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Abstract

There are several processes to occur in soot formation and destruction for which some
in the growth regime require a better understanding. In this work, a consistent surface
reactivity model, developed in recent years, has been implemented across various sooting
laminar flames at varying pressures. The surface reactivity function proposed by Khosousi and
Dworkin [1] is employed in the present study. It is based on the temperature history of soot
particles. As the functionally dependent model has been derived and validated for atmospheric
pressure flames, there are discrepancies between simulation and experiment that can be
observed as pressures vary. One reason for these discrepancies could be explained by the fact
that chemical reaction rates for the soot growth mechanism at atmospheric combustion do not
adequately characterize the kinetics at higher pressures. Based on a recently published study
[2], the elementary reaction rates that compose the Hydogen-Addition-Carbon-Abstraction soot
surface growth mechanism depend on pressure and an empirical pressure scaling factor to
account for this pressure dependence has been introduced. It has been determined that after
applying the new empirical pressure scaling factor for the soot growth mechanism, the
performance of the functionally dependent surface reactivity model improves in the wing
regions of the flame for pure-ethylene flames; however, there is minimal change on the wings
for the nitrogen-diluted flames. Additionally, the quantity for soot concentration along the
centerline of all flames is nearly independent of the surface reactivity model chosen and needs

further investigation. For the flames investigated, it is concluded that pressure dependent



HACA rates do not alleviate all discrepancies between the numerical and experimental results

and that further work is required.

1. Introduction on Surface Growth

Although a large body of work on soot formation and oxidation has been conducted on
atmospheric co-flow diffusion flames [1, 3-8], many gaps still remain with regard to soot
modelling at elevated pressures. Moreover, due to high-pressure industrial applications of
combustion, studying higher pressure flames is at the center of attention for academics and
industry professionals. There is a sufficient number of experimental studies on high pressure
co-flow diffusion flames for different fuels including ethylene and ethane [9-25] with only a few
numerical studies [26-30]. Although experimental studies are necessary for validation and also
to assess soot formation and oxidation behaviour, numerical studies are more suitable for large
parametric studies due to lower cost and ability to investigate a wider range of parametersin a
smaller timeframe. Further, numerical analyses are needed to fully understand the causes of

the behaviour seen in the experiments.

Soot surface reactivity, which represents the percentage of soot particle sites that are
available for chemical reaction, has been the subject of various studies [1, 5, 7, 28-33]. For
modelling this reactivity, either a single constant value or a function which captures different
flame properties has been used. For example, a fixed parameter, soot surface reactivity, @, of
0.078, was used in a previous work [5] in order to match the numerical results to the
corresponding experimental data at atmospheric pressure. The concept of a

temperature-history dependant @ model has been tested in atmospheric co-flow diffusion



flames [1, 7], while at higher pressures, researchers have only used constant @ values for

co-flow diffusion flames [26-30].

Eaves et al. [28, 29], Charest et al. [26, 27], and Liu et al. [30], numerically studied
effects of different factors including pressure, conjugate heat transfer (CHT), gravity, and
dilution on soot formation at higher pressures. Eaves et al. [29] conducted a sensitivity analysis
on high pressure laminar coflow diffusion ethane-air flames to perceive the effect of different
parameters including soot surface reactivity, and pressure on maximum soot concentration
along the centerline of the flame, and along the pathline passing through the maximum soot
volume fraction, f,. They used different constant & values of 0.0195, 0.039, 0.078, 0.156, and
0.332 for the calculations. In the aforementioned study, it is shown that soot concentration
along the pathline of maximum soot is more HACA surface-growth dominated than PAH
condensation surface-growth dominated, while PAH condensation dominates the centreline of
the flame. HACA surface growth refers to growth via chemical addition of carbon species
(typically acetylene), while PAH condensation refers to the physical additional of PAHs to the
surface. Also, as pressure is increased, the role of PAH condensation in surface growth becomes
greater than that at lower pressures. These results led to later studies considering different

constant & values and finding correlations between @ and maximum f,.

Contrary to [29, 30], Veshkini et al. [7] studied atmospheric pressure flames with a
constant & for oxidation and with a functional @ for formation which greatly improved the
prediction of soot formation in those flames compared to a single constant & model. The

function that Veshkini et al. proposed is based on temperature history, which depends on both



temperature and residence time. Khosousi and Dworkin [1] applied the idea of temperature

history to propose a novel functional a for both formation and oxidation rates. This model was
tested for nine atmospheric pressure laminar coflow diffusion flames. Although the latter

function was very successful in modelling different experimental data sets at atmospheric
pressure, it has not yet been examined on higher pressures flames. Additionally, recent work has
indicated that HACA surface growth rates depend on pressure [2]. To the current author’s
knowledge, there is no work assessing laminar coflow diffusion flames at varying pressures
adopting a more predictive functional form for @& and investigating pressure dependence of

HACA surface growth rates.

To address this concern, recent experimental data from Karatas and Guilder [9] has been
studied numerically. The numerical solutions are obtained with a constant value for @, the
Khosousi and Dworkin function for @ [1], and the functional form of @& and an empirical
pressure dependent scaling factor for HACA rates. The solutions are compared to the
experimental results for pure ethylene flames at pressures of 1, 3, 5, and 7 atm and for nitrogen
diluted ethylene flames at pressures of 5, 10, 15, and 20 atm. The purpose of the present study
is to access any differences between the three numerical treatments for @ and surface growth
rates with varying pressure. It should be noted the improved surface growth model developed
by Frenklach [34] is not included in this study, limiting the application of the present model to

co-flow diffusion flames.



2. Soot Surface Reactivity

It is widely accepted that PAHs are soot precursors. The most accepted model to
develop multi-ring aromatics is Hydrogen-Abstraction-Carbon-Addition (HACA) [31, 35]
mechanism. HACA begins with the abstraction of an H atom by another H atom existing near
the surface of the PAH molecule. It is followed by carbon addition, by acetylene, to form further
aromatic rings. This is displayed in Fig. 1 (please note the original version from [35] including
reversibility is omitted here for clarity). Since soot particles are formed predominantly from
aromatics, it is assumed that they have similar characteristics [31, 32, 36]. Thus, the chemical
reaction sequences to build PAHs and soot are also presumed to be analogous. One of the
major contributors to soot mass yield is surface growth of primary particles [31, 32]. Similar to

PAH-HACA, soot particles grow via soot-HACA with the same reaction sequence.

Since the probability of an available H atom on the surface of soot molecules to start the
HACA mechanism is not 100%, not the entire soot surface area is available for chemical
reaction. The portion of chemically active sites in soot particles, originally introduced in [31],
which has been named ‘soot surface reactivity’ in recent studies [1], is a significant parameter
in soot formation and the numerical value of this factor is between 0 and 1, which 0 means
there is no soot surface area is available, and 1 means the entire surface is accessible for
chemical reaction. Soot surface reactivity, &, was first introduced by Frenklach and Wang [31]

to account for surface structure and reconcile the inaccuracies in numerical studies.



Dworkin et al. [5] and Eaves et al. [29] showed that with a constant &, the present
numerical model is able to predict reasonable results; however, for each flame and burner
configuration it needs to be retuned with a different & value. Based on the literature [31, 38,
39], soot surface reactivity depends on the temperature to which a soot particle has been
exposed. Similarly, experimental studies [39, 40] define residence time as a significant factor in
determining . In this sense, Veshkini et al. [7] proposed an « function, Eq. (1), which includes

the concept of temperature history, or temperature aging:

o = 18 exp exp ( TH9) @)

where T is thermal age and is defined as the integral of temperature with respect to

residence time along a fluid parcel pathway, S, and is calculated as:
T,=[Tadt (2)
S

Khosousi and Dworkin [1] proposed a variation on that form of @ which captures
correctly the peak soot concentrations and smoking character for nine flames and burner

configurations all at atmospheric pressure. Equation (3) is the mathematical form of this model:

T, T,
o = (1822 oxp| 2.4(0.85 - —LTAX,)
Ta TCl

(3)



where the Ta,max is the value for the thermal age at the location of maximum soot volume

fraction.

Figure 2 displays contours of @& of the Khosousi and Dworkin soot surface reactivity
model [1] for the pure ethylene flames at varying pressures. This figure shows two important
points; first, as pressure increases, the profile for & seems to be pressed towards the
centerline of the flame as well as towards the nozzle of the flow field. Second, as pressure

increases, @ reaches its maximum at a lower height-above-the-burner (HAB) along the
off-centerline areas of the flame. This may be due to the increase of I at lower HABs with

increasing pressure. The contours of the present @ model [1] for the nitrogen diluted ethylene

flames at varying pressures follow the same trend as well.

Unlike the Veshkini et al. model [7], the Khosousi and Dworkin equation [1] is capable of
predicting both formation and oxidation adequately although it has not been examined for

high-pressure flames. The other difference between these two models is the parameter

Ta,max’ which changes as the location of peak f, varies. This functionality adjusts & for each

flame without changing the soot surface reactivity model. Figure 3 displays the impact of 7y

on « for pure ethylene flames at varying pressures at two different locations on the centerline
and the wing of the flame. It shows that & reaches approximately the same peak value at all

pressures, then declines along both locations of the wing region and the centerline of the

flames. Also, as pressure increases, @& reaches this value at higher values of 7. Again,



repeating Fig. 3 for the nitrogen diluted ethylene flames result in the same trend as pressure
increases.

The present study proceeds by examining the functional form of & proposed by
Khosousi and Dworkin [1] for both formation and oxidation processes, then investigates

advantages and drawbacks leading towards a more improved model. The temperature-history

dependant @ function does not lead to a significant increase in computational cost as it only

needs to be evaluated every thousand or so time steps for steady systems.

The other important aspect that should be noted is, in most chemical kinetic
mechanisms, reaction rates for HACA growth have been based on reaction rates at atmospheric
pressure. Based on [31], the reaction rate for an individual reaction of C,H, addition in the

HACA-based soot surface growth and oxidation mechanism is as follows:

R= ak[CZHZ][Csoot O] ’ (4)

where R is the reaction rate, & is the surface reactivity, k is the global rate coefficient, and

[CH,]and [Cini®l are concentrations of acetylene and dehydrogenated sites. The

concentration of dehydrogenated sizes is determined via a steady state assumption, which
involves a ratio of all soot surface reactions producing dehydrogenated sites to those reducing
dehydrogenated sites. Since the reaction rates for the overall HACA surface growth mechanism
are those suitable for atmospheric pressure, they may not adequately characterize surface
growth at varying pressures. A recent study by Frenklach et al. [2] indicates that surface growth

reaction rates for the overall HACA surface growth mechanism depend on pressure. Based off
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of this study, a new model for the reaction rates for soot HACA growth is introduced and Eq. (4)

is updated for higher pressure combustion as follows:

R =a(l +loglog (p)A[CoH,][Cyppt ©] - (5)

where P is the operating pressure, and (1 +loglog (p)) is the pressure scaling factor. It is

important to note that the (1+loglog (p)) expression is attributed to the pressure
dependence of the HACA surface growth reaction rates, rather than the surface growth
reactivity. The pressure scaling factor accounts for the pressure dependence of the acetylene
addition rate, k, and [C,,,, °]. At 1 atm, Eq. (4) and Eq. (5) are identical and both predict the
same reaction rate in an individual reaction of C,H, addition in the HACA-based soot surface
growth and oxidation mechanism. The form of (1 +loglog ( p)) is utilized to capture pressure
dependence based on the reaction of 2-naphthyl + C2H2 — 2-N2 from the supplementary
material in [2]. For this reaction, a pressure dependence scaling factor of 4.8 is observed at
1375K from 1 atm to 100 atm. This is close to the pressure dependence scaling of 5.6 for the
(1 +loglog (p)) factor. The simplified expression is utilized instead of the exact rates for
2-naphthyl + C2H2 — 2-N2 as the reaction is used as a template for the pressure dependence
of the overall HACA surface growth reaction scheme. For the flames studied in this work, the
value of the (1 +loglog ( p)) expression varies from 1 at latm to 4 at 20atm. As both & and
(1 +loglog (p)) are empirical parameters, they are combined into a single empirical
parameter, a,. Hereinafter, the model with the atmospheric HACA growth rates and the

temperature-history dependant @ [1] is referred to as “Khosousi and Dworkin model” and the
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model with the pressure-based reaction rate of acetylene addition in the HACA mechanism and
temperature-history dependant « is referred to as the “present model”. These models are

summarized in Table 1.

Tabel 1: Comparison of Khosousi and Dworkin model [1] and the present model

Name Soot HACA model @ model
Khosousi Atmospheric HACA growth rates Tymax 22 | Ty max . |
and B o =(——)""exp| 2.4(0.85 - ——)
Dworkin R= 0k CoHL][C 00 ] Ta L a |
T, _ T, )
o = (LX) 22 oxp| 2.4(0.85 — —LIMAX
Present Pressure-based HACA growth rates a L a |
model R= apk[CZHZ][Csoot O]

a, = a(l +loglog (p))

3. Flame and Model Description

3.1. Burner Configuration

A brief description of the burner configuration that is modelled in the present work is
given here; however, the details of the apparatus used for the experimental study can be found
in [9, 11]. A co-annular coflow laminar diffusion burner working at varying pressures has been
studied. The inner diameter at the burner rim is 3 mm. The thickness of the fuel tube decreases
gradually from the rim to the edge of the fuel tube to prevent the formation of recirculation
zones. The flames simulated in this chapter are the same as the flames in the experiment [9],
including the pure ethylene flames at pressures of 1, 3, 5, and 7 atm and N, diluted ethylene

flames at pressures of 5, 10, 15 and 20 atm. For the pure ethylene flames, the mass flow rates
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of ethylene and air are kept at 0.48 mg/s, and 340 mg/s respectively at all pressure levels. For
the diluted flames, the mass flow rates of N,, ethylene, and air are kept at 0.96 mg/s, 0.48

mg/s, and 340 mg/s respectively at all pressure levels.

Figure 4 displays the ethylene-air flame pictures and the schematic representation of
the burner and the boundary conditions. Considering Fig. 4, to further explain the choice of
inlet boundary condition, one option is to move the bottom boundary of the computational
domain down below the fuel tube exit. This would necessitate the modelling of the solid tube
material as either adiabatic, or thermally participating. The term conjugate heat transfer (CHT)
is used to describe processes which involve the combination of heat transfer between solids
and fluids. An anchored flame will heat the fuel tube, leading to CHT, although permitting CHT
in the model does not necessarily mean that it would occur. Although CHT has been utilized
with the CoFlame code in the past [28] with great additional computational cost, it is not
considered in the current study. Also in consultation with the authors of the experimental
paper [9], it was noted that full characterization of liftedness and heat conduction back down

toward the burner was not conducted. Therefore, CHT is not conducted in the present work.

3.2. Numerical Model

The fully coupled governing equations for mass, momentum, energy, and species mass
fraction are solved using the CoFlame code [41]. The details of gaseous phase governing
equations and boundary conditions can be found in [41]. The computational domain is formed

as a non-uniform axisymmetric grid, with 150 control volumes in the radial direction (r) and 400
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control volumes in the axial direction (z), with the resolution of dr = 0.013 mm and dz = 0.016

mm in the flame region.

A fixed soot sectional model is used, in which the soot particle mass is divided into
thirty-five sections logarithmically. The soot particle dynamics model consists of inception,
Hydrogen Abstraction Carbon Addition (HACA), Polycyclic Aromatic Hydrocarbon (PAH)
condensation, coagulation, and fragmentation. In the current model, chemical PAH addition is
not considered. It should be noted that recently available updated kinetics for soot surface
oxidation [34, 42] are not included in this study, and the soot surface reaction scheme
introduced in [32] with slight modifications from [41] is adopted (please see Supplementary
Material for the reaction scheme). The soot sectional model solves two equations per section
to obtain number densities of aggregates and primary particles. The chemical mechanism used
in the present work is a modified version of an earlier mechanism presented in [5, 43], which is

described in detail in [44].

4. Results and Discussion

4.1. Pure Ethylene Flames

A comparison between the simulation results and the experimental data [9] for pure
ethylene flames is made for the maximum soot volume fraction at pressures from 1 to 7 atm,
which is shown in Fig. 5. The uncertainty in soot volume fraction for the experimental data is
taken as 40% [9], which is comparable to other experimental studies at elevated pressures.

Figure 5 shows some important aspects; first, the model with a constant & value of 0.5 follows
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closely the trend of the experimental values; however, it only predicts the peak f, of the
experimental data within the uncertainty for a pressure of 3 atm. Second, although Khosousi
and Dworkin model [1] leads to a prediction of higher peak f, compared to the constant &
model, it is again only able to predict the peak f, of the experimental data within the
uncertainty at 3 atm. Third, both the model with an constant @ value of 0.5 and Khosousi and
Dworkin model [1] predict the experimental results for the other three pressures in the same
order of magnitude. Forth, the present model predicts the peak f, of the experimental data
within the uncertainty at all pressures of 1, 3, 5, and 7 atm. The ratios of the numerical result
from Khosousi and Dworkin model [1] and the present model to the experiment for maximum
soot volume fraction are 0.54 and 1.15 at 1 atm, 0.78 and 1.15 at 3 atm, 0.48 and 1.01 at 5 atm,

and 0.35 and 0.69 at 7 atm respectively.

A comparison between the experimental and the numerical results for the peak values
of soot volume fractions are summarized in Table 2. The numbers in the brackets in the
experimental column are lower and upper bounds of the experimental data range. Table 2
shows that only the present model is capable of predicting the maximum soot concentration

within the experimental uncertainty for all pressures from 1 to 7 atm.

Table 2: Comparison of peak soot volume fraction values (ppm) between experimental and
numerical results for the pure ethylene flames.

Flames Exp. [9] a=0.5 Khosousi and Dworkin [1] Present model
1atm [0.45, 1.05] 0.28 0.40 0.86
3atm [9, 21] 9.8 11.7 17.4
5 atm [43, 101] 29.5 324 72.2
7 atm [104, 243] 54.1 60.3 120.4
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An assessment of the overall shape of the flame is necessary to ensure that simulations
predict the physical characteristics of the flame such as flame length. Flame length, which is
defined by the axial location where the percent stoichiometric air is 100%, is inversely
proportional to flame temperature [45]. For this reason, flame temperature is an indicator of
flame length, and Fig. 6 displays a comparison of temperature contours for the experiment and

the present model.

Based on the temperature field which is displayed in Fig. 6, pressure has a significant
impact on the temperature map. When considering the overall flame shape, the simulation
reproduces what is seen in the experiment with acceptable accuracy. As pressure increases, the
flame becomes thinner and the flame length increases, and the location of the peak
temperature changes from the inner part of the flame to the wings. The maximum values for
the temperature obtained from the present model are 2077, 2041, 1978, and 1998 K at 1, 3, 5,
and 7 atm, respectively. The maximum values for the temperature obtained from the
experiment [9] are 2080, 2021, 1949, and 1963 K at 1, 3, 5, and 7 atm, respectively. It should
also be noted that the experimental temperature map does not have smooth edges which is
due to a large drop from the flame temperature to the coflow air temperature. This comparison
indicates that the simulation can capture the trend for temperature. For all pressure levels
except 1 atm, the simulated flame lengths are slightly smaller than the experimental ones,
which can contribute to a different soot formation field than the experimental ones. Despite
these differences, the simulation captures the correct maximum temperature and trend for the

temperature field compared to the experimental result.
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Furthermore, Fig. 7 displays a comparison of the soot yield percent versus the
height-above-the-burner (HAB) between the experimental and the simulation results brings

more detailed information about the impact of utilizing various soot surface reactivity models.

Figure 7 shows some important points; first, since at 1 atm, there is no difference
between Khosousi and Dworkin model [1] and the present model, and the results of simulation
utilizing both models are exactly the same. Second, as pressure increases, the prediction of the
soot yield percent for the model with a constant @ value of 0.5 and Khosousi and Dworkin
model [1] starts to cluster together and to deviate from the results utilizing the present model.
Third, the present model leads to a better prediction of the soot yield percent among the three
soot surface reactivity models. Fourth, as pressure increases, the effectiveness of the present
model in predicting the soot yield percent becomes more significant. Lastly, the present model
leads to a more accurate prediction in the formation region compared to the oxidation region.
Formation region is simply defined by the region of the flame in which soot particles grow and

their masses increase, whereas in oxidation region, soot particles and aggregates reduce in size.

In the experimental study [9], the maximum soot volume fraction at 1 and 3 atm lays
along the centerline of the flame which is not captured with the numerical model. Therefore, a
comparison of f, along the centerline between the experimental study [9] and the simulations
utilizing a constant @ value of 0.5, Khosousi and Dworkin model [1], and the present model,

which is displayed in Fig. 8, provides insight into the discrepancy.

As can be observed in Fig. 8, as pressure increases, all models underpredict the location

of peak soot concentration on the centerline. It also shows that despite underpredicting f,, all
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models lead to the prediction of soot concentration along the centerline of the flames within
the correct order of magnitude at all pressures. It is noteworthy that due to the cumbersome
practical accessibility to trace the pathline of peak f,, experimental data for soot concentration
along that pathline is not available for comparison purposes with the simulation results.
Overall, the effect of pressure dependent rates on predicted centerline soot volume fractions is

negligible.

Comparing Fig. 7 and Fig. 8 shows that the most important difference between the
results of the three soot surface reactivity models is at the wing region, where the present
model shows a greater increase in f, compared to the other two models. However, along the
centerline of the flames, the present model leads to a decrease in f, as pressure increases,
albeit a negligible one, due to the domination of PAH condensation and not HACA, which is
consistent with the results of the study of Eaves et al. [29]. The present model still predicts
HACA surface growth to be dominate on the wings, and PAH condensation to be dominant on
the centerline. The numerical results utilizing the present model predict the peak f, at the wings
at all pressures, which is in contrast with the experiment of the 1 and 3 atm pure ethylene
flames [9]. The experiment shows that the peak value for these flames lays at the centerline of

the flames.

4.2. N, Diluted Ethylene Flames

The effect of soot surface reactivity is also analyzed for cases of N, diluted ethylene
flames at a pressure range of 5, 10, 15, and 20 atm. Overall features are similar to the pure

ethylene flames presented in the previous section. A comparison between the simulation
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results and the experimental data [9] for N, diluted ethylene flames is made for the maximum
soot volume fraction at pressures from 5 to 20 atm, which is shown in Fig. 9. Again, the

uncertainty in soot volume fraction for the experimental data is taken as 40% [9].

Figure 9 shows some important aspects; first, all soot surface reactivity models are able
to predict the peak f, of the experimental data within the experimental uncertainty at all
pressures. Second, as pressure increases, the prediction of peak f, for all the three @ models
lumps together; however, the present model predicts a higher peak f, compared to the other
two soot surface reactivity models at all pressures, which is similar to the results of the pure
ethylene flames. The ratios of the numerical result utilizing Khosousi and Dworkin model [1]
and the present model to the experiment for maximum soot volume fraction is 1.24 and 1.45 at
5 atm, 1.01 and 1.14 at 10 atm, 0.76 and 0.84 at 15 atm, and 0.67 and 0.74 at 20 atm
respectively. The peak values of soot volume fractions and the comparison between the
experimental and the numerical results are summarized in Table 3. Numbers in the brackets in
the experimental column are lower and upper bounds of the experimental data range. Overall,
Figure 9 and Table 3 demonstrate that the effect of pressure dependent HACA rates on peak
soot volume fraction for the nitrogen-diluted flames is negligible and well within experimental

error.

Table 3: Comparison of peak soot volume fraction values (ppm) between experimental and
numerical results for the N, diluted ethylene flames.

Flames Exp. [9] a =05 Khosousi and Dworkin [1] Present model
5 atm [8, 19] 12.6 16.8 18.9
10 atm [39, 91] 57.1 66.8 75.1
15 atm [96, 225] 128.5 122.3 134.5
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20 atm [150, 349] 173.1 166.6 184.9

The temperature fields for N, diluted ethylene flames are displayed in Fig. 10 in order to
check the overall shape of the flames. The present model reproduces the overall shape of the
flames seen in the experiment with acceptable accuracy. As pressure increases, the flame
becomes thinner and the flame length increases, and the location of the peak temperature
shifts from the inner part of the flame to the wings. The maximum values for the temperature
obtained from the simulation applying the present model are 1988, 1959, 1951, and 1946 K at
5, 10, 15, and 20 atm, respectively. The maximum values for the temperature obtained from
the experiment [9] are 2022, 1982, 1955, and 1948 K at 5, 10, 15, and 20 atm, respectively.
Similar to the pure ethylene flames, this comparison indicates that the simulation can capture
the trend for temperature. For all simulations, the flame lengths are slightly smaller than the
experimental ones, which can contribute to a different soot formation field than the
experimental ones. Despite that, the simulation captures the correct maximum temperature

and trend for the temperature field compared to the experimental result.

A comparison of the soot yield percent versus HAB between the experimental and the
simulation results reveals more detailed information about the impact of utilizing various
models on the nitrogen diluted ethylene flames. This comparison which is displayed in Fig. 11,
shows some important points; first, all models lead to a more accurate prediction in the
formation region than in the oxidation section. Second, as pressure increases, the prediction of
the soot yield percent for the model with a constant & value of 0.5 and Khosousi and Dworkin

model [1] starts to cluster together and to deviate from the results of the simulation utilizing
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the present model. Lastly, although all models underpredict the location of peak soot yield
percent compared to the experimental result, the present model leads to a better prediction of
the maximum soot yield percent at all pressures, although the effect is minor. This
underprediction of the location of peak soot yield percent may be due to the smaller flame

length in the simulations and underprediction on the centerline of the flames.

Once again, for a more thorough investigation of the impact of these three models on
soot formation and oxidation, a comparison of f, as a function of HAB along the centerline
between the experimental study [9] and the simulations implementing a constant & value of
0.5, Khosousi and Dworkin model [1], and the present model for N, diluted ethylene flames at

different pressures from 5 to 20 atm is required. This comparison is displayed in Fig. 12.

As can be observed in Fig. 12, as pressure increases, all models capture the location of
peak soot concentration on the centerline more precisely. It also shows that despite
underpredicting f,, all models lead to the prediction of soot concentration along the centerline
of the flames within the same order of magnitude at all pressures. Although all three surface
reactivity models underpredict the quantity and the location of peak soot concentration, they
capture the correct trend of soot formation and decomposition as the pressure increases. At 5
atm, all three models predict a very similar profile for f, with respect to HAB. As pressure
increases the results of these three models deviate from each other in a way that Khosousi and
Dworkin model [1] predicts the highest f, then the present model and the constant @ model
consecutively. It again should be noted that due to the cumbersome practical accessibility to

trace the pathline of peak f,, experimental data for soot concentration along that pathline is not
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available for comparison purposes with the simulation results. Taken as a whole, the effect of

pressure dependent HACA rates is negligible for the nitrogen-diluted flames.

5. Conclusions

The effect of surface reactivity of soot particles in pure ethylene flames at pressures of
1, 3, 5, and 7 atm and N, diluted ethylene flames at pressures of 5, 10, 15, and 20 atm is
studied. A new pressure scaling factor for the HACA surface growth mechanism is introduced
and is evaluated for use in varying pressure flames. The employed soot surface reactivity model
in the present study is the same as in the study conducted by Khosousi and Dworkin [1]. The
same surface reactivity model is implemented for both formation and oxidation processes, but
its impact on oxidation in these flames is negligible which is the same as that on the
atmospheric flames in a previous study [1]. For pure ethylene flames, Khosousi and Dworkin
model [1] is capturing qualitative trends, while the distribution and quantities still remain the
subject of further inquiry. The present model is able to predict the peak f, within the
experimental uncertainty at all pressures; however, this model could not capture the peak f,
along the centerline of the 1 atm pure ethylene flame correctly. Since none of the models could
capture the maximum soot concentration along the centerline of the 1 atm flame, this
inconsistency highlights the need to better understand the physical processes that are
occurring in the central/pyrolysis region of that flame. As pressure increases the effectiveness
of the present model in predicting the soot yield percent becomes more significant. For the N,
diluted ethylene flames, all of the three models capture the peak f, within the experimental

uncertainty; however, the present model leads to a prediction of higher values compared to the
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other two models. Moreover, altering the soot surface reactivity models does not lead to any
significant differences in prediction of f, along the centerline of the flame for both pure and
nitrogen diluted ethylene flames. For the flames investigated, it is concluded that pressure
dependent HACA surface growth mechanism rates do not alleviate all discrepancies between
the numerical and experimental results and that further work is required. One area of current
and future inquiry relates back to the model for inception, and the potential participation of
PAHs with aliphatic chains, which may work to change the distribution of soot within the flame.
Additionally, the present model should be updated to include the improved surface growth
models developed in [34, 42] and applied to diffusion and pre-mixed flames. The pressure
dependence of 02 oxidation rates and the effect on soot formation should be investigated as

well.
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Supplementary Material

Table S1: HACA-based soot surface growth and oxidation reactions [32]

No. Reaction A b E,
(cm® mol ™! s71) (kcal/mol)

S1 Coey — H 4+ H == Clgo - LHp T 0.0 13.0

) Cusst — H +-0H == Cisp~+Ha0 il i 073 143

S3 Clocs 8 —3 B o —H 2.005% 107 0.0 0.0

S4 Csoot - +CHy — Cooor —H+H 8.0 x 107 1.56 3.8

S5 Cesar - +0o — 2C0 + product 2.2 x 102 0.0 7.5

56 Csoot — H 4+ OH — CO + product vou = 0.13
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Figure 1: Formation of multi-ringed aromatics through HACA sequence (Reprinted from [37])
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Figure 2: Soot surface reactivity, a function [1] contours of pure ethylene flames at different
pressures of 1, 3, 5, and 7 atm
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Figure 7: Comparison of soot yield percent as a function of the height-above-the-burner (HAB)
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Figure 12: Comparison of f, versus the height-above-the-burner (HAB) (z), along the centerline

of the flame for the experimental study [9], and simulations applying a constant a value of 0.5,

Khosousi and Dworkin model [1], and the present model for the N, diluted ethylene flames at
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