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Abstract

The adverse health, environmental, and climatic effects of soot particulate emissions

are well known. Extensive research has been conducted to understand the fundamental

mechanisms of soot particle formation, namely nucleation, growth, and oxidation, but

these processes under realistic conditions are still not completely understood due to

insufficient experimental data. In this work, a Scanning Mobility Particle Sizer (SMPS)

with a nano-differential mobility analyzer (n-DMA) is utilized for real time sampling

and measurement of nascent soot particles in the size range of 3-100 nm over a range of

temperatures and residence times.

The flow reactor employed consists of a novel micro-flow tube reactor (MFTR) devel-

oped at UVa with provision for feeding any fuel mixed with a carrier inert gas, typically

nitrogen heated to a target temperature (<1200 K). For soot oxidation investigations,

the fuel stream can be mixed with oxygen. In the present initial investigation, the fuel

considered was ethylene as it is the primary product of fast thermal pyrolysis of large

hydrocarbon molecules used in propulsion systems. With the SMPS system and the

probing approach developed, soot particle size distributions (PSDs) were obtained for

a range of temperatures and residence times during pyrolysis and oxidation of ethylene

in MFTR. Unlike other laboratory flames investigated with the SMPS showing bimodal

distributions of nascent soot, the present PSDs for ethylene pyrolysis and oxidation

shows a normal distribution with a single mode. As expected, the soot particles mass

and number density is shown to increase with increase in flow residence time at a con-

stant temperature. The residence times were varied from 150 to 600 ms over a range of

temperature from 1100 to 1200 K to define the temperature and residence time limits

that lead to onset of soot formation under ethylene pyrolysis conditions. Ethylene ox-

idation was also studied for two equivalence ratios and it was found that the particles

were concentrated towards smaller sizes indicating substantial decrease in soot growth

rates.

The experiment results were also compared to the results obtained from a zero dimen-

sional numerical model with soot particle nucleation, growth, and oxidation described

by discrete sectional approach, for both oxidation and pyrolysis cases. For soot nucle-

ation, pyrene was treated as the monomer that leads to formation of soot nuclei. There
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was a general agreement between the experiment and the model results with respect to

trends in total soot particle mass and number concentrations over the range of residence

times in the case of pyrolysis of ethylene. In the oxidation case, the mode and the mean

diameter of the size distribution agreed well in experimental and model results.
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Chapter 1

Introduction

Combustion plays a major role in almost all the essential human activities ranging

from cooking, home heating, manufacturing, power generation, and material synthesis.

Combustion of fossil fuels is by far the most predominant (more than 80%) source of

energy and will likely remain significant for many years to come [6].

Soot is a particulate matter formed during combustion of fuel under conditions which

allows polymerization and condensation of fuel [7]. Soot formation has been an active

field of combustion research not just because it remains a challenge from a fundamental

point of view, but also because combustion-generated soot particles exhibit significant

health and environmental effects [8].

Release of soot into the atmosphere causes significant environmental and health hazards.

Soot particles are commonly identified as carbonaceous particles that are roughly 2 nm

or greater in effective diameter [9]. Because of their small sizes soot particles emitted

into atmosphere and inhaled by humans can deposit on the lungs causing diseases such

as asthma, bronchitis, and lung cancer. A possible explanation for these effects is the

association of soot particles with the polycyclic aromatic hydrocarbons (PAH) which

are carcinogenic and mutagenic and are able to deposit on soot surface and therefore

travel with soot particles, causing additional damage to the respiratory system [10–12].

The amount of different PAHs associated with various sizes of soot particles have been

studied to obtain a better understanding of their relation with the human exposure

[13–17].

1
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From the environmental perspective, soot emission can significantly degrade air quality

such as reducing visibility. Soot emission is also closely related to global warming as

soot is a strong absorber of solar energy. Newly emitted soot particles can survive in the

atmosphere for several weeks before settling on the ground. These particles are often

transported over long distances, mixing with other aerosols along the way. The aerosol

mix can form transcontinental plumes of atmospheric brown clouds, with vertical extents

of 3 to 5 km. Emissions of soot particles are the second strongest contribution to current

global warming, after carbon dioxide emissions [18, 19].

1.1 Literature Review

Soot formation is a complex process which involves a number of chemical and physical

steps. There is a general agreement among the researchers on the reaction path that

leads to the formation of soot in flames. These steps include the molecular precursor

formation, particle nucleation, coagulation, soot growth and condensation as shown

in Fig. 1.1 [20–24]. Even though this reaction pathway has been well accepted, the

formation of the first aromatic ring and particle inception is still of great interest among

researchers as it involves the transition from gas-phase to solid.

Several pathways have been proposed to explain the soot particle inception which include

polyacetylenes, ionic species or the polycyclic aromatic hydrocarbons (PAH) as the key

gaseous precursors to soot. Homann and Wagner [25, 26] considered that polyacetylenes

play a significant role during soot precursors and proposed a mechanism which explains

the formation of large hydrocarbon molecules due to the reactions of large radicals with

themselves and with polyacetylenes to form even larger molecules. This mechanism came

under criticism by Calcote [27] who argued that reactions of neutral species are not fast

enough and proposed a reaction pathway through ionic mechanism where chemi-ions are

the precursors on which free radicals, polyacetylenes and PAH repeatedly add through

fast ion-molecule reactions. Frenchlach et al. [23] disproved Calcote’s arguments and

argued that detailed kinetic simulations identified the HACA thermodynamic-kinetic

coupling as a responsible factor for the growth of molecular mass on the scale seen in

experiments. They also showed that the effect of thermodynamic and kinetic barriers

on the growth of neutral species should apply equally to the growth of ionic species.
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Figure 1.1: Schematic of soot formation process [1]

In the intitial work by Frenchlach et al. [23], the transition from gaseous species to

solid particles was considered purely chemical, i.e. mass accumulated on PAH species to

form a large PAH was called soot. This mechanism was able to account for the amount

of soot mass formed but underpredicted the particle sizes. In the follow-up work [28],

they proposed the accumulation of particle mass via (1) chemical reactions with gaseous

precursors and (2) simultaneous growth of particle size due to collisions among PAH

molecular species. This mechanism was ruled out by Miller et al. [29] based on the

dimers concentration for small soot particles in flames.

Supported by numerous experimental and modeling studies, it is widely accepted that

soot particles form via PAHs through formation of aromatic aliphatic linked hydrocar-

bons which later graphitize [30, 31]. The formation of aromatic compounds from small

aliphatic molecules is a relatively slow step but the aromatics formed can undergo rapid
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polymerization to form or grow soot via hydrogen abstraction and acetylene addition

(HACA). Hence, the formation of first aromatic ring from aliphatic molecules is consid-

ered as the rate limiting step [24, 28, 32–36].

Several possibilities have been proposed to explain the formation of first aromatic ring.

Among these are the even-carbon atoms and the odd-carbon atoms pathway. In the

even-carbon pathway, acetylene reacts with n − C4H3 or n − C4H5 to form phenyl or

benzene [23, 28]. This mechanism was dismissed by Miller and Melius [35] who argued

that n−C4 radicals vanish quickly due to their rapid transformation to their resonantly

stabilized isomers (iso − C4H3 and iso − C4H5). In the odd-carbon pathway proposed

by Miller and Melius [35] and others [33, 34], the propargyl [C3H3) radical combines

with itself and undergo cyclization steps that lead to benzene or phenyl formation. This

mechanism was, however, shown to be highly dependent on fuel and flame type by

McEnally et al. [37] and Sidebothan et al. [38]. A D’Anna and Violi [39, 40] proposed

a combination reaction of 1-methylallenyl and propargyl with the formation of benzyl

radicals and their subsequent decomposition to benzene. They suggested that n−C4H3

and n−C4H5 (part of standard reaction for benzene formation) get easily converted to

the more stable isomers, and therefore their concentration is too low to account for the

benzene in concentration flames. Hence, the presence of high concentration of benzene

suggest a new pathway for benzene formation.

1.2 Study of Soot Formation and Growth

1.2.1 Surface Growth

As soon as the first PAH species is formed, it undergoes growth reactions leading to for-

mation of large PAH molecules. One of the most accepted surface growth mechanism is

HACA (Hydrogen-abstraction-C2H2-addition) mechanism proposed by Frenchlach and

Wang [20]. This is a repetitive reaction mechanism involving two principle step (i) ab-

straction of a hydrogen atom from the reacting PAH by a gaseous hydrogen atom to

form a PAH radical and (ii) addition of gaseous acetylene to the PAH radical. In this

mechanism the H abstraction by gaseous H atom is the dominating step. Recently,

Parkar et al. [41] probed the phenylacetylene (C8H8) intermediate together with naph-

thalene (C10H8) by photo-ionization mass spectrometry during combustion conditions.
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The experiments provided compelling evidence that the naphthalene along with pheny-

lacetylene can be formed from phenyl radicals and acetylene precursors by the HACA

pathway during pyrolic combustion conditions.

Several other reaction pathways and species have been proposed to propagate the growth

of aromatic rings which include methyl, propargyl and cyclopentadienyl [36, 39, 40, 42,

43].

1.2.2 Oxidation of Aromatics and Soot Particles

Oxidation of PAH occur simultaneously with the growth process of aromatics. The

largest effect of oxygen is understood to be at the very beginning of the aromatics

growth (at the phenyl stage) as the availability of O2 decreases in a fuel rich environment

with sustained aromatics growth [44]. This was explained by Frenklach [24] in the

review paper using HACA mechanism. The aromatics growth is governed by H atom

production but H atoms also consume O2, hence as the aromatics growth progresses, the

concentration of O2 decreases indicating major impact of oxidation near beginning of

aromatic growth. OH plays a minor role in the oxidation of aromatics but are considered

as the primary oxidizing agents of soot particles [24, 44].

1.2.3 Soot Growth through Coagulation

As the soot particles are formed, they collide and stick with each other forming larger

particles through a process called coagulation. The particles initially look spherical

(explained via particle-particle coalescence) but later acquire fractal shapes (explained

via agglomeration).

The coalescent growth is described by Smoluchowski coagulation equation [45] with the

collision coefficients dependent on the size of the colliding particles [46, 47]. The collision

coefficient are also dependent on the Knudsen number which is the ratio of the mean

free path to the particle radius. The coalescence occurs primarily through free molecular

regime at low pressure conditions while at high pressure continuum regime dominates

[48, 49].
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Particle agglomeration is the planar growth (fractal geometry) of soot particle size due to

formation of chain like structures in the later stages of soot growth. The transition from

spherical soot particles to fractal structures is explained through different mechanism.

It is assumed by Prado et al. [50] that particles are composed of viscous matter that

coalesce completely at small sizes but time is not enough for fusion at large particle sizes.

Another theory proposed was that the spherical soot growth is the result of coagulation

and surface growth and fractal soot structure form due to termination of surface growth

[51, 52].

Soot and PAH formation are affected by several operating conditions including reac-

tion temperature and residence time [53]. Studies [54] have shown that pyrolysis of fuel

using acetylene as a direct soot precursor results in majority of PAH formation under

temperature conditions from 1073 to 1223 K while majority of soot forms at higher

temperatures. Experiments conducted by Sanchez et. al. [55] found correlation of tem-

perature and residence time in the production of PAH and soot particles. Low reaction

temperature showed limited influence on PAH formation irrespective of residence time

while at intermediate reaction temperature, residence time showed strong effect on PAH

formation. It was also found that at high reaction temperature, increase in residence

time resulted in low amount of PAH due to formation of soot particles.

1.3 Motivation

To better understand the soot formation in combustion systems, a detailed measure-

ment of soot particle size distributions is required under conditions of incipient particle

formation. These measurements are required to validate the numerical models of soot

formation in flames and tube reactor. In recent years several novel experimental tech-

niques like small-angle X-ray scattering [56, 57], small-angle neutron scattering [58] and

scanning mobility particle sizer (SMPS) [59–61] have been used to understand the for-

mation of incipient soot particles and their subsequent growth.

The goal of this study was to measure the soot particle size distribution function (PSDF)

in a micro-flow tube reactor (MFTR) through the online sampling procedure using

the nano-Scanning Mobility Particle Sizer (nano-SMPS). Nano-SMPS has been used

to obtain PSDFs of soot particles produced in a burner stabilized flat-flame (BSFF)
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and well-stirred reactor/plug flow reactor (WSR/PFR) [60, 62]. Previous work in these

flow configurations have provided foundational understanding on soot coagulation and

growth mechanisms.

The study conducted by Zhao et al. [59–61] to obtain soot particle size distribution in

BSFF used the probe sampling method with negligible particle losses in the probe and

the sampling line. A critical dilution ratio of the order of ∼ 104 was reported above

which the absolute number concentration and mean diameter of soot PSDF remained

almost same. It was found that the size spectra in the nucleation region follows a power

law or exponential decay function. As the residence time increased, the PSDF evolved

into a bimodal distribution which is characteristic of the simultaneous occurrence of

particle nucleation and particle-particle coagulation.

Experiments conducted by Manzello et al. [62] in NIST used a WSR followed by PFR

to study PAH growth and soot inception using the similar sampling procedure as de-

scribed in [60] and used SMPS for online sampling. The results were consistent with

the understanding that acetylene and other small aromatics are key species in the path-

way to soot particle formation. The study also concluded that the qualitative trends of

aromatic concentration agreed with the changes in soot concentration.

Sampling of the soot particles from the reacting flows such as BSFF or MFTR is not

trivial and offers many major challenges [59, 60]. The small particles tend to diffuse to

the wall of the probe or the sampling line. In addition, there are particle losses due to

particle-particle coagulation [63–65]. To minimize these losses sufficient dilution with

non-reacting gas like nitrogen is essential. The dilution also helps in quenching chemical

reactions and therefore prevents growth of particles in the probe and sampling line.

One of the initial tasks undertaken in this work was to validate the probe diagnostic

technique by reproducing the literature data [60] using a BSFF Mckenna burner. The

flat-flame burner was built with a cylindrical stainless steel sintered porous matrix with

embedded tubes for a coolant. Around the matrix there is a porous stainless steel ring

through which a nitrogen shroud co-flow eliminates the entrainment of surrounding cold

air into the flame. The experimental set up was similar to the earlier work of Zhao et al.

[60] in which they employed a stainless steel tube with a small orifice for sample intake.

The results obtained using this experimental set up agreed well with the published work.
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After establishing the capability of our system to reproduce soot PSDF in BSFF, similar

probe sampling method was used to obtain soot PSDF in an atmospheric microflow tube

reactor (MFTR). The MFTR setup is conceptually somewhat similar to the Princeton

Turbulent Flow Reactor (PTFR) [66] except that the small scale of the present system

helps in eliminating the uncertainties associated with mixing of the fuel and the inert

carrier gas. Experiments were performed to collect soot PSDF for pyrolysis and oxidation

of ethylene fuel for range of temperature, residence times and equivalence ratios.

1.4 Outline of Thesis

The organization of this thesis continues as follows:

Chapter 2 - Laboratory Experimental Set-Up

The general experimental set-up and description is presented here for BSFF and

MFTR. The theory of operation of SMPS and its components is also discussed

here. The flow rate through orifice of the sample probe is calibrated and validated

at different temperatures.

Chapter 3 - Mathematical Model of PSDF

The numerical model, comprising gas phase submodel and aerosol discrete sectional

submodel model, is described here in detail. The discrete sectional method has

three modules: nucleation, coagulation and surface growth.

Chapter 4 - Results

The results obtained from experiments and sectional model are presented here.

Soot PDFs are measured using probe sampling and SMPS for oxidation case in

BSFF and for both oxidation and pyrolysis cases in MFTR. The experimental

operating conditions are simulated in the model and the results are compared.

Chapter 5 - Conclusions

The conclusions drawn from the experiments and the model are summarized in

this chapter. The course of future work is also briefly outlined.



Chapter 2

Laboratory Experimental Set-Up

The experiments were conducted in two phases. First phase was the validation of probe

sampling method using a burner stabilised flat-flame (BSFF) by reproducing the soot

PSDF data published in previous works [58, 60]. In the second phase the above probe

sampling method was used to obtain soot PSDF for pyrolysis and oxidation cases in an

atmospheric micro-flow tube reactor developed at UVA [67]. The online sampling was

done using a nano-SMPS which is a TSI model consisting of a Classifier (model 3080),

nano-Differential Mobility Analyzer (n-DMA model 3085) and a nano-Condensation

Particle Counter (n-CPC model 3788). For best resolution and size range in the current

experiments, the SMPS was set to dual-blower mode with the sheath flow rate of 6 lpm

and the inlet sample flow rate of 1.5 lpm giving a particle size range of 3.5− 102nm.

2.1 Laboratory Set-UP of Reactors

2.1.1 Set-Up for Burner Stabilized Flat Flame

The experimental set up is schematically shown in Fig. 2.1. A laminar premixed flame

of ethylene and air with an equivalence ratio (φ) of 2.1 is stabilized on the flat-flame

McKenna burner. The McKenna burner was fabricated at UVA to simulate the probe

design used in the experiments of Zhao et al. [60]. The burner had a cylindrical sintered

bronze plug of diameter of 25mm with embedded tubes for a coolant. The mixture of

air and fuel is introduced in such a way that there is an even distribution throughout

9
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the porous matrix. Around the matrix there is a porous ring of OD 42.5mm, through

which a nitrogen shroud co-flow can be introduced to eliminate secondary flames at the

edges. The flame is stabilized with a stainless steel mesh plate of the same diameter as

burner which is located 21mm above the burner. The cold gas velocity of mixture (air

and ethylene) was set 8 cm/s, similar to that reported in [60].

Figure 2.1: Schematic of experiment set-up for burner stabilized flat-flame

The sample probe was made of stainless steel cylindrical tube of OD 3/8 in, 0.6mm

thickness and 20 cm length. A small rectangular groove was milled in the center of the

tube of depth 0.5mm to facilitate the drilling of orifice at its center. The diameter of

the orifice was 0.13mm and the thickness of the wall surrounding it was 0.1mm.

The sampling probe with different orifice diameter and thickness were used in earlier

studies [58, 62, 68] to obtain desirable dilution ratio between incoming hot gases and the

inert carrier gas in the sampling probe. In the work by Zhao et al., the orifice diameter

used was 0.2mm with wall thickness of 0.7mm to obtain dilution ratio of order 104.

In this work, different probes were used with orifice diameter varying from 0.25mm to

0.13mm and wall thickness varying from 0.1mm to 0.6mm. To obtain similar dilution

ratios in this work, the orifice diameter in the probe was finally selected to be 0.13mm

due to small thickness of the wall surrounding the orifice.
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The probe was fixed in a horizontal position with the orifice facing downwards directly

opposite to the flame. A differential pressure gauge of range 0 to 250Pa was connected

upstream of the orifice to measure the suction pressure across the orifice in the sampling

line. The probe was cooled by a copper cooling block inserted downstream on the

probe. The temperature of the sample gases before SMPS inlet was measured to be

303 − 306K and was always kept below 308K. The incoming flow from the probe

(downstream of water-jacket) was split into two parts with a small portion, of 1.5 lpm,

was fed to the SMPS using silicone conductive tubes and the remaining portion was

exhausted out through a pump connected downstream of the SMPS. An incoming flow

of air is connected downstream of the SMPS to get precise control over the suction

pressure in the sampling probe.

The flame gases containing soot particles were drawn in the orifice due to a small suction

pressure across the orifice. As soon as the gases entered the probe, they were rapidly

mixed and cooled down by the carrier nitrogen gas with a flow rate of 42 lpm. This rapid

mixing ensured a dilution ratio in the vicinity of 1.6 × 104 to 1.7 × 104. The cooling

down of hot flame gases also quenched chemical reaction on the surface of soot particles

[60].

2.1.2 Set-up for Micro-flow Tube Reactor (MFTR)

The schematic of micro-flow tube reactor and the sampling set-up are shown in Fig.

2.2. It is made up of a quartz tube of internal diameter 4mm surrounded by modular

heaters. The main flow (98% nitrogen in these experiments) is preheated to the target

temperature (1200K) in a 60 cm long helical section. The fuel (ethylene in this case)

is introduced via two opposed quartz tubing of 1mm ID just downstream of the helical

section. Immediately downstream of the junction, a porous quartz frit is installed to

facilitate rapid mixing of the fuel and the main flow of diluent nitrogen. The mixing

results were verified by species mole fraction measurements prior to attaching the hot

section.

The hot section which extends from the frit to the tube exit plane (Fig. 2.2) is 37 cm

long and is maintained at the target temperature using six PID controllers connected to

K-type thrmocouples placed adjacent to the outside wall of the tube. The temperature
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Figure 2.2: Schematic of experiment set-up for micro-flow atmospheric tube reactor
(MFTR)

was measured inside and outside of the tube showed a variation of 5K, with endothermic

pyrolysis cases showing a slight drop in temperature while exothermic oxidation cases

showing slight increase.

The sampling probe was installed in horizontal position at the exit of the tube reactor

(Fig. 2.2). The configuration was similar to the one described above for the case of

BSFF. The probe was made of stainless steel cylindrical tube of OD 3/8 in, 0.65mm

thickness and 30 cm length. A small rectangular groove was milled in the center of the

tube of depth 0.5mm to facilitate the drilling of orifice at its center. The diameter of

the orifice was 0.25mm and the thickness of the wall surrounding it was 0.15mm.

The flow rate through the orifice was calibrated for atmospheric air as described in Sec-

tion 2.3 for different temperatures. A differential pressure gauge of range 0 to 250Pa

was connected upstream of the orifice to measure the suction pressure across the orifice
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in the sampling line. The probe was cooled by a copper cooling block inserted down-

stream on the probe. The incoming flow from the probe (downstream of cooling block)

was split into two parts with a small portion of 1.5 lpm was fed to the SMPS using

silicone conductive tubes and the remaining portion was exhausted out through a pump

connected downstream of the SMPS.

The hot gases at the exit of MFTR containing soot particles were drawn in the orifice

due to a small suction pressure across the orifice. As soon as the gases entered the probe,

they were rapidly mixed and cooled down by the carrier nitrogen gas. The flow rate of

the nitrogen gas (10 lpm to 40 lpm) and the differential pressure (25 to 200Pa) across

the orifice were varied depending on the residence time inside the MFTR resulting in

dilution ratio in the range of 0.6× 103 to 7× 103.

2.2 Scanning Mobility Particle Sizer

SMPS is a high resolution nanoparticle sizer which allows real time online sizing of soot

particles obtained from different flow conditions. The nano-SMPS used in this work is

a TSI model consisting of a Classifier, nano-Differential Mobility Analyzer and a nano-

Condensation Particle Counter. The aerosol particles first enters the Classifier through

an Impactor. Inside the Classifier the aerosol particles are charged. These charged

particles are selected using electrical classification (electrical mobility) inside n-DMA.

The selected particles are counted in the n-CPC.

A small sample of flow rate 1.5 lpm is fed to the n-SMPS through an Inertial Impactor

[2] which removes particles above a known particle size by accelerating the flow through

a 0.071 cm nozzle directed at a flat plate (Fig. 2.3). The aerodynamic particle size [69]

at which the particles are separated is called the cut-point diameter (D50) and is given

by

D50 =

√
9πStµW 3

4ρsCQ
(2.1)

where; D50 is the particle cut-point diameter (cm, 50% cut efficiency), St is the Stokes

number(0.23), ρs is the particle density (g/cm3), Q is the volumetric flow rate (cm3/s),
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Dp is the particle diameter (cm), µ is gas viscosity (dynes/cm2), W is the nozzle diameter

(cm) and C is the Cunningham Slip Correction factor given by,

C = 1 +Kn[α+ βexp(−γ/Kn)] (2.2)

here; α = 1.142, β = 0.558, γ = 0.999, Kn is the Knudsen number: Kn = 2λ/Dp and λ

is the gas mean free path

Figure 2.3: Cross-Sectional view of Inertial Impactor [2]

In the Electrostatic Classifier, the particles enter a Kr-85 Bipolar Charger (or neutralizer)

which exposes the aerosol particles to high concentrations of bipolar ions. The particles

and ions undergo frequent collisions due to the random thermal motion of the ions. The

particles quickly reach a state of charge equilibrium, in which the particles carry a known

bipolar charge distribution. The charged soot particles pass from the neutralizer into

the main portion of the Differential Mobility Analyzer (DMA), shown in Fig. 2.4. The

DMA contains two concentric metal cylinders. The polydisperse particles and sheath

air are introduced at the top of the Classifier and flow down the annular space between

the cylinders. The particle flow surrounds the inner core of sheath air, and both flows

pass down the annulus with no mixing of the two laminar streams. The inner cylinder,

the collector rod, is maintained at a controlled negative voltage, while the outer cylinder

is electrically grounded. This creates an electric field between the two cylinders. The

electric field causes positively charged particles to be attracted through the sheath air

to the negatively charged collector rod. Particles are precipitated along the length of

the collector rod.
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The location of the precipitating particles depends on the the Classifier flow rates, the

Classifier geometry and the particle electrical mobility (Z) given by Eq. 2.3 [69, 70].

Particles with a high electrical mobility are precipitated along the upper portion of the

rod; particles with a low electrical mobility are collected on the lower portion of the rod.

Particles within a narrow range of electrical mobility exit with the monodisperse air

flow through a small slit located at the bottom of the collector rod. These particles are

transferred to a particle sensor to determine the particle concentration. The remaining

particles are removed from the Classifier via the excess air flow.

Z =
neC

3πµDmobility
p

(2.3)

where; n is the number of elementary charges on the particle, e is the elementary

charge (1.6 × 10–19Coulomb) and Dmobility
p is the diameter of the particle measured

by SMPS(cm).

Figure 2.4: Flow schematic for the Electrostatic Classifier with nano-DMA in dual-
blower mode [3]

The mono-disperse particles exiting the DMA enters the nano-Water Condensation Par-

ticle Counter (n-WCPC) where the particles are enlarged by a condensing vapor to form

easily detectable droplets. The vapor surrounding the particles reaches a certain degree

of supersaturation and begins to condense onto the particles. The degree of supersatu-

ration is measured as the supersaturation ratio (P/Ps), which is defined as the actual

vapor partial-pressure divided by the saturation vapor pressure for a given temperature.
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For a given saturation ratio, the vapor can condense onto particles only if they are big

enough. The minimum particle size capable of acting as a condensation nucleus is called

the Kelvin diameter [71, 72]

P

Ps
= exp(

4γM

ρcRTdKelvin
) (2.4)

where; γ is the surface tension of the condensing fluid, M is the molecular weight of the

condensing fluid, ρc is the density of the condensing fluid, T is the absolute temperature,

dKelvin is the Kelvin diameter.

The sensor inside the n-WCPC contains a conditioner, a growth tube, and an optical

detector (Fig. 2.5). The sample flow is cooled with a thermo-electric device in the condi-

tioner. The vapor passes into the growth tube where it becomes supersaturated and con-

denses onto the particles to form large droplets. The large droplets are detected by the

optical detector which uses a laser diode. The current model of n-WCPC counts single

particles with continuous, live-time coincidence correction up to 4X105 particles/cm3.

Figure 2.5: Flow schematic for the nano-CPC [4]
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In the present study the setting of SMPS was set to allow an inlet sample flow rate of

1.5 lpm and sheath flow rate of 6 lpm in a dual blower mode which helped in reducing

transport time and, therefore, diffusive particle losses. The n-CPC in these setting has

lower size limit of 3nm. Typically a particle size spectrum was obtained from a 120s

up-scan and a 15s down-scan.

2.2.1 Mobility Diameter

Mobility diameter is the particle diameter measured by SMPS which is based on the

electrical mobility in the zero strength limit [73]. The technique used in SMPS to

calculate the electrical mobility employs empirical Stokes-Cunningham formula given

by Eq. 2.3 [69, 70].

In the studies conducted by Li et al. [74, 75] and others [61], it was found that Eq. 2.3

is limited in its accuracy for nano-sized particles. It was proposed [75] that for an ideal

gas with Kn� 1, the particle mobility be modeled as

Z =
3

2

√
kT

2πmr

pne

D2
pΩ

(1,1)∗
avg

(2.5)

where; k is the Boltzmann constant, T is the temperature, mr is the reduced mass, p is

pressure, Dp is the proposed true particle diameter and Ω
(1,1)∗
avg is the average reduced

collision integral given by Li et al. [75].

The relationship between the mobility diameter (Dmobility
p ) and the true diameter (Dp)

is obtained from equating Eq. 2.3 and 2.5 and is plotted in Fig. 2.6. The particle

diameter measured by SMPS is corrected based on this fit (Fig. 2.6) in all the measured

results presented in this work.

2.3 Calibration of Orifice Flow Rate

As the hot flame gases are drawn into the probe, they are diluted by a carrier gas

(cold nitrogen in this case). The dilution ratio between the incoming hot gases and the

carrier nitrogen gas is obtained by calculating the volumetric flow rate of flame gases
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Figure 2.6: Relation between particle diameter and the mobility diameter

through the orifice. The volumetric flow rate of carrier gas nitrogen (Qc) for experiments

on BSFF was kept constant at 42 lpm. The flow rate through the orifice is calibrated

by plugging one end of the probe and connecting its other end to a pump through a

flow meter in purge mode. A pressure transducer is connected upstream of the orifice.

Atmospheric air at different temperatures is used to calibrate the probe orifice. The

observed volumetric flow rate versus differential pressure across orifice for a probe with

250µm orifice is plotted in Fig. 2.7.
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Figure 2.7: Experimental Flow rate through orifice versus differential pressure across
orifice for 250µm orifice
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Figure 2.8: Variation of entrance length of flow through 250µm orifice with variation
in pressure across orifice

The flow through the orifice is not fully developed as the orifice diameter (250µm) is

comparable to the thickness of the wall surrounding the orifice (150µm). The entrance

length of the flow with variation in suction pressure is calculated at temperature 298K

and plotted in Fig. 2.8. Clearly, the entrance length is larger than the thickness of the

wall and therefore the flow is still developing. This is in contrast with the published

work of Zhao et al. [60] in which case the flow was considered as fully developed. One

of the reasons for this difference can be the thickness of the wall surrounding the orifice

which in the case of Zhao et al. [60] was 0.7mm.

Qo = A

(
c1

∆P

T 0.8
+ c2 T

1/2∆P 1/2

)
(2.6)

where, c1 and c2 are the calibration constant found to be 0.8 and 0.054 for the orifice

diameter of 250µm and 1.7 and 0.065 for the orifice diameter 130µm respectively and

A is the cross sectional area of orifice.

Our calibration showed that flow velocity through orifice (and therefore, flow rate(Qo))

is only the function of temperature and differential pressure across orifice as given by Eq.

2.6. The first term in RHS is the dependence of velocity on gas viscosity and collision

cross-section. The second term is due to the Bernoulli’s equation for developing flow.
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The experimental flow rate and the calibrated flow rate through the orifice for the cases

of 250µm and 130µm orifices are presented in Fig. 2.9 and Fig. 2.10 respectively. The

experimental flow rate agrees well with the calibrated flow rate.
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Figure 2.9: Comparison of experimental flow rate and calculated flow rate through
orifice as a function of differential pressure across orifice for 250µm diameter for differ-

ent temperatures

2.4 Summary

The detailed experimental set-up including the probe sampling, the McKenna burner

and the atmospheric MFTR was described in this chapter. The theory of operation of

particle sizer (SMPS) used in this study to measure soot particles was also described

in this chapter. It was reported in earlier studies that mobility diameter measured by

SMPS is limited in its accuracy for nano-sized particles and was, therefore, corrected to

improve the accuracy. The flow rate through the sampling probe orifice was calibrated

for both 250µm and 130µm orifice diameters. The orifice flow rate was used to calculate

the dilution ratio between the carrier nitrogen gas and the incoming hot gases through

orifice as described in chapter 4.
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Chapter 3

Mathematical Model of PSDF

A numerical FORTRAN model was developed to model soot nucleation and growth

for a homogeneous reacting gas mixture in a zero dimensional constant volume closed

system [76]. The model runs in conjunction with the Chemkin software package which

provides information on equations of state, thermodynamic properties, and chemical

production rates of the species specified in an input reaction-mechanism file. The model

developed can be divided into two submodels: (1) gas phase reaction submodel which

provides the species concentration profile [77] and (2) particle dynamics submodel which

determines the soot particle nucleation and the surface growth rates. At each time

step, the concentrations of gas phase species are calculated based on their production

or depletion in the gas phase chemical reactions as well as their consumption in the

formation of soot particles, given by

dYk
dt

=

(
dYk
dt

)
gas

+

(
dYk
dt

)
soot

, k = 1, ..., Nsp (3.1)

where, Yk is the mass fraction of kth species and Nsp is the total number of the species.

In this chapter, the equations used to obtain gas phase reactions rates are described in

section 3.1. Section 3.2 describes in detail the sectional aerosol model for soot parti-

cles. The sectional model has three modules which include particle nucleation, particle-

particle coagulation and particle surface growth. The final section 3.3 describes the

coupling of gas-phase and particle dynamics submodels.

22
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3.1 Gas Phase Reaction Model

For highly diluted cases considered, the reacting mixture in a fluid element is a closed

system with no mass crossing the boundary so that the total mass of the mixture,

m =

Nsp∑
k=1

mk (3.2)

is constant. Here, mk is the mass of the kth species and Nsp is the total number of

species. The individual species are produced or destroyed according to

(
dmk

dt

)
gas

= V ω̇kWk (3.3)

where, t is time, V is the constant volume of the system, ω̇k is the molar production

or depletion rate of the kth species due to gas-phase reactions and Wk is the molecular

weight of the kth species.

Alternatively, Eq. 3.3 can also be written in terms of mass fraction as the total mass is

constant.

(
dYk
dt

)
gas

=
1

ρsp
ω̇kWk (3.4)

where, Yk = mk
m is the mass fraction of the kth species, and ρsp is the density of species.

The net production or depletion rate, ω̇k, of a species results from the competition

between all the chemical reactions which involve that species (including the reactions

of the species in the particle growth model as described in Eq. 3.1). The forward rate

constant (kf ) of a reaction k is evaluated using the modified Arrhenius equation.

kf = AkT
βkexp

(
−Ek
RT

)
, k = 1, ..., Nr (3.5)

where, T is the temperature, R is the universal gas constant, Ek is the activation energy

of the kth reaction, Ak is the pre-exponential constant of the kth reaction, βk is the

temperature exponent of the kth reaction and Nr is the total number of reactions.

The Arrhenius constants and the activation energy of the relevant reactions used in

this model are obtained from reaction mechanism input file proposed by Slavinskaya
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et al. [77]. The relevant CHEMKIN subroutines are called from the model to obtain

these parameters. At each time step the reaction rates due to gas-phase chemistry and

particle growth are fed to a stiff ODE solver in Fortran which in the present work is the

open-source SUNDIALS CVODE Solver [78, 79].

In the present model, pyrene (C16H10) is considered as the only PAH species contributing

to soot nucleation[21, 80] where two pyrene molecules combine together to form a single

soot particle.

3.2 Particle Nucleation and Growth Model

The soot aerosol particles undergo simultaneous nucleation, coagulation and surface

growth governed by following population balance equation (PBE) [46]:

∂n(v, t)

∂t
=

1

2

∫ v

0
β(v−v′, v′)N(v−v′, t)N(v′, t)dv′−N(v, t)

∫ ∞
0

β(v, v′)N(v′, t)dv′+S(v)+G(v)

(3.6)

where, v, v′ are the volumes of the interacting particles, N(v, t) is the particle size

distribution function at time t, β(v, v′) is the collision coefficient of two particles of

volume v and v′, S(v) is the nucleation term of particle of volume v and G(v) is the

growth term of particle of volume v

The PBE Eq. 3.6 is solved numerically as proposed by Kumar and Ramakrishna [46]

by discretization using a fixed pivot technique. In this method the entire particle size

range is divided into small sections (bins) where particles in each bin are represented by

a constant size (volume in this model). In Eq. 3.6, the LHS represents the change in

number concentration of particles in a specific bin i.

In the current fixed sectional bin model, entire particle size (volume) is divided into

a number of volume bins by a geometric series as

vk = v0f
k−1
v , k = 1, ..., Nbins (3.7)
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where, vk is the volume (cm3) of the kth bin, v0 is the lowest volume (cm3) of particle

size distribution (which is equal to the volume of two pyrene molecules in this model),

fv is the ratio of volumes of two consecutive bins (fv = 2.0 used in this model).

All the soot particles are forced to have the same volume as one of these representative

bin volumes. The maximum number of bins, Nbins, can be determined using the user

input variables v0, fv and biggest volume bin, vmax (cm3) as

Nbins =
log(vmax/v0)

log(fv)
+ 1 (3.8)

The rate of change of particle number concentration in a bin k is due to coagulation,

surface growth and nucleation:

dNk

dt
=

(
dNk

dt

)
nucl

+

(
dNk

dt

)
coag

+

(
dNk

dt

)
gr

, k = 1, ..., Nbins (3.9)

where, Nk is the particle number concentration in a bin k and the subscripts nucl, gr

and coag stand for nucleation, growth and coagulation respectively.

3.2.1 Collision Frequency Coefficient

The collision frequency coefficient [47], βi,j , (cm3/s) which is the rate at which the two

particles of ith and jth volume size collide is given by Eq. 3.10. This coefficient is used to

calculate the rate of particle nucleation, particle coagulation and particle surface growth.

βi,j = 2π(Di+Dj)(di+dj)

(
di + dj

di + dj + 2(g2i + g2j )
1/2

+
8(Di +Dj)

(c̄2i + c̄2i )
1/2(di + dj)

)−1
(3.10)

c̄i =

(
8kT

πmi

)1/2

(3.11)

li =
8Di

πc̄i
(3.12)
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gi =
1

3dili

(
(di + li)

3 − (d2i + l2i )
2/3
)
− di (3.13)

Kni =
2λgas
di

(3.14)

Cc,i =
5 + 4Kni + 6Kn2

i + 18Kn3i
5−Kni + (8 + π) +Kn2i

(3.15)

Di =
kTCc,i
3πµdi

(3.16)

where, Cc,i is Cunningham slip correcting factor [dimensionless], c̄i is thermal velocity

of a particle in ith bin (cm/s), Di is diffusion coefficient of a particle in ith bin (cm2/s),

di is diameter of a particle in ith bin (cm), gi is a characteristic length of a particle in

ith bin (cm), k is Boltzmann constant (erg/K) [1.38054× 1016 erg/K], Kni is Knudsen

number of a particle in ith bin (dimensionless),li is mean free path of a particle in ith

bin (cm), mi is mass of a particle in ith bin or (g), T is temperature (K), βi,j is the

coagulation coefficient between a particle in ith bin and a particle in jth bin (cm3/s),

λgas is mean free path of gas (cm) and µgas is gas viscosity (g/cm-s).

3.2.2 Nucleation

The soot nucleation is the process of gas to particle formation where high molecular

weight poly aromatic hydrocarbons (PAHs) molecules such as pyrene (C16H10) or PAH

molecules bigger than pyrene collide with each other rendering some of the them to

stick together. The newly formed particle or nucleus then grows by surface growth and

coagulation. In this work, only pyrene contributed to the nucleation of soot particles.

The nucleation rate is the rate of change in the number concentration in the first bin as

Nucleation affects only the particle concentration in the first bin (#/cm3− s), given by,

(
dN1

dt

)
nucl

= β αnucl [pyrene]2Av2 (3.17)
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where, [pyrene] is the molar concentration of pyrene, Av is the Avogadro number, β is

the collision frequency coefficient for the collision between two pyrene molecules and is

obtained using Eq. 3.10 in Section 3.2.1 and αnucl is the collision efficiency in nucleation.

In the gas phase, the rate (
dYpyrene

dt ) at which pyrene is depleted due to nucleation is:

(
dYpyrene

dt

)
nucl

= −2 (β), αnucl [pyrene]2Av (3.18)

3.2.3 Coagulation

The newly formed particles collide randomly with each other and some of them stick to

form larger particles. These larger particles undergo further collision to coagulate with

particles of different sizes. This process continues so that the mode of particles size dis-

tribution shift towards larger sizes. Due to coagulation total soot number concentration

(#/cm3) decreases but the total soot mass concentration (g/cm3) remains unchanged.

The rate of change of particle concentration in bin i due to coagulation is [46],

(
dNi

dt

)
coag

=

k≤j≤i∑
vi−1≤vj+vk≤vi+1

(1−
δj,k
2

)ηj,kβj,kαcoagNjNk −Ni

Nbins∑
k=1

βi,kαcoagNk (3.19)

where, βj,k is the collision frequency coefficient for coagulation between particles of bins

j and k and is obtained using Eq. 3.10 in Section 3.2.1, αcoag is the collision efficiency

for coagulation, δj,k is the Kronecker delta function and Ni is the number concentration

in bin i.

The first term in RHS of Eq. 3.19 represents the addition of new particles in bin i due to

coagulation of particles from smaller bin sizes. The second term in RHS represents the

loss of particles from bin i due to coagulation of particles from bin i with particles from

other bin sizes. The process of particle-particle coagulation can result into new particles

whose sizes do not match any of the representative bin sizes. To accommodate these

particles, this method proposes to distribute these particles between the neighboring

bins while conserving total mass and number of these particles [46, 81].
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Hence, as soon as new particle is formed due to coagulation between particle from bins

j and k, whose size (volume) is between two neighboring volume bins(vi+1 and vi), it

is distributed between these two neighboring volume bins (vi+1 and vi) conserving their

number and mass (volume) by the discrete sectional coagulation model. The partition

coefficient used (ηj,k) [46] is defined as:

ηj,k =


vi+1 − (vj + vk)

vi+1 − vi
vi ≤ vj + vk ≤ vi+1

(vj + vk)− vi−1
vi − vi−1

vi−1 ≤ vj + vk ≤ vi

 (3.20)

where, ηj,k is the factor that preserves the mass and the number of the new particles by

distributing them in the adjoining bins and vi is the volume of particle representing bin

i.

3.2.4 Surface Growth

The size of the soot particles also changes due to physical and chemical reactions on

their surface. This growth changes the particle size distribution but does not affect the

total number concentration of the particles. The surface growth mechanisms include 1)

HACA mechanism [20, 47] presented in Table 3.1 in which carbon mass is accumulated

on soot surface due to repeated reactions with acetylene (C2H2) gas, 2) soot oxidation

by O2 and OH (negative growth) (also presented in Table 3.1) where carbon mass is

lost from soot surface and 3) PAH condensation where PAH gas molecules condense and

accumulate on the soot surface [28, 32, 82].

3.2.4.1 HACA Mechanism and Oxidation

A dominant reaction pattern in the growth of an aromatic ring is H2 abstraction and

C2H2 addition (HACA). The reactions (1-5) in the table below (Table 3.1) represents

the dominant reaction scheme for HACA mechanism. The reactions (6) and (7) provides

the reaction path for soot oxidation by O2 and OH.
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Table 3.1: Soot Surface Growth Mechanism

k = AArrT
βArrexp(−Eact/RT )

Number Reactions AArr βArr Eact Reference

1 Csoot −H +H −→ Csoot •+H2 4.2× 1013 13.0 [21]

2 Csoot •+H2 −→ Csoot −H +H 4.0× 1011 0 7.0 [21]

3 Csoot −H +OH 
 Csoot •+H2O 1.0× 1010 0.734 1.43 [21]

4 Csoot •+H −→ Csoot −H 2.0× 1013 [21]

5 Csoot •+C2H2 −→ Csoot −H +H 8.0× 107 1.56 3.8 [21]

6 Csoot •+O2 −→ 2CO + Csoot 2.2× 1012 0 7.5 [21]

7 Csoot −H +OH −→ Csoot + CO +H 4.4× 102 0.5 [21]

The seven reactions presented in Table 3.1 are used in the present model to simulate the

surface growth on the surface of a soot particle. The reaction constant for each reaction

is calculated using Arrhenius equation given by Eq. 3.5. The number of sites on the

soot surface available (saturated sites) to undergo reaction is assumed to be a constant

number of 2.3× 1015 sites/cm2 [22]. The concentration of saturated sites (Csoot−H) in

a bin i is calculated as

[Csoot −H]i = 2.3× 1015(SA)iNi
1

Av
(3.21)

where, [Csoot − H]i is the molar concentration of saturated sites in the section bin i

(mol/cm3) and (SA)i is the representative surface area of the bin i (cm2).

The concentration of unsaturated sites (Csoot•) is calculated under the assumption that

the saturated and the unsaturated sites are in equilibrium in a bin i and is obtained

from the reactions presented in Table 3.1:

[Csoot•]i =

(
k1f [H] + k3f [OH]

k2f [H2] + k3b[H2O] + k4f [H] + k5f [C2H2] + k6f [O2]

)
[Csoot −H]i (3.22)
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where, [Csoot•]|i is the molar concentration of dehydrogenated sites in the sectional bin i

(mol/cm3), k1f , .., k7f represent the forward reaction rate constant of the corresponding

reactions presented in Table 3.1, k1b, .., k7b represent the backward reaction rate constant

of the corresponding reactions, [Csoot − H]i is the molar concentration of saturated

sites in the section bin i (mol/cm3) and [O2], ..., [H2] are the molar concentrations of

corresponding gas species O2, ...,H2 (mol/cm3).

Using the concentrations of saturated and unsaturated sites (Eqs. 3.21 and 3.22), the

rate of change in the total mass of the particle
((

dmi
dt

)
chem

, (g/s)
)

in a sectional bin i

due to surface growth by chemical reactions is given by :

(
dmi

dt

)
chem

=
(2mC k5f [C2H2][Csoot•]i − 2mC k6f [O2][Csoot•]i −mC k7f [OH][Csoot −H]i)

Ni/Av
(3.23)

where, mC is the mass of one atom of carbon (g) and mi represents the total mass of

the particles in sectional bin i (g).

The rate of change in concentration of the gas species (O2, H2, CO2, CO, H, C2H2,

H2O and OH) due to chemical reactions in Table 3.1 are updated in the gas phase model

in the same time step.

3.2.4.2 PAH Condensation

The collision between PAHs and soot particles results in PAHs condensation on the

particles resulting in change in the volume of the soot particles without changing the

total number concentration. In the current model only the pyrene condensation on soot

particles is considered. The collision frequency coefficient between particles of bin i and

the pyrene molecules is obtained using Eq. 3.10 in Section 3.2.1.

Rate of change in the total mass of particles(
(
dmi
dt

)
cond

, (g/s)) in the sectional bin i due

to condensation of pyrene gas on the soot particles is given by:

(
dmi

dt

)
cond

= βi αcond [pyrene]Mpyrene (3.24)



Chapter 3. Mathematical Model of PSDF 31

where, Mpyrene is the molecular mass of pyrene, βi is the collision frequency coefficient

between particles of bin i and the pyrene molecules and αcond is the collision efficiency

for condensation.

The rate,
(
dn
dt

)
pyrene

, at which pyrene is depleted due to condensation is:

(
dn

dt

)
pyrene

= −
Nbins∑
i=1

βi [pyrene]Ni (3.25)

3.2.4.3 Implementation of Surface Growth

The surface growth due to surface reactions through HACA mechanism, soot oxidation

and PAH condensation is solved numerically in the discretized size domain of soot par-

ticles similar to Section 3.2.3. The rate of change in mass of particles in bin i due to

surface growth mechanisms is:

(
dmi

dt

)
gr

=

(
dmi

dt

)
chem

+

(
dmi

dt

)
cond

(3.26)

where,
(
dmi
dt

)
chem

and
(
dmi
dt

)
cond

are given by Eqs. (3.23) and (3.24) respectively and(
dmi
dt

)
gr

is the total rate (g/s) of surface growth for section i.

Due to surface reactions, the volume, v, of each soot particle in a sectional bin i either

decreases (vi−1 < v < vi) or increases (vi < v < vi+1). Since only the particles of certain

sizes (vi, vi+1, vi+2 etc.) can represent the bins, the new grown particles in bin i are reas-

signed to their neighboring bins while conserving their mass and number concentration.

In this model a two-point fixed section method [81] for surface growth is implemented

to distribute the grown particles to adjacent bins.

(
dNi

dt

)
gr

=
Ii−1Ni−1
vi − vi−1

− IiNi

vi+1 − vi
(3.27)

where,
(
dNi
dt

)
gr

is the change in number concentration of bin i due to surface reactions

and Ii = dvi
dt , is the rate of change in particles volume in bin i due to surface growth,

given by Eq. 3.26.
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3.3 Implementation

The model has two types of input parameters which are set by user. First group of

input parameters are constant input parameter which does not need any optimization

and second group of input parameters are optimized input parameters which need be

optimized against measured data and sensitivity analysis. In this work, the model

parameters were optimized to reproduce literature data [7]. Future modification may

make this optimized input parameters as fixed input parameters or a function. The

input parameters are given in Table 3.2 whose details are given in previous sections .

Table 3.2: Input variables of the model

No Input variables Is optimization required ? Reference

1 Volume of smallest bin,v0 is volume
of a pyrene molecule (cm3)

No

2 Volume of biggest bin,vmax, is Vol-
ume of 1000 nm particle (cm3)

No

3 Ratio of 2 consecutive bin-
volume,fv = 2.0

No

4 Nucleating PAH pair: Pyrene-
Pyrene

Yes [21]

5 Condensing PAH: Pyrene Yes [21]

6 Collision efficiency in nucleation,
αnucl = 0.001

Yes [32]

7 Collision efficiency in PAH-
condensation, αcond = 0.1

Yes

8 Collision efficiency in coagulation,
αcoag = 1

Yes

The rate of change in number concentration of soot particles in each bin is contributed

by Nucleation, Coagulation and Surface Growth.

dNk

dt
=

(
dNk

dt

)
nucl

+

(
dNk

dt

)
coag

+

(
dNk

dt

)
gr

, k = 1, ..., Nbins (3.28)

where, Nsp and Nbins are total number of gas species and sectional volume bins respec-

tively. The subscripts nucl, coag and gr stand for nucleation, coagulation and growth

respectively.

The rate of change of mass fraction of gas phase species is contributed by gas phase

chemistry and particle nucleation and growth model.
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dYi
dt

=

(
dYi
dt

)
gas

+

(
dYi
dt

)
soot

, i = 1, ..., Nsp (3.29)

In the model, rates of the gas-phase species and rates of the particle concentration for

each bin are calculated at each time-step using the concentrations from the previous

time-step. These rate equations are then sent to a stiff ODE solver (CVODE solver

by Sundials). The methods used in CVODE are variable-order, variable-step multistep

methods. For stiff problems, CVODE includes the Backward Differentiation Formulas

(BDFs) in fixed-leading coefficient form, with order varying between 1 and 5 [78, 79].

3.4 Summary

Computational model helps in better understanding of the soot formation process which

involves numerous reactions, simultaneous depletion and production of new species and

evolution of gas phase species into nano-sized particles. The gas phase reaction mecha-

nism used in this model is given by Slavinskaya et al. [77] which uses 102 species and

807 reactions. The particle model is a discrete sectional model where each section is rep-

resented by a representative constant particle size. The change in number concentration

of particles due to particle-particle coagulation and pyrene condensation can result in

particle sizes which do not match any of the representative sizes of the sections defined.

These new particle were assigned to the adjacent sections while conserving the total

mass and the number of the new particles. In the model only pyrene was used as the

nucleating species contributing to the formation of new particles.
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Results

The soot particle size distribution functions (PSDF) were obtained for oxidation of

ethylene in a burner stabilized flat flame (BSFF). In earlier studies [59, 60], measurement

of soot PSDFs in BSFF were made by probe sampling followed by particle sizing using

a SMPS. A characteristic bimodal distribution was reported with one peak at smaller

sizes (3 - 4nm) and another peak at larger sizes.

The objective in this work was to reproduce similar results using the same experimental

configuration of soot generation in BSFF and measurement through probe sampling

and SMPS. The detailed experimental set-up was described in Chapter 2. The results

presented in this chapter agree well with the published work.

The similar probe sampling technique was then used to collect soot particles from atmo-

spheric pressure MFTR and measure PSDF in SMPS. In earlier studies [7, 83], the total

soot mass concentrations were reported for ethylene and acetylene pyrolysis at different

temperatures and higher residence times (> 1.2 s). In the current work, total soot mass,

number concentrations and the soot PSDF are presented for range of temperatures from

1150 to 1200K and smaller residence times from 200 to 600ms. The soot PSDFs are

also presented for ethylene oxidation at φ = 4.5 and φ = 5.0. The measured data for

both oxidation and pyrolysis cases are then compared to the results obtained from the

zero-D sectional aerosol model.

34
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4.1 PSDF from a flat flame burner

4.1.1 Dilution ratio and its effect on measured PSDF

Based on the calibration of orifice flow rate described in Section 2.3, the dilution ratio

(fD) is calculated for the probe with 130µm orifice using Eq. 4.1 [60] as,

fD = Tr
Qc
Q0

(4.1)

where, Tr = 3.34 is the ratio of inlet gas temperature (∼1000K) and the carrier gas (N2)

temperature (298K), Qc is the flow rate of cold nitrogen (44 lpm) at STP and Q0 is the

calculated flow rate of flame gases at inlet temperature (∼ 1000K).
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Figure 4.1: Variation of dilution ratio (fD) with the variation in differential pressure
across 130µm orifice for a carrier gas N2 flow rate of 42 lpm

As discussed earlier, during online sampling by the SMPS, sampling issues range from

particle coagulation and agglomeration to diffusive wall losses in the probe orifice and

the sampling line. To minimize these losses, the soot-laden combustion gases must be

diluted by a cold non-reacting gas (N2 in this case). The use of cold N2 gas helps in

immediate quenching of particle growth chemistry and in minimizing the thermophoretic

deposition of soot in the sampling line that occurs when high temperature soot-laden

gases come in contact with a cold surface [59, 60, 62].
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Figure 4.2: Absolute PSDF at HAB = 0.81cm for three dilution ratios at a fixed
equivalence ratio, φ = 2.1

In the earlier works by Zhao et al.[59, 60], it was shown that the particle diffusive losses

and the particle-particle coagulation can be minimized by systematically increasing the

dilution ratio to a critical value where the particles size distribution function becomes

independent of the dilution ratio. Experimentally, this critical dilution ratio was of

order 1× 104. However, other studies have shown that this value can range from 103 to

104 depending on equivalence ratio and the combustion system [62]. It was also shown

[59, 60] that the passage time through orifice of 7ms or less is sufficient to prevent

particle losses in the sampling probe.

As demonstrated in Fig. 4.2, the soot size distributions were not affected by increase

in dilution ratios above the critical dilution ratio of 1 × 104. At lower dilution ratios

the coagulation is still taking place in the sampling line and, therefore, the peak (mode)

at smaller particle sizes disappears due to coagulation of small particles to form larger

particles causing the mean diameter to shift to larger particle sizes.

4.1.2 Absolute PSDF

The absolute number density of particles in the flame is related to the SMPS measured

number density by,
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Na =
fD
fw
N (4.2)

where, Na is the absolute number density of the particles in the flame, fw is the factor

to account for diffusive wall losses and is taken as 1 in this work, N is the soot particle

number density measured by SMPS
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Figure 4.3: Absolute PSDF at HAB = 0.76 cm at a fixed φ = 2.1

Figure 4.3 presents the soot particle size distribution function at HAB (height above

the burner surface) = 0.76 cm where only the particle inception dominates. The mean

particle diameter is 4.61nm. As the height above the burner surface is increased, the

mean particle diameter increases and the simultaneous occurrence of soot nucleation

and soot particle-particle coagulation are visible as shown in Fig. 4.4.

Figure 4.4 presents the soot PSDF at a relatively larger distance from the burner surface,

HAB = 0.91 cm. As can be seen, the incipient particles are still nucleating (evident

from a mode at smaller sizes) while the particles formed earlier have coagulated to form

larger size particles, evidenced by a mode at larger diameter. The mean diameter of the

distribution is 13.77nm.

The soot particles size distribution at increasing height above the burner surface, from

HAB = 0.76 cm to 1.0 cm, are plotted in Fig. 4.5. The mean diameters as a function

of HAB are plotted in Fig. 4.6. It is seen that the evolution of PSDFs, from particle

inception to growth, is captured in a highly spatially resolved manner.
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Figure 4.4: Absolute PSDF at increasing heights above the burner surface at a fixed
φ = 2.1

The soot particles concentration, at height less than 0.75cm above the burner surface,

was either too low or non-existent to be detected by SMPS. At HAB = 0.76 cm, the

first PSDF was obtained with a single mode at smaller particle diameter. The mean

diameter is 4.61nm as the soot nucleation is dominant. The nucleation of new particles

continues as the height is increased to HAB = 0.81 cm, however, the smaller particles

which were formed earlier at lower heights grow into larger sizes due to coagulation and

surface growth causing the mean diameter to increase from 4.61 to 7.58nm. This leads

to the formation of second peak in PSDF curve. The second peak becomes more visible

at HAB ≥ 0.87 cm. This is the characteristic bimodal distribution reported by other

studies including Zhao et al. [59–61] in a flat flame at φ = 2.1.. At HAB = 0.87 cm,

the mode at smaller sizes is still retained, indicative of sustained nucleation, while the

coagulation and growth processes continue to increase the mean diameter (13.4nm) of

the soot particles size distribution curve.

The bimodal behavior is present even at larger HAB, however, the particle concentra-

tion decreases as the height is increased above 0.91 cm. The mean diameter still keeps

increasing to 20.6nm, due to sustained particle growth through out the flame.
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Figure 4.5: Absolute PSDF at HAB = 0.91cm at a fixed φ = 2.1

4.2 PSDF from Fuel Pyrolysis in Atmospheric MFTR

4.2.1 Dilution ratio

Based on the calibration of orifice flow rate in Section 2.3, the dilution ratio (fD) is

calculated for the probe with 250µm orifice using Eq. 4.1 [60]. The temperature of the

soot-laden hot gases coming out of the tube reactor was measured to be 886K when
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Figure 4.6: Mean diameter of soot particles as a function of HAB at a fixed φ = 2.1

the temperature inside the tube reactor was kept constant at 1200K. Based on this

temperature, the temperature ratio, Tr, in Eq. 4.1 was calculated to be 2.97.

As discussed earlier, the dilution is necessary to mitigate particle growth chemistry inside

the sampling line and to minimize diffusive wall losses and particle-particle coagulation.

The concentration of soot particles at the exit of the reactor depended on the residence

time and temperature in MFTR.

Residence time is defined as the time taken by the fuel between the entry of the fuel

from the side tubes to the reactor exit. In this work, the residence time is calculated

based on the average velocity of the parabolic flow profile in the reactor.

To get the optimum resolution of soot PSDF in SMPS, the flow rate of carrier gas, N2,

was varied between 10 lpm to 50 lpm. Figure 4.7 presents the dilution ratios obtained for

two N2 flow rates, namely 20 lpm and 40 lpm. The operating differential pressure range

in these experiments was varied from 25 to 225Pa, resulting in the dilution ratio of 500

to 7000, depending on the soot particle concentration obtained at the MFTR exit. The

soot particles generated in all the cases of fuel pyrolysis in MFTR were relatively low in

concentration due to the presence of 98%N2 in the MFTR and, therefore, required less

probe dilution.

In all the experiments, the dilution ratio was increased till a critical point, after which,

further increase in dilution did not affect the soot PSDF and the mean diameter. Figure
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Figure 4.7: Variation of dilution ratio with the variation in differential pressure
through 250 µm orifice for a carrier gas N2 flow rate of 20 lpm and 40 lpm

4.8 presents the soot PSDF, at MFTR operating conditions of 1200K and residence

time 600ms, for three dilution ratios. The increase in dilution ratio, above a critical

value, did not change the soot PSDF and the mean diameter which was found to be

8.22nm and 8.34nm at dilution ratios of 7× 103 and 5× 103 respectively.
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Figure 4.8: Soot PSDF obtained from 2% ethylene pyrolysis at 1200K with residence
time of 600ms inside the MFTR



Chapter 4. Results 42

4.2.2 Absolute PSDFs

The absolute number density of particles obtained from MFTR is related to the SMPS

measured number density by Eq. 4.2. Figure 4.9 presents the abolute soot PSDFs

for ethylene pyrolysis at 1200K for a range of residence times from 200ms to 600ms.

As evident from the figure, the particle number density increases with the increase in

residence time in the reactor. The mean diameter of soot PSDF was calculated for each

residence time and is presented in Table 4.1.

Particle Diameter (nm)

2 3 4 5 6 8 10 20 30 40 50 60

d
N

/d
lo

g
(D

p
) 

(#
/c

m
3
)

104

105

106

107

108

Res Time =600ms

Res Time =500ms

Res Time =400ms

Res Time =300ms

Res Time =200ms

Figure 4.9: Soot PSDF for ethylene pyrolysis at 1200K for a range of residence time

Table 4.1: Mean Diameter of the particles at different Residence Times

No Residence Time (ms) Mean Diameter (nm)

1 600 8.2471

2 500 8.1902

3 400 8.2525

4 300 7.4496

5 200 7.4178

It is observed that as residence time was increased, the particle concentration also in-

creased but the mean diameter remained almost the same (an increase of ∼ 1nm from
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200 to 600ms). The increase in concentration can be attributed to increased nucleation

due to longer residence time. The constant mean diameter implies that the soot particle

growth processes, including chemical growth and particle-particle coagulation, are not

very active at the operating temperature of 1200K.

Soot PSDFs were also obtained for ethylene pyrolysis at different temperature ranging

from 1150K to 1200K. The residence time inside the reactor was increased gradually

from 160ms to 600ms for each temperature to determine the residence time at which the

soot particles concentrations exceeds the threshold of minimum detection limit of SMPS

(i.e. when the first soot PSDF is obtained in SMPS). Figure 4.10 shows the PSDFs

obtained at temperatures ranging from 1150K to 1200K. The residence times at which

the soot PSDFs are detected in SMPS are plotted as a function of temperature in Fig.

4.11, where it is seen that the curve asymptotes at higher temperature. The particle

growth is the function of particles number density. As the temperature increases, the

number density of incipient particles increases exponentially causing substantial growth

and, therefore, explains the asymptotic behavior in Fig. 4.11.
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Figure 4.10: Soot PSDF obtained at temperatures ranging from 1150 to 1200K.
The residence time is the earliest residence time at which soot PSDF are obtained in

SMPS

The soot PSDF at same residence time of 600ms is compared for 1200K and 1150K

temperatures in Fig. 4.12. The soot particles concentration is relatively less at lower

temperature for same residence time. The increase in the mean diameter at 1200K
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Figure 4.11: The earliest residence times at which soot PSDF are obtained in SMPS
are plotted as the function of corresponding temperature

temperature can be attributed to higher growth rates due to higher number density of

particles at higher temperature.
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Figure 4.12: Soot PSDF obtained from 2% ethylene pyrolysis at 600ms residence
time for 1200K and 1150K
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4.3 PSDF from Ethylene Oxidation in MFTR

In the same experimental set-up as in Section 4.2, a mixture of air and ethylene in

equivalence ratio of 5.0 and 4.5 were mixed with hot nitrogen stream (98%). Figure

4.13 presents the soot PSDF obtained for such partially oxidizing cases under operating

condition of 1200K temperature and 500ms residence time.
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Figure 4.13: Soot PSDF obtained for the case of ethylene oxidation at 1200K and
500ms residence time
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Figure 4.14: Comparison of soot PSDF for the cases of ethylene oxidation and
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Figure 4.14 presents the comparison of soot PSDF obtained from MFTR under operat-

ing condition of 1200K temperature and 500ms residence time for the cases of pyrolysis

as well as oxidation of ethylene in 98%N2. The mean diameter for the cases of oxida-

tion with φ = 4.5 and φ = 5.0 are 4.39nm and 4.64nm respectively while the mean

diameter for the case of fuel pyrolysis is 8.19nm indicating domination of small particle

sizes in the case of oxidation. Earlier studies [24, 44] have proposed the largest effect of

oxygen is during the early stages of aromatics growth. This can potentially decrease the

soot precursors in the early stages of soot formation resulting in reduction in effective

time available for soot growth. Another potential reason is the decrease in soot growth

processes (chemical surface growth and particle-particle coagulation) due to low temper-

ature and insufficient H atoms available due to their consumption by O2. The behavior

captured in soot PSDFs by SMPS is a good indicator of the effect of O2 on the surface

growth of incipient particles.

4.4 Uncertainties in the experiment

The flow profile in the MFTR is laminar, parabolic with radial variation in the flow

velocity resulting in radial variation in residence time. However, the residence time is

calculated using the average velocity. This radial variation in residence time inside the

reactor can result in variable particle growth rates across the cross section of the tube

reactor. The diffusion of these particle of different sizes occur throughout through out

the length of the reactor and also in the probe orifice. The size of the orifice is relatively

very small to the size of the reactor and, therefore, there is an uncertainty as to whether

the soot sample entering the probe is a true representation of all the sizes formed in the

reactor.

The uncertainty analysis was performed with respect to repeatability, uncertainty of

measured data and measurement uncertainties of instruments.

1. The uncertainty in the flow meters is 1%.

2. The uncertainty in thrmocouples is 0.75%.

3. The fluctuation in pressure gauge readings is 0.04 in-H2O.
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4. The uncertainty in n-DMA which has been shown to size 60nm and 100nm Stan-

dard Reference Material (SRM) with an uncertainty of only 1% [84].

5. The uncertainty in n-CPC which varies from 100% to almost 0% as the particle

size (Dmobility
p ) is increased from 2 to 3nm as shown in Fig. 4.15 [5]. In this work,

the Dmobility
p of particles was always greater than 3nm.

Figure 4.15: Counting efficiency curve of CPC [5]

The flow meter uncertainty affects flow rates of N2, air, C2H4 and orifice flow rate (since

the orifice flow rate was calibrated using flow meters). The thermocouple uncertainty

affects the temperature inside the tube reactor. The pressure uncertainty affects the

orifice flow rate and therefore, the dilution ratios. Three sets of data for both oxidation

and pyrolysis were used to calculate the standard deviation from the mean values of

number concentration at each particle size to calculate the repeatability uncertainty.

Figure 4.16 and 4.17 presents the PSDF with uncertainties bars for pyrolysis and oxida-

tion of ethylene in MFTR respectively. There is a relatively large uncertainty in PSDFs

obtained from ethylene pyrolysis when compared to the oxidation results. The pyrolysis

case at 600ms is obtained at a significantly low differential pressure compared to the

oxidation case at 500ms resulting in high uncertainty in pressure gauge readings for

pyrolysis case.
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Figure 4.16: Soot PSDF and the uncertainty bar at each particle size, obtained from
pyrolysis of ethylene at 1200K and 600ms residence time
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Figure 4.17: Soot PSDF and the uncertainty bar at each particle size, obtained from
oxidation of ethylene at 1200K and 500ms residence time with φ = 5.0

4.5 Results from the Particle Nucleation and Growth Model

The model was run to simulate the conditions in MFTR (Section 4.2 and Section 4.3) for

the cases of ethylene pyrolysis and oxidation. The pyrolysis case was run for 98%N2 and

2%C2H4 at 1200K and the oxidation case was run for 98%N2, and 2% of air and C2H4

in the equivalence ratio of 4.5 and 5.0 at 1200K. Because the existing SMPS system can
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not detect particles having diameter less than 3nm, the results of the sectional model

simulations are presented for particles having diameter greater than 3nm.

4.5.1 Case1: Pyrolysis
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Figure 4.18: Total number concentration as a function of residence time for the case
of ethylene pyrolysis at 1200K from model simulations and experimental measurements

The total number density of soot particles as a function of residence time is plotted in

Fig. 4.18. The results obtained from the model and the experiments show the same trend

that the soot particle number concentration increases with the increase in residence time.

Both model and experimental results show that the soot formation begins from 200ms to

350ms in the case of ethylene pyrolysis at 1200K. The model underpredicts the particles

concentration before 350ms residence time and overpredicts the particles concentration

after 350ms residence time. Model prediction of total soot number concentration is 3

order of magnitude higher than the measurements. The similar trend is seen for total

soot mass density plotted in Fig. 4.19.

The soot particles size distributions for 600ms residence time at 1200K are plotted for

both the model and the experiments in Fig. 4.20. As seen from the figure, there is

no nucleation mode in the experimental results. The potential reason for this can be

the flow conditions in the MFTR. The normalized particle size distribution is plotted

in Fig. 4.21 which shows similar trends for the model and the measured results. The
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Figure 4.19: Total mass concentration as a function of residence time for the case of
ethylene pyrolysis at 1200K from model simulations and experimental measurements

mean diameter of soot particles sizes is 6.23nm and 7.5nm for the case of model and

experimental results respectively.
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Figure 4.20: Soot PSDF obtained for the case of ethylene pyrolysis, at 1200K and
600ms residence time, from model simulations and experimental measurements

4.5.2 Case2: Oxidation

The model results for the two cases of oxidation (φ = 4.5 and φ = 5.0) are presented here.

Figure 4.22 compares the particle size distribution, for C2H4 oxidation at 1200K and
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Figure 4.21: Normalized soot PSDF obtained for the case of ethylene pyrolysis, at
1200K and 600ms residence time, from model simulations and experimental measure-

ments

500ms residence time, for both the model results and the experimental results. There

is a difference of order of ∼ 104 between the modeling and the experimental results.
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Figure 4.22: Soot PSDF at equivalence ratios, 4.5 and 5.0, at 1200K and 500ms
residence time, obtained from model simulation and experimental measurements

The normalized particle size distribution for the same operating conditions (1200K,

500ms) are presented in Fig. 4.23. The modeling and the SMPS results have similar

trends. The particles concentration decreases as the size increases. The mean diameter

in the case of φ = 4.5, is 4.03nm and 4.42nm for the model PSDF and the experiment
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PSDF respectively. The mean diameter in the case of φ = 5.0, is 4.36nm and 4.65nm

for the model PSDF and the experiment PSDF respectively. The model results agree

well with the experimental results in predicting the size distribution trends.
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Figure 4.23: Normalized soot PSDF at equivalence ratios, 4.5 and 5.0, at 1200K and
500ms residence time, obtained from model simulations and experimental measurements

4.6 Summary

The experimental technique of probe sampling followed by particle sizing using a SMPS

was validated by reproducing the literature data on flat flame McKenna burner. At

smaller distances from the burner surface (HAB = 0.76 cm), the nucleation of new

particles was the only dominant process. As HAB was increased, the single nucleation

mode was replaced by a characteristic bimodal distribution in soot PSDFs indicating

simultaneous nucleation and coagulation of particles.

Using the similar probe sampling technique, the soot PSDF, total number concentration

and total mass of soot particles were measured at different residence times and different

temperatures for the cases of pyrolysis and partial oxidation of 2% ethylene in the

MFTR.

The residence times were varied from 150ms to 600ms over a range of temperatures

from 1100K to 1200K to find out the temperatures and the earliest residence times at

which the soot particles start forming during pyrolysis of 2% ethylene in the reactor.
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The soot particles were first detected at 1150K at residence time 600ms. The earliest

residence time of soot particles detection decreased exponentially from 600ms to 175ms

as the temperature increased from 1150K to 1200K respectively.

The soot PSDFs and particles concentration during pyrolysis of 2% ethylene at 1200K

at increasing residence times from 200 to 600ms were measured. It was found that the

total soot mass density increased from 3.9 × 10−13 g/cm3 at 200ms residence time to

1.5×10−11 g/cm3 at 600ms. For the same case, the total number density increased from

6.45× 105 #/cm3 to 2.0× 107 #/cm3 respectively.

The size distribution, total number concentration and total mass of soot particles pro-

duced in MFTR were also measured at different equivalence ratios, for the cases of

oxidation of ethylene at 500ms residence time and 1200K temperature. The measured

results were also compared with the zero-D model for both the cases of pyrolysis and

oxidation of ethylene in MFTR.

For the case of pyrolysis, in both the model and the measurements, the mass and the

number density of soot particles increased with the increase in residence time at a

constant temperature of 1200K, indicating an increase in nucleation with increase in

residence time. The model also agreed with the measured data in predicting the early

formation of soot at around 200-350ms residence time at 1200K. The measured soot

PSDF was a normal distribution with a single mode which was not consistent with the

model results that predicted a bimodal distribution at higher residence times (500ms,

600ms etc.). The increase in particle mean diameter as a function of residence time was

also not significant whereas in the model there was a relatively larger increase in mean

diameter with increase in residence times.

The measured data was also compared with the zero-D model for the case of oxidation

of ethylene in MFTR. In both the model and the measured results, the modes of size

distribution, for the cases of φ = 4.5 and φ = 5.0, were located at smaller sizes indicating

low surface growth rates. The normalized size distribution trends obtained from the

model and the measured data also agreed well with respect to the mean diameter and

the location of the mode of the size distribution.
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Conclusions

SMPS is a high resolution nanoparticle sizer which allows real time online sizing of soot

particles obtained from different flow conditions. In the current work, the SMPS system

along with probe sampling method was selected to measure soot PSDFs during pyrolysis

and oxidation of fuel in atmospheric MFTR. The flow rate through the probe orifice is

a function of the thickness of the probe and the orifice diameter and affects the dilution

ratio between the incoming hot gases through orifice and the carrier gas nitrogen. The

optimum probe thickness and orifice diameter were selected so that the dilution ratio is

above the critical value where particle losses due to coagulation are negligible.

The experimental technique of probe sampling followed by particle sizing using a SMPS

was validated by reproducing the literature data on flat flame McKenna burner. A

characteristic bimodal distribution in soot PSDFs at increasing HABs were measured

that agreed with the published work.

Using the similar probe sampling technique, the soot PSDF and the total concentration

of soot particles were measured at different residence times and different temperatures

for the cases of pyrolysis and partial oxidation of 2% ethylene in the MFTR.

The residence times were varied over a range of temperatures to find out the temperature

and the earliest residence times at which the soot particles start forming during pyrol-

ysis of 2% ethylene in the reactor. The soot particles were first detected at 1150K at

residence time 600ms. The earliest residence time of soot particles detection decreased

exponentially from 600ms to 175ms as the temperature increased from 1150K to 1200K

54
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respectively. The soot PSDFs and particles concentration during pyrolysis of 2% ethy-

lene at 1200K at increasing residence times from 200 to 600ms were also measured. It

was found that the total soot mass and number density increased with the increase in

residence times.

The soot particles formed during partial oxidation of ethylene (φ = 4.5 and φ = 5.0)

in 98% nitrogen at 1200K and 500ms residence time in atmospheric MFTR were also

measured to study the effects of oxygen on the particle size distribution and total con-

centration of soot particles. It was found that the presence of oxygen affects the particle

growth rates as the mode of soot PSDF shifted towards the smaller sizes (4nm) when

compared with the pyrolysis case (8nm).

The experimental results were also compared with the results from zero-D model for

both pyrolysis and oxidation cases. In the pyrolysis case the number density of soot

particles increased with increase in residence times in both measured and model results,

indicating an increase in nucleation rates with increase in residence times. The model

also agreed with the measured data in predicting the early formation of soot at around

200-350ms residence time at 1200K. In the oxidation case, for both the model and the

measured results, the modes of size distribution, for the cases of φ = 4.5 and φ = 5.0,

were located at smaller sizes indicating low surface growth rates. The normalized size

distribution trends obtained from the model and the measured data also agreed well

with respect to the mean diameter and the location of the mode of the size distribution.

5.1 Future Work

The measurement of gas phase species produced or consumed during pyrolysis and oxi-

dation of fuel inside MFTR including acetylene, ethylene and larger species like benzene

and pyrene will be undertaken in the future work. These measurements will give better

understanding of theoretical process of soot formation in various flow conditions and

will also help in improving accuracy of sectional aerosol model.

The experimental technique of probe sampling followed by particle sizing using a SMPS,

similar to the one used in this work, will also be implemented to measure soot PSDFs

during pyrolysis and oxidation of fuels in the high pressure MFTR.
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