
 

Investigation of mass and energy coupling between soot
particles and gas species in modelling counterflow diffusion
flames
Citation for published version (APA):
Zimmer, L., Pereira, F. M., Oijen, van, J. A., & Goey, de, L. P. H. (2015). Investigation of mass and energy
coupling between soot particles and gas species in modelling counterflow diffusion flames. In Proceedings of the
7th European Combustion Meeting, March 30–April 2, 2015, Budapest, Hungary (pp. P3-76-). MEB.

Document status and date:
Published: 01/01/2015

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://research.tue.nl/en/publications/78a0f013-1f0b-4b6a-8396-f4cfa8362835


INVESTIGATION OF MASS AND ENERGY COUPLING BETWEEN SOOT
PARTICLES AND GAS SPECIES IN MODELLING COUNTERFLOW

DIFFUSION FLAMES

L. Zimmera,∗, F. M. Pereiraa, J. van Oijenb, P. de Goeyb

aMechanical Engineering Department, Federal University of Rio Grande do Sul, Rua Sarmento Leite, n. 425, Porto Alegre, Brazil
bCombustion Technology, Mechanical Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

Abstract

A numerical model is developed aiming at investigating soot formation in ethylene counterflow diffusion flames at
atmospheric pressure. In order to assess modeling limitations the mass and energy coupling between soot solid par-
ticles and gas-phase species are investigated in detail. A semi-empirical two equation model based on acetylene as
the soot precursor is chosen for predicting soot mass fraction and number density. For the solid-phase the model
describes particle nucleation, surface growth and oxidation. For the gas-phase a detailed kinetic mechanism is consid-
ered. Additionally, the effect of considering gas and soot radiation heat losses is evaluated in the optically thin limit
approximation. The results show that for soot volume fractions higher than a certain threshold value the formation of
the solid particles begins to significantly influence the gas-phase composition and temperature. The results also show
that the inclusion of radiant heat losses decreases this influence.
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Introduction

Soot is commonly found in diffusion flames of hydro-
carbon fuels. The presence of soot particles increases
the radiant heat losses, decreases the flame temperature
and gives a characteristic yellowish luminosity to the
flame. The increased radiant heat transfer is not desir-
able for devices such as gas turbines and diesel engines
due to a decrease of the device performance, but may be
of interest in industrial furnaces where high heat trans-
fer rates are required. In flares of petrochemical plants
or off-shore platforms the presence of soot influences
the intensity of the radiant heat flux at the ground level
which determines the minimum stack hight to protect
personnel and equipment. In all cases, emissions of soot
particles to the atmosphere are limited by law due to en-
vironmental and health concerns. Therefore, the capa-
bility of predicting soot formation in flames is important
for a large range of applications.

The physics of soot formation is not yet fully un-
derstood [1], but significant progress has been made
and now it is possible to model many steps involved
in the process. In [2] the models for soot prediction
are grouped in three categories: (i) empirical correla-
tions, (ii) semi-empirical models and (iii) models with
detailed chemistry. In the first category, models rely on
global rate equations for soot generation and destruc-
tion adjusted to reproduce experimental data in specific
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combustion devices. They are easy to implement and
are computationally fast, but since they do not describe
soot formation steps, their validity is restricted to the
conditions and devices for which they were developed.
In the second category, the models attempt to incorpo-
rate some fundamental steps of the soot formation pro-
cess, i. e., precursor formation, soot inception, particle
growth, coagulation and oxidation. The rate equations
are still dependent on the experimental conditions used
to fit the model, but they are not dependent on specific
devices. The balance equations for the solid-phase may
consider a single particle size or a distribution of par-
ticle sizes (for example, dividing the solid-phase in a
certain number of sections with characteristic sizes with
one balance equation for each section). Radiation heat
losses may also be accounted for by including gas and
particle emissions. Thus, many options can be chosen
depending on the goals of the study. The general idea
is that these models can give more detailed results with
a reasonable computational cost. In the third category,
the models are improved with detailed kinetic mecha-
nisms. Different species, in general PAHs, may be in-
volved in the nucleation process and can be considered
as soot precursors. Similarly, different species may par-
ticipate in the particle surface growth process. Thus,
detailed gas-phase kinetic mechanisms are required to
model these species formation and consumption as well
as their interaction with the particle surface. The valida-
tion of such mechanisms is still a challenge and there is
no consensus in the literature on which species should
be included. In this category the distribution of particle
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sizes is usually taken into account by statistical mod-
els based on particle population balance equations for
particle distribution. Since models in this category are
more fundamental, they are likely to work in different
combustion situations, although, as any kinetic mech-
anism a dependence on experiments remains since the
reaction rate parameters are not derived from first prin-
ciples. The drawback of this approach is the difficult
implementation and high computational costs.

Soot nucleation, growth and oxidation implies the
consumption and formation of some gas-phase species.
On the other hand, the presence of soot particles implies
additional energy source terms. When modeling sooting
flames one has to decide how these interactions should
be accounted for. Some models neglect the mass and
energy coupling between gas and solid phases ([3], [4])
considering that the amount of soot within the flame is
so small that it does not alter the flame composition and
enthalpy. Other models include the coupling terms ([5–
8]) although the importance of this choice is not clear.

Carbonell et al. [9] studied a laminar coflow diffusion
flame employing different implementations of a flamelet
approach including coupled and non-coupled versions.
They chose the Leung model [10] for soot prediction
based on acetylene as the soot precursor. Their results
showed that the non-coupled version over-predicts soot
formation. This happened because there was an ex-
cess of C2H2 in the flame which increases soot nucle-
ation and growth. The authors conclude that consider-
ing the coupling was important, but they didn’t explore
their model in different conditions. Then, the question
that remains is what are the conditions for which a full
description of the gas- and solid-phase interactions is
mandatory.

In this paper the mass and energy coupling between
the soot particles and the gas-phase species is investi-
gated for sooting ethylene counterflow flames using an
existing semi-empirical model. In order to determine
whether the coupling effect is important the model is ex-
plored in conditions that produce low and high amounts
of soot. Adiabatic and non-adiabatic (with radiation)
situations are also investigated.

Numerical models

Combustion problems are modeled with a set of par-
tial differential equations that describe conservation of
total mass, mass of species, momentum, and energy. For
counter-flow flames a one-dimensional approximation
can be employed. The derivation of this set of equa-
tions can be found in [11] and will not be repeated here.
Details of the soot model implementation are given in
the following sections.

Soot model

The soot model used in this work is based on [5, 10].
This model is a semi-empirical acetylene based model
that describes soot particle nucleation, surface growth

and oxidation. Two additional equations are included in
the system of conservation equations, one for soot mass
fraction, YS , and another for soot number density, NS

(particles/kg of mixture). These two equations for an
one-dimension planar stagnation flow are shown below.

∂ (ρYS )
∂t

+
∂ (ρuYS )
∂x

= −
∂ (ρVT YS )

∂x

+
∂

∂x

(
ρDp

∂YS

∂x

)
+ ẇ

′′

YS
− ρKYS , (1)

∂ (ρNS )
∂t

+
∂ (ρuNS )

∂x
= −

∂ (ρVT NS )
∂x

+
∂

∂x

(
ρDp

∂NS

∂x

)
+ ẇ

′′

NS
− ρKNS , (2)

where ρ is the mixture density (kg/m3), u is the fluid
velocity (m/s), VT is the thermophoretic velocity of
the soot particles (m/s), Dp the soot diffusion coef-
ficient (m2/s), ẇ

′′

YS
and ẇ

′′

NS
are the source terms of

soot mass fraction (kg/m3s) and soot density number
(particles/m3.s), respectively, and K the stretch rate
(s−1). The stretch rate K accounts for the deviations
from the one-dimensional condition [11]. Many re-
searches [1, 5, 10, 12, 13] neglect the Brownian motion
of soot particles, since soot transport is usually domi-
nated by convective and thermophoretic effects. A small
soot diffusion term is retained in this work to enhance
numerical stability. In the same manner as [14], who
used a soot diffusivity of 1% of the gas diffusivity, the
value of Dp here is set as 1 × 10−6 m2/s. The ther-
mophoretic velocity of soot, VT , is modeled as:

VT = −0.50
µ

ρ

1
T
∂T
∂x
. (3)

where µ is the mixture dynamic viscosity (kg/m.s) and
T is the mixture temperature (K).

The source terms for Eqs. 1 and 2 are:

ẇ
′′

YS
= MS (2R1 + 2R2 − R3 − R4 − R5) , (4)

ẇ
′′

NS
=

2
Cmin

NAR1, (5)

where R1, R2, R3, R4 and R5 are soot particle nucleation,
surface growth, oxidation by O2, OH and oxidation by
O process rates, respectively. MS = 12.011 (kg/kmol)
is the soot molar mass, based on carbon element, Cmin =

700 is the number of carbon atoms in the incipient soot
particle and NA = 6.022 × 1026 (particles/kmol) is the
Avogadro’s number.

Equation 4 takes into account soot particle nucle-
ation, surface growth and oxidation by O2, OH and O
radicals. In this model the nucleation of the first par-
ticle follows the acetylene path, therefore the nucle-
ation reaction depends on the acetylene concentration
only as C2H2 → 2CS + H2, where CS is solid car-
bon. The surface growth is modelled as C2H2 + nCS →
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(n + 2) CS + H2. The nucleation rate R1 (kmol/m3s) is
written as R1 = k1(T )[C2H2] and surface growth rate R2
(kmol/m3s) is written as R2 = k2(T ) f (S )[C2H2] where
f (S ) is the function which expresses the dependence of
the surface growth term on soot surface area. In this
model f (S ) =

√
S . The surface area S (m2) can be

defined as S = πd2
p (ρNS ) and dp = (6YS /πρC NS )1/3,

where dp (m) is the soot particle diameter and ρC =

1, 900 (kg/m3) is the soot density. The oxidation by
O2 is based on the NSC model [15] for which oxygen
reacts at the particle surface as CS + 1/2O2 → CO and
the oxidation rate is R3 = k3S , where the oxidation rate
constant k3 is taken from [15]. The oxidation by the OH
radical follows CS + OH → CO + H and the oxidation
rate R4 (kmol/m3s) is written as R4 = k4(T )S , where the
rate constant k4 is taken from [3]. The oxidation by the
O radical follows CS + O → CO and the oxidation rate
R5 (kmol/m3s) is written as R5 = k5(T )S , where the rate
constant k5 is taken from [16].

Equation 5 takes into account the production of par-
ticles by soot nucleation only. In [17] it is suggested
that the destruction of particles by coagulation is negli-
gible and based on recommendations made by [1] was
neglected.

Radiation model

The radiant heat losses are modelled by using the
grey-gas approximation, i.e., there is no dependence on
the wave number, and the optical thin limit, i.e., the
medium does not scatter nor absorb radiation. Then, the
heat source in the energy conservation equation due to
radiant heat losses [18] is :

˙q′′′R = −4σκ(T 4 − T 4
∞) −C fvT 5, (6)

κ =
∑

piκi, (7)

where σ is the Stefan-Boltzmann constant, and T∞ is
the ambient temperature. κ denotes the Planck mean
absorption coefficient of the mixture, and pi and κi are
respectively the partial pressure and Planck mean ab-
sorption coefficient of species i, given in [19]. The
participant gas species are H2O, CO2, CO and CH4.
C = 4.243 × 10−4 (W/m3) is a constant taken from [20]
and fv = ρYS /ρC (m3/m3) is the soot volume fraction.

Two-way coupling of soot and gas species

It is assumed that the solid phase is diluted and it is
an additional gas species, the (N + 1)th species in the
mixture (YN+1 = YS ). The interaction between the soot
chemistry and the gas-phase chemistry was accounted
for in the conservation equations of total mass, species
transport and energy. This means that additional source
terms for species related to soot formation and oxida-
tion (C2H2, H2, CO, H, O2, OH and O) are added to the
system of equations. Thus, the elements are conserved,
the summation of species mass fraction is equal to one
(
∑N+1

i=1 Yi = 1) and the summation of species source

terms (mass basis) is equal to zero (
∑N+1

i=1 ẇ
′′

i = 0). Soot
additional terms in enthalpy and heat capacity are added
as h =

∑N+1
i=1 Yihi and cp =

∑N+1
i=1 Yicpi . The thermody-

namics properties for soot (hi and cpi ) are approximated
using the properties of solid carbon (graphite) and the
data are taken from the NIST-JANAF database [21]. For
simplicity it is assumed that soot does not affect the mix-
ture viscosity and thermal conductivity of the mixture.
An additional term in the energy flux formulation due
to the soot thermophoretic diffusion flux, the (N + 1)th
species, is added:

~jq = −λ~∇T +

N+1∑
i=1

hi~ji. (8)

where, ~ji is the i species diffusion flux. The mixture
density is calculated using the equation of state:

ρ =
paMW

RT
, MW =

 N∑
i=1

Yi

MWi

−1

. (9)

where R is the universal gas constant, MW the mixture
molar mass, Yi is i species mass fraction and MWi the i
species molar mass.

Reacting flow code
The system of equations is solved using a special-

ized flame code CHEM1D (a code for solving one-
dimensional flames developed at the Eindhoven Tech-
nological University)[22]. The chemical kinetic mech-
anism used was the GRI3.0, the diffusion coefficients
are calculated through the mixture-average approach
in which the diffusion velocity of each individual
gas species is computed assuming Fick-like diffusion,
viscosity is calculated through Wilke’s approximation
[23] and thermal conductivity is calculated through
combination-averaging approach of Marthur [24]. An
assessment of the current model was done and the re-
sults of three adiabatic cases were compared against the
numerical work of Liu et al. [5]. Fig. 1 shows the
comparison of soot volume fraction predicted by both
models for three levels of oxygen concentration at the
oxidant stream. The results were in good agreement and
the small differences observed are due to the different
reacting flow codes that were used.

Results and Discussion

Numerical simulations were conducted under four
different conditions. Two simulations were adiabatic
and two were non-adiabatic. Within each heat loss con-
dition two different cases were tested. In the first case,
here called ”coupled”, the gas-phase chemistry is influ-
enced by the soot formation and oxidation, with the ad-
ditional terms presented above. The second case, here
called ”non-coupled”, the gas-phase chemistry is not in-
fluenced by the soot formation and oxidation. Simula-
tions were done to test the limits of the coupling effect
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Figure 1: Comparison between the current model and Liu et al. [5]
for three levels of XO2

on the soot model for ethylene/air counterflow flames.
To explore a range of soot volume fractions, the strain
rate, a, applied at the oxidizer side, is varied from 100 to
10 s−1. The fuel stream is XC2H4 = 1.00 and the oxidizer
stream is dry air, XO2 = 0.21 and XN2 = 0.79.

The flame structure for a strain rate equal to 100 s−1

for the coupled and adiabatic case is presented in Figure
2. In this figure the species related to soot production
and oxidation and the temperature profile in the physical
space are presented . The fuel stream comes from the
left side and the oxidiser stream comes from right side.
The gas stagnation plane is located at the position x = 0
cm and the reaction zone is located in the oxidiser side.
The soot is formed, through the reactions of nucleation
and surface growth, in the area where high temperatures
and high acetylene concentrations are found - see Figure
3.
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Figure 2: Flame structure for strain rate of 100 s−1 for coupled, adia-
batic case

In Fig. 3 it is seen that for this condition the maxi-
mum soot mass fraction is 0.0014 (0.247 ppm), which
means that the change in the gas-phase composition is
very low. Nevertheless, when the interactions between
the two phases are considered, it is expected that as the
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Figure 3: Soot mass fraction and volume fraction for strain rate of 100
s−1 for coupled, adiabatic case

amount of soot increases, the species related to soot for-
mation and oxidation, i.e. C2H2, H2, CO, H, O2, OH
and O, may change appreciably. Higher amounts of soot
are produced at low strain rates due to the large resi-
dence times of particles in such flames.

The results for the maximum temperature, maximum
soot mass fraction and maximum soot volume fractions
for a range of strain rates are presented in Fig. 4, 5 and
6, respectively.
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Figure 4: Maximum temperature for different strain rates

From Fig. 4 it is possible to see that as the strain
rate is decreased the interaction between the two phases
starts to have an effect. For the adiabatic case the differ-
ence in the temperature starts to be seen around 30 s−1

(YS = 0.01 (Fig. 5)), it increases as the amount of soot
increases (see Fig. 5), and for the lower strain rate of 10
s−1, the temperature difference reaches ∆T = 20K, a dif-
ference of 0.9%. For the non-adiabatic cases the differ-
ence in the temperature starts to be seen also around 30
s−1, (YS = 0.007 (Fig. 5)) and for the lower strain rate
of 10 s−1, the temperature difference reaches ∆T = 5 K,
a difference of 0.2%.

From Fig. 5 it is possible to see that for soot mass
fraction there is no visible difference if the interaction
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between the two phases is accounted for. A difference
of more than 1% in the adiabatic case is found for a =

25 s−1. At this strain rate the value of YS is 0.0145.
The difference slowly increases as the amount of soot
increases until a difference of 2.5%, for the lower strain
rate. It is not found a difference of more than 1% in
the non adiabatic case. This result means that the YS

is not sensitive to the small changes in the temperature
and in the gas mixture composition caused by the soot
formation in the present conditions.

For soot volume fraction similar result is obtained,
see Fig. 6. A difference of more than 1% in the adiabatic
case is found for a = 20 s−1. At this strain rate the value
of fv is 3.6 ppm and YS = 2%. The difference slowly
increases as the amount of soot increases until ∆ fv =

0.26 ppm in the lower strain rate, a difference of 2.3%.
Is not found a difference of more than 1% in the non
adiabatic case.

The results presented above show that for predicting
flame temperature and soot production, the interaction
between the two phases should be accounted for at rel-
atively high temperatures and significant soot volume
fractions (YS > 2% and fv > 3.6ppm). In the present
work, these conditions are found for the adiabatic case

and for strain rates lower than 20 s−1. The results indi-
cate that the lower the strain rate the higher the coupling
importance.

The gas-phase species related to soot formation and
oxidation are also investigated. It has been found that
all species related to soot are affected, specially in the
higher temperature condition (adiabatic case). Here
only the species responsible for soot nucleation and sur-
face growth, C2H2, and the gas-phase product of these
reactions, H2, are presented. In Fig. 7 and 8 the maxi-
mum C2H2 and H2 mass fractions are presented respec-
tively.
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Figure 7: Maximum C2H2 mass fraction for different strain rates
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Figure 8: Maximum H2 mass fraction for different strain rates

As seen in Fig. 7 the difference between coupled and
non coupled cases varies from small differences (0.2%)
for adiabatic and non-adiabatic cases for a = 100 s−1 to
significant differences (8.9%) for adiabatic and (4.2%)
non-adiabatic cases for 10 s−1, with the non-coupled
cases presenting higher amount of C2H2. These results
are expected, since C2H2 is not consumed in soot nucle-
ation and surface growth reactions for the non-coupled
cases. Note also that for the adiabatic non-coupled
case, the C2H2 concentration always increases as the
strain rate is reduced due to the increase in soot produc-
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tion. In the non-adiabatic case, the flame temperature is
significantly reduced due to radiant heat losses which
in turn reduces the C2H2 and soot production. With
heat losses the difference between the coupled and non-
coupled cases is lower. This result confirms that, for the
present conditions, the thermal coupling through radi-
ation losses is more important than the mass coupling,
since the soot model is more sensitive to the temperature
than the C2H2 concentration.

In Fig. 8 is shown the maximum hydrogen mass frac-
tion. The difference between coupled and non-coupled
cases varies from small differences (0.7%) for adiabatic
and non-adiabatic cases for higher strain rates (100 s−1)
to large differences (29.9%) for adiabatic and (11.6%)
non-adiabatic cases for lower strain rates (10 s−1). Thus,
H2 is more sensitive to soot formation then acetylene
through reactions R1 and R2. A consequence of this
result is that, since H2 diffuses faster than the other
species, the production of soot may imply an increase
of preferential diffusion effects.

Conclusions

In this work a numerical model is developed aiming
at investigating soot formation in different conditions for
an ethylene counterflow diffusion flame. In order to ac-
cess modeling limitations the mass and energy coupling
between soot solid particles and gas-phase species are
investigated. A semi-empirical two equation model is
chosen for predicting soot mass fraction and number
density. The model describes particle nucleation, sur-
face growth and oxidation. For the gas-phase a detailed
kinetic mechanism is considered (GRI 3.0). Addition-
ally the effect of considering gas and soot radiation heat
losses is evaluated in the optically thin limit approxi-
mation. Simulations were done for pure ethylene/air
counterflow flames at atmospheric pressure for a range
of conditions that produce low to significant amounts of
soot. To achieve these conditions the strain rate, a, ap-
plied at the oxidizer side, was varied from 100 to 10 s−1.

The results presented above show that for predicting
flame temperature and soot production, the interaction
between the two phases should be accounted for at rel-
atively high temperatures and significant soot volume
fractions (YS > 2% and fv > 3.6ppm). In the present
work, these conditions are found for the adiabatic case
and for strain rates lower than 20 s−1. The results indi-
cate that the lower the strain rate the higher the coupling
importance.

Significant changes were observed in the gas-phase
species related to soot formation and oxidation, i.e.,
C2H2, H2, CO, H, O2, OH and O, specially in the adi-
abatic cases, since higher temperatures results in signif-
icant amount of soot produced for lower strain rates.
In the non-adiabatic cases the differences between the
coupled and non-coupled were smaller. In these cases,
where the temperature and YS are lower, the soot forma-
tion and consumption does not considerably change the

system composition.
Thus, for similar flame conditions to the ones treated

here, it is important to take into account the interactions
between the solid particles and gas-phase species. This
is particularly important for preferential diffusion prob-
lems and detailed soot models which depend on com-
plex chemistry to capture numerous PAHs. For simula-
tions where the goal is to analyze only global parameters
as flame temperature and soot volume fraction, the mass
and energy coupling between the two phases can be ne-
glected, but radiant heat losses should be accounted for.
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