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ABSTRACT

The influence of hydrogen addition to the fuel on soot
formation in an ethylene/oxygen/nitrogen diffusion flame was
numerically studied by simulation of three counterflow laminar
diffusion flames at atmosphere pressure. The fuel mixtures for
the three flames are pure ethylene, ethylene/hydrogen and
ethylene/helium, respectively, while the oxidant is a mixture of
oxygen and nitrogen. A detailed gas phase reaction mechanism
including species up to benzene and complex thermal and
transport properties were used. The soot inception and surface
growth rates were, respectively, calculated based on benzene
and HACA (H-abstraction and C,H,-addition) mechanisms.

The predicted results for the three flames were compared
and analyzed. It is indicated that although the addition of either
hydrogen or helium to the fuel can reduce the soot volume
fraction, the addition of hydrogen is more efficient. While the
addition of helium reduces soot formation only through
dilution, the addition of hydrogen suppresses soot formation
through both dilution and chemical reaction effects. This
conclusion is qualitatively consistent with available
experiments. The simulations revel that the chemically
inhibiting effect is caused by the decrease of hydrogen atom
concentration in soot formation region, due to the displacement
of the primary reaction zone, when hydrogen is added to the
fuel.

1. INTRODUCTION

Arthur [1] first observed the effect of atomic hydrogen
concentration on the luminosity of a flame due to carbon.
During the thermal decomposition of natural gas, it has been
shown that the 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 reduction in sooting rates for
ethylene or propane diffusion flame on a Wolthard-Parker
burner. Du et al. [5] observed that hydrogen addition to fuel

results in a substantial decrease in the 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. In their experimental study of
coflow laminar diffusion flames, Giilder et al. [6] indicated that
for an ethylene/air diffusion flame, the addition of hydrogen to
fuel suppresses soot formation through both dilution and
chemistry effects.

In this paper, the influence of hydrogen addition to the fuel
in a counterflow ethylene/oxygen/nitrogen diffusion flame was
investigated by numerical simulation. The objective is to use
the details from the simulation to gain further insight into those
phenomena that have been observed experimentally, especially
the chemically inhibiting effect of hydrogen on soot formation.
A detailed gas phase reaction mechanism and complex thermal
and transport properties were used. For the soot kinetics
process, a modified two-equation soot model [7] was used. To
identify the relative influences of dilution and direct chemical
reaction, the simulations were conducted for three flames, with
the fuel mixtures being pure ethylene, ethylene/helium and
ethylene/hydrogen, respectively.

2. NUMERICAL MODEL

2.1. Gas Phase Governing Equations

The flame configuration studied in this paper is a counterflow,
axi-symmetric laminar diffusion flame. By assuming the
stagnation point flow approximation [8], the governing
equations for the gas phase are written as
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where L(¢):pa¢/at+V(a%x); t is the time; x is the axial

coordinate; V is the axial mass flow rate and a is the stretch
rate. Quantity G is a combined function of the stretch rate and
the stream function; p is the density of the mixture; 7' the

temperature; Y; the mass fraction of the kth gas species; u the

viscosity of the mixture; C,; the constant pressure heat capacity
of the kth gas species; M, the molecular mass of the kth gas
species; hy, Vi and o, are, respectively, the species enthalpy,

the diffusion velocity and the molar production rate of the kth
gas species; and KK is the total gas species number. The
production rates of gas species include the contribution due to
the soot inception, surface growth and oxidation. The quantities
with subscript KK+/ correspond to those of soot.

The last term on the right hand side of Eq. 3, g,, is the
radiation heat loss. Our previous investigation [9] showed that
the radiation reabsorption is negligible in counterflow
ethylene/oxygen/nitrogen diffusion flames. For the sake of
simplification, the radiation heat loss due to CO,, H,O, CO and
soot was calculated by the following optically thin model in the
present study:

q, =—40K ,(T* ~T3) - Cf,T° (5)
K, :sziKpi (6)

where o is the Stefan-Boltzmann constant and X, is the Plank
and P

respectively denote the environmental temperature (300 K was
used in this paper) and pressure. K,; and X; are the Plank mean
absorption coefficient and mole fraction of the ith emitting gas
species (which is CO,, H,O or CO). The Plank mean absorption
coefficients of the emitting gas species were obtained by fitting
the data given by Tien [10]. Quantity f, is the soot volume
fraction, and C is a constant being 3.334E-10 (giving a power
density in watts/cc for T in Kelvin) [11].
The diffusion velocity (V}) is written as:

mean absorption coefficient of the mixture. 7

Vi=Vor + Ve + Ve s k=12,....KK (7)

where V,; and Vj, are the ordinary and thermal diffusion

velocities, respectively, for the " gas species. The ordinary
diffusion velocity was calculated by the multi-component
formulation [12]. In the present paper, only the thermal
diffusion velocities of H, and H were considered by the method
based on the thermal diffusion ratio [12], while those of all
other species were set as zero. The correction diffusion velocity

V. was used to ensure that the net diffusive flux of all gas
species and soot is zero. The system of equations, Eqs. 1 — 4,

was closed by the ideal gas state equation and boundary
conditions at the fuel and oxidizer jets.

2.2. Soot Model

The relatively detailed soot kinetic models, such as those
by Frenklach et al. [13,14], are highly complex and
computationally expensive. Conversely, the applicability of
purely empirical soot models is questionable under conditions
different from those under which they were originally
formulated. Based on some semi-empirical assumptions, the
simplified two-equation soot model developed by Leung et al.
[7] and Fairwhether et al. [15] has been successfully used in our
previous studies [16,17] for the simulations of two-dimensional
ethylene/air diffusion flames. This two-equation model was
also used in the present paper, with the modifications of the
soot inception and surface reaction sub-models.

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

oY,
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where Y, is the soot mass fraction, N is the soot number density
defined as the particle number per unit mass of mixture.
Quantity V7, is the particle thermophoretic velocity. It was
obtained by the expression [18]:

u or
VT,S = —054ﬁg (10)

The source term S, in Eq. 8 accounts for the contributions
of soot nucleation ( @, ), surface growth ( @ ) and oxidation

(@, ). Therefore

sza)n+a)g—a)o (11)

The soot nucleation is calculated by the model described
by Beltrame et al. [19]. It assumed the following reaction:

CeHg + CgHs = 12C(S) + SH, + H RI

where C(S) represents the carbon atoms in soot. The advantage
of this approach over the acetylene based model used in our
previous studies [16,17] is the possibility of predicting soot
inception based on PAH-PAH reactions without substantially
affecting the computational time. The introduction of phenyl
(C¢Hs) into the inception step is because it plays a key role in
the formation of large PAH. More details of this nucleation
model can be found from [19]. The soot nucleation rate is thus
calculated as

@, =12M k,[CcHg][CoH 5] (12)
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where M, is the molar mass of soot (12.011 g/mole), [CsH,] and
[CsHs] are the mole concentrations of benzene and phenyl,

respectively, (mole/cm’), and &, = 5.0E +13exp(—21000/T).

The soot surface growth and oxidation were assumed to
follow the H-abstraction and C,H,-addition (HACA) reaction
sequence given by Appel et al. [20]. The rates of surface
growth and soot oxidation (@, and @, ) were calculated based

on the kinetics data of table 3 in Ref. [20]. The only
modification is the parameter « , the fraction of the reactive
surface available for chemical reactions, since a different soot
particle dynamics model from that in [20] was employed. A
constant value of 0.06 for @ was found to fit the available
experimental data well in this study.

The source term Sy in Eq. 9 accounts for the soot
nucleation and agglomeration, and was calculated as [7, 15]:

w, B
SN - Mscmin 4
JA (13)
2, [W—S] { ol ] [c)Ve[ponT/e
PC(S) PC(s)

where N, is Avogadro’s number (6.022 x 10* particles/mole),
C,in 18 the number of carbon atoms in the incipient carbon
particle (100) [7], x is the Boltzmann constant (1.38x10'°
erg/K), pcsis the soot density (1.9 g/em?), [C(s)] is the mole

concentration of soot (mole/cm’), and C, is the agglomeration
rate constant for which a value of 6.0 was used.

2.3. Numerical Methods

The calculations were carried out with a code revised from
that of Kee et al. [21]. Upwind and center difference schemes
were respectively used for the convective and diffusion terms in
all the governing equations. Adaptive refinement of meshes
was done. The pressure and environment temperature were,
respectively, 1 atm and 300 K. The distance between the two
opposed nozzles was 1.5 cm for all the calculations.

The chemical reaction mechanism adopted is a
combination of GRI-Mech 3.0 [22] and a reaction sequence
leading to the formation of benzene. The C1-C2 chemistry is
essentially the GRI-Mech 3.0 with the removal of the reactions
and species related to NO, formation (except N,). The reactions
leading to the formation of benzene are those in table 1 of [19].
This reaction mechanism includes 48 gas species and 300
reactions.

3. RESULTS AND DISCUSSION

The numerical model was used to investigate the effect of
hydrogen addition on soot formation in a laminar counterflow
ethylene/oxygen/nitrogen diffusion flame. To validate the soot
model, two laminar counterflow ethylene/oxygen/nitrogen
diffusion flames experimentally studied by Hwang et al. [23]
were calculated first, with the fuel for these two flames being
pure ethylene (C,H,) and the oxidants being (24%0, + 76%N,)
and (28%0, + 72%N,), respectively. The stretch rate of both
flames is the same as 27.5 1/s. This stretch rate was selected to
match the global velocity gradient in the experiments [23].

The calculated soot volume fractions for the two flames are
compared with the experimental data of [23] in Fig. 1. The fuel

and oxidant nozzles are respectively on the right and left sides.
It is observed that there is some quantitative difference between
the simulations and experiments. For both flames, the peak soot
volume fractions are a little underpredicted, and the calculated
positions of peak soot volume fraction are slightly shifted to the
fuel side. However, the simulation captured the general feature
of soot in the flames. The basic soot volume fraction
distributions agree well with experiments, and the increase of
soot volume fraction with the rise of oxygen concentration in
the oxidant was predicted. Therefore the soot model used is
reasonable.

25

Xop = 24%, simulation o)
o
Xop = 28%, simulation ©
€ 201 ® Xg, = 24%, experiment o
I O Xy =28%, experiment o
<
L 15}
[$)
Y
@
£
=2 10
[<]
>
k]
o
()
05
[ ]
0.0 ‘ : : :
-0.3 -0.2 -0.1 0.0 0.1
Distance from stagnation plane, cm
Fig. 1 Predicted and measured [23] soot volume fractions of
two ethylene/oxygen/nitrogen diffusion flames. Xq,
represents the volume fraction of oxygen in oxidant
stream.
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Fig. 2 Predicted soot volume fractions for three flames.

Now we investigate the effect of hydrogen addition on soot
formation in ethylene diffusion flame. The base flame is the
first ethylene/oxygen/nitrogen diffusion flame discussed above,
with the fuel being pure ethylene and oxidant being (24%0, +
76%N,). To study the effect of hydrogen addition, two diluted
ethylene/oxygen/nitrogen diffusion flames were also simulated.
The fuel streams for the two diluted flames are, respectively,
(30%He + 70%C,H,) and (24%H, + 76%C,H,), while the
oxidant stream of them is the same as the base flame, i.e.
(24%0, + 76%N,). The selection of 24% hydrogen and 30%
helium in the two diluted flames is to match the experimental
condition in [6].

3 Copyright © 2004 by ASME



1.05

1.00

~ Dilution effect
095 F AN
~N
~
~N
~N
> N

0.90 - ~o °

SN N Chemicall effect

~ ~N

085 Pure C,H, \\_

He dilution (simulation) o
———H2 dilution (simulation)
0.80 - He dilution (experiment)
(

H2 dilution (experiment)

Normalized max.soot volume fraction

oe

075 L L L
0.0 0.1 0.2 0.3 0.4

Mole fraction of diluent, %

Fig. 3 Predicted and measured [6] normalized maximum soot
volume fraction.
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Fig. 4 Inception and surface growth rates.

Figure 2 shows the predicted soot volume fractions for the
three (the base and the two diluted) flames. It is revealed that
the addition of either hydrogen or helium to the fuel reduces
soot volume fraction in the flame. Although the fraction of
hydrogen (24%) added to the fuel is lower than that of helium
(30%), the soot volume fraction reduction due to hydrogen
addition is more significant.

The change of the normalized maximum soot volume
fraction, defined as the ratio of the maximum soot volume

fraction in the diluted flames to that in the undiluted (base)
flame, with hydrogen and helium addition into ethylene is
shown in Fig. 3. For comparison, the experimental data [6]
from two-dimensional axi-symmetric ethylene/air diffusion
flames are also shown. As illustrated, although counterflow
flame configuration was used in this study, the basic feature of
the hydrogen addition effect observed experimentally by
Giilder et al. [6] was captured.

Since the studied ethylene/oxygen/nitrogen diffusion flame
is a soot formation (SF) flame and the soot oxidation is
negligible [23], the analysis below will focus on the soot
inception and surface growth processes. The inception and
surface growth rates for the three flames are shown in Fig. 4. It
is indicated that the addition of hydrogen or helium to the fuel
reduces both inception and surface growth rates in the
ethylene/oxygen/nitrogen diffusion flame. However the
addition of hydrogen is more efficient to suppress the formation
of soot.

When hydrogen or helium is added to the fuel, they may
affect soot formation through the effects of thermal, dilution
and direct chemical reaction. Since both hydrogen and helium
are transparent in terms of radiation heat transfer and their
specific heats are smaller than that of ethylene, there is no
thermal effect that can cause the reduction in soot formation
rate when they are added to ethylene.

Helium is an inert species, so the reduction of soot
formation due to its addition to ethylene must be the result of
dilution.

Hydrogen has similar specific heat and transport properties
to helium, and, as a fuel, a similar adiabatic flame temperature
to ethylene. Its dilution effect on soot formation should be
similar to that of helium. Therefore the difference in soot
volume fraction between the helium and hydrogen diluted
flames should be the result of the chemically inhibiting effect
of hydrogen. This direct chemical effect causes the addition of
hydrogen to the fuel more efficient than that of helium at
suppressing soot yields in ethylene diffusion flames. We shall
analyze the chemically inhibiting effect of hydrogen addition
by comparing the soot characteristics in the hydrogen and
helium diluted flames.

First we will examine the effect of hydrogen addition on
soot inception. From the inception model (Eq. 12), we know
that the soot inception rate depends on temperature and the
concentrations of benzene (C4Hg) and phenyl (C¢Hs). Figure 5
illustrates the temperatures for the three flames (pure ethylene
flame and the hydrogen and helium diluted flames). It is
demonstrated that although the peak temperature of the
hydrogen diluted flame is higher than that of the helium diluted
flame, the difference between the two flames is negligible in
the inception and surface growth region (-0.2 to - 0.1 cm). This
is because the primary reaction zone is shifted to the oxidant
(left) side for the hydrogen diluted flame, due to the higher
mass diffusivity of hydrogen. Therefore temperature is not the
significant factor causing the lower inception and surface
growth rates for the hydrogen diluted flame.

Figure 6 depicts the mole fractions of C¢Hg and C¢Hs in the
three flames. It is observed that the concentration of C¢Hg in the
hydrogen diluted flame is higher than that in the helium diluted
flame in the inception region, while the situation reverses for
the concentration of CgHs. Consequently the lower
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concentration of C4Hs in the inception region is the factor
causing the lower inception rate in the hydrogen diluted flame.
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Fig. 5 Temperature distributions.
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Fig. 6 Mole fractions of C¢Hg and C¢H; for the three flames.
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Fig. 7 Mole fractions of C,H, in the three flames.

The higher concentration of C¢Hg in the hydrogen diluted
flame results from the higher concentration of acetylene (C,H,),
as in Fig. 7, since acetylene plays an important role in the
formation of C¢Hg. The profiles of the acetylene production rate
are shown in Fig. 8. Comparing the production rates of
acetylene in the hydrogen and helium diluted flames, it is found
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0.0002
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-0.0002

-0.0004
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Fig. 8 Production rates of acetylene (C,H,) in the three flames.
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Fig. 9 Mole fractions of H in the three flames.

that the formation rates (positive) of acetylene in the two
flames are similar. However the absolute value of the
destruction (negative) rate of acetylene in the hydrogen diluted
flame is smaller than that in the helium diluted flame. A
sensitivity analysis indicates that the most significant formation
and destruction reactions of acetylene are H + C,H, (+M) =
C,H; (+M) and O + C,H, = H + HCCO, respectively. Due to
the fact that more molecular and atomic oxygen are consumed
by hydrogen in the hydrogen diluted flame, the rate of the
destruction reaction of acetylene in the hydrogen diluted flame
is lower. As a result, the concentration of acetylene in the
hydrogen diluted flame is higher, which leads to more benzene.

The most important formation reaction of phenyl (C¢Hs) is
C¢H¢ + H = C¢Hs + H,. Since there is negligible difference in
temperatures between the hydrogen and helium diluted flames
and the concentration of CgHg in hydrogen diluted flame is
higher, the factor causing the lower C¢Hs concentration in the
hydrogen diluted flame should be the lower concentration of H.
Figure 9 gives the profiles of H in the three flames. It is found
that although in the hydrogen diluted flame, the peak
concentration of H is higher, the concentration of H in the
inception and growth region is lower. Similar to the profiles of
temperature in Fig. 5, this is a result of the higher mass
diffusivity of hydrogen, which causes the primary reaction zone
to shift to the oxidant side (left) for the hydrogen diluted flame.
It is the lower concentration of H in the inception region that
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causes the lower C¢Hs concentration, which leads to the lower
soot inception rate in the hydrogen diluted flame than in the
helium diluted flame.
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Fig. 10 Number density of surface sites.

It should be pointed out that the above discussion of
hydrogen addition effect on the inception rate of soot is based
on the inception model used in this study. In reality, soot
particle may not be directly formed from benzene, but from
some larger size PAH. However as indicated by Frenklach et al.
[14], the growth of aromatic rings from the first ring to larger
size PAH is mainly through the H-abstraction and C,H,-
addition reaction sequence, and thus H plays an important role
in the growth of aromatic rings. Although the PAH growth
chemistry beyond benzene (C¢Hg, the first aromatic ring) was
not included in this study, the introduction of phenyl (C¢Hs) to
the soot inception model to certain extent accounts for the
effect of H-abstraction on soot inception. From this viewpoint,
we can say that the current simplified soot inception model is
reasonable. Therefore we can conclude that it is the lower
concentration of H in the inception region causes the lower
inception rate in the hydrogen diluted flame than that in the
helium diluted flame.

We now examine the surface growth. Based on the HACA
reaction sequence, the soot surface growth rate equals
kcapolCoHy Jay A,/ N,, where kg, 1s the per-site rate

coefficient for C,H,-addition, [C,H] is the mole concentration
of acetylene, « is the fraction of reactive surface available for
surface reactions, Ag is the particle surface area, N, is
Avogadro’s number, and ygis the number density of surface

sites for C,H,-addition. It is seen that the factors affecting
surface growth rate include the acetylene addition rate per site
(kcoma[ CoH,)), the particle surface area (As), and the number
density of surface sites ( x5 ). As we have indicated above, the

difference in temperature between the hydrogen and helium
diluted flames is negligible in soot formation region, and the
concentration of acetylene in the hydrogen diluted flame is
higher than that in the helium diluted flame. Therefore
compared to the addition of helium, the addition of hydrogen
tends to increase the C,H,-addition rate per site.

As for the second factor affecting surface growth rate, the
addition of hydrogen more efficiently reduces the soot
inception rate and thus the particle surface area than that of
helium, as discussed before. This causes the surface growth rate

to decrease more significantly in the hydrogen diluted flame
than in the helium diluted flame.
In addition, the number density of surface sites ( yg),

obtained by assuming steady state, in the hydrogen diluted
flame is also lower than that in the helium diluted flame, as
shown in Fig. 10. The two key reactions in the HACA reaction
sequence are: Cyo-H + H = Cyorr + H, and Cyoor + C:H, =
Csoor-H + H. The former is the H-abstraction reaction to form
the active site for the C,H,-addition, and latter is the C,H,-
addition reaction. The H-abstraction reaction is reversible, but
the calculation indicates that the rate of the reverse reaction is
much smaller than that of the forward reaction. Since the
temperature difference is negligible between the hydrogen and
helium diluted flames, the lower H concentration in the growth
region of hydrogen diluted flame, as in Fig. 9, leads to the
lower H-abstraction rate. Consequently the number density of
surface sites for C,H,-addition in the hydrogen diluted flame is
lower than that in the helium diluted flame. This is another
factor leading to the lower surface growth rate in the hydrogen
diluted flame than that in the helium diluted flame.

Both the smaller soot particle number density due to the
lower inception rate and the smaller number density of surface
sites for C,H,-addition result in the lower surface growth rate in
the hydrogen diluted flame than in the helium diluted flame.

Therefore we can conclude that the addition of hydrogen to
ethylene is more efficient than that of helium at suppressing
soot formation in counterflow ethylene/oxygen/nitrogen
diffusion flame. It is because the addition of helium suppresses
soot formation only through the dilution effect, while the
addition of hydrogen suppresses soot formation through both
dilution and chemical effects. The chemically inhibiting effect
of hydrogen addition on soot formation is because the
concentration of H is reduced in the soot inception and surface
growth regions, and thus the rate of H-abstraction reaction of
both PAH growth and surface growth is reduced. The reduction
of H concentration in the inception and surface growth region is
caused by the shift of the primary reaction zone to the oxidant
side, when hydrogen is added to the fuel. The agreement of the
predicted soot formation and the available experiment data by
Gilder et al. [6] further supports the viewpoint that HACA
reaction sequence plays an important role in soot inception and
surface growth processes.

4. CONCLUSIONS

The influences of hydrogen and helium addition to fuel on
soot formation have been numerically studied by the
simulations of counteflow ethylene/oxygen/nitrogen diffusion
flames at atmospheric pressure. The results indicate that
although the addition of both hydrogen and helium to ethylene
can reduce the soot formation rates, 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 is caused by the
decrease of the hydrogen atom concentration in soot inception
and surface growth regions due to the displacement of the
primary reaction zone, when hydrogen is added to ethylene.

6 Copyright © 2004 by ASME
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