SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Numerical study on soot formation In outwardly
propagating, i1so-octane, rich, cellular flames

Ikeda, Takashi

Department of Mechanical Engineering, Graduate School of Engineering, Kyushu University

Tsuruda, Yoshihiro
Department of Mechanical Engineering, Graduate School of Engineering, Kyushu University

Watanabe, Hiroaki
Department of Advanced Environmental Science and Engineering, Faculty of Engineering Sciences,
Kyushu University

Kurose, Ryoichi
Department of Mechanical Engineering and Science, Kyoto University

ftb

https://hdl. handle.net/2324/7162479

HhRIEZR : Fuel. 305, pp.121520-, 2021-12-01. Elsevier
N— 30

HEFIBAMR

. KYUSHU UNIVERSITY




Numerical study on soot formation in outwardly
propagating, iso-octane, rich, cellular flames
Takashi Ikeda?, Yoshihiro Tsuruda®, Hiroaki Watanabe®, Ryoichi Kurose®,
Toshiaki Kitagawa‘
@ Department of Mechanical Engineering, Graduate School of Engineering, Kyushu
University, Fukuoka 819-0395, Japan

b Department of Advanced Environmental Science and Engineering, Faculty of Engineering

Sciences, and International Institute for Carbon-Neutral Energy Research, Kyushu University,
Fukuoka 816-8580, Japan
¢ Department of Mechanical Engineering and Science, Kyoto University, Kyoto 615-8540,
Japan
4 Department of Mechanical Engineering, Faculty of Engineering, Kyushu University,

Fukuoka 819-0395, Japan

Abstract

Soot formation in outwardly propagating iso-octane rich unstable cellular flames
were investigated by means of a two-dimensional numerical simulation at mixture
equivalence ratios of 1.4, 1.6, and 1.8. The formation of a cellular flame structure
was observed as an indicator of flame instability. In addition, soot formation was
found to be enhanced. The cusp area had a negative flame stretch rate; in contrast,
the convex area had a positive flame stretch rate. This difference in stretch rate
caused a lower flame front temperature and lower temperature gradient. It was
also revealed that a difference in temperature in these areas might affect the soot

surface growth, which was dependent on the C,H, concentration in these areas.
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1. Introduction

Lean-burn technology is one of the most effective technologies for improving
the thermal efficiency of gasoline engines. It does so by increasing the theoretical
cycle efficiency using a high specific heat ratio of air—fuel mixture [1]. In
particular, a stratified mixture formed by gasoline direct injection has a greater
advantage toward enabling further lean combustion than the lower flammable
limit of a homogeneous mixture. In addition, auto-ignition in the end-gas region
of the combustion chamber, which causes a serious problem in gasoline engines
called knocking, does not occur because no fuel exists in that region [1]. This anti-
knock quality enables a higher compression ratio and contributes to a further
increase in the thermal efficiency. It is also considered that stratified combustion
with gasoline direct injection may yield a more stable operation of the engine with
less cycle fluctuation.

While gasoline direct injection stratified combustion has the above advantages,
it has a problem of soot emission from a fuel-rich region that is formed
undesirably in the mixture [2-5]. Soot formation is driven by complex, nanoscale
chemical and physical processes, such as production and consumption of
precursor large molecule species, phase changes in nucleation, heterogeneous
reactions, and inter-particle collisions. Although many researchers have
investigated soot formation over the past few decades [6-9], the underlying
physics governing these processes has not been well understood even in a simple
flame, not to mention in a flame of stratified combustion or in a flame that
expresses instability due to the flame stretch and the thermo-diffusive effects [10].

In particular, for unstable flames, the complexity of soot formation may be



significantly attributed to the complexity of the energy and chemical species
transportation through the thermo-diffusive effects. Therefore, in order to
understand soot formation in stratified combustion, it is necessary to investigate
soot formation during homogeneous combustion with various equivalence ratios,
which may then be used to represent each local part in the stratified mixture. The
reconstitution of these results may lead to an understanding of soot formation in
stratified combustion.

In previous work, one of the authors and his team showed, using a homogeneous
mixture, that a luminous flame due to soot emission was observed behind a blue
flame in the photograph of a spherically propagating, unstable, iso-octane, rich
flame at equivalence ratio of 1.8 [5]. They also indicated that this luminous flame
might have formed at the cusp area of the cellular structure of the flame due to
flame instability. Flame instability has been studied experimentally, theoretically,
and numerically [11-18]. However, there are few fundamental studies on
propagating, unstable flames and soot formation from them.

It is important to clarify the mechanism of soot formation from these flames in
order to understand the phenomena of soot emission from direct injection,
stratified combustion engines. In this study, soot formation in an iso-octane,
outwardly propagating, rich, unstable laminar flame was investigated by means
of a two-dimensional (2D) numerical simulation with equivalence ratios of 1.4,
1.6 and 1.8. The sine wave was given on the initial flame front as a trigger of the
flame instability [19] and the evolution of the cellular structures on the flame front
was discussed in terms of the equivalence ratios and their Peclet numbers. In
addition, the soot formation characterized by the cellular structure such as the
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convex and the cusp areas was also deeply investigated in terms of the interactions
of the soot precursor’s formation, and the positive and the negative flame stretch

rates from the thermo-diffusive effect’s point of view.



2. Simulation Methodology
In this study, a 2D numerical simulation of outwardly propagating, iso-octane,
premixed laminar flames was performed by an in-house code FK? [20][21]. The

governing equations for the compressible reacting flow are shown below.
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Here, p is the mixture gas density, u; is the gas phase velocity, p is the static
pressure, 4 is the specific total enthalpy, 7;; is the viscous stress tensor, and Y is
the mass fraction of chemical species k. The radiative heat flux is not considered.
The thermal diffusivity Dj is calculated by
Dy =5, @)

where A4, 1s the thermal conductivity, and C, is the specific heat capacity.

6pyk 6puiYk _ _i . .

wy, 1s the reaction rate of species k. The diffusion velocity of species k in the i

direction Vj; is evaluated using the Curtiss—Hirschfelder first-order

approximation [22-24].
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X; is the species mole fraction of species j, and Dj is the binary diffusion
coefficient of species j into species k. The reaction mechanism of iso-octane

includes 90 species and 855 elementary reactions, which was simplified using the



Directed Relation Graph with Error Propagation (DRGEP) method with
CHEMKIN [30] from the original reaction mechanism updated by Cai and Pitsch,
which contained 335 species and 1610 elementary reactions [25] [28]. The
simplified mechanism, and the comparison of the burning velocity of the one-
dimensional unstretched flames between the original and the simplified
mechanism are shown in Supplemental Material. The burning velocity estimated
by this simplified mechanism had 5% error compared to that by the original
mechanism at equivalence ratio 1.4.

Soot formation is modeled by the following four mechanisms: inception, surface

growth, coagulation, and oxidation [6] [26].
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where N is the soot number density, and M is the soot mass density. 7T is the
temperature of mixture gas, Yc y, and Yo, and Yoy are the species mass
fraction of C;H,, O, and OH respectively. Wc,y, and Wp, and Wy are the
molecular weight of C,H,, O, and OH respectively. N4 is Avogadro’s number
(6.022x 10?° kmol™). R is the universal gas constant, and p; is the density of soot
particles determined by Lindstedt [27], which has a value of 2000 kg-m™. The
coefficient values in each equations are ¢;=54 s™!, ¢2=9000.6 kg-m(kmol-s) !, n =
0.13 , ¢=10581 kg'm(kmol-K"?-s)!, ¢,=8903.51 kg-m(kmol-K"?-s)",
respectively [26]. The source terms for soot number density Sy or soot mass

density Siys can be expressed as follows.
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where M, is the mass of a soot nucleus with a value of 1200 kg-kmol™'. Here, the
assumption that the minimum number of carbon atoms is 100 is critical to create
an incipient carbon particle.

The conservation equations for N and M are given as

%+%=%(pD¢:—Z>+y%¢;—;+S¢, (14)
where 1 represents N or M, and D yis the diffusion coefficient of soot. The
second term on the right-hand side of Eq. (14) expresses thermophoretic transport,
where

_ 3
T 4(1+m-A/8)

Y (15)

and the accommodation coefficient 4 was set to 1.0.

The computational domain was 2D, and its size was 56 mm x 56 mm for the
conditions of equivalence ratios of 1.4, 1.6, and 36 mm x 36 mm for the condition
of the equivalence ratio of 1.8. Since the flame instability appeared at a large flame
radius with the equivalence ratios of 1.4 and 1.6, the domain size was set larger
under these conditions. A staggered mesh was adopted, and the number of grids
was 700 x 700 points for equivalence ratios of 1.4 and 1.6, and 450 x 450 points
for the equivalence ratio of 1.8. In all equivalence ratio cases, the grid size was 80
micrometers. Even in the case of smallest flame thickness of the equivalence ratio
1.4, this grid size is smaller than 1/10 of the flame thickness which was the
recommended grid size proposed by Pitsch et al [15]. Here, the flame thickness

was accounted for by Eq. (16) [22].
S = o) (16)



where T and T, shows burned gas temperature and unburned mixture temperature

. dr . o
respectively. The e denotes the maximum value of temperature gradient in the
max

flame thickness.

Iso-octane was used as the fuel in this study, and the estimated Lewis numbers were
0.965, 0.953 and 0.941 at the equivalence ratio of 1.4, 1.6 and 1.8, respectively
[5]1[17] [29]. All values were smaller than unity. The initial temperature was 341
K, and the initial pressure was 0.10 MPa. To ignite the fuel, the initial flame kernel
as the spark was given at the center of the domain, and the flame propagated
outwardly from that initial flame kernel. The same initial flame kernel with a
radius of 3 mm and temperature of 1807 K was given for all equivalence ratio
conditions [19]. Sine waves with a wave number of 6 and amplitude of 0.3 mm
were given for the flame front as the initial disturbance to reproduce the following
flame instability as shown in Figure 1. The burning velocities of one-dimensional
unstretched flames estimated by CHEMKIN [30] were 246, 101 and 59 mm/s at
equivalence ratio of 1.4, 1.6 and 1.8, respectively. On the other hand, the burning
velocities of the flames relative to the unburned mixture in this study were 405,
147 and 163mm/s at equivalence ratio 1.4, 1.6 and 1.8, respectively.

The discretization of the nonlinear terms of the momentum equation was derived
from a second-order finite difference scheme, and the advection term of scalars was
computed using the quadratic upstream interpolation for convective kinematics
(QUICK) scheme. The third-order explicit Runge—Kutta method was used for time
advancement. The boundary condition was set to a constant gradient.

The simulations were continued until the cellular structure was sufficiently

developed. The termination time of the simulation was 10.5 msec at equivalence



ratio 1.4 and 16.5 msec at equivalence ratios of 1.6 and 1.8. The time step of the
simulation was 5.0x107s at equivalence ratios of 1.4 and 1.6 and, 2.5x107s at an
equivalence ratio of 1.8. The CPU times for the equivalence ratios of 1.4, 1.6, and
1.8 were 511 hours, 7,333 hours, and 10,707 hours, respectively, with Fujitsu
PRIMERGY CX2550/CX2560 M4 of the Research Institute for Information

Technology at Kyushu University.
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3. Results and discussion
3.1. Flame shape

Figure 2 shows the instantaneous temperature distribution of the simulation
results in all equivalence ratios. The non-dimensional Peclet number P, was
calculated using Eq. (17) from the flame radius » and preheat zone thickness §;
of laminar flame given by Eq. (18) [29], where u; is the unstretched laminar

burning velocity calculated by CHEMKIN [30].

R=1 (17)
_ A
6, = _C,,pul' (18)

The amplitude of the initial flame front disturbance gradually decreased, and the
flame shape became smooth until the Peclet number reached critical values under
any condition. After the Peclet number exceeded its critical value, the convex area
plateaued. Subsequently, the flame front seemed to be a cellular structure. It was
thought that these new cellular structures, which were not involved in the initial
sine waves, demonstrated the flame instability. The Peclet number when the flame
instability appeared on the flame front was smallest for the equivalence ratio of
1.8 among the three equivalence ratios.

Bradley et al. [13] [17] and Matalon et al. [11] proposed a theoretical approach
for flame instability. The Lewis number was smaller than unity when the
equivalence ratio was greater than 1.4, and it decreased with increasing the
equivalence ratio [29]. These results imply that increasing the equivalence ratio
of the iso-octane flame may advance the onset of the flame instability in the early
stage of the flame propagation [13]. For a flame with a Lewis number smaller than
unity, the burning velocity is increased in the convex area and, conversely,
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decreases at the cusp area. These differences in the burning velocity may enhance
the flame instability. According to the theoretical analysis of Bechtold and
Matalon [12], depending on the Markstein number, a range of wavelengths of
disturbance with upper and lower limits exists. The lower limit wave number
decreases slightly with increasing Peclet number, but the upper limit wave number
increases linearly with increasing Peclet number. As a result, this range of
wavelengths of disturbance with upper and lower limits increases with decreasing
Markstein number even if the flames have the same Peclet number.

In the results of the simulation shown in Figure 2, the range of unstable wave
numbers seems to widen as the Peclet number increases because various sizes of
perturbation appeared on the flames. The qualitative tendency of these results
agrees with the theoretical approach. In addition, the range of unstable wave
numbers also seems to widen as the Lewis number decreases, although flames
could not be compared at the same Peclet number among the three equivalence
ratios.

The equivalence ratio of 1.8 had the smallest Lewis number as shown in the
previous section and the Peclet number of the onset of the cellular structures was
smaller than those of the equivalence ratios of 1.4 and 1.6. The critical Peclet
number is decreased as the Markstein number decreasing as shown by Bradley et
al. [17].

Bradley et al. observed hydroxyl radicals (OH) within the spherically
propagating, iso-octane, unstable flames at an equivalence ratio of 1.4 [13]. OH
is one of the dominant chain carriers of combustion reactions. According to this
observation of the cellular flame, the high concentration of OH was observed in
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the convex area of the flame. On the other hand, the low concentration of OH was
observed in the cusp area. Figure 3 shows the simulated results of the mass
fraction distribution of OH in all equivalence ratios. OH was mainly formed
locally at the regions of the convex area. This OH distribution showed a

qualitative agreement with the observations of Bradley et al.
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3.2. Flame stretch rate

The flame stretch rate is given by Eq. (19) [32],

228 = —{V X (Vruia X 1)} -7 + (& 1) (V- 70, (19)

where A is the area of the flame front, I_/)ﬂul-d is the fluid velocity field, 71 is a
unit vector normal to the flame front, and ¥ is the displacement velocity of the
flame front. The location of the flame front was defined as the grids where
temperature was 1400 K. The flame stretch rate was calculated on this flame front
although it is usually obtained at the cold boundary. The displacement velocity of
the flame front was calculated under the assumption that the flame moved to the
normal direction of flame front. The first term denotes the stretch due to the strain

of the flow field across the flame front. The second term shows the stretch due to

the displacement of the curved front [33].

Figure 4 shows the flame stretch rate and the flame radius at the location of each
angular coordinate around the flame front at the timing of the onset of cellular
structures. The flame stretch rate was sampled along the flame front every 2.5 deg.
in the circumferential direction. While the convex area of the flame front has a
positive value of the flame stretch rate, the concave area has a negative stretch
rate at each equivalence ratio. In addition to the Darrieus-Landau hydrodynamic
flame instability, the artificial initial disturbance was promoted by thermo-
diffusive effects with the Lewis number smaller than unity. Subsequently, the local

flame stretch rate varied depending on the local flame shape shown in Figure 2.
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3.3. Temperature and soot formation distribution

Figure 5 shows the temperature distribution after the onset of the cellular
structures along the radial direction at the convex and the cusp areas. The
examined locations are shown in Figure 2. The pressure in the computational
domain was increased by the adiabatic compression owing to the heat release so
that the overall temperature of the simulation shown in Figure 5 exceeds the
adiabatic flame temperature at the initial pressure. The convex area shown in
Figure 5 has a small positive stretch rate, on the other hand, the cusp area has a
negative stretch rate. Both the temperature and the temperature gradient at the
cusp area with the negative flame stretch rate were lower than those at the convex
area with the positive flame stretch rate.

The balance between the molecular diffusion of the deficient component of the
mixture and the heat conduction in the unstretched flame is shifted by the flame
stretch [10]. Owing to the thermo-diffusive effects of the mixture with Lewis
number smaller than unity [10-15] [17], the flame temperature and consequently
the burning velocity increased at the convex flame front area with the positive
flame stretch rate and decreased at the cusp area with the negative flame stretch
rate. As for the variation of the flame temperature with the equivalence ratio, the
difference in temperature between the positive and the negative flame stretch rate
areas was increased as with the increase in the equivalence ratio.

Figure 6 shows the distribution of the soot volume fractions (= M / py). In all
equivalence ratio conditions, the soot distributed behind the flame front.
Especially, the soot volume fraction was high behind the cusp area. This soot
distribution agreed with the experimental observation of the luminous flame due
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to the soot radiation [5].

The soot formation was dominated by four processes of soot inception, surface
growth, coagulation, and oxidation [34] [35]. The rate of change in M (= dM / df)
through each process was modeled by Egs. (8—11) and (14). Equation (8) yielded the
inception rate and this was transformed to M using the first term of Eq. (13) [6] [26]
[36] [37]. Figure 7 shows the soot volume fraction and the rates of volume fraction
for each process (= dM / dt / ps) at the time flame of instability appeared. The
examined locations are same in Figure 5. The soot volume fraction was the highest
at the equivalence ratio of 1.8 for all the conditions. The rate of coagulation is not
shown herein because the coagulation does not contribute to the volume fraction.

However, the rates of volume fraction by each process were different when the
positive and the negative flame stretch rate areas were compared; the rate of
surface growth at the negative flame stretch rate area was higher than that at the
positive flame stretch rate area. The rate of oxidation was proportional to the soot
mass fraction, and therefore the difference in the soot volume fraction may mainly
be due to the rate of surface growth. As the equivalence ratio increased, the rate
of surface growth also contributed significantly to the soot volume fraction. It is
well-known that an inception rate of soot primary particles has significant
correlation to C,H» concentration in a saturated hydrocarbon flame [39] and the
simplified inception model like Leung et al. [38] has been confirmed that it is able
to capture the qualitative trend of the soot formation in n-decane flames [40].
However, it should be noted that the characteristics of the inception might be
affected by the difference in the location where the peak value of the precursor
species appears [41], while it is unlikely to occur due to that the flame thickness
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is too thin in this study. Thus, Egs. (8) and (9) could provide an appropriate
prediction for soot inception and surface growth formation. C;H> contributes to
increasing the rate of inception and surface growth through a specific reaction
mechanism [34] [35]. Figure 8 shows the mass fraction of C,H, at the same point
in time as Figure 5 and Figure 7. The C,H, distribution was similar to the
distribution of the soot volume fraction shown in Figure 6. Equations (20-23) show
the major reactions of C,H, formation and consumption whose reactant distribution
was similar to the CoH, distribution. Equation (20) shows the formation reaction of
C,H,, whereas Egs. (21-23) show the consumption reactions. As shown in Eq. (20),
C,H; was formed from C;Hs in the reaction pathway of iso-octane [43] [44]. The

reactant distributions involved in Eq. (20) are shown in Figure 8.

C,H, +M - C,H, + H, + M_0, (20)
C,H, + OH — CH,CO + H, 1)
CH, + C,H, - H + pC3H,, (22)
CH, + C,H, - H + aC3H,. (23)

Here, M_0 denotes the third body. Figure 9 shows the reaction rates defined as Eqgs.
(20-23) comparing the positive and the negative flame stretch rate areas at the
equivalence ratio of 1.8 which has the largest soot volume fraction in all equivalence
ratios. The reaction rate of C,H, formation from C,H4 was superior to the reaction
rate of CoHz consumption, and the reaction rate of C,Hy at the negative flame stretch
rate area behind the flame front was higher than that in the positive flame stretch rate
area. These differences were caused by the low temperature and the temperature
gradient due to the thermo-diffusive effects.

Considering the results of Fig. 7, the rate of surface growth was more sensitive to
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increasing CoH in the negative flame stretch rate area than the rate of inception.
Thus, the rate of surface growth at the negative flame stretch rate area was higher
than that at the positive flame stretch rate area, and the soot volume fraction at the
negative flame stretch rate area was larger than that at the positive flame stretch rate
area. In addition, because of the high concentration of C;H, at the negative flame
stretch rate area behind the flame front, the soot might be distributed as shown in
Figure 6. Owing to the low temperature and the temperature gradient at the
negative flame stretch rate area, the oxidation of the soot might not be enhanced
compared to the positive flame stretch rate area. As a result, the soot remained
behind the flame front in the cusp area whose the flame stretch rate was negative,
and the luminous flame due to the soot radiation might be observed behind the
flame front, similar to the experimental observation results [5].

As for the variation of the soot formation with the equivalence ratio, the Peclet
number of the onset of cellular structure on the flame front at the equivalence ratio of
1.8 was the smaller than those of at the equivalence ratios of 1.4 and 1.6, as mentioned
in Section 3.1. The differences in temperature between the positive and the negative
flame stretch rate areas appeared in the early stage of the flame propagation. This
might have affected the soot formation at the negative flame stretch rate area from
the early stage of the flame propagation. The soot formation at the early stage induced
the higher soot volume fraction behind the flame front at the equivalence ratio of

1.8 when compared with the other equivalence ratios.
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4. Conclusions

Soot formation in outwardly propagating iso-octane rich unstable cellular flames
was investigated by means of a two-dimensional numerical simulation at
equivalence ratios of 1.4, 1.6, and 1.8.

In the unstable cellular flames, there was a positive stretch rate at the convex
area of the flame front; conversely, there was a negative stretch rate at the cusp
area towards the unburned mixture. Both the temperature and the temperature
gradient at the negative flame stretch rate area were lower than those at the
positive flame stretch rate area.

It was also observed that the soot formation at the negative flame stretch rate
area was higher than that at the positive flame stretch rate area, and the soot
formation was dominated by the surface growth. The rate of surface growth was
affected by C,H, generation, and C,H, was generated by C,Hs decomposition.
The reaction rate of the C;H, formation from C,Hy at the negative flame stretch
rate area was higher than that at the positive flame stretch rate area. This was caused
by the low temperature and the temperature gradient due to the thermo-diffusive
effects at the negative flame stretch rate area.

It became clear that the difference in the soot distribution was caused by the
differences in the temperature and the C;H distribution, which were originated
from the difference in the flame stretch rate and the thermo-diffusive effects of the

unstable flame with the Lewis number smaller than unity.
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Figure 1. Temperature profile of initial flame kernel in this simulation.
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Figure 2. Instantaneous temperature distribution organized by equivalence ratio.
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Figure 3. Instantaneous OH distribution organized by equivalence ratio.
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Figure 6. Development of soot volume fraction distribution for three equivalence ratios.
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Figure 7. Contribution of each soot formation process.
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Figure 8. C;H» and reaction products affecting CoH, generation.
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Figure 9. Reaction rates of formation/consumption reactions of C;H, at @=1.8 and Peclet number =

35.
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