [6] and the present
simulation for pure ethylene-air diffusion flame. It is observed that the computation describes the general
features of soot field. Peak soot volume fraction obtained by the simulation is close to that from the
experiment, and the predicted soot concentration distribution is similar to that from the experiment too.

The soot volume fractions in the centerline region are underpredicted. This may be due to the
oversimplification of soot model, since the detailed soot chemistry was not yet contained in the
simulations. However, qualitatively the current model describes the soot behavior in the flame.

Predicted temperature profiles of pure ethylene, (ethylene+helium) and (ethylene+hydrogen) flames
are plotted in figure 2 for three different axial heights. It is observed that the addition of hydrogen results
in a higher maximum flame temperature, while the addition of helium reduces the maximum flame
temperature. For the centerline temperatures, the addition of hydrogen or helium has almost no effect at
lower axial heights, while the differences among three flames appear with increasing the axial height.
These results are consistent with those obtained by Gülder et al. [6].

The difference in the maximum flame temperature is primarily resulted from the preferential
diffusion, since the maximum temperatures are at lower axial heights, where soot volume fraction is very
low. Due to the higher diffusion coefficients, the addition of hydrogen or helium results in higher or lower
fuel concentration in the reaction zone (please note that hydrogen acts as a fuel and a diluent, whereas
helium is only a diluent), and therefore makes the temperature higher or lower. However with increasing
the axial height, the mole fractions of CO2 and H2O of the (ethylene+helium) flame were found to become
lower than those of pure ethylene flame, and then the temperature difference between these two flames in
the reaction zone almost becomes negligible.



In the lower centerline region where there is almost no soot and heat release, the temperatures of the
three flames are almost identical. The centerline temperature difference among the three flames at higher
axial heights is mainly due to the variation in soot volume fraction (as we shall discuss below), since
temperatures are closely related to soot volume fraction through radiation heat loss.

Figure 3 shows soot volume fraction profiles along radial direction at three different axial heights. It
can be noted that the addition of both hydrogen and helium reduces soot volume fraction in the flame.
Although the fraction of hydrogen (24%) added to ethylene is lower than that of helium (30%), the soot
volume fraction reduction due to hydrogen addition is more significant. Therefore, the addition of
hydrogen is more efficient at suppressing soot yield in ethylene diffusion flames. The integrated soot
volume fraction as a function of axial height, as shown in figure 4, clearly indicates this phenomenon.

The change of normalized maximum soot volume fraction, defined as the ratio of maximum soot
volume fraction in diluted flame to that in undiluted flame, with hydrogen and helium addition into
ethylene is shown in figure 5. The experimental result [6] is also shown for comparison. As illustrated,
the simulations capture the features of the experimental result.

When a diluent is added to fuel, it may affect soot formation through the effects of thermal, dilution
and direct chemical reaction. Since both hydrogen and helium are transparent in terms of heat transfer and
their specific heats are smaller than that of ethylene, there is no thermal effect when they are added to
ethylene. Helium is an inert species, so the reduction of soot volume fraction due to its addition to
ethylene can only be the result of dilution.

Hydrogen has similar specific heat and transport properties to helium, and similar adiabatic flame
temperature to ethylene, but is an active chemical species. Its dilution effect on soot formation should be
quite similar to that of helium and thus the difference of soot volume fractions between helium and
hydrogen diluted flames is the result of the chemically inhibiting effect of hydrogen. This direct chemical
effect makes hydrogen more efficient than helium for substantial suppression of soot yields in ethylene
diffusion flames, although the addition of hydrogen results in a slightly higher maximum flame
temperature.

As discussed in the section to describe soot inception and surface growth models, [C2H2] and
[H]/[H2] are two key factors that affect soot inception and surface growth rates. The current simulations
indicate that the values of [H]/[H2] are significantly reduced when hydrogen is added to ethylene. In order
to get a further insight on the effect of [H]/[H2], the three flames were re-simulated by our previous model
[8] that cannot account for the effect of [H]/[H2] on soot inception and surface growth. The result was that
the addition of hydrogen produces higher soot volume fraction than that of helium when the effect of
[H]/[H2] is not taken into account. Therefore we can conclude that the addition of hydrogen to ethylene is
more efficient than that of helium to suppress soot formation in ethylene diffusion flame, since [H]/[H2] is
significantly reduced due to the chemical reaction when hydrogen is added.

Concluding Remarks
Numerical simulations of three axisymmetric, laminar, coflow ethylene/air diffusion flames at

atmosphere pressure have been conducted to study the influence of hydrogen and helium addition to fuel
on soot formation. The result indicated that although the addition of both hydrogen and helium to
ethylene can reduce the soot volume fraction, the addition of hydrogen is more efficient. The addition of
helium reduces the soot formation only through dilution, while the addition of hydrogen suppresses the
soot formation through both dilution and direct chemical reaction. This conclusion is consistent with the
available experiments. The chemical effect results in much lower [H]/[H2] when hydrogen is added to
ethylene.
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Figure 1 Predicted and measured soot volume fraction fields for the pure ethylene diffusion flame
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          Figure 2 Predicted flame temperature profiles      Figure 3 Predicted soot volume fractions
           at different axial heights       at different axial heights

           Figure 4 Integrated soot volume fraction             Figure 5 Normalized maximum soot volume
fraction
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