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h i g h l i g h t s
� Soot reduction by H2 addition in C2H4 flames is studied using a sectional soot model.

� Chemical effects of hydrogen enrichment tend to increase soot nucleation rates.

� The chemical suppression of soot by hydrogen is due to reduced surface growth rates.

� Weak synergistic effects exist between H2 and H2O for soot inhibition.

� Hydrogen enrichment leads to a reduction in the average soot particle size.
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a b s t r a c t

Effects of simultaneous, together with separate addition of hydrogen to the fuel and water

vapour to the oxidizer on soot formation in laminar, counterflow ethylene diffusion flames

at atmospheric pressure were studied numerically. A polycyclic aromatic hydrocarbon

(PAH)-based sectional soot model coupled with detailed gas-phase chemistry, was used to

investigate the underlying chemical pathways of soot formation. In agreement to available

studies, the results showed that, in addition to the dilution effects, the fuel-side enrich-

ment of hydrogen and/or oxidizer side dilution of water vapour suppress the soot forma-

tion through chemical effects. The reduction in soot formation through chemical effects of

H2 and H2O addition is mainly attributed to the reduced rates of soot surface growth due to

suppression of the H-abstraction reaction in the hydrogen-abstraction-C2H2-addition

(HACA) sequence as a result of an increased molecular hydrogen concentration. The

simulations indicate that the chemical effects tend to increase PAH concentration within

the soot formation region, which results in increased soot nucleation rates and number

density. However, the contribution of soot nucleation in the overall soot formation process

becomes secondary, while the soot surface growth predominantly governs the chemically

inhibiting effects of H2 and H2O addition. Compared to separate addition, simultaneous

addition of hydrogen to the fuel and water vapour to the oxidizer proves to be more

effective in soot suppression for the same dilution level, since there exist weak synergistic

effects between H2 and H2O. The numerical analysis further demonstrates that the sepa-

rate, as well as simultaneous addition of H2 and H2O, tend to decrease the number density

of larger-sized particles, causing the reduction in average soot particle size.
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Introduction

Considering the severe environmental and health impacts of

soot, the legislative regulations on their emissions from

combustion systems have become stringent. In the quest of

achieving the goals of these regulations, extensive research is

ongoing on the development of advanced technologies for

reducing soot emissions while improving combustion effi-

ciency. Concerning this, blending of reactants with various

non-fuel diluents, such as N2, CO2, H2O, He, Ar and reactive

additives, such as H2, CO, dimethyl ether (DME) remains one of

the most effective approaches to suppress the soot formation

in combustion devices. In principle, such diluents influence

the soot formation via four important mechanisms [1]. (a) The

dilution effect, which alters the overall oxidizer-to-fuel mass

ratio. (b) The thermal effect, as a consequence of the change in

the thermal properties of reactants. (c) The chemical effect of

reactive diluents, as they participate in chemical reactions. (d)

The radiative exchange, through which diluents modify flame

temperatures, and affect the overall soot production. Inher-

ently, these effects are strongly coupled, which makes it

almost impossible to quantify and investigate the isolated

effects through experiments. Owing to this, multiple research

activities have been conducted over the past two decades on

investigating the effectiveness of various additives and dilu-

ents on soot inhibition in premixed as well as diffusion flames

[2e18]. However, given the intricacies of physico-chemical

interactions associated with soot formation, understanding

inherent mechanisms through which various additives influ-

ence the flame properties, PAH formation, soot inception, and

surface growth stages, is very challenging, and continues to be

an active area of research.

Moreover, recent trends in combustion research show a

prominent interest in hydrogen as a future combustion fuel.

Notably, even small amounts of hydrogen blending in tradi-

tional hydrocarbon fuels has shown to improve combustion

efficiency, along with a significant reduction in overall soot

emissions [19e25]. Hydrogen also plays a key role in the for-

mation of PAHs and surface growth of soot particles. There-

fore, there is a continued research interest in investigating the

fundamental pathways leading to the suppression of soot

formation as an effect of hydrogen addition.Many researchers

have addressed the effects of hydrogen addition to hydro-

carbon fuels on soot, PAH formation under different flame

conditions through experiments and computations

[5e7,10,15,26e36]. A potential role of its chemical effect in the

soot suppression was first highlighted through the experi-

ments by Du et al. [5] based on the soot particle inception

limits in strained diffusion flames. Later, Gülder et al. [6] also

demonstrated the additional role of chemical effects in the
suppression of soot formation for the laminar co-flow

ethylene-air flames. Guo et al. [7] modeled the ethylene

flames studied by Gülder et al. [6]. The authors argued that the

reduced concentration of H radicals in the surface growth

region, and the higher concentration of H2 in the lower flame

region, decrease the H-abstraction rate in the PAH and soot

surface growth processes, and eventually reduce the soot

formation. Using a detailed soot model, Gu et al. [10]

concluded that through chemical effects, the added hydrogen

decreases the PAH concentration, which in turn, lowers the

soot inception rate. The influence of hydrogen addition on the

kinetic pathways leading to PAH formation was, however, not

examined.

The potential kinetic pathways concerning the suppres-

sion of soot formation by H2 in laminar co-flow

C2H4 =ðO2 �CO2Þ diffusion flames were discussed by Wang

et al. [15]. In their study, the reduced nucleation rate through

the chemical effect of H2 was identified as the primary factor

in the soot inhibition. However, given the current under-

standing of soot formation in diffusion flames, the contribu-

tion of nucleation to the sootmass is not significant compared

to the surface growth. Therefore, it is of interest to understand

the influence of chemical effects on the soot nucleation in

particular, and its role in the overall soot suppression. Most

recently, Xu et al. [35] studied the chemical effects of hydrogen

addition on soot formation in methane and ethylene coun-

terflow diffusion flames experimentally and numerically.

Through detailed kinetic analysis, the authors reported that

the role of hydrogen in chemical suppression of soot forma-

tion is sensitive to oxidizer composition and fuel type. Qiu

et al. [36], through a detailed de-coupling approach, numeri-

cally investigated the effects of hydrogen blending on flame

structure and soot formation in a laminar ethylene co-flow

flames. Their study suggested a relatively opposing view,

that the soot yield, primary number density, and average

primary number increase under chemical effect as a result of

enhanced HACA rates, PAH condensation rates and delayed

oxidation rates. A literature review reveals that the underlying

mechanisms of soot suppression from the addition of H2 are

still not fully understood, and therefore motivates the current

study.

Similar to the hydrogen addition, multiple studies inves-

tigating the chemical effects of water vapour dilution on soot

formation have been carried out in the literature [1,33,37e42].

In a numerical study by Liu et al. [1], the chemical effects of

water vapour dilution of the air-stream were found to lower

the PAH concentrations, and consequently, the soot nucle-

ation rates. Their analysis also revealed that the added H2O

enhances the formation of OH radicals and reduces the con-

centration of H radicals primarily through the reverse reaction
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of OHþH24HþH2O. The reduced concentration of H radi-

cals subsequently slows down the soot surface growth

through the H-abstraction reaction. Most recently, Mahmoud

et al. [42] observed that the addition of H2O chemically pro-

motes the formation of molecular hydrogen, through the

reverse reaction of OHþH24HþH2O. The increased H2

lowers PAH growth rates through the reverse H-abstraction

reaction in the HACA PAH formation sequence and tends to

decrease the soot nucleation rate. Evidently, while explaining

the role of chemical effects in the soot suppression, Liu et al.

[1] also highlighted the reduced soot surface growth rate. On

the other hand, Mahmoud et al. [42] identified the decreased

soot nucleation rates as a prime element in the overall soot

reduction. Therefore, it is noticed that there are inconsistent

conclusions regarding the kinetic pathways through which

the H2O addition chemically influence PAH growth, soot

nucleation, and soot surface growth. Hence, it requires further

attention.

In general, previous studies have focused on investi-

gating the effects of either blending fuel with H2, or adding

H2O to fuel/oxidizer on soot formation in diffusion flames.

However, soot inhibiting effects of adding H2 to the fuel

and H2O to the oxidizer simultaneously, have not been

discussed in the open literature. Further, with the addition

of H2 as well as H2O, the radical pool that influences the

overall soot formation process, is expected to be kinetically

affected via the reaction OHþH24HþH2O. Hence, in the

view of identifying plausible coupled effects, it is of interest

to understand how the chemical pathways of soot forma-

tion will be affected by the simultaneous addition of H2 and

H2O. Moreover, the simultaneous addition of H2 and H2O

aims to incorporate the concepts of hydrogen-enriched

combustion together with flue gas recirculation. Hence,

such a study is of importance from a practical perspective.

Besides, many of the previous studies on hydrogen

enrichment or water vapour dilution were carried out in co-

flow jet diffusion flames. Because of the two-dimensional

flow field, the trends in the radial distribution of the soot

source terms were found to be varying along the direction

of flame height, making the investigation of kinetic path-

ways more challenging. Therefore, to understand the

chemical effects on a fundamental level, it is of interest to

carry out a detailed kinetic analysis in a canonical config-

uration of the counterflow diffusion flame, which is

particularly suited for soot mechanism studies. In this re-

gard, the main objective of this study is to elucidate the

detailed kinetic pathways associated with the soot sup-

pression due to H2=H2O addition in counterflow ethylene

flames, primarily focusing on the role of chemical effects. It

also highlights the role of the reaction mechanism in

identifying the pathways of soot formation that may lead to

a disparity of conclusions. The present study intends to

ascertain if there exists a synergistic interaction between

the chemical effects of fuel-side H2 addition and those of

oxidizer-side H2O dilution in soot formation suppression

when added simultaneously. Finally, the effect of H2=H2O

addition on the particle size distribution (PSD) is discussed

to provide insights into the underlying mechanisms of the

sooting process.
Numerical modeling

Governing equations and soot model

Steady, one-dimensional governing equations for the con-

servation of total mass, momentum, chemical species, and

enthalpy are solved in the low Mach number limit using

CHEM1D [43,44]. These equations have been described in

detail in previous studies [45,46]. The governing equations are

discretized with a staggered mesh based on the finite volume

method formulation. The implicit time integration method is

employed with an adaptive time-steps to arrive at the

converged steady-state solution. A mixture-averaged

approximation is used in the solver for the calculation of

species diffusion coefficients assuming Fick-like diffusion

while neglecting the Soret and Dufour effects.

A detailed kinetic soot model based on the discrete

sectional method [14,35,47e50] is employed in this study for

the evolution of particle size distribution. According to this

method, the continuous soot PSD is divided into a finite

number of sections, each representing a certain range (or

class) of particle sizes. A constant soot volume fraction den-

sity is assumed for all the particles within a section, based on

which, the transport terms related to various soot formation

processes are formulated [50,51]. The soot model used in this

study has been described in detail by Hoerlle and Pereira [14]

and is briefly summarized below.

In the soot model, a geometric progression is used for the

discretization of the particle volume size (v) range into nsec

sections as:

vi;max ¼ v0

�
vmax

v0

� i
nsec

i¼ 1;2;…;nsec (1)

where vi;max is the upper boundary of section i, and vi;min ¼
vi�1;max. The smallest particle volume v0 is considered as the

carbon-equivalent volume of two soot precursors molecules

(pyrene ðC16H10Þ in the present work, hence v0 ¼ v1;min ¼ 3:43�
10�22 cm3). The largest particle size is assumed to be vmax ¼
5:23� 10�10 cm3. Based on preliminary sensitivity studies,

approximately 60 sections are found to present a good

compromise between computational demand and model

accuracy.

A standard transport equation for the soot mass fraction

ðYs;iÞ is solved for each section i by accounting for flow con-

vection, normal diffusion, thermophoresis and source terms.

The source terms are evaluated from the physical and

chemical growth processes associated with soot particles.

These processes include soot nucleation (nuc), heterogeneous

surface growth reaction (sg), PAH condensation (cond),

particle-particle coagulation (coag), and soot oxidation (ox).

Accordingly, the sectional transport equation for soot mass

fraction becomes:

v
�
rYs;i

�
vt

þV ,
�
ruYs;i

�¼ �V ,
�
rYs;iVT

�þV ,
�
rDs;iVYs;i

�

þ rs

�
_Qnuc;i þ _Qcond;i þ _Qcoag;i þ _Qsg;i þ _Qox;i

�
i¼1;2;…;nsec

(2)
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where, u is the gas velocity, rs is the soot density (equivalent to

the density of solid carbon) and _Q is the source term for soot

volume fraction. In Eq. (2), VT is the particle thermophoretic

velocity, which is computed using the method indicated by

Friendlander et al. [52]. The molecular diffusion coefficient of

soot,Ds;i, is assumed to be 1% of the average gas diffusivity and

is added solely for numerical stability.

Nascent soot particles are assumed to nucleate through

Brownian collision and coalescence of two gas-phase PAH

species (pyrene molecules (A4) here) into a dimer [53]. PAHs’

collisions are generally irreversible, and not all the collisions

form a dimer [54]. Hence, nucleation rates are simplified by

the introduction of collision efficiencies, which is used as

unity for the present nucleationmodel. The nucleation source

term is calculated only for the first section from the collision

rate of two pyrene molecules in the free-molecular regime

with 2.2 as van der Waals enhancement factor [55]. Subse-

quent to nucleation, these incipient soot particles grow in size

due to PAH condensation, surface reactions, and particle-

particle coagulation. The condensation of PAHs on the sur-

face of soot particles is modeled by considering Brownian

collisions between soot particles and PAH in all the sections.

The condensation source term is obtained from the collision

theory between PAH and soot particles as per the Smo-

luchowski equation described in Ref. [49]. All the collisions are

assumed to lead to successful condensation. To account for

the effect of soot formation on gas-phase species concentra-

tions, the sectional source terms due to soot nucleation and

PAH condensation are coupled with the gas-phase species

source terms through a two-way coupling. The coagulation

process is modeled assuming Brownian collisions of all soot

particles leading to pure coalescence, while the particle ag-

gregation is not included. The coagulation source term is

calculated for each section based on the model proposed by

Kumar and Ramkrishna [56]. To simplify the computations of

collision coefficients, in the PAH condensation and coagula-

tion models, a representative mean size is assumed for par-

ticles in each section, instead of their size distribution.

Soot surface growth and oxidation processes are described

through the hydrogen-abstraction-C2H2-addition (HACA)

mechanism [57]. Simultaneously, the consumption of gaseous

species due to soot growth and oxidation is accounted for in

the species conservation equations. The key element of the

HACAmechanism is that C2H2 and O2 react with active radical

sites available on the soot particle surface. Previous studies

identified that during the acetylene addition step, the surface

radicals remain in between the two extremes of complete

depletion and complete conservation [58]. However, it is still

an open subject to be fully understood. To incorporate this

phenomenon, Hoerlle and Pereira [14] introduced the adjust-

able constant parameter xdc for surface radical treatment, with

xdc ¼ 0 indicating complete depletion and xdc ¼ 1 denoting

complete conservation of the surface radicals. Although the

parameter xdc does not have general validity, the calibration

study [14] suggested that the values of xdc within the range

0.5e0.95 show a good prediction of soot volume fraction when

compared to experimental measurements in ethylene coun-

terflow flames. The wide variation in the range, therefore, can

cause quantitative discrepancies between the experimental
and simulated soot quantities. The steric parameter a repre-

senting the fraction of the surface sites available for chemical

reactions is specified in the temperature and particle size-

dependent form introduced by Appel et al. [57]. In general,

soot radiation can also impact the soot concentration through

temperature changes [59e62], however, for simplicity, the

radiation effects of soot have not been included in the model.

The present soot model has been validated for its predic-

tive capabilities for various sooting characteristics (soot vol-

ume fraction, average particle size, and soot number density)

over a broad range of conditions in laminar non-premixed as

well as premixed flames byHoerlle and Pereira [14]. Additional

verification of the soot model in capturing dilution effects in

counterflow ethylene flames for various diluent species and

flame conditions is included in the supplementary material.

Considering the relevance to the present study, only brief

evidence ofmodel verification for H2O andH2 diluted ethylene

flames is provided in the next section. Besides,more details on

model accuracy, computational performance, simulation

procedure, model assumptions, and constraints are provided

in the enclosed supplementary material.

Model validation

The counterflow diffusion flame studied by Wang et al. [63] is

considered as a baseline case to investigate the effect of

H2=H2O dilution on soot formation. The baseline flame con-

sists of a pure C2H4 fuel reactingwith an oxidizer composed of

25% of O2 and 75% of N2 (onmolar basis). The fuel and oxidizer

streams are kept at 300 K inlet temperature. Before carrying

out sooting flame simulations, the overall chemical structure

of the baseline flamewasmatchedwith the numerical profiles

presented in Ref. [63] at a strain rate of a ¼ 120 s�1. Subse-

quently, the soot model described earlier, was validated with

the experimental results for soot volume fraction ðfvÞ, average
particle size, and soot number density reported in Wang et al.

[63]. In the present model, the radical treatment parameter

xdc ¼ 0:94 showed an improved agreement for soot volume

fraction with the experimental results of Wang et al. [63]. The

computed profiles of soot quantities are also comparable with

the modeling results reported by Wang et al. [63].

Distributions of soot characteristics for the simulated

baseline flame are compared with the experimental data in

Fig. 1. A good qualitative agreement is found between the

numerical simulation and the experimental measurements,

providing confidence in the utilization of the present soot

model in further analyses. The baseline case is an example of

a soot formation (SF) type flame, i.e., the flame is located on

the oxidizer side of the stagnation plane. Hence, soot nucle-

ation occurs on the fuel side of the flame, but on the oxidizer

side of the stagnation plane, where concentrations of PAHs

are high. The nascent soot particles, then grow in size though

surface reactions and physical interactions while convecting

towards the stagnation plane XStg. For SF type flames,

oxidizing species (such as OH and O2) exist in abundance near

the flame front (near XTmax ) and have a negligible concentra-

tion within the soot growth region. Consequently, soot vol-

ume fraction and particle size continue to increase toward the

stagnation plane as observed from Fig. 1c. During this process,

https://doi.org/10.1016/j.ijhydene.2020.06.183
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Fig. 1 e Comparison of measured (symbols) and computed

(solid line) profiles of soot characteristics for the baseline

counterflow diffusion flame studied by Wang et al. [63];

Soot volume fraction (a), number density (b), and average
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particles coagulate causing a reduction in their number den-

sity as evident in Fig. 1b.

Furthermore, to validate the predictive capabilities of the

soot model concerning dilution effects, additional verifica-

tion of the model is conducted based on the recent exper-

iments from Mahmoud et al. [42] on fuel-side H2O addition

in ethylene flames. In the simulations, the oxidizer stream

is composed of 25% of O2 and 75% of N2 (identical to the

baseline case), and the temperature of the fuel stream is

maintained at 393 K as reported in the experiments [42].

Simulations were performed for different levels of H2O

dilution with the identical soot model as the baseline case.

The computed profiles of soot volume fraction are

compared with experimental measurements in Fig. 2. A

good qualitative and quantitative agreement is observed

between the numerical results and experimental data,

indicating that the present model can qualitatively predict

the effects of H2O dilution on sooting characteristics in

ethylene flames.

The present model is also verified with recent experi-

mental data fromXu et al. [35] for the prediction of H2 addition

effects on soot formation. In the simulated case, the oxidizer

stream is composed of 24% of O2 and 76% of N2, and the fuel

stream of ethylene is diluted with 20% of H2. In Fig. 3 the

measured and computed profiles for soot volume fraction and

average particle diameter are compared. A reasonably good

match is observed for the computed results against the re-

ported experimental data. Besides, the experimental and

simulated profiles of normalized peak soot volume fraction

with varied levels of H2 addition are compared in Fig. 4. The

trends of an intense decrement in soot concentration on the

addition of H2 to the fuel are qualitatively captured by the

present soot model, although quantitative discrepancies still

exist. The reasonable agreement between measured and

computed values suggests that the currentmodel is capable of

capturing the qualitative features of soot evolution in on the

addition of H2 in ethylene flames.

Simulation method, chemistry and flame conditions

Numerical simulations were carried out for the baseline flame

(ethylene-oxidizer) with different combinations of hydrogen

addition to ethylene and water vapour dilution of the oxidizer

by up to 20% (on a molar basis). To isolate and quantify the

chemical effects form thermal and dilution effects, fictitious

inert species i-H2 and i-H2O were included in the chemical

mechanism. These fictitious species were assumed to have

identical thermal and transport properties as real H2 and H2O.

However, they were treated as chemically inert and were not

allowed to participate in chemical reactions, except through

the third body collision processes. Three different conditions

were considered to investigate the separate and simultaneous

effects of H2 or H2O addition. For brevity, we describe these

cases as follows:
particle diameter (c); XStg and XTmax indicate flame

stagnation and peak flame temperature locations

respectively.

https://doi.org/10.1016/j.ijhydene.2020.06.183
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Fig. 2 e Comparison of computed soot volume fraction

profiles with experimental results of Mahmoud et al. [42]

for H2O addition to ethylene up to 20%.

Fig. 3 e Comparison of measured (symbols) and simulated (soli

diffusion flame studied by Xu et al. [35]; Soot volume fraction (a

Fig. 4 e Comparison of the computed normalized peak soot

volume fraction fv with experimental data of Xu et al. [35]

for the level of H2 addition (data normalized to of peak fv of

a pure ethylene flame).
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� SepH2 cases refer to the flames in which either H2 or i-H2 is

added to the ethylene up to 20%.

� SepH2O cases refer to the flames in which either H2O or

i-H2O is added to the oxidizer up to 20%.

� SimH2H2O cases refer to the flames in which H2 or i-H2 is

added to the ethylene and H2O or i-H2O is added to the

oxidizer up to 20%.

All the numerical calculations, including validation cases,

were conducted on a computational domain, separating fuel

and oxidizer stream boundaries by 2.5 cm. The domain was

discretized with 200 grid points, and an adaptive non-

uniform mesh refinement was used to increase the accu-

racy in regions with steep gradients. The detailed gas-phase

chemical mechanism KAUST PAH Mech 2 (KM2) [64], con-

sisting of 202 species and 1351 reactions, was used to

describe the reaction kinetics of ethylene. The KM2 mecha-

nism includes additional pathways associated with the aro-

matic ring formation.
d line) profiles of soot properties for the counterflow

), average particle diameter (b).
In most of the previous studies investigating H2=H2O

addition effects, the reaction kinetics of ethylene was

modeled using the well-known ABF mechanism given by

Appel et al. [57]. However, this mechanism was shown to

noticeably underpredict the pyrene concentration and, hence,

underperform in capturing the overall soot concentration.

Therefore, to identify the differences in the chemical path-

ways of soot formation, all the cases were also simulated with

the ABF mechanism [57], consisting of 101 species and 544

reactions.
Results and discussion

The important kinetic pathways associated with the chemical

effects of adding either hydrogen to ethylene (SepH2 cases) or

water vapour to oxidizer (SepH2O cases) are discussed first.

Subsequently, the effects of simultaneous addition of H2 and

H2O (SimH2H2O cases) on the soot formation suppression are

investigated.
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Fig. 5 e Comparison of computed profiles for temperature (a), and soot volume fraction (b) in the baseline (no dilution), 20%

H2, and 20% i-H2 enriched SepH2 flames.
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Effects of hydrogen addition to the fuel

Temperature is one of the key parameters that influence the

sooting characteristics of a flame. Thus, the computed tem-

perature profiles for 20% H2 and i-H2 addition are compared

with the baseline case in Fig. 5a. The difference between the

temperature profiles for H2 and i-H2 enriched flames essen-

tially demonstrates the chemical effect. Therefore, in the rest

of this paper, the difference between real and inert addition is

referred to as ‘chemical effect’, while the difference between

the baseline and inert addition is specified as ‘dilution effect’.

Fig. 5a shows a small increment in the peak flame tempera-

ture for H2 addition. Since H2 participates in fuel oxidation

chemistry, it is expected that the released heat results in an

increased peak flame temperature. In contrast to H2, the

addition of i-H2 tends to lower the temperature through the

dilution effect, as pointed out in several studies [7,10]. The

effects of H2 and i-H2 addition on soot formation can be

evaluated from the soot volume fraction distributions as
Fig. 6 e Computed mole fraction profiles of important species fo

SepH2 flames. Note the difference in X range for the top and bo
shown in Fig. 5b. It is evident that both H2 and i-H2 suppress

the soot formation, with H2 being more effective in soot

reduction compared to i-H2. The dilution effect of i-H2 plays a

key role in soot reduction. However, a further reduction in

soot volume fraction is observed due to the chemical effect of

H2. These results are qualitatively consistent with previous

findings on the relative effectiveness of H2 on soot inhibition

compared to i-H2 in various diffusion flame configurations

[10,15,35].

To acquire more insights into the underlying mechanism

by which H2 addition affects the soot formation, and to

elucidate the important pathways leading to the PAH forma-

tion, the computedmole fraction profiles of important species

are analyzed in Fig. 6. It is to be noted that except for PAH (A4),

no significant changes were observed in the species profiles

when the soot processes were not included. From Fig. 6, it can

be observed that the addition of H2 chemically increases the

radical pool for species such as H, OH and O. Moreover, the

chemical effects of H2 addition enhance the concentration of
r the baseline (no dilution), 20% H2, and 20% i-H2 enriched

ttom rows.
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acetylene ðC2H2Þ and propargyl ðC3H3Þ, which have an

important role in the formation of benzene (A1), and conse-

quentially, pyrene (A4).

PAH formation pathways
To identify the important reactions and species contributing

to PAH formation, a rate of production (ROP) analysis was

conducted based on the integrated production rates for sub-

sequent species. The ROP analysis indicated that the forma-

tion of acetylene ðC2H2Þ occurs primarily through the channel

C2H4/C2H3/C2H2 following the reactions

C2H4 þH4C2H3 þH2; (R1)

C2H3ðþMÞ4C2H2 þHðþMÞ: (R2)

Because of chemical effects, the H radical concentration is

increased prominently via reaction

OHþH24HþH2O: (R3)

The increased H concentration in turn promotes the C2H2

production through reaction sequence R1-R2. The rise in C2H2

concentration due to chemical effects can be partially attrib-

uted to another pathway that reduces the consumption rate of

C2H2 through reaction

C2H2 þO4HþHCCO; (R4)

as a result of depleted O radicals within the soot zone [7]. The

enhanced concentration of C2H2 promotes the formation of

propargyl ðC3H3Þ radicals by increasing the rates of the

dominant C3H3 production reactions [42].

C2H2 þCH2

�
CH*

2

�
4C3H3 þH; (R5)

in whichmethylene ðCH2 and CH*
2Þ species serve as important

precursors for propargyl formation. Moreover, the addition of

H2 chemically reduces the consumption rates of CH2 through

the reaction

CH2 þH4CHþH2; (R6)

and as a result, the propargyl C3H3 production is further

enhanced.

As mentioned before, C3H3 plays a crucial role in the for-

mation of the first aromatic ring, benzene (A1), since it is

formed primarily through the self-combination of propargyl

radicals ðC3H3Þ [65] as per the reaction

C3H3 þC3H34A1: (R7)

Besides R7, another important pathway involving reactions

C3H3 þ C3H34A1� þH; (R8)

A1� þH4A1; (R9)

exists in the KM2 mechanism which partly contributes to the

A1 formation from C3H3. Through ROP analysis, it is observed

that the latter route (R8-R9) to benzene formation via A1�

becomes predominant compared to the direct route (R7), on

the addition of H2. Consequently, the increased propargyl

ðC3H3Þ concentration through chemical effects promotes the

formation of A1 in SepH2 flames. Such an increment in
benzene (A1) concentration due to chemical effects in

hydrogen-enriched ethylene is consistent with some of the

previous studies [7,35].

However, it is important to point out that the analysis of

chemical pathways is highly influenced by the adequacy of

the gas-phase kinetics. For instance, in recent numerical

studies by Wang et al. [15] in which the ABF mechanism was

employed, the chemical effect of H2 addition was shown to

suppress the A1 production for the laminar co-flow

C2H4 =ðO2 �CO2Þ flames. Therefore, it is imperative to inves-

tigate the influence of gas-phase chemistry on the chemical

pathways leading to the formation of PAH. Concerning this, in

Fig. 7, the mole fraction profiles of C3H3, A1, and A4 computed

through the ABFmechanism are compared against the results

obtained from the KM2 mechanism. As observed for the KM2

mechanism, the results obtained by the ABF mechanism also

show a marginal increment in C3H3 and A1 concentrations

under chemical effects, indicating that the kinetic pathways

leading to the formation of A1 in SepH2 flames are similar.

However, the comparison of A4 profiles reveals that the

chemical effect of H2 tends to reduce the concentration of A4

for the ABFmechanism,whereas it is found to be increased for

the KM2 mechanism. Besides, a significant difference can be

observed in the magnitudes of A4 concentrations for the KM2

and ABF mechanisms. This is because other than the HACA

sequence, the additional pathways of PAH formation

involving odd-carbon number species such as C9H7, C5H5 are

also included in the KM2 to overcome the issue of substantial

under-prediction of A4 by the ABF mechanism [64].

The formation of large PAH such as A4 is mainly controlled

by the temperature and the concentrations of species such as

C2H2, H2, H, and A1 through the HACA [53] reaction sequence

for PAH growth.

AiþH4Ai� þH2; (R10.1)

Ai� þC2H24AiC2H
�
2 ; (R10.2)

AiC2H
�
2 þC2H2 /Aðiþ1Þ þH: (R10.3)

The chemical effect of H2 is found to increase the A4 con-

centration (Fig. 6) in SepH2 flames. Hence, to understand the

underlying kinetic pathways associated with the PAH growth,

the additional ROP analysis was carried out. The rate distri-

butions of important elementary reactions responsible for the

A4 formation process are presented in Fig. 8. The kinetic

analysis suggests that the peak in the A4 concentration is

mainly caused by the formation reaction sequence:

A3� þC2H2/A4þH; (R11)

A3C2H2 4A4þH: (R12)

Because of the chemical effect of H2, the concentration of

acetylene ðC2H2Þ is found to be increased in the H2-enriched

flame compared to the i-H2-enriched flame (Fig. 6). The

enhanced concentration of acetylene, thus, promotes PAH

growth through reaction R11. Besides, increased rates of R12

further contribute to higher A4 concentration. On the other

hand, the consumption of A4 is largely controlled by reactions

of the type
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Fig. 7 e Computed mole fraction profiles of important species for the baseline (no dilution), 20% H2, and 20% i-H2 enriched

SepH2 flames with the KM2 mechanism [64] (a), and the ABF mechanism [57] (b).
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A4þH/A4� þH2: (R13)

Figure 8 shows that the chemical effect of H2 tends to in-

crease A4 consumption by R13, in the second peak (near Xx

0:15 cm). However, within the region of maximum PAH

growth (sooting zone), the contribution of the chemical effect

in A4 consumption is found to be very small. As a result, the

overall pyrene concentration is found to be increased by the

chemical effects of H2 addition.

Soot formation rates
Next, we investigate the effects of H2 addition on the rates of

key soot formation processes. Since soot nucleation is the

bottleneck process in the overall soot formation, it is impor-

tant to examine the chemical effect of H2 on the soot nucle-

ation rates. Fig. 9a shows the distribution of nucleation rates

in H2 and i-H2 enriched SepH2 flames. Based on the nucleation

model used in the present study, PAH concentration and

temperature are the main factors affecting the nucleation

process. The nucleation rate is proportional to the square of

the PAH concentration and the square root of the
temperature. Hence, the increment in the nucleation rates

due to chemical effects can be attributed to an enhanced

concentration of A4 and a marginal increment in the tem-

perature in the soot nucleating region (Xx0:05� 0:1 cm). The

increased nucleation rates, also result in an increased soot

number density as can be observed in Fig. 9b.

Although soot nucleation plays an important role in the

overall soot formation process, it, however, contributes only

marginally to the overall soot yield. For the given flame con-

dition, themajority of sootmass is accumulated due to carbon

addition through the HACA sequence. According to the HACA

mechanism, key reactions in the soot surface growth process

are [7]

Csoot-HþH4Csoot� þH2; (R14.1)

Csoot� þ C2H2/Csoot-HþH: (R14.2)

The former is the H-abstraction reaction to form the active

site for acetylene addition, and the latter is the acetylene

addition reaction. From Fig. 9c it can be observed that the

surface growth rates are decreased by the chemical effect of
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Fig. 8 e Computed distributions of pyrene (A4) mole

fraction, and key reactions associated with its production

and consumption for the baseline (no dilution), 20% H2,

and 20% i-H2 enriched SepH2 flames.
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H2, which, consequently is reflected in the reduced soot vol-

ume fraction. Hence, it is also important to understand the

major factors contributing to the observed decrement in the

soot surface growth rates. Earlier studies [15] highlighted that

the key parameters affecting the surface growth rate are:

temperature, molar concentrations of species such as H, H2,

C2H2, and the number density of soot particles. Given a mar-

ginal impact on the temperature, and a significant increment

in C2H2 concentrationwithin the soot surface growth region, it

can be argued that the temperature and C2H2 are not the

major factors responsible for the reduction in soot surface

growth under the chemical effects of H2 addition.

As stated before, another factor that can affect the soot

surface growth rate is the soot number density, originating

primarily from soot nucleation. From Fig. 9 it can be seen that

the enhanced nucleation rates by the chemical effect of H2

translates into higher soot number density, which ideally

tends to increase the soot surface area, and thus, the growth

rates. This implies that the adverse contribution of soot

number density in the overall reduced soot surface growth

rate through the chemical effects remains insignificant.

Therefore, it is reasonable to conclude that the reduction in

soot surface growth rates by the chemical effects of H2 addi-

tion, is predominantly because of the changes in the HACA

reaction sequence. In particular, under hydrogen-rich condi-

tions, the role of H-abstraction reaction becomes critical. The

reason is that the increased H2 concentration tends to pro-

mote the reverse reaction of the H-abstraction step within the

soot growth region, and contributes to the inhibition of sur-

face growth. The increased rate of reverse reaction of the H-

abstraction step under the chemical effects of H2 addition is

evident in Fig. 10a, which consequentially leads to the

reduction of the net H-abstraction reaction rate as observed in

Fig. 10b.

The lowered surface growth rates through chemical effects

are consistent with the findings in previous studies [7,15,35],

although the soot nucleation rates were found to be decreased

by the chemical effects in them. It is to note that the lowered

surface growth rate due to the chemical effect of H2 was

attributed to the lower concentration of H within the surface

growth region, causing reduced forward rates of R14.1 in

Ref. [7]. However, in the present study, the chemical effect of

H2 showed almost no influence on H concentration within the

soot growth region. This essentially indicates that the overall

suppression of soot growth is primarily governed by an

increased concentration of H2, which leads to the inhibition of

the H-abstraction reaction.

As pointed out by Guo et al. [7], the reduced soot surface

growth is also a consequence of the production of less active

radical sites. This is because, based on the HACA surface

growth model [53], the soot surface growth rate depends on

the number density of surface sites csoot. The number of active

sites for C2H2 addition is related to the concentrations of OH,

H2O, H in a complex way through a steady-state relation, Kss,

that represents the portion of saturated sites that have been

dehydrogenated [14]. In Fig. 11a, the distribution of the

surface-site number density ðcsootÞ for acetylene addition

within the surface growth region is shown. It can be observed

that the number density of surface sites in the H2-enriched

flame is significantly lower than that in the i-H2-enriched

https://doi.org/10.1016/j.ijhydene.2020.06.183
https://doi.org/10.1016/j.ijhydene.2020.06.183


Fig. 9 e Computed profiles of soot nucleation rate (a), soot number density (b), and soot surface growth rate (c) for the

baseline (no dilution), 20% H2, and 20% i-H2 enriched SepH2 flames.

Fig. 10 e Computed profiles of the rate of reverse H-abstraction reaction (R14.1) (a), and the rate of net H-abstraction reaction

(b) within the soot surface growth region for the baseline (no dilution), 20% H2, and 20% i-H2 enriched SepH2 flames.

Fig. 11 e Computed profiles of surface-site number density ðcsootÞ (a), and number of surface sites per unit volume ðcsootAsÞ (b)
within the soot surface growth region for the baseline (no dilution), 20% H2, and 20% i-H2 enriched SepH2 flames.
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flame. Another important parameter related to the surface

growth process is the surface density of soot particles ðAsÞ,
which depends on the surface area of soot particles and the

number density. The effect of number density on surface

growth rates, as discussed earlier, basically occurs through

the As. Therefore, in Fig. 11b the distribution of the number of

surface sites per unit volume is presented. It can be observed

that the number of active sites available for surface reaction

per unit volume is lower in the H2-enriched flame, compared

to the i-H2 flame. Therefore, the lower surface-site number

density as a consequence of the chemical effect of H2 further

contributes to the reduction in soot surface growth.

In contrast to earlier reported studies [7,15,35], the soot

nucleation rate and PAH concentration are found to be

enhanced by the chemical effect of H2. Thus, the present ob-

servations indicate that the chemically inhibiting effect of

hydrogen addition on soot formation suppression is mainly

through the reduced soot surface growth rate as a result of the

higher concentration of molecular hydrogen and a decreased

number of active surface sites in the soot growth region.

Effects of water vapour addition to the oxidizer

In this section, we investigate the chemical effects of adding

H2O to the oxidizer streamon soot formation (SepH2Oflames).

The computed profiles of flame temperature and soot volume

fraction for H2O and i-H2O diluted flames are compared in

Fig. 12. The marginal increment in the temperature by

chemical effects can be attributed to the enhanced conversion

of CO to CO2 due to H2O addition [1]. It can also be observed

that soot formation is significantly suppressed by the addition

of H2O to the oxidizer. However, although the chemical effect

of H2O tends to suppress the soot formation further, its

contribution is very small compared to the dilution effect. The

results, thus, indicate that water vapour influences the flame

temperature and soot formation predominantly through

dilution effects.

To elucidate the mechanism behind the chemical sup-

pression of soot by H2O addition, the mole fraction profiles of

important species involved in the soot formation process are

plotted in Fig. 13. It can be observed that the chemical effect of
Fig. 12 e Comparison of computed profiles for temperature (a), a

H2O, and 20% i-H2O diluted SepH2O flames.
H2O tends to increase OH concentration. This enhancement

occurs mainly through reactions

O2 þH4OHþO; (R15)

H2OþO42OH: (R16)

In the process, the O andH radicals get consumed and their

concentrations decrease. Within the sooting zone, the added

H2O also gets consumed through the reverse reaction of R3

and decreases H radicals further. The chemical effect of H2O

appears to marginally enhance the concentrations of acety-

lene ðC2H2Þ, due to decreased consumption rate of C2H2

through reaction R4, as a consequence of the depletion of O

radicals. The increased C2H2 concentration tends to promote

propargyl ðC3H3Þ formation through reaction R5. The self-

combination of propargyl ðC3H3Þ via R7 is thus enhanced by

the chemical effects, which results in the increased concen-

tration of benzene (A1). The higher amount of A1, in turn,

influence the overall PAH growth pathways, and causes an

increment in the A4 concentration. It is interesting to note

that the A4 concentration is only marginally increased,

although the chemical effects of H2O considerably enhance A1

production. Therefore, an increased concentration of A4

needs further evaluation to understand the associated

chemical pathways. Regarding this, the ROP analysis revealed

that the production rate of A4 via reactions R11-R12 margin-

ally decreases under the chemical effects. However, because

of the higher H2O concentration, another pathway becomes

dominant contributing to the production of A4 within the PAH

growth region through

A4� þH2O4A4þOH: (R17)

The relative changes in these two reaction sequences tend

to cancel each other causing only a marginal variation in peak

mole fraction of A4.

To investigate the role of chemical effects on important

processes associated with soot formation, the distributions of

soot nucleation rates, surface growth rates, and soot number

density are presented in Fig. 14. The results indicate that the

chemical role of H2O only minimally affects the peak soot

nucleation rate. However, a small increment observed in the
nd soot volume fraction (b) in the baseline (no dilution), 20%
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Fig. 13 e Computed mole fraction profiles of important species for the baseline (no dilution), 20% H2O, and 20% i-H2O diluted

SepH2O flames. Note the difference in X range for the top and bottom rows.

Fig. 14 e Computed profiles of soot nucleation rates (a), soot number density (b), and soot surface growth rates (c) for the

baseline (no dilution), 20% H2O, and 20% i-H2O diluted SepH2O flames.
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soot nucleation rates can be attributed to the negligible

change in temperature within the soot nucleating region and

the marginal enhancement in pyrene concentration through

the chemical effect of H2O. Since the nucleation process

governs the number density distribution, a similar trend is

reflected in the number density profiles (Fig. 14b). However,

although the chemical effects weakly increase the soot

nucleation rates, the surface growth rates are noticeably

reduced, as evident from Fig. 14c. The reduced soot surface

growth rate is essentially responsible for the lower soot vol-

ume fraction under the chemical effect of H2O in SepH2O

flames.

The mechanism behind the inhibition of soot surface

growth is found to be similar to that observed for H2 addition

cases. The chemical effect of H2O increases the H2 concen-

tration, which enhances the reverse H-abstraction reaction in

the HACA pathways and tends to mitigate the surface growth.

Besides the increased H2 concentration, a reduction in H

concentration due to chemical effects suppresses the forward

rate of the H-abstraction reaction, and also contribute to the

overall reduction in soot surface growth. However, the impact
of the chemical effect of H2O on temperature and concentra-

tions of species like H2, H, and C2H2 is relatively small.

Therefore, the overall role of chemical effects in soot reduc-

tion remains secondary compared to the soot inhibition

through dilution effects for SepH2O flames.

Effects of simultaneous addition of H2 to the fuel and H2O to
the oxidizer

Chemical effects of simultaneous addition
We now discuss the chemical effects of the simultaneous

addition of H2 to the fuel and H2O to the oxidizer (SimH2H2O

flames). The temperature and soot volume fraction profiles for

the baseline flame and SimH2H2O flames with an addition

level of 20% are shown in Fig. 15. Similar to the earlier obser-

vations for the SepH2 and SepH2O cases, the SimH2H2O

flames also show an increment in temperature and a reduc-

tion in soot volume fraction distribution by chemical effects,

as expected.

The mole fraction profiles of several important species are

plotted in Fig. 16 to evaluate the chemical effects of
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Fig. 15 e Comparison of computed profiles for temperature (a), and soot volume fraction (b) in the baseline (no dilution), 20%

H2 þ20% H2O, and 20% i-H2 þ 20% i-H2O diluted SimH2H2O flames.

Fig. 16 e Computedmole fraction profiles of important species for the baseline (no dilution), 20% H2 þ20% H2O, and 20% i-H2

þ20% i-H2O diluted SimH2H2O flames. Note the difference in X range for the top and bottom rows.

Fig. 17 e Computed profiles of soot nucleation rates (a), soot number density (b), and soot surface growth rates (c) for the

baseline (no dilution), 20% H2 þ 20% H2O, and 20% i-H2 þ 20% i-H2O diluted SimH2H2O flames.
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Table 1 e Percentage of reduction in the maximum fv for
simulated flames.

Addition Level (%
Vol.)

Reduction in Peak fv (%)

SepH2
Flames

SepH2O
Flames

SimH2H2O
Flames

10 33.2 41.7 62.8

20 57.6 72.6 90.9

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 3 6 5 3e2 3 6 7 3 23667
simultaneous H2 and H2O addition on their formation path-

ways. In the case of simultaneous addition, the characteristics

of the radical pool are found to be influenced by the combined

aspects of individual chemical effects. For example, the O

concentration is reduced in the SimH2H2O case by the

chemical effects through reaction R16 as observed in SepH2O

flames. On the other hand, the H concentration is found to be

increased following the dominant formation reaction R3

through a combined effect of OH and H2 increments, same

as noticed in SepH2 cases. Therefore, the chemical effects of

simultaneous addition tend to increase C2H2 concentration

through reaction channel R1-R2 as a consequence of an

increased H concentration; and via reaction R4, because of the

reduction in O concentration. The rise in C2H2 concentration

through chemical effects promotes the production of C3H3

through reaction R5. The increased C3H3 concentration sub-

sequently causes an increment in benzene (A1) and Al� spe-

cies through formation channels R7, R8-R9. Following similar

pathways of PAH formation as discussed for SepH2 and

SepH2O flames, the higher concentration of A1 leads to an

increment of the A4 mole fractions through the chemical ef-

fects in SimH2H2O flames.

The rate distributions of the nucleation and surface growth

processes accounting for the soot formation are presented in

Fig. 17. It can be observed that the increment in A4 through

chemical effects translates into the increased soot nucleation

rate, which leads to a higher number density. However,

chemical effects tend to decrease the soot surface growth rate.

Therefore, analogous to the SepH2 and SepH2O cases, the soot

formation in the SimH2H2O case is also found to be sup-

pressed by the chemical effects of H2 and H2O as a conse-

quence of the reduced surface growth rates.

Synergistic effect on soot suppression
One of the main purposes of this study is to investigate the

potential synergistic interactions of H2 and H2O in soot for-

mation suppression. In this regard, the effects of separate and
Fig. 18 e Comparison of normalized peak soot volume

fraction for separate and simultaneous addition of H2 to

the fuel, and H2O to the oxidizer. Peak fv is normalized with

the baseline (no dilution) case.
simultaneous H2, H2O addition on the normalized peak soot

volume fraction are compared in Fig. 18. Table 1 summarizes

the quantitative reduction in the peak soot volume fraction

ðfvÞ for the studied flames with different dilution levels. The

effect of the H2O dilution on inhibiting soot formation is found

to be more pronounced than that of H2 addition. However,

simultaneous addition of H2 and H2O leads to significant

suppression of soot formation, compared to their separate

addition. For instance, compared to the baseline (non-diluted)

flame, SimH2H2O flames show about 62.8% and 90.9% decre-

ment in peak soot volume fraction for 10% and 20% dilution

levels, respectively.

Considering the contributions of reduction percentages for

SepH2 and SepH2O flames with 20% addition level, the

simultaneous addition of H2 andH2O is expected to reduce the

maximum fv by approximately 88.4%. This quantity is based

on the first 57.6% reduction in peak fv value due to the separate

H2 addition, and an additional 72.6% reduction of the resulting

peak fv because of the separate H2O addition. However, the

actual reduction in the maximum fv observed in SimH2H2O

flames is 90.9%, which signifies that there exist weak syner-

gistic effects between H2 and H2O addition in the soot sup-

pression. Similarly, for the 10% addition level, the actual

reduction in peak fv observed for SimH2H2O flames is found to

be equal to 62.8% compared to an expected 61.1%, showing

approximately 1.7% additional reduction. This indicates that

the synergistic effects of simultaneousH2 andH2O addition on

soot suppression, tend to be stronger with an increase in the

dilution level. However, the analysis remains elementary at

this point, considering a very low amount of synergistic

decrement observed in computed results.

Particle size distribution function
The effect of H2 and H2O addition on the dynamics of soot

particle size can be illustrated through the evolution of par-

ticle size distribution functions (PSDFs). The qualitative fea-

tures of PSDF are strongly influenced by local flame conditions

(such as temperature, PAH concentration) [66,67]. The PSDFs

in sooting flames show a characteristic bimodal behaviour.

The first mode consists of a power-law type distribution

reflecting the small-sized, recently nucleated particles.

Whereas, the secondmode is of log-normal type, representing

the larger particles that are grown by coagulation and surface

growth [68,69]. The region between the two modes is referred

to as trough, whose shape is influenced by the nucleation and

surface growth processes. The transition of PSDF from

unimodal to bimodal distribution is primarily governed by the

competition between particle nucleation and coagulation [66].

Figure 19 presents the PSDF for the baseline and H2=H2O

diluted flames taken at the different spatial positions, with

https://doi.org/10.1016/j.ijhydene.2020.06.183
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Fig. 19 e Comparison of computed profiles for soot volume fraction (a), average particle size (b), along with the particle size

distribution function (PSDF) taken at the location of maximum soot volume fraction ðXfvmax
Þ (c), X ¼ 0.025 cm (d), X ¼ 0.05 cm

(e), and X ¼ 0.1 cm (f) for separate and simultaneous addition of 20% H2 and 20% H2O.
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decreasing levels of soot volume fractions from Fig.19c-f. The

profiles of soot volume fraction and average particle size are

also presented in Fig. 19a and Fig. 19b respectively as a
reference to the PSDF locations. Moving from oxidizer to fuel

side (Fig. 19f-c, X ¼ 0.1 cm to Xx0 cm), the transition of PSDF

from unimodal to bimodal distribution can be observed, as

https://doi.org/10.1016/j.ijhydene.2020.06.183
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Fig. 20 e Summary of the key effects of H2=H2O addition on

a bimodal PSDF. Nomenclature of the characteristics points

is taken from Yapp et al. [67].

Fig. A.21 e Computed profiles of soot volume fraction (a), soot nu

growth rates (d) for the baseline (no dilution), 20% H2, and 20%
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nucleated particles grow while flowing towards the flame

stagnation location. The unimodality of distribution for the

baseline case, at X ¼ 0.1 cm, occurs at a temperature of

approximately 1900 K (� 1850 K), in accordance with the

findings from Zhao et al. [66]. In general, the evolution of PSDF

into a bimodal shape occurs since, small particles collide and

coalesce forming larger particles during the coagulation pro-

cess. As a result, the size of particles increases (see Fig. 19b)

while their number density decreases, causing a trough in the

PSDF, which shifts towards the lower particle sizes during this

transition.

From Fig. 19c is observed that with the addition of H2=H2O,

the trough of the bimodal PSDF shifts towards the higher

number density and becomes shallower. It indicates the

increased number of smaller-sized particles in the system.

The reduction in the depth of the trough is more intense for

H2O dilution when compared to H2. This behaviour of PSDF

can be attributed to the reduced surface growth rates, coag-

ulation rates, and partially to the reduced nucleation rates as a

consequence of H2=H2O addition. The decreased nucleation

rates resulting from the suppressed PAH formation, lead to a

lower number density of nascent particles. Looking at the
mber density (b), soot nucleation rates (c), and soot surface

i-H2 enriched flames using the ABF mechanism [57].
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PSDF at X¼ 0.05 cm in Fig. 19e, where the nucleation process is

more prominent, the number density in the power-law mode

is marginally lower for H2=H2O diluted flames. However, the

distinct change in the shape of PSDF during its evolution to-

wards the fvmax location can be explained through the abated

surface growth rates for H2=H2O diluted flames. This is

because, within the current modeling framework, the surface

growth through C2H2 addition is the major process respon-

sible for soot mass increment. Singh et al. [69] also observed

that an increase in the surface reaction rates tends to increase

the trough depth and shift the PSDF towards larger particles,

while a decline in surface reaction rates does the opposite.

Apparently, the reduction in the surface reaction rates de-

creases the number of bigger-sized particles in the system.

This essentially brings down the collision rates of particles

and influences the particle dynamics processes such as

coagulation. The decreased coagulation rates cause the

number density within the trough region to rise and shift the

trough upwards while broadening it. The trends of the shift in

PSDF shape are analogous to the tendency observed in other

soot quantities for H2=H2O dilution cases (ex. soot volume

fraction, average particle size, surface growth), such that the

levels of systematic deviation become stronger following:

Baseline � SepH2 � SepH2O � SimH2H2O.

The PSDF profiles in Fig. 19c also show that the size of

the ‘largest’ detected particles (at the right-end of the log-

normal mode) in the PSDF decrease significantly on the

addition of H2 and/or H2O. Such a change in the PSDF can

be connected to the reduction in soot surface growth rates

caused by the H2=H2O dilution. The reduced surface growth

decreases the overall size of soot particles and tends to shift

the PSDF to towards the lower particle size. Besides, surface

growth, the diminished PAH concentration may also

contribute to the shift of the ‘largest’ detected particles to-

wards the lower diameters as reported by Yapp et al. [67].

The modeling results in the present study showed a syn-

ergistic reduction (although very weak) in soot formation for

SimH2H2O flames compared to SepH2 or SepH2O flames.

Therefore, for simultaneous addition, the degree of shift in

the PSDF towards the lower particle size is found to be

distinctively greater compared to the shift observed for the

separate H2 or H2O addition. It is also interesting to note

that H2O addition, also leads to the widening of the sooting

zone towards the flame zone (see Fig. 19a), which is re-

flected in the relatively higher number density and size of

the ‘largest’ particle in the PSDF taken at X ¼ 0.1 cm for

SepH2O and SimH2H2O cases.

Furthermore, the evolution of the PSDF for H2 and H2O

addition cases reveals that the peak in the log-normal mode

(also referred to as the ‘coagulation peak’ [67]), indicative of

the average soot particle size shifts towards the lower particle

sizes. During this evolution, the ‘coagulation peak’ alsomoves

towards higher number densities. This systematic shift can be

associated with decreased coagulation rates as a consequence

of H2=H2O addition. A close analysis of the sectional source

terms revealed a drop in coagulation rates (not shown here).

The decreased coagulation rates reduce the number of colli-

sion events, which leads to a decrease in the average particle

diameter. Moving from the oxidizer side towards the peak fv
location, this shift appears more distinct, which eventually
reflects into a drastic reduction in average particle size on H2=

H2O addition as observed in Fig. 19b.

Another notable observation concerning PSDF is that the

number density of small-sized particles in the power-law

regime rises with H2 and H2O addition. This indicates that

on the addition of H2 and H2O, the growth of nucleated par-

ticles through coagulation and surface growth processes is

suppressed, and many small-sized particles get accumulated

in the flame. Such an observation is consistent with the recent

experiments by Choi et al. [12], wherein the addition of

hydrogen to the fuel stream was found to decrease the size of

sootmicrostructures in ethylene-air diffusion flames. Besides,

the upward shift in the ‘inception peak’ (left end of PSDF) is

found to be more intense for H2O addition and almost negli-

gible for H2 addition. Therefore, it may well be argued that the

addition of H2 and H2O mainly affects the PSDF, by increasing

the number density of smaller sized particles while limiting

the growth of larger-sized particles. Moreover, the simulta-

neous addition shows a stronger influence on the overall PSDF

compared to their separate addition. The qualitative effects of

H2=H2O addition on the evolution of PSDF are summarized in

Fig. 20.

However, the analysis of PSDF remains conditional to the

model limitations. This is because, the process of soot aggre-

gation is not considered in the present model, which can in-

fluence the number density and size of soot particles. In

general, the size of the primary particles in soot agglomerates

typically varies in the range of 25e40 nm [70,71], which

approximately equals the diameter of the ‘coagulation peak’

in the simulated flames. Thus, in the present model, larger

particles can be interpreted as having an equivalent volume of

aggregates [14]. Besides, the process of soot aggregation is

found to be more pronounced at higher pressures [72,73].

Therefore, considering the scope of the current study to at-

mospheric flames, the neglecting agglomeration process is

expected to be a suitable assumption.
Conclusions

This paper addresses the role of chemical effects in separate,

and simultaneous addition of H2 to ethylene and H2O to

oxidizer on the soot formation in counterflowdiffusion flames

through numerical simulations with a sectional soot model.

The major conclusions of this study are summarized as

follows:

1. Numerical results reveal that the addition of hydrogen to

ethylene decreases the soot concentration through chem-

ical effects along with the dilution effect. The mole frac-

tions of pyrene are marginally increased through chemical

effects, which leads to an increased soot nucleation rate,

and therefore, soot number density. On the other hand, the

chemical effects of H2 tends to suppress the H-abstraction

reaction in the HACA mechanism as a consequence of

increased molecular hydrogen concentration. Also, the

active surface-site number density decreases by chemical

effects, causing a reduction in the soot surface growth rate.

The lowered soot surface growth rate, eventually, de-

creases the soot concentration.
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2. Similar to the hydrogen enrichment, the addition of H2O in

the oxidizer chemically suppresses soot formation. For the

addition of H2O, the role of chemical effects in the reduc-

tion of soot formation is very small compared to the dilu-

tion effect. Although the soot nucleation rates show a

minimal increment due to chemical effects, it is observed

that the overall chemical suppression of soot volume

fraction is caused predominantly by a reduction of soot

surface growth rates.

3. Simultaneous addition of H2 and H2O decreases the soot

volume fractions significantly compared to their separate

addition for an identical dilution level, and quantitatively,

there exist weak synergistic effects between H2 and H2O

addition.

4. Changes in rates of surface growth and coagulation pro-

cesses as a consequence of H2 and H2O addition, influence

the shape of bimodal PSDF, with the effect of the latter

being stronger. This primarily leads to shifting of the

trough to higher number densities, and the coagulation

peak towards lower diameters. Therefore, with the addi-

tion of H2 and H2O, the number density of small-sized

particles increases, while the growth of larger-sized parti-

cles decreases, which eventually causes a reduction in the

average soot particle size.

5 The chemical pathways leading to the formation of PAH

are considerably influenced by the chemical mechanism,

which is mainly reflected in the soot nucleation source

term. For the KM2 mechanism employed in the present

study, PAH concentration and nucleation rates are

observed to be increased contrary to the ABF mechanism

used in previous studies (Appendix A). However, in both

the mechanisms, the soot surface growth is always sup-

pressed through chemical effects and consequently results

in a lowered soot volume fraction. Hence, we conclude that

the chemically inhibiting effect of fuel-side hydrogen

addition and oxidizer-side water vapour dilution is pri-

marily through the reduced soot surface growth, while the

contribution of soot nucleation to the overall soot sup-

pression is secondary.

This study may promote further interest in the use of H2

and H2O in achieving chemical suppression of soot formation.

Especially, experimental investigations on the simultaneous

addition of H2 and H2O would be instrumental in verifying the

predictions and possible synergistic effects on soot emissions

reduction.
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Appendix A. Soot characteristics in SepH2 flames
for the ABF mechanism

To highlight the role of gas-phase chemistry in under-

standing the chemical effects of H2 addition on soot forma-

tion, important sooting characteristics for SepH2 flames are

plotted in Fig. A.21 with the ABFmechanism. The soot volume

fraction profiles indicate that the chemical effects tend to

further suppress the soot formation, similar to the observa-

tions reported in Section Effects of hydrogen addition to the

fuel for SepH2 flames with the KM2 mechanism. However,

as observed from Fig. A.21, the chemical effects cause a

reduction in soot nucleation rates and soot number density

for the ABF mechanism in contrast to the KM2 mechanism

(Refer Fig. 9). The reduction in soot nucleation rates through

chemical effects for the ABF mechanism follows from the

chemical reduction in pyrene concentration as observed in

Fig. 7. Also, both the mechanisms show a decrement in soot

surface growth rates because of the chemical effects. Hence, it

is reasonable to conclude that the pathways associated with

the chemical effects of H2 addition on soot processes are

highly influenced by gas-phase chemistry.
Appendix B. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2020.06.183.
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