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Abstract

Combustion engines emit precursors of fine particulate matter (PM) into the atmo-
sphere. Numerous gaseous species, soot particles, and liquid aerosols in the aircraft
exhaust are involved in PM formation, and these very fine, nanometer-size parti-
cles potentially have significant impacts on climate, human health, and air quality.
In particular, the organic content of the particles is important to determine physi-
cal and chemical properties of PM and consequently their potential impacts on the
environment.

The main objective of this thesis is to understand the role of organic compounds
in PM evolution by developing a microphysical model that incorporates organic com-
pounds into the formation mechanism of binary aqueous aerosols. While binary
aerosol models with sulfuric acid and water have been widely studied, the under-
standing of the effect of organics on the formation and growth of aerosols is still
insufficient. This work demonstrates important interactions and competitions in the
formation of multi-component aerosols with organic compounds, sulfuric acid, and
water in aircraft emissions.

Hydrocarbon-containing aerosols have been identified as a major component of
ground-level aircraft emission, especially at low power operations. This thesis de-
scribes selected surrogates of organic species and introduces estimation techniques
for their thermophysical properties. The surrogates of organic species include water-
insoluble hydrocarbons and water-soluble oxygenated hydrocarbons. Simulation re-
sults suggest that certain hydrocarbon compounds play an important role in the
formation of aviation aerosol with interactions with both homogeneous sulfuric acid-
water aerosols and soot particles in the organic-rich aircraft plume. Hydrocarbons
contribute to the growth of existing homogeneous liquid particles, whereas their con-
tribution to aerosol number density is negligible compared to that of sulfuric acid
and water, which largely determine the formation of homogeneous aerosols. Also, low
volatility hydrocarbons (e.g., benzopyrene, coronene) are observed to be partitioned
into soot particles and induce competition with the uptake of water-soluble species,
while light water-soluble oxygenated hydrocarbons enhance the uptake of water and
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sulfuric acid on soot particles.

Thesis Supervisor: Ian A. Waitz
Title: Dean of Engineering and Jerome C. Hunsaker Professor of Aeronautics and
Astronautics
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Chapter 1

Introduction

In an aircraft exhaust plume, particulate matter (PM) evolves with contributions

from 1) solid particles distributed from a few nanometers to sizes approaching a

micrometer; 2) liquid droplets formed from condensable gases or directly emitted as

a fragment of lubricating oil; and 3) a large number of exhaust gaseous species. As a

result of being cooled and diluted with ambient air, the properties and sizes of PM are

drastically changed through microphysical processes during even the first few minutes.

Nanoparticles directly emitted from aircraft engines and generated subsequently in

the downstream plumes may have significant impacts on climate, human health, and

air quality [3]. To understand impacts of aircraft emitted PM as well as to possibly

formulate strategies to mitigate these impacts, it is important to understand the

microphysical processes and the atmospheric evolution of PM.

1.1 Background

Combustion engines emit particles in the size range of a few nanometers to microm-

eters, such as the nucleation mode particles (smaller than 10 nm in diameter), the

Aitken mode particles (between 10 and 100 nm in diameter), and the accumulation

mode particles in the submicrometer range [4]. Nano-sized particles smaller than 100

nm in diameter are also called ultrafine particles or PM0.1 [5]. Primary particles in

nanometer-size in the aircraft emission exhaust include soot particles directly emitted
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in a solid form and liquid droplets nucleated from condensable gases. Nanoparticles

continue to grow to larger size particles and shift toward accumulation mode by mi-

crophysical processes during dilution and cooling of the exhaust.

A number of studies have reviewed the potential impacts of nanoparticles on

climate change and human health [6]. Black carbon, which is the core component

of soot, influences climate by warming the atmosphere. While black carbon has

positive radiative forcing by absorbing sunlight, most other aerosols such as sulfate

and organic carbon aerosols have negative radiative forcing by scattering light. For

example, aviation radiative forcing was estimated as -3.5 mW/m2 for sulfate aerosol

and 2.5 mW/m2 for soot [7]. However, aerosols having a cooling effect themselves can

also contribute to the climate warming by coating soot surfaces through condensation

or coagulation [8]. Soot particles coated with nonradiation absorbing aerosols show an

enhanced absorption of light compared to bare soot particles. Also, hydrophilicity of

aerosols is an important factor for cloud formation and influences climate indirectly

[9]. From a human health point of view, ultrafine particles can cause respiratory

and cardiopulmonary diseases by entering and accumulating in the lung alveoli and

the health risk is closely related to the size of the particles [10, 11]. Large surface

area per unit mass of ultrafine particles may induce greater inflammatory effects with

greater reactivity compared with larger size particles [12]. The chemical composition

of particles is also a critical factor, as well as the particle size, because toxic PAHs or

acidity in PM could cause negative health issues [13].

It has been demonstrated that soot particles in aircraft emissions are a major

precursor of contrails and potentially of cirrus, through the interaction of water,

sulfur, and organic gases; especially sulfate plays an important role for the hygroscopic

growth of small particles to act as cloud condensation nuclei (CCN) by activating

hydrophobic soot surface [14, 15]. Kanakidou et al. [9] reviewed the role of organic

aerosols for climate modeling and summarized the importance of their contributions.

While water-soluble inorganic species are more important at high relative humidity

(RH), it was observed that the organic compounds become important at low RH

because the effect of RH is critical for the water-soluble species but not for water-
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insoluble organic compounds. The contribution of organic compounds to atmospheric

particulates has been discussed increasingly [16, 17, 18, 19]. Organic aerosols are

involved in the PM evolution and change the thermodynamic and physical properties

of soot surface through the influence of surface tension and solubility. Petzold et al.

[20] investigated how organic matter and sulfuric acid from exhaust emission affect

CCN activation based on the data set of the European PartEmis project. Their

results showed that the fraction of organic carbon in the soot particles decreases CCN

activation by competing with the coating effect of sulfuric acid. While water-insoluble

organic species reduce the water absorption, water-soluble organic species such as

organic acids enhance the hydroscopic growth by increasing hydrophilic fraction and

decreasing surface tension [21]. Du and Yu [22] reported that organics contribute

to the non-volatile particle growth in exhaust from ultra-low sulfur fuel for ground

vehicles.

In most studies, particle growth was modeled with an equilibrium partitioning

with assumption of wettable surface and/or soluble particles for water absorption

[23]. Kulmala et al. [24] investigated the early stage growth of aerosol particles in

the nanometer size range. They discussed that organic vapors that are soluble in

aerosol clusters contribute to the growth of nanometer-size aerosol particles that are

not solid particles. Jacobson [25] used different distributions for different coating

fractions of black carbon. In his model, particles can move between bins as the

fractional coating changed by condensation. However, the change in hydrophobic

and hydrophilic surface and the effect of organics on the surface are not tracked.

To better assess the potential impacts of PM on the environment, it is necessary

to adequately estimate the evolution of size, mass, and composition of PM. Field and

laboratory measurements have been conducted extensively over the past decades.

Accumulated data from measurements help to understand the physics and estimate

PM formation and subsequent processes, however, there is a possibility of bias in

measurement results because collection of particles itself can change the gas-particle

partitioning of condensable gases [26]. In addition, since aircraft emitted PM and ex-

haust gases are sensitive to the ambient conditions and engine operating parameters
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such as ambient temperature, relative humidity (RH), engine power, and fuel sulfur

content and the high temperature, high velocity exhaust plume is a challenging mea-

surement environment, accurate and repeatable measurements are very challenging.

Quantifying sensitivity of those parameters is even more difficult because ambient

conditions are very hard to be controlled in the field. Cooperating with theoretical

models is also required therefore. Theoretical understanding will help also to enhance

the capability of measurement systems through exploring PM behaviors in sampling

systems and instruments.

Enhancing models to include organic species will make them complicated as a

lot of unidentified organic compounds are involved. Aircraft simultaneously emit

many organic species and soot particles from incomplete combustion of fuel, as well

as sulfate due to sulfur in the fuel. Microphysical processes evolve dynamically in

the hot exhaust from the engine exit and include many complex interactions between

exhaust gases and soot particles. In that circumstance, a role of primary organic

compounds could be important to the size distribution and properties of PM compared

to secondary organic aerosols having low vapor pressure, which are not emitted from

engine directly but generated from gas phase oxidation and subsequent microphysical

processes. A lot of studies have focused on studying the effect of sulfate of fuel on

the PM formation, but modeling and understanding of the contribution of organics

on the particle formation is still limited.

The objective of this thesis is to understand the role of organic compounds in

the aerosol formation and demonstrate important interactions involved with organic

compounds. This thesis describes a kinetic microphysical multi-component model in-

corporating the hydrocarbons into an aqueous system of sulfuric acid and water with

soot particles emitted from aircraft engines. Parametric studies exploring the effect

of ambient conditions and engine operating parameters as well as identifying sensi-

tivity associated with modeling parameters are also discussed. Figure 1-1 provides

a schematic of the microphysical model for the formation of hydrocarbon-containing

aerosols.
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Figure 1-1: Overview of formation of hydrocarbon-containing aerosols in aircraft
emissions

1.2 Previous Work

A one-dimensional multi-component model developed in this thesis work follows the

scheme of the binary model of Wong et al. [27]. This section presents major details of

their model focused on the microphysical processes of the H2SO4−H2O binary system.

The main equation for the time evolution of the volume mixing ratio X of gaseous or

particulate species in jet engine exhaust is defined as

dXi

dt
=
dXi

dt

∣∣∣∣
chemistry

+
dXi

dt

∣∣∣∣
mixing

+
dXi

dt

∣∣∣∣
microphysics

(1.1)

The first term in Equation (1.1) represents the contribution from chemical reac-

tions written as
dXi

dt

∣∣∣∣
chemistry

= Mω,i · ω̇i ·
1

ρpl
(1.2)

where Mω,i is the molecular weight of species i, ω̇i is the overall molar chemical

reaction rate of species i, and ρpl is the plume density.

The second term in Equation (1.1) for the contribution of wake dilution and mixing
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is calculated as
dXi

dt

∣∣∣∣
mixing

= (Xi −Xamb,i) ·
df(t)

dt
· 1

f(t)
(1.3)

where f(x) describes the extent of plume dilution and was calculated using Davidson-

Wang algorithm semi-empirically [see Appendix of Wong et al. [27] for detailes].

The contribution of microphysical processes in the last term of equation (1.1) is

composed of nucleation, coagulation, and microphysical processes of sulfuric acid and

water on the soot surface:

dXi

dt

∣∣∣∣
microphysics

=
dXi

dt

∣∣∣∣
nucleation

+
dXi

dt

∣∣∣∣
coagulation

+
dXi

dt

∣∣∣∣
soot

(1.4)

Binary homogeneous nucleation of sulfuric acid and water was modeled with the

kinetic quasi-unary nucleation (KQUN) theory (see Sectioin 4.1.1). In the KQUN

theory, sulfuric acid controls the nucleation kinetics while water is assumed to im-

mediately equilibrate with embryos and droplets. With this assumption, the classic

binary nucleation of H2SO4−H2O can be treated as the quasi-unary nucleation of

sulfuric acid. The rates of embryo formation due to homogeneous binary nucleation

are derived as

dn1

dt
= 2γ2n2 +

m∑
i=3

γini −
m−1∑
1

βini (i = 1)

dn2

dt
=

1

2
β1n1 − γ2n2 − β2n2 + γ3n3 (i = 2)

dni

dt
= βi−1ni−1 − γini − βini + γi+1ni+1 (i > 2)

(1.5)

where ni is the concentration of embryos with i acid molecules (referred to as i-mers),

βi is the growth rate coefficient of i-mers, γi is the evaporation rate coefficient of

i-mers, and m is the size of the largest embryo tracked in a simulation.

Coagulation contributes to the particle growth by forming larger particles from

collisions of smaller liquid embryos or droplets. In typical aircraft plume conditions,

the coagulation process becomes important soon after a start of particle formation

by nucleation. The rate of change in the droplet number density by coagulation is
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given by

dnk

dt
=

1

2

∑
i+j=k

Kijninj −
l∑

i=1

Kiknink (1.6)

where Kij is the Brownian coagulation kernel calculated as

Kij(di, dj) =
8πd̄D̄

d̄/
(
d̄+ δ̄

)
+ 4D̄/

(
d̄+ c̄

) (1.7)

where d̄ = (di + dj)/2, D̄ = (Di +Dj)/2, c̄ = (c2i + c2j)
1/2, and δ̄ = (δ2i + δ2j )1/2.

The third term of equation (1.4) describes the size evolution of soot particles

by interactions between nucleated liquid particles/gaseous species and the solid soot

surface. This soot microphysics term will be visited in Section 3.1 in detail, while

describing the extended equations for organic compounds. The relative importance

of microphysical terms is closely associated with ambient conditions and engine op-

erating parameters.

1.3 Thesis Outline

This thesis describes how to incorporate hydrocarbon species into the binary sulfuric

acid and water system with following structure of chapters:

Chapter 2 describes how to select hydrocarbon surrogates for representing aviation

emissions and what estimation methods were employed to model their thermophysical

properties.

Chapter 3 addresses the contributions of water-insoluble and water-soluble hy-

drocarbons to the soot particle growth and providing parametric studies to analyze

sensitivities of the soot particle growth associated with key modeling parameters and

ambient conditions.

Chapter 4 develops nucleation and coagulation modeling approaches for multi-

component homogeneous aerosols with sulfuric acid, water, and hydrocarbon species

and discusses simulation results for suggested pathways for the new particle formation

in near-field aircraft emissions.

Chapter 5 presents simulation results including complete microphysical modes
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to explore sensitivities of mass distribution to ambient conditions and hydrocarbon

parameters.

Finally, Chapter 6 provides a summary and conclusions of this thesis.

1.4 Thesis Contributions

The main focus of this thesis is to understand the role of hydrocarbons in the initial

formation of aircraft emitted aerosols through detailed microphysical modeling of

hydrocarbon-containing aerosols. Listed below are the major contributions of this

thesis work:

• Development of a multi-component microphysical model incorporat-

ing multiple organic species into a binary sulfuric acid and water

aerosol model. General modeling methods are introduced for an easy exten-

sion of building hydrocarbon surrogates. The developed model can work with

both water-soluble and water-insoluble hydrocarbon compounds and therefore

capture the competition effect between different solubility species, which is a

major advance of the multicomponent model developed in this work over aque-

ous aerosol models.

• Evaluation of modeling parameters in the ranges relevant to aircraft

emissions. Parametric studies of modeling parameters and emission proper-

ties allow estimating the uncertainty effect on model predictions from limited

accurate measurements of key parameters.

• Studies of the effect of ambient conditions. A comprehensive study of

the model sensitivity to ambient conditions provides a better understanding of

important interactions between constituents of aircraft emissions.

24



Chapter 2

Modeling of Hydrocarbon

Surrogates

Chapter 2 describes estimation methods for thermal and physical properties of hy-

drocarbon species and selected surrogates of organic species, selected based on recent

field measurement of aircraft emissions [28, 29]. Surrogates of organic species include

both water-insoluble hydrocarbons and watersoluble oxygenated hydrocarbons listed

in Table 2.1, which were chosen to cover a wide range of saturation vapor pressure

from 10 times higher than the vapor pressure of water and to 10−6 lower than the

vapor pressure of sulfuric acid at 300 K (See Figure 2-2 for estimation of saturation

vapor pressure of sulfuric acid, water, and selected hydrocarbons.) While a species

lumping approach [30, 31] may be more general to model the evolution of aircraft

emitted PMs further downstream where equilibrium is almost reached, tracking the

evolution of each individual hydrocarbon species is more appropriate in simulating

PM evolution in nearfield aircraft plumes where PM microphysics is kinetically con-

trolled. To allow this implementation, general estimation techniques were employed,

such as group contribution methods, to estimate species properties for easy extension

to include a wide variety of organic compounds.
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2.1 Solubility

The water solubility of organic species involved in the PM formation is one of the

critical properties affecting hydrophilicity of the soot surface and consequent water

uptake, which is a major mechanism of particle growth in the atmosphere. Turpin

et al. [26] listed water-soluble and water-insoluble organic compounds measured or

expected to exist in atmospheric aerosols:

Water-soluble organics dicarboxylic acid, glyoxal, ketoacids, polyols, hydroxyamines,

amino acids, nitrophenol

Water-insoluble organics n-alkanes, n-alkanoic acids, diterpenoid acids, aromatic

polycarboxylic acids, polycyclic aromatic hydrocarbons, polycyclic aromatic ke-

tones, polycyclic aromatic quinones

where organic compounds are classified as water-soluble if their solubility is greater

than 1 g/(100g of water) [104 mg/L of water].

The same criterion was employed in this work. If an organic compound has very

low aqueous solubility, the water-insoluble organic compound is assumed to exist on

a soot surface as a separate liquid phase from the aqueous solution of water, sulfuric

acid, and water-soluble organics. In general, heavier hydrocarbon species are less

soluble in water. Table 2.1 lists the solubility of selected hydrocarbon species in

water at 25 ◦C.

2.2 Density of Liquid Mixture

The density of a liquid mixture of sulfuric acid, water, and water-soluble organics or

a mixture of water-insoluble hydrocarbons was estimated with the Rackett equation
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using Li’s method for the mixing rule [2].

ρm =
xiMi

Vm

Vm = R

(∑
i

xiTc,i
Pc,i

)
Z

[1+(1−Tr)0.2857]
RA,m

ZRA,m =
∑

xiZc,i

Tr =
T

Tcm

Tcm =
∑

φiTc,i

φi =
xiVc,i∑
j xjVc,j

(2.1)

where x is the mole fraction, Mi is the molecular weight, Tc is the critical temperature,

Pc is the critical pressure, Vc is the critical volume, and Zc is the critical compress-

ibility factor. The group contribution method by Nannoolal et al. [33, 34] wasused to

estimate critical properties of individual species required for the density calculation.

Organic Compounds Aqueous Solubility [mg/L of water]a

Propanoic Acid C3H6O2 water-soluble 1 × 106

Butanoic Acid C4H8O2 6 × 104

Acetone C3H6O 1 × 106

Propanol C3H8O 1 × 106

Naphthalene C10H8 water-insoluble 31
Anthracene C14H10 0.0434
Pyrene C16H10 0.135
Chrysene C18H12 0.002
Benzo[a]pyrene C20H12 0.0004
Benzo[ghi]perylene C22H12 2.6 × 10-4

Coronene C24H12 1.4 × 10-4

a: Aqueous solubility at 25 ◦C from experimental database in U.S. EPA Estimation Program Interface SuiteTM[32]

Table 2.1: Solubility of selected organic compounds
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2.3 Surface Tension

Surface tension is required in many calculations for microphysical processes such as

the Kelvin equation (Equation 2.2), which is an important factor for an increment of

vapor pressure over a curved surface.

P = P satexp

(
2σM

RTρlRp

)
(2.2)

where σ is the surface tension, M is the molecular weight, ρl is the liquid-phase

density, and Rp is the particle radius.

Surface tension of a liquid mixture was assumed to be the molar fraction weighted

summation of the contributions of each component:

σr
m =

n∑
i

xiσ
r
i (2.3)

where xi is the mole fraction of compound i in the mixture. σi is the surface tension

of pure compound i, and r=1 is recommended for most hydrocarbon mixtures [2].

While the composition of the bulk phase is different from the composition of

surface phase in general, this approximation approach is acceptable for thin liquid

coatings on the surface of a solid core, where the surface composition dominates the

overall layer composition.

Surface tension of a pure hydrocarbon compound can be estimated from tem-

perature and thermodynamics properties of a compound. This work used empirical

equations by Brock and Bird for non-polar organics and equations by Sastri and Rao

for polar organic liquids [2]. The empirical relationship developed by Brock and Bird

K x y z m

Alcohols 2.28 0.25 0.175 0. 0.8
Acids 0.125 0.50 -1.5 1.85 11/9
All others 0.158 0.50 -1.5 1.85 11/9

Table 2.2: Parameters for Sastri-Rao equation [2]
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for non-polar organic liquids is:

σ (N/m) = 10−3P 2/3
c T 1/3

c Q(1 − Tr)
11/9

Q = 0.1196

(
1 +

Tbrln(Pc/1.01325)

1 − Tbr

)
− 0.279

Tr = T/Tc

Tbr = Tb/Tc

(2.4)

where Tb (K) is the normal boiling point, Tc (K) is the critical temperature, and Pc

(bar) is the critical pressure.

For polar organic compounds with strong hydrogen-bonding, the estimation can

be enhanced using the modified equation by Sastri and Rao [2]:

σ = KP x
c T

y
b T

z
C

[
1 − Tr
1 − Tbr

]m
(2.5)

Constant parameters, K, x, y, z, and m, are given for different type of organic

compounds in Table 2.2.

2.4 Activity Coefficient

Activity coefficients of the components in liquid mixtures were evaluated by the CSB

approach described in Clegg and Seinfeld [35]. This approach calculates activity

coefficients of electrolyte components and organic components in an aqueous mixture

with an appropriate estimation method for separate electrolyte and organic mixtures.

Interaction effects between water-electrolyte-organics are corrected afterwards. With

the assumption that interactions between sulfuric acid and water-soluble organics in

the aqueous mixture is negligible, activity coefficients of solutes in the mixture can

be calculated from an aqueous sulfuric acid solution and an aqueous organic solution

independently. Finally, the water activity of the mixture can be calculated as:

aw = aw, sulfuric acid aw, w-s HCs (2.6)
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where aw, sulfuric acid denotes the water activity of aqueous sulfuric acid solution and

aw, w-s HCs denotes the water activity of aqueous organic solution. This work used

the modified UNIversal Functional Activity Coefficient (UNIFAC) group contribu-

tion model [36] for the estimation of activity coefficients of aqueous organic solution

and the empirical relationship in Taleb et al. [37] for activity coefficients of aqueous

sulfuric acid solution. Activity coefficients of the water-insoluble organic mixture

were estimated using the modified UNIFAC model as well. Interaction between the

water-insoluble organic mixture and the aqueous solution was not considered in this

work assuming the water-insoluble organic mixture as a separate liquid phase from

the aqueous solution.

2.5 Saturation Vapor Pressure

Prediction of saturation vapor pressure of a volatile species is important in the mod-

eling of particle growth by condensation, where the difference between the partial

vapor pressure of species and its saturation vapor pressure near soot coatings is the

driving force of the condensational process. One of widely used estimation methods

for saturation vapor pressure is using the Antoine equation:

log10 P = A− B

T + C
(2.7)

where P is the vapor pressure of species, T is the temperature, and A, B, and C are

the interpolation parameters fitted from experimental data. Interpolation parameters

can be found in chemical references such as NIST chemistry webbook (Standard

References Database Number 69). The Antoine equation can estimate saturation

vapor pressure of a volatile species simply as a function of temperature; however, it

requires parameters fitted from compound specific measurements, thus for most heavy

hydrocarbons, these parameters are not available due to difficulties in measuring very

low vapor pressures.

For more general implementation of modeling of organic species in a wide range
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Figure 2-1: Saturation vapor pressure curves estimated from the Antoine equation
and from group contribution methods for C16H10, C24H12 (water-insoluble), C3H8O,
and C4H8O2 (water-soluble)

of saturation vapor pressure, instead group contribution methods was applied to es-

timate saturation vapor pressure, which are based on the molecular structure of a

compound, rather than depending on individual measurement data. Group contribu-

tion methods estimate thermodynamic properties of a compound based on the con-

tribution of its structural fragments, such as aromatic carbons, −CH2, and −CH3,

and the interactions of interacting groups, such as −OH and −COOH, from fitting

results using a basis set of compounds in a broad range. Figure 2-1 shows vapor pres-

sure curves estimated using group contribution methods for both water-soluble and

water-insoluble organic species with known saturation vapor pressure curves from the

Antoine equation. The compared group contribution methods are UNIFAC by Jensen

et al. [38], UNIFAC-pL◦ by Asher and Pankow [39], SIMPOL by Pankow and Asher

[40], and the approach by Nannoolal et al. [41]. This work choose to use the approach

31



300 350 400 450 500 550 600 650 700 750 800

10−10

10−8

10−6

10−4

10−2

100

102

104

106

108

Temperature (K)

Sa
tu

ra
tio

n 
Va

po
r P

re
ss

ur
e 

(P
a)

 

 

Sulfuric Acid
Water
Naphthalene (C10H8)

Anthracene (C14H10)
Pyrene (C16H10)

Chrysene (C18H12)

Benzo[a]pyrene (C20H12)

Benzo[ghi]perylene (C22H12)
Coronene (C24H12)

Acetone (C3H6O)

Propanol (C3H8O)

Propanoic Acid (C3H6O2)
Butanoic Acid (C4H8O2)

Figure 2-2: Estimation of saturation vapor pressure by the Nannoolal et al. approach
for selected surrogates of organic species and by Vehkamäki et al. [1] for sulfuric acid
and water

developed by Nannoolal et al. for its good agreements between the estimation and

measurements for both types of organic species over a wide range of temperature for

exhaust gases. SIMPOL and UNIFAC-pL◦ show an offset in the high temperature

region because their temperature fitting ranges for basis sets are limited as 290-320

K for UNIFAC-pL◦ and 273-393 K for SIMPOL. The approach by Nannoolal et al.

is also relatively straightforward to extend the model to incorporate various organic

compounds than other methods. Figure 2-2 shows the saturation vapor pressure

curves for several organic species selected to cover a range of saturation behaviors

as estimated by the Nannoolal et al. approach and the saturation vapor pressure for

sulfuric acid and water [1].
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Chapter 3

Modeling of Soot Particle Growth

3.1 Microphysical Model

While complete microphysical processes include nucleation of embryos, coagulation

of liquid particles, and condensation of gaseous species and embryos/droplets on soot

particles as seen in Equation (1.4), this chapter focuses on studying the role of organic

compounds in the condensational growth of soot particles by enhancing or competing

with sulfuric acid and water condensation. The formation of new particles via nucle-

ation and coagulation is not considered in the simulation results in this chapter, but

will be discussed in the next chapter.

3.1.1 Microphysics on Surface

Condensation is a mass transfer process through adsorption of molecules from the

gaseous state to the liquid state. Adsorption can occur either as the formation of a

monolayer or as multilayer coatings [42]. While limited adsorption forming a mono-

layer is plausible when the vapor pressure of species is low, adsorption proceeds to a

multilayer at sufficiently high vapor pressure. The Langmuir isotherm is the famous

monolayer adsorption model and fits experimental data well for chemisorption that

shows specific interaction between the adsorbent and adsorbate. For multilayer ad-

sorption models, BET (Brunauer, Emmet and Teller) [43] and FHH (Frenkel, Halsey,
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and Hill) [44] are well known models. Various models for the particle growth by ad-

sorption were suggested and applied especially to cloud droplet activation to grow as

CCN. The Köhler theory [45] describes condensation of water vapor on water-soluble

aerosol nuclei. Nano-Köhler theory [24] is analogous to the classical Köhler theory,

but it describes activation by water-soluble organic compounds and condensation of

water for particle growth on nanometer-size inorganic clusters, where organic and

inorganic compounds are mixed together in an aqueous solution. For water-insoluble

but perfectly wettable particles, Henson [46] and Sorjamaa and Laaksonen [47] modi-

fied the classical Köhler theory with multilayer adsorption isotherms of BET and FHH

respectively. These models explain the particle growth with condensation of homo-

geneous droplets on wettable particles or soluble nuclei, but not for the hydrophobic

particle growth.

While soot particles generated from aviation kerosene in laboratory flame have

very hydrophobic surfaces, sampled soot particles from aircraft engine were observed

as rather hydrophilic [48]. Therefore, it is reasonable to assume that freshly emitted

aerosols from combustion engines are hydrophobic, but are transformed to hydrophilic

as they age. Since water molecules avoid adsorption on hydrophobic surfaces, a

soot surface needs to be activated to be hydrophilic. For example, sulfuric acid can

enhance the water absorption of soot by activating the soot surface. The surface of

dry particles can be first coated by collision with sulfur containing molecules, and

then, water and sulfuric acid can condense on the liquid coating, i.e., the activation

layer. In this work, modeling of hydrophobic particle growth followed the scheme

of soot activation and condensation afterward in Kärcher’s model [49]. However,

Kärcher’s model works well for partially activated particles but not for the particles

fully immersed by water. Partial activation of the soot surface with Langmuir-type

adsorption may limit condensation of water vapor and not applicable to aerosols

under high RH conditions or when the volume of condensed liquid layers surpasses

that of the soot core. Popovicheva et al. [48] measured a rapid increase of water

adsorption on hydrophobic combustor soot with increasing RH, and they suggested

the formation of water film as connecting adsorbed molecules over the soot surface.
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A process for the surface activation by condensation is described in Section 3.1.3 to

resolve this issue.

3.1.2 Adsorption on Soot Surface

Mass transfer of exhaust gases was modeled in two pathways, which are: 1) into

liquid layers and 2) on the solid surface. Since fresh soot surfaces are assumed to

completely dry and hydrophobic, activation of the soot surface is prerequisite for

condensation on soot. Adsorption of molecules on the soot surface forming a liquid

layer can initiate activation as described in Equation (3.1). The soot surface can be

activated to be either hydrophilic or hydrophobic by sulfuric acid and water-soluble

organics, or by water-insoluble organics, respectively. Water was not considered in

this activation process because it is very hard for it to be adsorbed on the hydrophobic

soot surface directly. In addition to the adsorption of gas molecules on soot surfaces,

there are also collisions between nucleated clusters or droplets with soot surfaces, and

this is referred to as scavenging. Scavenging was modeled with Brownian coagulation

between particles and scavenged liquid droplets were assumed to activate the surface

with πr2k corresponding to a cross-sectional area of hemisphere of droplets.

dΘ

dt

∣∣∣∣
activation

=
dΘ

dt

∣∣∣∣
ads,aq

+
dΘ

dt

∣∣∣∣
ads,non-aq

+
dΘ

dt

∣∣∣∣
scav,aq

+
dΘ

dt

∣∣∣∣
scav,non-aq

dΘ

dt

∣∣∣∣
ads,aq

=
1

4

[
αd,S · c̄S (CH2SO4 + CSO3) +

∑
i=w-s

αd,HCi
· c̄HCi

CHCi

]
(1 − Θ)NA

σ0

dΘ

dt

∣∣∣∣
ads,non-aq

=
1

4

∑
j=w-is

αd,HCj
· c̄HCj

CHCj

(1 − Θ)NA

σ0

dΘ

dt

∣∣∣∣
scav,aq/non-aq

=
1

4

∑
k

(j=ws/w-is)

Kk (ds, dk,j)nk,j

(
dk,j
ds

)2

(1 − Θ)

(3.1)

where Θ is the activated soot surface fraction (Aactivated surface/Atotal surface), αd is the

mass accommodation coefficient of gaseous species on the dry soot surface (referred

to as dry accommodation coefficient), c̄ is the mean particle thermal speed, C is

the gaseous concentration of species, NA is the Avogadro number, σ0 is the number
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Figure 3-1: Mass accommodation coefficients describing interactions between gas
molecules and a soot surface

of sites able to adsorb molecules per unit area of soot surface, Kk is the Brownian

coagulation kernel between soot particles and liquid particles in the kth size bin, nk is

the number density of liquid particles in the kth size bin, dk is the diameter of liquid

particles in the kth size bin, ds is the diameter of the dry soot particles. w-s and w-is

stand for water-soluble and water-insoluble.

The surface activation rate by adsorption is proportional to the gaseous concentra-

tion and the dry accommodation coefficient corresponding to the sticking probability

of a molecule on the soot activation site. Figure 3-1 shows two types of mass ac-

commodation coefficients in soot microphysics. The dry accommodation coefficient

(αd) is involved in the adsorption on soot surfaces, while the wet accommodation

coefficient (αw) appear in the condensation in Section 3.1.3. For this work, αd was

set to 0.018 for H2SO4 and SO3 [27]. For organic species, an accurate value of αd is

not available, so it was assumed to be 0.01 for this work. To determine experimental

values for several organic species, a set of experiments is being conducted by UTRC

and Aerodyne Research, Inc. The adsorption activation rate is also proportional to

(1 − Θ) and this factor represents the surface saturation of monolayer like Langmuir

adsorption.
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The rate of change of mass by activation is written as

dm

dt

∣∣∣∣
ads,S

=
1

4
αd,S · c̄S ·NA · πd2s (1 − Θ) (CH2SO4MH2SO4 + CSO3MSO3)

dm

dt

∣∣∣∣
ads,HCj

=
1

4
αd,HCj

· c̄HCj
·NA · πd2s (1 − Θ) · CHCj

MHCj

dm

dt

∣∣∣∣
scav,aq/non-aq

=
∑
k

(j=ws/w-is)

Kk (ds, dk,j)nk,jMk,j (1 − Θ)

(3.2)

where ds is the diameter of the dry soot particle, Mi is the molecular weight of species,

and Mk is the molecular weight of liquid particles in the kth size bin.

3.1.3 Condensation

Condensation can occur only on the activated soot surface and, in addition, it depends

on the hydrophilicity of the surface. The activated soot surface can be hydrophilic

or hydrophobic according to the water solubility of adsorbed species as described in

the above section. Water-soluble species cannot condense on the hydrophobic surface

activated by water-insoluble HCs. This dependence on the activated surface fraction

(Θ) was included in the classical condensation equation as

dm

dt

∣∣∣∣
cond,S

= 4πDH2SO4
RpGH2SO4

Θaq

(
PH2SO4

− κaq · aH2SO4
P sat

H2SO4

RT

)
MH2SO4

dm

dt

∣∣∣∣
cond,w

= 4πDwRpGwΘaq

(
Pw − κaq · awP

sat
w

RT

)
Mw

dm

dt

∣∣∣∣
cond,HCj

= 4πDHCj
RpGHCj

Θaq/non-aq

(
PHCj

− κaq/non-aq · aHCj
P sat

HCj

RT

)
MHCj

(3.3)

where D is the diffusivity of species in air, Rp is the radius of soot particle including

liquid layers, G is the correction factor, P is the partial pressure, P sat is the saturation

vapor pressure, κaq is the Kelvin factor for aqueous solution, κnon-aq is the Kelvin factor

for water-insoluble hydrocarbons mixture, and a is the activity.

The correction factor (Gi) for the flux matching of the kinetic regime (Rp ≤ r ≤ Rp + ∆)

and the continuum regime (r ≥ Rp + ∆), where distance from the particle surface (∆)
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Figure 3-2: Surface coverage by condensation

is an empirical value of the order of mean free path, is given by [4]

Gi =
J

Jc
=

0.75αw,i (1 + Kni∆/λi)

0.75αw,i + Kni + (∆/λi) Kn2
i

(3.4)

where J is the total flux of species i toward the particle and the Jc is the flux in the

continuum regime, αw,i is the mass accommodation coefficient of species on activated

soot surface (referred to as wet accommodation coefficient), Kn is the Knudsen num-

ber defined as Kn = λi/Rp, and λi is the mean free path. The wet accommodation

coefficients were assumed to 1 for all species if they condense on the liquid layers of

the same solubility type (see Figure 3-1). For the value of ∆ deciding the boundary

for regime, a suggestion by Fuchs [50] was used here:

∆ = λi, λi =
3Di

c̄i
(3.5)

While the rate of change of the surface activation by adsorption in Equation (3.1)

is independent of particle size, small particles are easier to be immersed into a liquid

drop than large particles in real systems. If the partially activated surface area is

compared to the rapidly increasing condensation volume of the liquid films, liquid

layers can be piled up higher on a droplet than the underlying activated surface can

hold. This will result in increasing the contact angle between liquid films and the

soot surface if the activated surface area is kept constant without additional surface

activation by adsorption. In this work, it was assumed that the contact angle is

constant while the excess volume by condensation can increase the activated soot
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Figure 3-3: Geometry of droplets on the partially wettable surfaces

surface instead. With a constant contact angle the excess volume would be spread

over the surface and increase the surface coverage as shown in Figure 3-2. The excess

volume by condensation can be calculated from the geometry of a cap shaped drop

on the partially wettable surface in Figure 3-3. Therefore, the activated surface area

can be modeled as a combination of activation and condensation contribution and

written as

dΘ

dt

∣∣∣∣
i

=
dΘ

dt

∣∣∣∣
ads,i

+
dΘ

dt

∣∣∣∣
scav,i

+
dΘ

dt

∣∣∣∣
cond,i

(i = aq, non-aq)

dΘ

dt

∣∣∣∣
cond,i

= f (Rs, Θi, θcontact,i, ρi)
dm

dt

∣∣∣∣
cond,i

(3.6)

where Rs is the radius of dry soot particle, θcontact is the contact angle for liquid

solution on the soot surface, and ρi is the density of liquid solution. The relationship

for excess condensed mass on the surface activated coverage is described in Appendix

A. Several measured contact angles of water on the soot surfaces are in the range

of 60◦-80◦ including 63◦ for aircraft combustor soot [51], and the contact angles of

H2SO4−H2O droplet was measured to 64◦ ± 2◦ on the graphite surface and 55◦ ± 2◦

on the OH-treated graphite surface [52]. In this thesis work, θcontact = 60◦ was

used for the contact angle of aqueous solutions on the soot surface. Based on the

assumption that the hydrophobic soot surface is more wettable with water-insoluble

hydrocarbon compounds, θcontact = 30◦ was used for the contact angle of water-
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insoluble hydrocarbon mixtures. The sensitivity of the model prediction to the contact

angle assumption is provided in Section 3.2.4.

Figure 3-4 shows the contribution of condensation on the surface coverage with

several geometric assumptions. N is the number of sites on the surface wetted by liq-

uid drops. For example, the assumption of a curved surface with N=2 means that two

cap shaped liquid droplets grow on the site of the surface located on opposite hemi-

spheres of the soot particle. Note that the soot concentrations were adjusted to have

the same total surface area for different size particles, and 60◦ of the contact angle

was assumed between a sulfuric acid solution and a soot surface. While the condensa-

tional contribution to the surface activation is insignificant for large soot particles, it

enhances surface saturation for small particles. Considering surface geometry is also

important for nanometer-size particles because the flat surface assumption is likely to

estimate the surface activation rate too fast for particles having large surface curva-

ture, as seen in Figure 3-4. If the size distribution of soot particles includes particles

in a few nanometers, the growth of fully immersed small particles can be modeled

better by considering the effect of condensation on the soot surface coverage.

3.2 Results and Discussion

In this section, the effect of organic species condensation on the PM formation was

studied with 1-D kinetic calculations for the near-field aircraft plume up to 1 km

downstream. Note that this section focused on the growth of soot particles through

activation and condensation of gaseous species in the plume and did not consider the

nucleation process. This would result in overestimation of the soot particle growth by

excluding mass transfer to nucleated liquid aerosol particles. Results are compared

to calculation with binary H2SO4−H2O model in Section 3.2.3, and sensitivities to

modeling parameters and initial conditions for organic species as well as ambient

conditions are discussed in Section 3.2.4.
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Figure 3-4: Comparison of assumptions for surface coverage

3.2.1 Modeling of Aircraft Plume Properties

Estimation of exhaust properties in aircraft plumes followed the approach in Wong

et al. [27], where those predictions matched well the measurement data for near-field

aircraft plumes. For the simulation results in this section, initial exhaust properties

at engine exit were set to 97490 Pa, 677 K, and 66.68 m/s for the core flow that

correspond to 7% of maximum rated thrust of the CFM56-2C1 engine used in the

Aircraft Particle Emissions eXperiment (APEX); and the ambient conditions were

set to 286 K, RH 80%. Figure 3-5 shows plume dilution profiles of temperature and

RH as a time-varying function of downstream distance.
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Three condensable PAHs, pyrene (C16H10), benzo[a]pyrene (C20H12), and coronene

(C24H12), and three oxygenated hydrocarbons, acetone (C3H6O), propanoic acid

(C3H6O2), and butanoic acid (C4H8O2), were tested as the potential condensing or-

ganic species in aircraft emissions. The selected water-soluble organic compounds are

light oxygenates having one or two oxygen atoms to focus on the primary organic

aerosol. While secondary organic aerosol is known as a major source of organic PM,

its formation occurs via oxidation of emitted hydrocarbons, and such oxidation is ex-

pected to be negligible within 15 minutes after emission and/or to 1 km downstream.

Exhaust gas concentrations of organic compounds were set to

∑
Xw-soluble = 100ppb; Xw-soluble,iMw-soluble,i = Xw-soluble,jMw-soluble,j∑
Xw-insoluble = 100ppb; Xw-insoluble,iMw-insoluble,i = Xw-insoluble,jMw-insoluble,j

(3.7)

These numbers are comparable to the field measurements to a reasonable extent.

The identified concentration of organic species for the CFM56-2C1 engine operating

at 7% engine power during the APEX-1 measurement campaign were calculated as

20 ppb for naphthalene and 38 ppb for acetone with 22000 ppm of CO2 emission

[28]. With this exhaust composition, the initial concentration of each of the selected

organic species is of the same order of magnitude as the maximum concentration of

H2SO4/SO3. However, the assumption used here of the same mass fraction for all

organic species is likely to overestimate the concentration of heavier compounds and

thus provides an upper estimate for condensed mass in that regard.

Soot particles were initially modeled as log-normally distributed between 6 nm to

250 nm in diameters with distribution parameters, 16 nm geometric mean diameter,

1.3 standard deviation, and 8.5106 cm−3 concentration (see the initial particle distri-

bution in Figure 3-6). The parameters were fitted to the data obtained in APEX-1

for 7% power setting of CFM56-2C1 engines [27]. The size distribution of soot par-

ticles was approximated with 10 moving bins, where the initially allocated particle

size increases geometrically as the particles grow. In the fully moving bin structure,

bins move with initially allocated particles to track the exact size of particles and to
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Figure 3-5: Temperature and RH profile for 7 % power setting

allow evaporation to the initial soot core volume [53], and thus the concentration of

particles in each bin is maintained unless nucleation generates new particles.

3.2.2 Simulation Results

Figure 3-6 and Figure 3-7 show the evolution of the particle size and the surface

activation of soot particles. Log-normally distributed soot particles with initial 16

nm mean diameter grew to 40 nm mean diameter at 1 km downstream after 14

minutes exposure to ambient air. The particle distribution became positively skewed

as smaller soot particles grew relatively faster. This indicates that smaller particles

underwent significant condensation because adsorption is not dependent on particle

size. Additionally, smaller particles reached surface saturation faster due to enhanced

surface activation by condensation. Consequently, larger particles having smaller soot

core arise for particles that experience surface saturation, depending on the exhaust

properties and ambient conditions. For example, particles in the first bin overtook

particles in the second bin as shown in Figure 3-6. This is a possible situation when

the contribution of enhanced surface coverage becomes more important than the

contribution of initial particle size to condensation.

The mass composition of the surface activation layer and the total soot coatings

at 1 km downstream are shown in Figure 3-8 and Figure 3-9 respectively. The particle

size is a critical factor to determine the composition of the first activation layer of sur-
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Figure 3-6: Size distribution of soot particles

face. While the activation rate by adsorption is identical for all size particles, the ac-

tivation rate by condensation is faster for smaller particles, which are easily immersed

in the resulting condensed liquid droplet. Simulation results in Figure 3-8 show that

soot particles with an initial diameter less than 15 nm (bin1-bin3) reached surface

saturation, where condensational growth contributed to more than half of the surface

coverage. Condensation of water-insoluble hydrocarbons contributed to increasing

hydrophobic surface fractions on these small soot particles compared to large soot

particles having negligible condensational contribution. Thus water-insoluble hydro-

carbons compete with water-soluble species for surface area and limit the hydrophilic

surface activation. Further, because of the enhanced surface activation by conden-

sation, water-soluble species then experienced limited surface area for adsorption.

Therefore, smaller particles are relatively easier to be covered with water-insoluble

hydrocarbons. The more hydrophobic portion of the soot surface layer resulted in the

greater hydrophobic coatings of soot particles that, in turn, preventing the uptake

of water as well as promoting the uptake of hydrophobic organic species as shown in

Figure 3-9. Note that acidity in Figure 3-9 indicates the acid fraction in the aqueous

solution. Small particles tend to be more hydrophobic as well as more acidic.

The simulated mass composition of soot coatings is investigated as a function of

downstream distance in Figure 3-10. While water-soluble organics appeared on soot

coatings substantially in the young plume where adsorption is the dominating mass

transfer process, their fractions became negligible further downstream as particles
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grew by condensation. Since light water-soluble organic species are hard to condense

on soot particles due to their high vapor pressure, they do not contribute to the

particle growth directly; however, they are involved in the soot particle growth by

activating soot surface to be hydrophilic immediately after the engine exit plane. On

the other hand, heavy water-insoluble hydrocarbons continued to condense on soot

particles as well as activate the surface to be hydrophobic.

Figure 3-11 presents the mass budget evolution between phases, vapor phase and

the liquid phase on soot coatings. A substantial mass transfer occurred from va-

por phase to soot coatings for low volatile condensable gases. Under the simulation

conditions, sulfuric acid gas was almost depleted and two heavy water-insoluble hy-

drocarbon gases continued to transfer to soot coatings at 1 km downstream. Volatile

species such as water-soluble hydrocarbon oxygenates tended to remain in the gas

phase. Mass fractions of condensation and activation soot coatings are shown in

Figure 3-12. Note that mass transfer between phases accompanied the condensation

process. Interestingly, only hydrocarbon species having a lower saturation vapor pres-

sure than sulfuric acid (see Figure 2-2) are able to lead to significant condensation on

soot particles.
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Figure 3-9: Composition of the liquid soot coatings at 1 km downstream
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3.2.3 Comparison with Binary H2SO4-H2O Model

This section discusses the role of hydrocarbons in soot microphysics by comparing

simulation results from the multi-component model developed through this thesis

work to those from the binary H2SO4−H2O model. The contributions of hydrocarbon

compounds in aircraft emissions to the size and mass of soot particles is illustrated in

Figure 3-13 in terms of percent difference between with and without hydrocarbons for

different size of soot particles. Overall, soot particles obtain more mass from the gas

phase in the presence of hydrocarbons, with the consequent increased particle size.

Interaction with hydrocarbon species also enhances surface activation of soot particles

that enable the uptake of gaseous species via condensation. It is important to note

that excluding hydrocarbon interactions with soot particles is likely to underestimate

soot particle growth therefore. Oxygenated hydrocarbons can enhance the uptake of

water and sulfuric acid by increasing hydrophilic surface activation and by decreasing

water activity. Water-insoluble hydrocarbons increase hydrophobic surface activation
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Figure 3-11: Evolution of mass fractions for individual species

200 400 600 800
0

50

100

M
a

s
s
 F

ra
c
ti
o

n
 (

%
) 

  
  

  
  

  
 S

u
lf
u

r

 

 

Activation Condensation

200 400 600 800
0

50

100

A
ll 

O
rg

a
n

ic
s

200 400 600 800
0

50

100

C
1
6
H

1
0

200 400 600 800
0

50

100

C
3
H

6
O

200 400 600 800
0

50

100

C
2
0
H

1
2

200 400 600 800
0

50

100

C
3
H

6
O

2

200 400 600 800
0

50

100

C
2
4
H

1
2

200 400 600 800
0

50

100

C
4
H

8
O

2

Downstream Distance (m)

Figure 3-12: Evolution of activation/condensation fractions in liquid layers on soot
particles for individual species
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Figure 3-13: Effect of organic compounds on the particle growth

and contribute to increasing mass of soot coating by condensation.

Details of individual species show that there arises competition between water-

soluble and water-insoluble species if surface saturation occurs. Competition between

water-soluble and water-insoluble species does not appear clearly for large soot parti-

cles whose surface for adsorption was not limited through the end of the simulation.

For very fine particles, however, the hydrophobic contribution of water-insoluble hy-

drocarbons prevented the uptake of water and sulfuric acid compared with the binary

model. Note that the particle growth in the minimum size soot particles is smaller

than that of the mode size particles not undergoing significant competition preventing

uptake of water.

3.2.4 Parametric Studies for Modeling Parameters and Am-

bient Conditions

A set of simulations was performed to study the effect of modeling parameters and am-

bient conditions. The baseline values of key parameters are summarized in Table 3.1,

where varied parametric values explored in these studies are given in brackets. Each

parameter was varied one at a time, while keeping other parameters at the baseline
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values. The parameters are selected to investigate key properties in four categories:

1) Initial exhaust properties (concentration of organic compounds and soot particles),

2) Properties of organic compounds (mass accommodation coefficients), 3) Properties

of the soot surface (contact angle for liquids on the soot surface and initial activa-

tion fraction), 4) Ambient conditions for engine operations (temperature and relative

humidity).

Figure 3-14, Figure 3-15, and Figure 3-16 show sensitivities of the soot particle

growth to the studied parameters for different size of soot particles in minimum,

mode, and maximum size bins. In the scatters plots, the results presented are: 1)

the baseline, 2) with increasing parameters, and 3) with decreasing parameters and

were marked as 1) dashed lines, 2) circles, and 3) diamonds, respectively. A greater

size of the symbol indicates a greater change (increasing or decreasing) in the level

of that parameter. For bar plots, the mass and final radius of soot coatings were

shown in order of decreasing particle growth. For all cases, increasing the initial

concentration of water-insoluble hydrocarbons showed strongest effect on the soot

particle growth. Decreasing the soot loading also resulted in increased particle growth

and had a similar effect as increasing the gaseous concentration of species. Other

parameters that led to increased particle growth in common for all sizes of soot

particles included both increasing initial hydrophobic surface coverage and increasing

contact angle of water-soluble species. On the other hand, common parameters that

Water-soluble organics Water-insoluble organics

ΣXw-s = 10−7 [10−6, 10−8] ΣXw-is = 10−7 [10−6, 10−8]
αdry,w-s = 0.01 [0.001, 0.1] αdry,w-is = 0.01 [0.001, 0.1]
αwet,w-s = 1 [0.5] αwet,w-is = 1 [0.5]
θcontact,w-s = 60◦ [40◦,80◦] θcontact,w-is = 30◦ [10◦,50◦]
Θinitial,w-s = 0 [0.2] Θinitial,w-is = 0 [0.2]

Ambient conditions Soot particles

T = 286 K [293 K, 300 K] Conc. = [4.25, 12.75] ×106 (1/cc)
RH= 80% [20% , 40%, 60%] 8.5 × 106 (1/cc)

Table 3.1: The baseline settings and selected levels (given in brackets) of parameters
and ambient conditions for the parametric studies
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resulted in decreased soot particle growth included decreased initial concentration,

decreased dry accommodation coefficient of water-insoluble hydrocarbons, increased

soot loadings, decreased wet accommodation coefficients, and increased contact angle

of water-soluble species.

Since the particle size is also an important factor deciding the uptake of hydrophilic

and hydrophobic species, some parameters did not result in consistent effects for all

soot particles. Regardless of the particle size, however, soot particle growth is most

sensitive to parameters directly affecting uptake of water-insoluble hydrocarbons on

soot coatings and then indirect parameters related to hydrophilic surface coverage

inducing competition with uptake of water-insoluble hydrocarbons as well. At the

baseline condition described in Section 3.2.2, only water-insoluble hydrocarbons are

condensable and more than half of their mass still remains in the gas phase at 1

km downstream. These key parameters, such as initial concentration and dry ac-

commodation coefficient of hydrocarbons, determine how fast and how much of the

hydrocarbons are taken up by soot particles.

3.2.4.1 Initial Exhaust Properties

The most important contributor to the soot particle growth is the initial concentration

of water-insoluble hydrocarbons. Figure 3-17 compares the mass evolution of species

at different levels of initial concentrations of water-insoluble hydrocarbons. Increas-

ing the initial concentration of water-insoluble hydrocarbons to 1000 ppb, which is

more than an order of magnitude higher than the initial mole fraction of precur-

sors of H2SO4 in the exhaust, resulted in forming very hydrophobic soot particles

downstream, with the mass of water-insoluble hydrocarbons surpassing that of the

hydrophilic species. Low volatile hydrocarbons, C20H12 and C24H12, reached equilib-

riums with their condensed mass on the soot coatings. On the other hand, with 10

ppb initial concentration of water-insoluble hydrocarbons, the condensation of hydro-

carbons was almost completely suppressed, while the condensed sulfate mass was not

affected.

The initial concentration of hydrocarbons also affects the sensitivity of the hy-
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Figure 3-14: Summary of parametric studies for minimum size particles
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Figure 3-15: Summary of parametric studies for mode size particles
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Figure 3-16: Summary of parametric studies for maximum size particles
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Figure 3-17: Comparison of mass fraction evolution for different levels of initial con-
centration of water-insoluble hydrocarbons

drocarbon properties to the soot particle growth. For example, varying the dry ac-

commodation coefficient of water-insoluble hydrocarbons from 0.001 to 0.1 did not

contribute to the particle growth significantly with 10 ppb initial concentration. With

a dry accommodation coefficient of 0.001, the particle growth is negligible at both

10 ppb and 100 ppb initial concentrations, while the growth is significant with 1000

ppb (Figure 3-18). This suggests that interactions of hydrocarbon species with soot

particles become more important in the organic-rich condition, and there are ex-

haust conditions where condensation of hydrocarbons is not important as compared

to the condensation of sulfuric acid and water. While the particle growth is sensi-

tive to both the concentration and accommodation coefficients of hydrocarbons in

the baseline condition assumed in this thesis work, the sensitivity of the hydrocarbon

properties is not apparent in the organic-poor condition.
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Figure 3-18: Comparison of mass fraction evolution for different levels of dry accom-
modation coefficients of water-insoluble hydrocarbon: (a) at 1000 ppb, and (b) at 10
ppb of initial concentration of water-insoluble hydrocarbons

On the other hand, the effect of soot loadings is straightforward. Uptake of gaseous

species is distributed into increasing soot particles, and the soot coating per one

particle decreases consequently.

3.2.4.2 Properties of Hydrocarbons

The dry accommodation coefficient is another important contributor to the hydro-

carbon interactions with soot particles. In addition to its substantial impact on the

soot particle growth, the dry accommodation coefficient is one of most uncertain

modeling parameters. For condensable water-insoluble hydrocarbons, this parameter

is closely related with the uptake of species by affecting the available surface. The

dry accommodation coefficient of water-soluble hydrocarbons on the other hand, in-

duces competition for surface area with water-insoluble hydrocarbons. For example,
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while the decreasing dry accommodation coefficient of water-soluble hydrocarbon de-

creased the particle growth for large particles, it resulted in increasing particle growth

for small soot particles in the minimum size bins by increasing hydrophobic surfaces.

Figure 3-18 presents the effect of dry accommodation coefficients at organic-rich

and organic-poor conditions. In the organic-poor condition where the uptake of sulfu-

ric acid is a major contributor to the particle growth, aerosol evolution is less sensitive

to dry accommodation of condensable hydrocarbons. In the organic-rich condition,

however, it affects the composition of aerosols by preventing the uptake of sulfuric

acid.

3.2.4.3 Properties of Soot Surfaces

The properties of the soot surface investigated in this chapter include contact angle

and initial activation fraction. The contact angle is one of factors determining the

surface activation rate by condensation. A liquid droplet on a wettable surface, that

is, having a small contact angle, can be spread over the surface easily. Therefore,

the activation rate by condensation increases with decreasing the contact angle. The

initial activation fraction represents initial hydrophilic and hydrophobic fractions of

soot particles at the engine exit. Aircraft soot particles have been observed having hy-

drophilic fractions or organic fractions forming under high temperature and pressure

conditions [54].

Overall, particle growth is less sensitive to the soot surface properties compared to

the hydrocarbon properties. Initial surface activation fraction showed opposite effects

according to the particle size since this property is related to surface competition

between hydrophilic and hydrophobic fractions.

3.2.4.4 Ambient Conditions

While water condensation strongly depends on the RH condition, microphysical pro-

cesses on soot particles associated with hydrocarbons are less sensitive to the ambient

conditions. Parametric studies with the binary H2SO4−H2O model also indicated that

condensation of sulfate on soot was less sensitive to ambient conditions [27]. While
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the particle growth is significantly limited by restricted water uptake at low RH, the

effect of ambient temperature is relatively small compared to sensitivity from exhaust

properties or hydrocarbon properties, although ambient temperature is a more im-

portant factor affecting condensation of hydrocarbons than RH. The effect of ambient

conditions will be discussed further in Chapter 4 including all microphysical processes

where water vapor plays an important role.

3.3 Summary

This chapter presents the modeling approaches to incorporate hydrocarbon species

into soot microphysics and discusses the formation of organic coatings on aircraft-

emitted soot particles in interactions with sulfuric acid and water. Predictions with

the developed model are consistent with other studies (e.g. [48], [20]) in that water-

soluble organics enhance the water uptake whereas water-insoluble organics prevent

it, by forming the hydrophilic and hydrophobic liquid layers on soot surfaces, re-

spectively. This chapter demonstrates that low volatility hydrocarbons, which are

water-insoluble in general, can contribute to the particle growth by condensation on

soot coatings while preventing the uptake of water-soluble species by inducing com-

petition. Water-soluble hydrocarbons can increase hydrophilic surface coverage and

consequently increase the uptake of water and sulfuric acid although they are not

condensable on soot coatings directly. Under the assumed conditions of aircraft emis-

sions, where condensation of water-insoluble hydrocarbons is comparable with that

of sulfuric acid and water, competition appears between hydrophilic and hydrophobic

activation of soot surfaces. This competition is more important for small particles

that are easily immersed in liquid coatings.

The sensitivity of the particle growth is explored for modeling parameters and

ambient conditions, including initial exhaust properties, properties of hydrocarbons,

properties of soot surfaces, and ambient conditions. The growth of soot particles

is most sensitive to the properties associated with condensation of water-insoluble

hydrocarbons regardless of the particle size. On the other hand, particle size and
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therefore surface area available for absorption of gaseous species are critical factors

to determine the competition effect. The particle growth is limited by decreasing RH

while enhance by increasing the initial concentration of condensable hydrocarbons

significantly.
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Chapter 4

Modeling of the New Particle

Formation with Nucleation and

Coagulation

In the previous chapter, aerosol growth by activation and condensation was discussed,

focused on the interaction with solid particles directly emitted from aircraft engine.

There are also microphysical processes which form and grow new liquid particles from

gas, such as nucleation and coagulation as seen in Equation (1.4).

Nucleation processes are classified with following four types in general [4]:

• Homogeneous-homomolecular: nucleation of one species without foreign nuclei.

• Homogeneous-heteromolecular: nucleation of more than one species without

foreign nuclei.

• Heterogeneous-homomolecular: nucleation of one species on foreign surfaces.

• Heterogeneous-heteromolecular: nucleation of more than one species on foreign

surfaces.

While this identification of nucleation types includes heterogeneous nucleation

processes, a nucleation process focused on this thesis is the homogeneous nucleation.
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Water is very unlikely to form nuclei by itself at normal ambient conditions or

even at supersaturated condition experienced in an exhaust plume. However, the

presence of sulfuric acid can induce aqueous binary nucleation at even a subsaturated

condition. Binary nucleation can occur if species are supersaturated with respect to

their solution in a liquid droplet, even when both components are subsaturated with

respect to their pure gas phase. If the nucleated clusters exceed their critical cluster

size, the clusters are likely to grow to larger droplets due to the resulting larger growth

rate. At the critical cluster size, the net nucleation rate becomes zero as evaporation

rate and growth rate are equal. If clusters are smaller than the critical cluster on the

other hand, the clusters are prone to evaporate and decay.

Binary H2SO4−H2O nucleation is an important source forming liquid aerosols in

aircraft plumes. A binary H2SO4−H2O nucleation model has been widely studied

and enhanced for better predictions and modified to capture additional features in

atmospheric nucleation: for example, ternary H2SO4−H2O−NH3 nucleation or ion-

induced nucleation [55, 4, 56]. A potential role of organic compounds in nucleation has

been studied also [9, 57]. However, incorporating more than one hydrocarbon species

into a nucleation model is not a straightforward work since handling more than two

components with the classical nucleation theory would be very time-consuming and

impose a heavy computational burden. For example, finding the minimum free energy

configurations and tracking all possible combinations of cluster configurations will be

very challenging as the number of species considered in the nucleation process at the

same time is increased. Therefore, it will be more practical to apply a simplified

model with adequate assumptions applicable to the system being considered as in an

aircraft plume conditions in fast equilibrium with water vapor. The following sections

discusse several nucleation models that can be easily extended to a multi-component

model.
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4.1 Review of Nucleation Model

4.1.1 Quasi-unary nucleation model

The binary homogeneous nucleation of H2SO4−H2O can be simplified as a kinetic

model simulating quasi-unary nucleation (QUN) of H2SO4 in equilibrium with water

vapor in atmospheric conditions due to the presence of much higher concentration of

water vapor [58, 59]. In these conditions, binary H2SO4−H2O clusters are controlled

by collision or evaporation of H2SO4 molecules and the amount of water vapor in

the cluster reaches equilibrium very quickly due to excess water vapor available. The

QUN model can be simulated kinetically with the mass balance equations in Equation

(1.5):

dn1

dt
= 2γ2n2 +

m∑
i=3

γini −
m−1∑
1

βini (i = 1)

dn2

dt
=

1

2
β1n1 − γ2n2 − β2n2 + γ3n3 (i = 2)

dni

dt
= βi−1ni−1 − γini − βini + γi+1ni+1 (i > 2)

The growth rate coefficient βi, and the evaporation rate coefficient γi are given with

the kinetic theory of gases for collisions between H2SO4 monomers and H2SO4−H2O

clusters,

βi =

(
8πkT (m1 +mi)

m1mi

)1/2

(r1 + ri)
2 n1

γi =

(
8πkT (m1 +mi)

m1mi

)1/2

(r1 + ri)
2 n∞a,sol exp

(
2Maσ

ρiRTri

) (4.1)

where m1 and r1 are the mass and radius of H2SO4−H2O monomers, mi and ri are

the mass and radius of i-mers, n1 is the concentration of monomers, and n∞a,sol is

the concentration of H2SO4 vapor above a flat surface of a solution having the same

composition as the i-mers, Ma is the molecular mass of H2SO4, σ is the surface tension

of the binary solution, ρi is the density of i-mers, R is the ideal gas constant, k is the

Boltzmann constant. The kinetic QUN model shows better estimation results than

the classical binary nucleation model compared with experimental data. Additionally,

the QUN model is applicable for conditions such as diluting engine exhaust where
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properties of gases change rapidly.

4.1.2 Multi-component nucleation models

There have been several studies that have used simplified nucleation models for a

multi-component system. Some of them can be applicable with the QUN model for

binary homogeneous nucleation of H2SO4−H2O. Du and Yu [60] developed a ternary

nucleation model that extended binary H2SO4−H2O equations. An unknown third

species participates in the ternary nucleation equations by reducing the Gibbs free

energy from that of binary H2SO4−H2O nucleation. Like the binary nucleation case,

sulfuric acid controls the growth and evaporation rate of clusters by colliding with

and evaporating from clusters and water influences the composition of the clusters

and the evaporation coefficient of sulfuric acid clusters. Du and Yu assumed that

the third species plays a similar role as water. The reduced Gibbs free energy by

this third species decreases evaporation coefficients of binary clusters and increases

stability as a result. The change in Gibbs free energy was expressed as a function of

the number of molecules of the third species and empirical parameters by assuming

the Gibbs free energy difference between binary and ternary nucleation increases with

decreasing cluster size and diminishes to zero with sufficiently large clusters as:

γi = βi−1 exp

(
∆Gi−1,i

kT

)
∆Gternary

i−1,i = ∆Gbinary
i−1,i − dG (i)

dG (i) = a+
b

ic

(4.2)

where γi is the evaporation rate of i-mers, βi−1 is the collision rate of (i − 1)-mers

to grow to i-mers, ∆Gi−1,i is the Gibbs free energy associated with (i− 1)-mers and

i-mers, and a, b, and c are empirical parameters.

Gorbunov [61] suggested that in the embryos formed from multi-component nucle-

ation, two main species will be dominant in concentration with the reminder species

being insignificant. They modeled the multi-component nucleation with two separate

64



steps extended from binary nucleation: 1) binary nucleation process with two dom-

inant species, and 2) transformation process of minor species afterward. The Gibbs

free energy of the embryo formation can be calculated with the sum of the Gibbs free

energy for the corresponding steps:

∆G(Nw,Nsa,N1,N2,· · ·,NN−2) = ∆G(Nw,Nsa) + ∆G(N1,N2,· · ·,NN−2)

= ∆Gbinary −RT
N−2∑
i=1

[
ln

(
Pi

kiXi

)
+ 1

]
Ni + σe2

N−2∑
i=1

∆Si

(4.3)

where Nw is moles of water and Nsa is moles of sulfuric acid transferred from gas phase

to embryo. Pi is the partial pressure of species i, Ki is the Henrys law constant, vi

is the molar volume of species i, re is the radius of embryo, σe2 is the interfacial free

energy for the embryo formation in the second step, ∆Si is the change of the embryo

surface area due to transfer molecules at the second step.

The composition of minor species forming diluted solution in sulfuric acid and

water solution is calculated thermodynamically using Henrys law with respect to the

composition of binary major species:

Ni = (Nw +Nsa)
Pi

Ki

exp

(
−2

σevi
RTre

)
(4.4)

where radius of embryo, ri, can be replaced with the radius of embryo in the first

step:

re1 =

(
3me1

4πρe2

)1/3

(4.5)

With known mole fraction of all species, coefficients for growth rate and evapora-

tion rate can be calculated,

βe1 =

[
8πkBT (m1 +me1)

m1me1

]1/2
(r1 + re1)

2 n1 (4.6)

re2 =

(
3me2

4πρe2

)1/3

(4.7)
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βe2 =

[
8πkBT (m1 +me2)

m1me2

]1/2
(r1 + re2)

2 n1

γe2 = βe2
n∞a,sol
n1

exp

(
2Maσe2
ρe2kBTre2

) (4.8)

where σe2 is the interfacial free energy for the embryo formation in the second step

but can be replaced with that in the first step since it can be assumed that it depends

on only the concentration of the dominant species.

Du and Yus parametric model is applicable to a kinetic nucleation model simply

with one additional step, but it is not useful when the values of the empirical param-

eters are not available. While Gorbunovs approach is more general and applicable

to systems with more than three species, it is only applicable to system controlled

by two major species and limited to the equilibrium calculation of other insignifi-

cant species. In this work, Gorbunovs approach was used to test multi-component

nucleation among one of several possible nucleation pathways for hydrocarbons with

sulfuric acid and water system.

4.2 Microphysical Model for Hydrocarbon in Nu-

cleation Process

This section provides the modeling approach of hydrocarbon nucleation applicable ac-

cording to their solubility. Nucleation of water-insoluble hydrocarbons was modeled

independently from H2SO4−H2O nucleation because water-insoluble hydrocarbons

are not expected to participate in forming aqueous clusters via a nucleation process.

Nucleation of water-soluble hydrocarbons was examined among possible pathways,

including multi-component nucleation extended from binary sulfuric acid-water nu-

cleation, binary hydrocarbon and water nucleation as well as separate unary nucle-

ation. Clusters formed via nucleation can grow to larger particles via coagulation with

other aqueous clusters or hydrocarbon clusters afterward. Coagulation is described

in Section 4.3 in detail.
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4.2.1 Nucleation of water-insoluble hydrocarbons

In this work, it was assumed that water-insoluble hydrocarbons have no direct effect

on the nucleation of aqueous clusters. Therefore, sulfuric acid and water participate in

the nucleation process the same way as the previously implemented binary nucleation

case, regardless of presence of water-insoluble hydrocarbons. Water-insoluble hydro-

carbons are assumed to be involved in the new particle formation via homogeneous

nucleation of separate water-insoluble clusters from aqueous nuclei. Water-insoluble

hydrocarbon clusters are allowed to contribute to the growth of aqueous embryos or

droplets by coagulation afterward.

In contrast to the aqueous cluster formation process, in which clusters grow by

gaining or losing hydrated sulfuric acid monomers — H2SO4−(H2O)n would form

with abundant water molecules — water-insoluble hydrocarbon molecules nucleate

by collisions with molecules of its own kind or other hydrocarbon species. In this

work, rather than considering multi-component nucleation of hydrocarbon species,

nucleation of water-insoluble hydrocarbons was modeled as unary nucleation. This

approach, while does not strictly reflect reality, is a reasonable way of modeling water-

insoluble hydrocarbon nucleation in aircraft emissions. This is because nucleation of

hydrocarbons is not a favorable pathway to grow to critical clusters compared to bi-

nary nucleation of sulfuric acid and water. H2SO4−H2O aerosols are most abundant

in aircraft plume, and thus, tracking coagulation between hydrocarbon clusters may

not be critical because these collisions are rare compared to those between hydrocar-

bon clusters and H2SO4−H2O clusters under the conditions of our interest.

Concentrations of water-insoluble hydrocarbon embryos and H2SO4−H2O em-

bryos are compared in Figure 4-1. While H2SO4−H2O embryos tend to grow and

form larger homogeneous droplets, water-insoluble hydrocarbons remain in the gas

phase or form low concentrations of oligomers smaller than the critical cluster size

via unary nucleation. We thus conclude that under the conditions of aviation emis-

sions, H2SO4−H2O nucleation determines the population of homogeneous aerosols in

general and the contribution of water-insoluble hydrocarbon nucleation to the aerosol
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Figure 4-1: Concentrations for binary H2SO4-H2O embryos and unary water-
insoluble hydrocarbon embryos

number density is negligible. It is likely, though, that water-insoluble hydrocarbons

can contribute to other processes such as particle growth by coagulation and conden-

sation on H2SO4−H2O clusters and form aerosols composed of hydrocarbons as well

as sulfuric acid and water.

4.2.2 Nucleation of water-soluble hydrocarbons

For water-soluble hydrocarbons, the possibility of binary or multi-component nucle-

ation of hydrocarbons with sulfuric acid and water should be considered in contrast

to unary nucleation of water-insoluble hydrocarbons.

Nucleation mechanisms for water-soluble hydrocarbons examined in this work are:

• Multi-component clusters with sulfuric acid and water. Hydrocarbons may

change stability of aqueous clusters and their lifetime. Following Gorbunovs

approach of modeling multi-component nucleation with consequent two nucle-
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ation steps, the composition of binary clusters with sulfuric acid and water is

calculated first by quasi-unary nucleation approach. Transfer of water-soluble

hydrocarbons from gas to aqueous clusters is then calculated thermodynami-

cally in terms of the composition of sulfuric acid and water. This calculation is

based on the assumption that additional species in the second nucleation step

are relatively insignificant compared to the two species participate in the main

nucleation process. This assumption of very small fractions of hydrocarbons in

embryos compared to those of sulfuric acid and water is acceptable in consider-

ing conditions for near-field aircraft emissions with highly volatile water-soluble

hydrocarbon species.

• Binary nucleation of water-soluble hydrocarbons and water in addition to binary

nucleation of sulfuric acid and water. In this approach, water-soluble hydrocar-

bons are assumed to play a similar role to sulfuric acid in the binary nucleation,

that is, controlling the growth and evaporation of clusters.

• Unary nucleation of water-soluble hydrocarbons as similar to the unary nucle-

ation of water-insoluble hydrocarbons. This approach would be acceptable if

the number of water molecules attracted by hydrocarbon clusters is very small.

• Negligible contribution of water-soluble hydrocarbons to the nucleation process

because of their high volatility. This assumption would be valid if there is no

effect of water-soluble hydrocarbons to mass composition and nucleation rate of

liquid particles regardless of approaches applied for water-soluble hydrocarbon

nucleation.

Comparisons of different cluster formation mechanisms for water-soluble hydro-

carbons are shown in Figure 4-2. Interaction between water-soluble hydrocarbons

and sulfuric acid-water clusters in the nucleation process has a minor contribution

to the very initial formation of clusters, as shown in the first panel of Figure 4-2 for

the difference of embryo concentration between binary H2SO4−H2O nucleation and

multi-component nucleation of H2SO4−H2O-ws HCs. However, as the residence time
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increases, multi-component nucleation does not significantly affect binary nucleation

of sulfuric acid and water because light hydrocarbons having high Henrys coefficients

tend to remain in the gas phase rather than nucleating with sulfuric acid and water.

Also, the hydrocarbon cluster concentration shown in Figure 4-2 suggest that neither

binary nucleation of water-soluble hydrocarbons with water nor unary nucleation of

water-soluble hydrocarbons is an efficient pathway to grow to larger liquid particles.

For binary nucleation of water-soluble hydrocarbons and water, only a small number

of water molecules is attracted to hydrocarbon clusters due to high activity coeffi-

cient of water in water-soluble hydrocarbon solutions, which is much smaller than

that in water-insoluble hydrocarbon solutions but still significantly higher than that

in sulfuric acid solutions. This result indicates that binary nucleation of water-soluble

hydrocarbon and water is close to unary nucleation of hydrocarbons indeed. Both

nucleation models for water-soluble hydrocarbon clusters predict that formation of

new particles is difficult to initiate due to high volatility of water-soluble hydrocar-

bons. These species re-evaporate to the vapor phase quickly due to their high vapor

pressure, such that the evaporation rates of clusters are much greater than the growth

rates. The analysis of nucleation pathways of water-soluble hydrocarbons presented

in this section shows that their contribution to the aerosol formation may be negli-

gible without foreign nuclei under the conditions of interest in this work, similar to

our observation of water-insoluble hydrocarbons. Hydrocarbon oilgomers evolved in

aircraft plume are unlikely to grow bigger than the critical size of clusters.

4.3 Multi-component Coagulation Model

As discussed in the previous section, nucleation of hydrocarbons in aircraft emissions

is not an efficient means to promote new particle formation from gaseous molecules

and most of their mass remains in the gas phase or in the form of small oligomers.

However, this conclusion does not necessary mean that their involvement in the evolu-

tion of homogeneous aerosols is insignificant. Considerable amount of organic fraction

has been measured in aircraft emitted volatile particles during recent field missions
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Figure 4-2: Calculated difference in embryo concentrations between binary
H2SO4−H2O nucleation and multi-component nucleation of water-soluble hydrocar-
bon molecules

[62, 63], and several studies have shown that that aerosol particles have an aqueous

core with hydrocarbon surface layers forming hydrophobic organic coatings due to

their negligible water solubility [64, 65, 66].

Figure 4-3 illustrates mechanisms of forming liquid coatings on a solid core or on a

liquid aqueous core considered in this work. Liquid films tend to aggregate with liquid

of same type of solubility on a partially wetted solid surface, while hydrophobic liquid

films tend to spread on aqueous liquid surfaces. If collisions occur between water-

insoluble hydrocarbon clusters and H2SO4−H2O clusters, hydrocarbon mass starts

to have uptake on H2SO4−H2O clusters. As H2SO4−H2O clusters grow to larger liq-

uid particles via coagulation, aggregates of H2SO4−H2O clusters and hydrocarbons

clusters form multi-component aerosols having a hydrophobic film of hydrocarbons.

Coagulation between unary nucleated clusters of different water-insoluble hydrocar-
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Figure 4-3: Structure for coagulation on: (a) solid core, (b) aqueous core

bon species was not considered in this thesis since this process is less likely compared

to the collision between hydrocarbon clusters and much abundant sulfuric acid-water

clusters. The coagulation model for multi-component aerosols in this thesis is based

on the assumptions that water-insoluble hydrocarbons form a thin oily film on aque-

ous droplets, where the film is assumed to spread uniformly and quickly after collisions

and does not to affect the thermodynamics of the binary droplets and the composition

of the sulfuric acid-water core. While some studies have shown that the presence of

organic films on aerosol particles can retard the uptake or evaporation of water from

an aqueous core [67, 68], Garland et al. [69] suggested that the retardation effect is

negligible with a thin hydrophobic film. Here it is assumed that ignoring the effect

of a thin hydrocarbon film to hygroscopic growth of nanometer-size particles would

be acceptable for the rapidly growing particles in the aircraft plume.

The coagulation model for the multi-component aerosols requires additional vari-

ables to simulate and track the growth of hydrophobic films, while the composition of

binary droplets can be calculated by finding the composition of minimum free energy

at the size of particles being considered. Since tracking all possible combinations of

aqueous core sizes and hydrocarbon film volumes for volatile particles is impractical,

a modified sectional bin approach was implemented in the simulation model to track

the evolution of both the aqueous core and the hydrocarbon film.

For the original H2SO4−H2O binary model, Wong et al. [27] used the fully sta-

tionary sectional bin approach for coagulated droplets bigger than the largest size

of embryos, where embryos were tracked with the number of sulfuric acid molecules.

72



The fully stationary bin approach uses fixed size of bins, forcing all particles in a bin

to have the same volume while allowing particles to move between bins if they grow

or shrink. To conserve particle number and volume, a coagulated new particle whose

volume between two sectional bins is partitioned into two bins adjacent to the size

of new particle based on the fraction of volume of the new particle and values of the

bins volumes. The composition of binary droplets can be calculated by finding the

composition of minimum free energy at the size of the sectional bins. The stationary

sectional bin approach is practical generally for simulating coagulation of particles.

However, the approach may cause numerical issues when particles grow via conden-

sation and evaporation [70] and it is difficult to track particles having components

in separate phases such as aqueous core with hydrophobic coatings. Jacobson and

Turco [70] suggested that a hybrid model combining the stationary bin approach and

the fully moving bin approach. The hybrid bin approach tracks core and non-core

components separately, which applies fixed size bins for the core fraction and allows

non-core fraction to grow to its exact size. If a particle is moved to a new bin, its

averaged non-core volumes in that bin will also be moved with the particle.

With the hybrid bin approach, the aqueous cores are tracked with the stationary

bin approach and the growth of hydrophobic film is tracked to its exact size, where the

size of each stationary bin becomes a lower limit of the mean size of whole particles as

illustrated in Figure 4-4. If two particles having an aqueous core and hydrophobic film

coagulate [in the case of Figure 4-4 (b)], the coagulated particle is partitioned based on

the volume of aqueous core into two adjacent bins using the stationary bin approach,

whereas the mass of the hydrophobic film on the particles is fractionated into both

bins according to how the core is distributed. The hydrocarbon mass composing the

hydrophobic film on the partitioned particles entered into bins is averaged with the

hydrocarbon mass of the existing particles in those bins. This approach also allows the

condensational growth of the hydrophobic film via coagulation of hydrocarbon clusters

and sulfuric acid-water droplets as shown in Figure 4-4 (c). Detailed calculations are

shown in Table 4.1 and Figure 4-5.
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Figure 4-4: Outline for modeling coagulation with the hybrid bin approach (a), appli-
cable to coagulation of sulfuric acid-water droplets having hydrophobic film (b) and
coagulation of sulfuric acid-water droplets and hydrocarbon clusters (c)
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Figure 4-5: Details of the combined bin approach
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Particle composition at time t1:

mw, mac, mhc for mass of water, sulfuric acid, hydrocarbon

Xw =
mw

mw +mac

, Xac =
mac

mw +mac

, Xhc =
mhc

mw +mac +mhc

Coagulation of particle in bin i and particle in bin j

step i. calculate properties of the new particle:

mac,new = mac,i +mac,j, mhc,new = mhc,i +mhc,j

find bin k and bin k + 1 satisfying mac,k ≤ mac,new < mac,k+1

Xac,new = (1 − fac ·Xac,k + fac ·Xac,k+1) where fac =
mac,new −mac,k

mac,k+1 −mac,k

mac,new +mw,new = maq,new =
mac,new

Xac,new

step ii. find bin l and bin l + 1 satisfying maq,l ≤ maq,new < maq,l+1

where faq =
maq,new −maq,l

maq,l+1 −maq,l

step iii. calculate properties of partitioned particles:

nnew = the number of coagulated particles

∆nl = the number of partitioned particles entering into bin l = nnew (1 − faq)

∆nl+1 = the number of partitioned particles entering into bin l + 1 = nnewfaq

step iv. update averaged properties of particles in bin l and bin l + 1 after coagulation

nl,new = nl,t1 + nnew (1 − faq)

maq,new = maq,l,t1

mhc,l,new =
nl,t1mhc,l,t1 + nnew (1 − faq)mhc,new

nl,t1 + nnew (1 − faq)

nl+1,new = nl+1,t1 + nnewfaq

maq,l+1,new = maq,l+1,t1

mhc,l+1,new =
nl+1,t1mhc,l+1,t1 + nnewfaqmhc,new

nl+1,t1 + nnewfaq

Table 4.1: Calculation for tracking coagulation with the hybrid bin approach
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4.4 Summary for pathways for new particle for-

mation

This section summarizes possible interactions and mechanisms of the nucleation and

coagulation processes and compares their contributions to the formation of hydrocarbon-

containing aerosols. Figure 4-6 shows a schematic of new liquid particle formation

pathways via nucleation (indicated as alphabet letters) or coagulation (indicated as

Roman numerals) processes. Table 4.2 lists five different approaches of including

different particle formation pathways discussed in Section 4.2. Figure 4-7 shows sim-

ulated liquid particle size distributions at 1 km downstream of a CFM56-2C1 engine at

80% ambient relative humidity and 286 K ambient temperature using the approaches

in Table 4.2. Coagulation between water-insoluble hydrocarbon clusters and aqueous

clusters forms hydrocarbon films on aqueous cores like particles having green coating

shown in Figure 4-6. Our analysis shows that the coagulation between water insoluble

hydrocarbon clusters and sulfuric acid-water particles (process iii) is the most critical

pathway. The growth of hydrophobic organic films increased aerosol size of about 1.5

(mode size) to 2.5 (min size) times greater compared to aerosols formed merely from

binary nucleation of sulfuric acid and water without hydrocarbons (i.e. Approach 5).

The contribution of water-soluble hydrocarbons, on the other hand, is insignificant

(see the comparison between Approach 4 and Approach 1 or 3 in Figure 4-7) since

they remain mostly in the gas phase, as shown in Table 4.3. The predicted parti-

cle size distribution from Approaches 1 and 3 are almost identical, suggesting that

the interaction between water-soluble hydrocarbon and water (process b) is insignif-

icant. While the interaction between water-soluble hydrocarbons with H2SO4−H2O

clusters via coagulation (process i) is identified as an inefficient pathway to change

aerosol size distribution, the interaction between water-soluble hydrocarbon molecules

and H2SO4−H2O nuclei in the nucleation step (process e in Figure 4-6) has minor

contributions to aerosol growth by decreasing evaporation rate by decreasing surface

tension.
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Figure 4-6: Interaction and pathways for new particle formation

4.5 Results and Discussion

4.5.1 Simulation Result

This section provides simulation results for the evolution of aviation PM emissions at

ground level with all microphysical processes considered. The role of hydrocarbons to

the particle growth is also discussed. Initial exhaust properties are identical to those

used in the simulations for the soot particle growth [see Section 3.2.1 for details],

and ambient conditions were set to 286 K temperature and 80% relative humidity.

Also, 100 ppb of three water-insoluble hydrocarbons, C16H10, C20H12, C24H12, and

100 ppb of three water-soluble hydrocarbon oxygenates, C3H6O, C3H6O2, C4H8O2,

were used as hydrocarbon surrogates in the exhaust plume, and the same initial gas

concentrations were employed as described in Equation (3.7). H2SO4−H2O clusters

were tracked as embryos that are no larger than 40 sulfuric acid molecules, and

larger particles having more than 40 acid molecules were tracked using 10 bins that

initially log-normally distributed between 3 nm to 250 nm. Hydrocarbon clusters were
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Table 4.2: Nucleation and coagulation approaches for new particle formation
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Figure 4-7: Comparison of predicted particle size distributions of liquid aerosols at 1
km downstream of a CFM56-2C1 engine by involved different interactions in nucle-
ation and coagulation processes
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Table 4.3: Comparison of mass fraction transferred to the nucleation mode

tracked up to a size of 5 monomer units since larger embryos are present a negligible

concentration as discussed previously in Figure 4-1. Monodisperse soot particles were

employed with an initial diameter of 16 nm and an initial concentration of 9.75× 106

cm−3, which represents the emitted soot surface area at low power of a CFM56-2C1

engine that was examined during the APEX measurement campaign.

Figure 4-8 compares the evolution of particle size distribution of homogeneous

nucleation mode particles formed from two mechanisms: (a) binary homogeneous

H2SO4−H2O particles without hydrocarbons and (b) multi-component liquid parti-

cles with H2SO4−H2O cores and hydrophobic film coatings of hydrocarbons. For both

cases, the particles number densities evolved similarly. Small embryos were formed

via binary H2SO4−H2O nucleation and grew to larger liquid particles via coagulation.

At around 500 m downstream of the engine, liquid particles reached equilibrium size

and then their concentrations started to decrease because of mixing with ambient air.

Under the exhaust conditions where sufficient amounts of condensable hydrocarbons

are present, the particle growth also had contributions from water-insoluble hydro-

carbon coagulation even though the formation of liquid particles is primarily driven

by binary H2SO4−H2O nucleation. Due to coagulation with water-insoluble hydro-

carbons, small particles had hydrophobic film coatings as thick as the radii of their

aqueous cores at 1 km downstream. The mean radius of liquid particle distribution

increased from 5.4 nm to 10.5 nm when hydrocarbons were included in the model.

Figure 4-9 and Figure 4-10 show evolution of mass compositions of liquid particles

and soot coatings predicted from the model, respectively. The predicted mass com-

position of soot coatings is not significantly different from that of the soot coating
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without nucleation and coagulation modes as seen in Figure 3-10; however, the soot

particle growth is suppressed significantly as a result of decreasing total soot coating

mass. About 80% of the total sulfate mass and about 50% of water-insoluble hydro-

carbon mass was found moving to the nucleation mode as compared to the results

shown in Section 3.2.2, where only soot mode microphysics were considered. The

mass composition of liquid particles, on the other hand, demonstrated that aqueous

liquid aerosols in the initial aircraft plume started to have a substantial amount of

water-insoluble hydrocarbons as they grew downstream. Smaller liquid particles tend

to obtain more hydrocarbon mass fractions, and these particles with small aqueous

cores and thick hydrocarbon films could be considered as primarily organic aerosols.

This suggests that organics constitute a significant mass fraction in very fine aerosols,

where species with low volatility (e.g., C20H12 and C24H12) could account for a sig-

nificant amount of organic mass. The contribution of water-soluble hydrocarbons

is almost negligible in the nucleation and coagulation processes, but they still can

contribute to the growth of soot particle by enhancing the hydrophilic fraction of the

soot surfaces and consequently the hygroscopic growth of soot particles.

In Figure 4-11, the mass budget for individual species is divided into three modes:

1) soot coatings due to activation and condensation, 2) liquid aerosol droplets and

embryos formed via nucleation and coagulation, 3) vapor phase including monomers

and gases. Under the same condition studied earlier, sulfate mass in aerosol droplets

and soot coatings increased with downstream distance, and 100% of sulfate mass was

transferred from vapor phase to liquid phase at 1 km downstream. Under high ambi-

ent relative humidity levels (such as 80% in this case), binary H2SO4−H2O nucleation

becomes a dominant process to transfer sulfate mass into aerosol droplets, even at

short distance downstream. This is significantly different from the prediction when

the nucleation process is turned off in the simulation (see Figure 3-11), where all

sulfate mass condensed on soot coatings. Soot particle growth, however, continues to

increase after depletion of sulfuric acid gas via scavenging of liquid aerosols on soot

particles. For condensable water-insoluble hydrocarbons, similar evolutions were ob-

served that hydrocarbon mass in the vapor phase was transferred relatively quickly
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Figure 4-8: Concentration and size evolution of liquid droplets predicted from the
model with (a) only sulfuric acid and water binary nucleation, and (b) the presence
of hydrocarbons in addition to sulfuric acid and water

into homogeneous liquid aerosols via condensation on or coagulation with homoge-

neous H2SO4−H2O aerosols followed by gradual coagulation of these particles with

soot. Note, however, that benzopyrene (C20H12) mass fraction in the liquid droplets

initially increased but started to decrease at about 500 m downstream. Consequently,

its mass fraction in the vapor phase increased because evaporation of the hydrocarbon

species from smaller droplets occurred due to the Kelvin effect. This result implies

that the nucleation mode is likely to be more sensitive to the volatility of species

than the soot mode because much smaller clusters and droplets are involved in the

process. Water-soluble hydrocarbons, on the other hand, are not favorable to be

partitioned into homogeneous liquid particles or soot particles because of their high

vapor pressure.
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Figure 4-10: Composition evolution of soot coatings
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Figure 4-11: Evolution of sulfate and hydrocarbon mass fractions under the conditions
described in Section 4.5.1

4.5.2 Comparison with Binary System

4.5.2.1 Role of Hydrocarbons

The effect of hydrocarbons on aerosol formation is examined in this section. Three

systems were studied and compared, binary sulfuric acid-water system without hy-

drocarbons, binary system with water-insoluble hydrocarbon species only, and binary

system with all hydrocarbon species included. The contributions of the species to the

size and mass growth of both types of particles can be seen in Figure 4-12. Incor-

porating water-insoluble hydrocarbons contributes to increased size of liquid aerosols

while preventing the uptake of water-soluble species on soot coatings. The addition

of water-soluble hydrocarbons on the other hand, improves the uptake of water and

sulfuric acid on soot particles by competing with the hydrophobic effect of water-

insoluble hydrocarbons on soot surfaces. It is important to note that hydrocarbons

can contribute to the aerosol formation directly or indirectly via adding condensa-
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Figure 4-12: Effect of hydrocarbons

tion mass directly and/or inducing competition between condensable species through

microphysical processes.

4.5.2.2 Competition Across Microphysical Modes

Nucleation is the most dominant microphysical process at high levels of ambient

relative humidity. When ambient relative humidity was set to 80% in our simulations,

the nucleation mode accounts for 80% of sulfate mass at 1 km downstream, whereas

the soot mode was limited to the remaining 20% of sulfate mass. Consequently,

the decreased contribution of nucleation mode at lower ambient relative humidity

conditions can lead to increased sulfate mass budget in the soot mode. Figure 4-

13 shows that the contribution of the nucleation mode was completely suppressed

when 20% ambient relative humidity was used in our simulation. As a result, the

contribution of soot mode increased as compared to the 80% ambient RH case. Note

that this result that increased sulfate mass on the soot mode with decreasing ambient

RH does not agree with the result shown in Section 3.2.4, where sulfate mass on

soot mode decreased with decreasing ambient RH when the nucleation process was

turned off in the simulation. This indicates that competition between nucleation and

soot modes is also important to the evolution of aerosols in addition to competition
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Figure 4-13: Evolution of mass fraction at 20% RH

between exhaust species.

The effect of RH on aerosol formation is examined with and without including

hydrocarbons as shown in Figure 4-14a, and the effect of hydrocarbons is further

discussed at different RH conditions, in terms of percent difference as shown in Fig-

ure 4-14b. Regardless of the presence of hydrocarbons, decreasing RH restricted

aerosol nucleation and consequently sulfuric acid preferred to condense on soot coat-

ings as opposed to liquid aerosols. The effect of RH on the soot mode is strengthened

by the presence of hydrocarbons. At lower ambient RH levels, hydrocarbons have a

stronger effect on soot particle growth. While water-insoluble hydrocarbons substan-

tially contributed to soot particle growth via condensation, water-soluble hydrocar-

bons enhanced the uptake of water and sulfuric acid on soot coating by increasing

hydrophilic surface area. At high ambient RH levels, competition between nucleation

and soot modes and competition between hydrocarbons and sulfuric acid on soot

surfaces occur at the same time. Delayed sulfuric acid adsorption on soot surfaces
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due to competition with water-insoluble hydrocarbons during initial activation pro-

cess allowed more mass transfer to nucleation mode. Consequently, water-insoluble

hydrocarbons decreased the uptake of water and sulfuric acid in the soot mode.
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Figure 4-14: Effect of RH and Hydrocarbons
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4.6 Summary

It is computationally expensive to simulate classical multi-component nucleation with

increasing number of components. This chapter suggests nucleation approaches for

hydrocarbons can be simplified by including only dominant effects which would be

acceptable for aircraft emissions, and Figure 4-15 shows simplified pathways for the

new particle formation in aircraft emissions. Depending on the solubility of species,

possible interactions between nucleation and coagulation processes and proposed

pathways for new particle formation are examined. These processes and pathways

include independent unary nucleation of water-insoluble hydrocarbons and multi-

component/binary/unary nucleation of water-soluble hydrocarbons. The results pre-

sented in this chapter demonstrate that homogeneous aerosol formation is driven

primarily by binary H2SO4−H2O nucleation, and the contribution of hydrocarbons is

negligible to the rate of new particle formation.

Coagulation of water-insoluble hydrocarbon clusters with H2SO4−H2O clusters

is assumed to form hydrophobic films on aqueous cores. While the contribution

sulfuric acid water water-insoluble hydrocarbon (w-is HC) species 

…… 
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Figure 4-15: Simplified pathways for the new particle formation in aircraft emissions
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of water-soluble hydrocarbons is negligible in nucleation and coagulation processes,

water-insoluble hydrocarbons significantly contribute to the size growth of liquid par-

ticles. Competition between nucleation and soot modes is discussed and compared

with the competition between hydrophobic and hydrophilic species discussed in the

previous chapter. In summary, the contribution of hydrocarbons is important for

the growth of particles in both nucleation and soot modes through condensation and

coagulation of water-insoluble hydrocarbons and competitions induced by both types

of hydrocarbons.
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Chapter 5

Parametric Study

Chapter 3 provided parametric sensitivity studies of the soot particle growth with-

out considering nucleation and Chapter 4 discussed the effect of relative humidity on

both the nucleation mode and the soot mode in the presence of hydrocarbons. The

previous chapters also identified important modeling parameters and discussed the

role of hydrocarbons in the formation of aerosols in near-field aircraft emissions. This

chapter discusses the sensitivity of the evolution of hydrocarbon-containing aerosols,

both homogeneous particles and soot particles, by exploring parameter spaces of key

factors. The focus of this chapter is on understanding competition between hydrocar-

bons and sulfuric acid, hydrophilic and hydrophobic effects, and nucleation and soot

modes. Section 5.1 presents the effect of ambient conditions on the aerosol formation,

Section 5.2 discusses the effect of hydrocarbon properties under different levels of am-

bient conditions, and Section 5.3 presents the effect of hydrocarbon concentrations

to the evolution of mass distribution between nucleation and soot modes. Note that

the analysis in this chapter presents simulation results at 1 km downstream with the

baseline values described in Section 3.2.4 if no description is specified; for example,

100 ppb initial concentrations and 0.01 for the dry accommodation coefficients and 1

for the wet accommodation coefficients of both types of hydrocarbons.
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5.1 Effect of Ambient Relative Humidity and Tem-

perature

Figure 5-1 presents the mass budget of individual species in nucleation mode and soot

mode at 1 km downstream under different levels of ambient conditions for near-field

aircraft emissions. The nucleation mode is very sensitive to the ambient temperature

and relative humidity. The low temperature and high relative humidity condition

(toward the upper left corner) is required to exceed the critical sulfuric acid concen-

tration in gas phase to trigger the critical H2SO4−H2O nucleation rate [4]. Conse-

quently, there is the nucleation threshold as a function of ambient temperature and

relative humidity, as shown in Figure 5-1. The soot mode is dominant at the higher

ambient temperature and/or low ambient relative humidity conditions; above the

threshold, however, the contribution of the soot mode decreases by competing with

the nucleation mode for limited sulfate mass. The nucleation mode of hydrocarbons

is also sensitive to the ambient conditions. Water-insoluble hydrocarbons contribute

to the nucleation mode through coagulation with and/or condensation on the existing

H2SO4−H2O nuclei, and thus they are sensitive to the nuclei population.

Figure 5-2 shows the sulfate mass distribution between nucleation mode and soot

mode for the binary H2SO4−H2O aerosols under the identical simulation conditions

except the presence of hydrocarbons. Overall, both results in Figure 5-1 and Fig-

ure 5-2 show a similar dependence to the ambient conditions, where nucleation is

active at the low ambient temperature and high relative humidity conditions above

the nucleation threshold, and condensation on soot is dominant at the high temper-

ature and high relative humidity conditions. Incorporating hydrocarbons, however,

enhanced the mass transfer of sulfate to soot coatings by increasing the hydrophilic

soot surface activation by adsorption of water-soluble hydrocarbons and in turn, the

contribution of soot mode became less sensitive to the ambient conditions.
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Figure 5-1: Mass distribution of sulfate and water-insoluble hydrocarbons between
nucleation mode and soot mode as a function of ambient temperature and RH
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Figure 5-2: Mass distribution of sulfate in nucleation mode and soot mode for the
binary H2SO4−H2O system

5.2 Effect of Accommodation Coefficients

Figure 5-3 and Figure 5-4 show mass distribution between nucleation and soot modes

of condensable species as a function of the dry accommodation coefficients of hydro-

carbons under the ambient temperature levels, 286K and 293K, and 60% ambient

RH, where nucleation and soot modes would have comparable contributions. In-

creasing dry accommodation coefficient of water-soluble hydrocarbons enhanced the

uptake of sulfate mass on soot particles while limiting H2SO4−H2O nucleation. How-

ever, it is not apparent that dry accommodation coefficients of hydrocarbons affect

H2SO4−H2O nucleation directly. Increasing dry accommodation coefficient of water-

insoluble hydrocarbon enhanced the uptake of water-insoluble hydrocarbons on soot

particles as discussed in Section 3.2.4.

5.3 Effect of hydrocarbon concentrations

This section discusses the effect of hydrocarbon concentrations by varying their initial

gaseous concentration at 80% ambient relative humidity and 286 K ambient temper-

ature. Increasing the concentration of water-insoluble hydrocarbons and decreasing

that of water-soluble hydrocarbons (toward the upper left corner) contributed to in-

creasing sulfate mass in nucleation mode while decreasing that in soot mode, as shown

in Figure 5-5. Increasing the concentration of water-soluble hydrocarbon enhanced

the condensation of sulfuric acid by increasing the hydrophilic soot surface fraction
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Figure 5-3: Mass distribution of sulfate and water-insoluble hydrocarbons between
nucleation mode and soot mode at 286 K and RH=60%, as a function of dry ac-
commodation coefficients of water-soluble hydrocarbons (shown in x-axis) and water-
insoluble hydrocarbons (shown in y-axis)
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Figure 5-4: Mass distribution of sulfate and water-insoluble hydrocarbons between
nucleation mode and soot mode at 293K and RH=60%, as a function of dry ac-
commodation coefficients of water-soluble hydrocarbons (shown in x-axis) and water-
insoluble hydrocarbons (shown in y-axis)

94



even under the high concentration levels of water-insoluble hydrocarbons. This sug-

gests that soot surface activation by water-soluble hydrocarbons is important in the

evolution of aerosols especially under the conditions undergoing competition between

nucleation and soot modes.

It is interesting to note that the contribution of water-insoluble hydrocarbons to

the nucleation mode is maximum around 100 ppb initial concentrations of water-

insoluble hydrocarbons, suggesting that competition between soot and nucleation

modes occurs. Water-insoluble hydrocarbons tended to condense on soot particles

easily because of enhanced hydrophobic coatings on soot particles as the concentration

of water-insoluble hydrocarbons increases. On the other hand, mass transfer of water-

insoluble hydrocarbons to both nucleation and soot modes decreased by decreasing

the gaseous concentration as a result of reduced partial pressures of hydrocarbons.

5.4 Summary

This chapter discusses the effect of ambient conditions at ground level, and dry ac-

commodation coefficients and initial concentrations of hydrocarbons to the evolution

of aerosols in nucleation and soot modes. Simulation results show that nucleation of

sulfuric acid and water is sensitive to ambient temperature and relative humidity lev-

els. The mass budget of water-insoluble hydrocarbons in the nucleation mode is also

sensitive to the ambient conditions because their major pathways to the nucleation

mode are coagulation with and/or condensation on the existing liquid aerosols.

The dry accommodation coefficients and initial concentrations of hydrocarbons

induce competition between homogeneous droplets and soot coatings for sulfate mass

while directly affecting to the uptake of water-insoluble hydrocarbons on soot parti-

cles. Although water-soluble hydrocarbon mass is negligible in both nucleation and

soot modes, their contribution is important to the evolution of aerosols by inducing

competition between hydrophilic and hydrophobic species and consequently compe-

tition between nucleation and soot modes for sulfuric acid.
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Figure 5-5: Mass distribution of sulfate and water-insoluble hydrocarbons between
nucleation mode and soot mode at 286K and RH=80%, as a function of initial con-
centrations of water-soluble hydrocarbons (shown in x-axis) and water-insoluble hy-
drocarbons (shown in y-axis)
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Chapter 6

Conclusions and Future Work

6.1 Summary and Conclusion

A one-dimensional kinetic microphysical model has been developed to study the for-

mation of new particles and evolution of aircraft emitted aerosols. This thesis also

explored the sensitivity of aerosol evolution to modeling parameters and ambient

conditions. Incorporating hydrocarbon species into the binary sulfuric acid and wa-

ter model started with modeling of hydrocarbon surrogates first. According to their

solubility in water, hydrocarbons can be categorized in the microphysical processes

as water-soluble or water-insoluble hydrocarbons. Water-soluble hydrocarbons were

allowed to mix with sulfuric acid and water solutions, while water-insoluble hydro-

carbons were assumed to exist a separate phase from aqueous solutions. General

thermodynamic properties were estimated for pure substances first and then calcu-

lated for aqueous solutions or non-aqueous hydrocarbon mixture based on the mixing

rule. For some properties requiring compound specific parameters or interactions,

such as activity coefficient or saturation vapor pressure, this thesis used group con-

tribution methods to employ a wide variety of hydrocarbon compounds in the sim-

ulations. Selected hydrocarbon surrogates in aircraft emissions include three water-

soluble hydrocarbon oxygenates (C3H6O, C3H6O2, C4H8O2) and three water-insoluble

hydrocarbons (C16H10, C20H12, C24H12), which cover a wide saturation vapor pressure

region encompassing saturation vapor pressure of water and sulfuric acid. Based on
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field measurements, the total concentration of hydrocarbon species was assumed to

be 200 ppb in initial exhaust. Each hydrocarbon species then has comparable initial

concentration with sulfuric acid precursors.

Microphysical processes incorporating hydrocarbon species into a binary sulfuric

acid and water model have been explored with respect to the interactions with solid

soot particles and with H2SO4−H2O liquid particles in Chapter 3 and Chapter 4 re-

spectively. Soot particles emitted from aircraft engines are very hydrophobic initially

but a substantial amount of water-soluble species has been observed far downstream

locations in measured soot samples. This suggests that hydrophobic soot particles

can turn to hydrophilic by undergoing microphysical processes. Solid soot surfaces

can be activated by adsorption from collisions between gaseous molecules and soot

particles, and in turn mass transfer from gas phase to liquid phase is allowed on the

liquid activation layers. Condensation can contribute to surface activation as well.

While water-insoluble hydrocarbons cover soot surface with hydrophobic films, ad-

sorption of sulfuric acid or water-soluble hydrocarbons activate the hydrophobic soot

surface to be hydrophilic. Interaction between water molecules and dry soot surfaces

is not favorable, but water vapor can condense on the hydrophilic surfaces after acti-

vation. Sulfuric acid and low volatile water-insoluble hydrocarbons can condense on

hydrophilic and hydrophobic soot coating respectively; however, volatile water-soluble

hydrocarbons remain in vapor phase mostly.

Studies of potential nucleation pathways indicate that a major contributor to

new particle formation is binary H2SO4−H2O nucleation regardless of involvement of

hydrocarbons. Unary nucleation of water-insoluble hydrocarbons is not a favorable

pathway to grow hydrocarbon clusters to bigger liquid particles. Nucleation path-

ways for water-soluble hydrocarbons were examined by considering interactions with

water and/or sulfuric acid. All tested modeling approaches agreed that nucleation

of water-soluble hydrocarbons is not a major pathway to contribute to the aerosol

number density, similar to what was found for water-insoluble hydrocarbons. Clus-

ters formed via nucleation can grow to nano-size particles via coagulation with other

aqueous clusters or sub-critical hydrocarbon clusters. The hybrid bin approach was
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employed in the modified coagulation model for multi-component aerosols having

a hydrophobic hydrocarbon film and an aqueous core. The new particle formation

from gaseous molecules to liquid particles was explored through the analysis of several

possible pathways represented with involved interactions. While interactions related

to water-soluble hydrocarbon are negligible in both nucleation and coagulation pro-

cesses, interactions between water-insoluble hydrocarbon clusters and H2SO4−H2O

clusters/droplets contribute the particle growth substantially.

Focusing on understanding the initial formation process of aircraft aerosols and

the role of hydrocarbon compounds, a set of simulations with the developed kinetic

microphysical model was conducted to 1 km downstream along plume centerline as-

suming organic-rich, near-field aircraft emissions at a low operating power setting.

The simulation results demonstrate that low volatile hydrocarbons play an important

role in the formation of aviation aerosols with interactions with both H2SO4−H2O

aerosols and soot particles. Water-insoluble hydrocarbons contribute to the growth of

aerosols while inducing competition with the uptake of water-soluble species. Light

and volatile water-soluble hydrocarbons contribute to the uptake of water and sul-

furic acid indirectly by increasing hydrophilic soot surface coverage. For both ho-

mogeneous liquid particles and solid soot particles, smaller particles tend to contain

more hydrophobic organic fractions. Understanding of hydrocarbon interactions with

the aerosols formation in aircraft emissions is important to estimate properties of

aerosols, especially in small size.

Parametric studies provide a comprehensive evaluation of the sensitivity of the

aerosol evolution to ambient conditions and modeling parameters including initial

exhaust properties, properties of organic compounds, and properties of the soot sur-

face. The size of soot particles is also an important factor to determine the particle

growth and composition. Competition between hydrophilic and hydrophobic species

is closely related to the contributions of some modeling parameters on the particle

growth depending on the size of soot particles. Parameters directly affecting con-

densation of water-insoluble hydrocarbons have a strong effect on the soot particle

growth regardless of the particle size. Soot particle growth is most sensitive to the
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initial concentrations and dry accommodation coefficients of hydrocarbons while nu-

cleation of homogeneous aerosols is sensitive to the ambient conditions. Competition

between microphysical modes is also important to the evolution of aircraft emitted

volatile particles in addition to competition between species. This thesis work con-

cludes that both water-insoluble and water-soluble hydrocarbons contribute to the

growth of homogenous liquid particles and soot particles under the near-field aircraft

plume conditions of our interest.

6.2 Future Work

Further extension of the aerosol model in this work could be explored in future work.

One important area of future research would be to diversify the hydrocarbon sur-

rogates to more realistically represent engine exhaust extending to other hydrocarbon

species in aircraft emissions such as alkane and fatty acid compounds [29] as well as

modeling surrogates of different types of fuels [71, 72]. Measurement results suggest

the presence of lubricating oil from aircraft engines, and low volatile lubricating oil

fragments composed with saturated long-chained hydrocarbons can contribute to the

PM emissions [73]. Future work would involve incorporating lubricating oil as vapor

or droplets to the current system with gaseous species and solid particles. Lubri-

cating oil drops would change soot surface properties as well as serving as nuclei for

hydrocarbon nucleation.

Considering the negative effect of hydrophobic films of hydrocarbons on the hy-

groscopic growth of H2SO4−H2O aerosols would be desirable since organic films may

change the chemical and physical properties of aerosols. Several observations dis-

cussed that organic films can retard water condensation or evaporation while enhanc-

ing uptake of PAHs [74, 75]. Modeling the impeded water uptake of aqueous nuclei

cores due to organic films will be helpful to understand aging of aerosols expected

to have thick hydrophobic films. Some properties of organic films, such as thickness

or molecular structure of organic compounds, are closely related to the retardation

effect [68]. Also, another aspect of future work is to investigate soot aggregate in the
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presence of thick liquid coating.

While the model developed in this thesis focused on the aerosol formation above

the freezing point assuming near-field emission conditions, it is an interesting research

area to study the evolution of aircraft emission undergoing ice nucleation as forming

contrails. Future modeling work could extend the model to incorporate hydrocarbon

species into the ice nucleation model. Understanding the role of hydrocarbons in ice

nucleation will provide a better understanding of contrail formation.

Validating highly sensitive parameters such as accommodation coefficients with

measurement data will be required also. Parametric studies in this thesis suggest

that some hydrocarbon properties need to be assessed more accurately to eliminate

large uncertainty. Dry or wet accommodation coefficients may need to be measured

separately by controlling gaseous concentrations and the soot particle size. It will

require designing the experimental conditions carefully to control competition be-

tween homogenous liquid aerosols and soot coatings. Model predictions with refined

parameters from laboratory measurements will help to understand the parametric re-

lationship between hydrocarbon properties, exhaust properties, ambient conditions,

and aerosol composition and provide a better initial guess for organic fractions and

particle distribution of aerosols along aircraft plume.
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Appendix A

Activation of Curved Surfaces by

Condensation

This section describes relationship between the rate of change of condensation mass

and the rate of change of surface coverage (Θ). Figure A-1 shows an illustration of a

liquid drop on the partially wettable solid surface. Surface area covered by a spherical

cap shaped droplet can be expressed with corresponding geometric variable shown in

Figure A-1 as:

Θ =
Ω

4π
=

1 − cos θact
2

(A.1)

where Ω is the solid angle of a cone with apex 2θact.

Volume of the liquid drop (marked as blue color) can be calculated from the dif-

ference between the volume of the spherical cap with radius Rd (VA+B, blue+orange)

and the volume of the spherical cap with radius Rs (VB, orange):

V =VA+B − VB

=
π

3
[Rd (1 + cos θcntr)]

2 [3Rd −Rd (1 + cos θcntr)]

− π

3
[Rs (1 − cos θact)]

2 [3Rs −Rs (1 − cos θact)]

=
π

3
R3

d (1 + cos θcntr)
2 (2 − cos θcntr) −

4π

3
R3

sΘ
2 (3 − 2Θ)

(A.2)

where Rd is the radius of the liquid drop, Rs is the radius of solid particle, and θcntr
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Figure A-1: Geometry for surface wetting

is the angle at the center of the droplet for the half arc corresponding to the opposite

spherical sector of the droplet, θact is the angle at the center of the particle for the

half arc corresponding to the spherical sector covered by the droplet.

Differentiating Equation (A.2) with respect to time,

dV

dt
=
π

3

[
3R2

d

dRd

dt
(1 + cos θcntr)

2 (2 − cos θcntr)

+ 2R3
d (1 + cos θcntr) (− sin θcntr)

dθcntr
dt

(2 − cos θcntr)

+R3
d (1 + cos θcntr)

2 sin θcntr
dθcntr
dt

]
− π

3
R3

s

[
8Θ (3 − 2Θ) − 8Θ2

] dΘ

dt

(A.3)

With a constant contact angle, θact, θcntr, Rd, and their derivatives can be ex-

pressed in terms of θcont, Θ:

cos θact = 1 − 2Θ

dθact
dt

=
2

sin θact

dΘ

dt

(A.4)

θcntr = π − θact − θcont

dθcntr
dt

= −dθact
dt

= − 2

sin θact

dΘ

dt

(A.5)
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Rd =
Rs sin θact
sin θcntr

dRd

dt
= 2Rs

sin θcont
sin θact sin2 θcntr

dΘ

dt

(A.6)

Rearranged Equation (A.3) gives a relationship between the rate of change of

liquid droplet volume and the rate of change of surface coverage in terms of Rs, Θ,

and θcont:

dV

dt
=
π

3

[
6R3

s

sin θact sin θcont
sin4 θcntr

(1 + cos θcntr)
2 (2 − cos θcntr)

+4R3
s

sin2 θact
sin2

cntr

(1 + cos θcntr) (2 − cos θcntr) − 2R3
s

sin2 θact
sin2 θcntr

(1 + cos θcntr)
2

]
dΘ

dt

− 24

3
πR3

s

(
Θ − Θ2

) dΘ

dt

=f (Rs,Θ, θcont)
dΘ

dt
(A.7)

Finally, the rate of change of surface coverage by the rate of change of condensa-

tional mass can be given as:

dΘ

dt
=

1

f (Rs,Θ, θcont)

dV

dt
=

1

f (Rs,Θ, θcont)

1

ρ

dm

dt
(A.8)

dΘ

dt

∣∣∣∣
cond

= F (Rs,Θ, θcont, ρ)
dm

dt

∣∣∣∣
cond

(A.9)
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Appendix B

Summary for the Role of

Hydrocarbons in the Evolution of

Aircraft Aerosols

This section provides a summary of key points for the role of hydrocarbons in the

initial formation of aircraft emitted aerosols.

In soot microphysics,

• Hydrophobic soot surfaces need to be activated as hydrophilic for condensa-

tion of water-soluble species, where sulfuric acid and water-soluble organics can

increase the hydrophilic fraction of soot surfaces.

• Hydrophobic soot surfaces need to be activated as hydrophobic for condensation

of water-insoluble species by water-insoluble organics.

• Condensation contributes to the particle growth and increases the surface cov-

erage as well.

• Small particles reach surface saturation faster and grow faster because of en-

hanced surface activation by condensation.

• Small soot particles are more hydrophobic because condensation of water-insoluble

hydrocarbons increases the hydrophobic surface fraction while limiting hydrophilic
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surface activation.

• In the soot coatings, water-soluble hydrocarbons appear in the young plume

where the adsorption process is dominating and activate the soot surface as hy-

drophilic. Water-insoluble hydrocarbons contribute to the soot particle growth

by both condensation and hydrophobic activation of the soot surface.

For the new particle formation,

• H2SO4−H2O nucleation determines the formation of homogeneous liquid par-

ticles, while hydrocarbon nucleation is not a favorable pathway to form larger

homogeneous particles.

• Coagulation between water-insoluble hydrocarbons and H2SO4−H2O droplets

is important to the homogeneous particle growth, while both nucleation and

coagulation of water-soluble hydrocarbon are insignificant.

• For homogeneous particles, smaller liquid particles tend to be more organic-rich

and hydrophobic.

In summary,

• Low volatility water-insoluble hydrocarbons contribute to the particle growth

by condensation on both soot particles and liquid aerosols while inducing com-

petition with water-soluble species.

• Light volatile water-soluble hydrocarbons remain in the vapor phase mostly,

but they contribute to the enhanced uptake of water and sulfuric acid on soot

particles by increasing hydrophilic surface activation.
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[14] B. Kärcher and F. Yu, “Role of aircraft soot emissions in contrail formation,”
Geophys. Res. Lett, vol. 36, Jan 2009.

[15] H.-W. Wong and R. Miake-Lye, “Parametric studies of contrail ice particle forma-
tion in jet regime using microphysical parcel modeling,” Atmospheric Chemistry
and Physics, vol. 10, pp. 3261–3272, 2010.

[16] B. Koo, A. Ansari, and S. Pandis, “Integrated approaches to modeling the or-
ganic and inorganic atmospheric aerosol components,” Atmospheric Environ-
ment, vol. 37, pp. 4757–4768, Jan 2003.

[17] Y. Ming and L. Russell, “Organic aerosol effects on fog droplet spectra,” J.
Geophys. Res, vol. 109, Jan 2004.

[18] D. Topping, G. McFiggans, and H. Coe, “A curved multi-component aerosol
hygroscopicity model framework: Part 2–including organic compounds,” Atmo-
spheric Chemistry and Physics, vol. 5, pp. 1223–1242, Jan 2005.

[19] K. Adachi and P. Buseck, “Internally mixed soot, sulfates, and organic matter in
aerosol particles from mexico city,” Atmospheric Chemistry and Physics, vol. 8,
pp. 6469–6481, Jan 2008.

[20] A. Petzold, M. Gysel, X. Vancassel, R. Hitzenberger, H. Puxbaum, S. Vrochticky,
E. Weingartner, U. Baltensperger, and P. Mirabel, “On the effects of organic
matter and sulphur-containing compounds on the ccn activation of combustion
particles,” Atmospheric Chemistry and Physics, vol. 5, pp. 3187–3203, Jan 2005.

[21] B. Svenningsson, J. Rissler, E. Swietlicki, M. Mircea, M. Bilde, M. Facchini,
S. Decesari, S. Fuzzi, J. Zhou, J. Monster, and T. Rosenorn, “Hygroscopic
growth and critical supersaturations for mixed aerosol particles of inorganic
and organic compounds of atmospheric relevance,” Atmospheric Chemistry and
Physics, vol. 6, pp. 1937–1952, Jan 2006.

110



[22] H. Du and F. Yu, “Nanoparticle formation in the exhaust of vehicles running on
ultra-low sulfur fuel,” Atmospheric Chemistry and Physics, vol. 8, pp. 4729–4739,
Jan 2008.

[23] J. Odum, T. Jungkamp, R. Griffin, H. Forstner, R. Flagan, and J. Seinfeld,
“Aromatics, reformulated gasoline, and atmospheric organic aerosol formation,”
Environ Sci Technol, vol. 31, pp. 1890–1897, Jan 1997.

[24] M. Kulmala, V. Kerminen, T. Anttila, A. Laaksonen, and C. D. O’Dowd,
“Organic aerosol formation via sulphate cluster activation,” J. Geophys. Res,
vol. 109, Jan 2004.

[25] M. Jacobson, “Analysis of aerosol interactions with numerical techniques for
solving coagulation, nucleation, condensation, dissolution, and reversible chem-
istry among multiple size distributions,” Journal of Geophysical Research-
Atmospheres, vol. 107, p. 4366, Jan 2002.

[26] B. J. Turpin, P. Saxena, and E. Andrews, “Measuring and simulating particu-
late organics in the atmosphere: problems and prospects,” Atmospheric Envi-
ronment, vol. 34, pp. 2983–3013, 2000.

[27] H.-W. Wong, P. E. Yelvington, M. T. Timko, T. B. Onasch, R. C. Miake-Lye,
J. Zhang, and I. A. Waitz, “Microphysical modeling of ground-level aircraft-
emitted aerosol formation: Roles of sulfur-containing species,” Journal of Propul-
sion and Power, vol. 24, pp. 590–602, Jan 2008.

[28] P. E. Yelvington, S. C. Herndon, J. C. Wormhoudt, J. T. Jayne, R. C. Miake-Lye,
W. B. Knighton, and C. Wey, “Chemical speciation of hydrocarbon emissions
from a commercial aircraft engine,” Journal of Propulsion and Power, vol. 23,
pp. 912–918, Jan 2007.

[29] W. B. Knighton, T. M. Rogers, B. E. Anderson, S. C. Herndon, P. E. Yelvington,
and R. C. Miake-Lye, “Quantification of aircraft engine hydrocarbon emissions
using proton transfer reaction mass spectrometry,” Journal of Propulsion and
Power, vol. 23, pp. 949–958, Jan 2007.

[30] A. L. Robinson, N. M. Donahue, M. K. Shrivastava, E. A. Weitkamp, A. M. Sage,
A. P. Grieshop, T. E. Lane, J. R. Pierce, and S. N. Pandis, “Rethinking organic
aerosols: semivolatile emissions and photochemical aging,” Science, vol. 315,
pp. 1259–62, Mar 2007.

[31] N. Donahue, A. Robinson, C. Stanier, and S. Pandis, “Coupled partitioning, di-
lution, and chemical aging of semivolatile organics,” Environ Sci Technol, vol. 40,
pp. 02635–2643, Jan 2006.

[32] U.S.EPA, “Estimation programs interface suiteTMfor microsoft R©windows, v
4.00,” United States Environmental Protection Agency, Washington, DC, USA,
2009.

111



[33] Y. Nannoolal, J. Rarey, and D. Ramjugernath, “Estimation of pure component
properties part 1. estimation of the normal boiling point of non-electrolyte or-
ganic compounds via group contributions and group interactions,” Fluid Phase
Equilibria, vol. 226, pp. 45–63, Jan 2004.

[34] Y. Nannoolal, J. Rarey, and D. Ramjugernath, “Estimation of pure component
properties part 2. estimation of critical property data by group contribution,”
Fluid Phase Equilibria, vol. 252, pp. 1–27, Jan 2007.

[35] S. Clegg and J. Seinfeld, “Thermodynamic models of aqueous solutions con-
taining inorganic electrolytes and dicarboxylic acids at 298.15 k. 1. the acids as
nondissociating components,” J. Phys. Chem. A, vol. 110, pp. 5692–5717, Jan
2006.

[36] B. Larsen, P. Rasmussen, and A. Fredenslund, “A modified unifac group-
contribution model for prediction of phase equilibria and heats of mixing,” In-
dustrial & engineering chemistry research, vol. 26, pp. 2274–2286, Jan 1987.

[37] D. Taleb, J. Ponche, and P. Mirabel, “Vapor pressures in the ternary system
water-nitric acid-sulfuric acid at low temperature: A reexamination,” Journal of
Geophysical Research-Atmospheres, vol. 101, no. D20, pp. 25967–25977, 1996.

[38] T. Jensen, A. Fredenslund, and P. Rasmussen, “Pure-component vapor pressures
using unifac group contribution,” Industrial & Engineering Chemistry Funda-
mentals, vol. 20, pp. 239–246, Jan 1981.

[39] W. Asher and J. Pankow, “Vapor pressure prediction for alkenoic and aromatic
organic compounds by a unifac-based group contribution method,” Atmospheric
Environment, vol. 40, pp. 3588–3600, Jan 2006.

[40] J. Pankow and W. Asher, “Simpol. 1: a simple group contribution method for
predicting vapor pressures and enthalpies of vaporization of multifunctional or-
ganic compounds,” Atmospheric Chemistry and Physics, vol. 8, pp. 2773–2796,
Jan 2008.

[41] Y. Nannoolal, J. Rarey, and D. Ramjugernath, “Estimation of pure component
properties part 3. estimation of the vapor pressure of non-electrolyte organic com-
pounds via group contributions and group interactions,” Fluid Phase Equilibria,
vol. 269, pp. 117–133, Jan 2008.

[42] P. C. Hiemenz and R. Rajagopalan, “Principles of colloid and surface chemistry,”
Marcel Dekker, Inc., Jan 1997.

[43] S. Brunauer, P. Emmett, and E. Teller, “Adsorption of gases in multimolecular
layers,” J Am Chem Soc, vol. 60, pp. 309–319, Jan 1938.

[44] T. HILL, “Theory of physical adsorption,” Advances in Catalysis and Related
Subjects, vol. 4, pp. 211–258, Jan 1952.

112



[45] H. Kohler, “The nucleus in and the growth of hygroscopic droplets,” T Faraday
Soc, vol. 32, pp. 1152–1161, Jan 1936.

[46] B. Henson, “An adsorption model of insoluble particle activation: Application
to black carbon,” J. Geophys. Res, vol. 112, Jan 2007.

[47] R. Sorjamaa and A. Laaksonen, “The effect of h2o adsorption on cloud drop ac-
tivation of insoluble particles: a theoretical framework,” Atmospheric Chemistry
and Physics, vol. 7, pp. 6175–6180, Jan 2007.

[48] O. Popovicheva, N. Persiantseva, N. K. Shonija, P. DeMott, K. Koehler, M. Pet-
ters, S. Kreidenweis, V. Tishkova, B. Demirdjian, and J. Suzanne, “Water in-
teraction with hydrophobic and hydrophilic soot particles,” Physical Chemistry
Chemical Physics, vol. 10, pp. 2332–2344, Jan 2008.
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