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1 Abstract 

1.1 Objectives 

 SERDP Project WP1625 was a multi-component effort to understand volatile 

contributions to particulate matter (PM) emitted from military aircraft engines.  Volatile PM, 

formed when condensable gases emitted in the exhaust form new particles or add coatings to 

emitted soot particles, is getting increasing attention due to potential environmental and health 

effects, and is coming under increasing regulatory control.  Military operations can be 

constrained if local air quality limits are exceeded. For both these environmental reasons and for 

the potential impact on aircraft signatures, an improved understanding is sought of volatile PM 

and the factors that control its formation and evolution. 

1.2 Technical Approach 

 WP1625 was structured such that there was an interplay between modeling efforts and 

several experimental measurement efforts. The project was divided into four components, one 

focused on modeling and three focused on experimental explorations. Modeling work focused on 

the development of an advanced particle evolution model considering microphysics involving 

soot, sulfur, water, and condensable hydrocarbons. Experimental work included a laboratory 

study on soot interaction with organic species, an oil emissions field study, and a combustor 

sector rig study of condensation on soot. Experimental and modeling efforts were integrated, 

with experiments providing key parameters needed for model simulations and with model 

simulations aiding in the interpretation of experimental results. Each of these four components is 

summarized in further detail below, with a Section of the report dedicated to each. 

1.3 Results 

An existing particle evolution model, which included soot and sulfur/water microphysics, 

has been extended to include hydrocarbon condensable species.  This is described in detail in 

Section 2.  The inclusion of a wide range of HC species and their capability to condense on soot 

surfaces has been successfully finalized and the participation of HCs in forming new, volatile 

particles in concert with sulfuric acid and water has also been completed.  The proposed 

upgrades to the microphysical code under this SERDP effort are now complete, and the upgraded 

code has been applied in analyzing measurement data and planning of experiments. 

 The extended microphysical model was used in helping to plan a series of laboratory 

studies.  A key finding of the experiments carried out in the first year was the need to include a 

thermal denuder to remove hydrocarbons from the soot surface and make soot more 

representative of military aircraft engine soot.  This was achieved and subsequent laboratory 

studies examined several key condensable HCs in a controlled environment, interacting with the 

now stripped combustion generated soot particles.  The promising results from that study are 

described in Section 3.  The coupling between the experimental data and experiment-model 

evaluation has been greatly improved and is also described here.  

 In parallel with the lab studies, measurements were performed on operating engines to 

understand the role that lubrication oil has in contributing volatile HCs to the particle phase.  

This work is described in Section 4.  The first measurements of their kind were performed in the 

program’s first year on the oil breather vent of several turbofans being operated at the 

manufacturing facility and at an 'endurance testing facility'.  These results clearly show that 
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nanometer size particles are being vented from engines, and that their composition is the lube oil 

used in the turbofan engine lubrication system.  This work has been published in the journal 

Environmental Science & Technology.  In the second year, additional oil emissions 

measurements were performed on turbofans being operated in endurance testing, in which 

improved determination of the sample dilution by O2 depletion allowed better quantification of 

the absolute emissions amounts. In addition, in the third year, a field study focusing on 

lubrication oil emissions from in-service commercial aircrafts was performed at Chicago 

Midway Airport (MDW) and O’Hare International Airport (ORD). Lubrication oil was identified 

in the organic particulate matter (PM) emissions from engine exhaust plumes. The contribution 

from lubrication oil to total PM organic ranges from 5% to 100%. The research paper about this 

study has also been accepted for publication in the journal, Environmental Science & 

Technology. 

1.4 Benefits 

 The major accomplishments for the project have resulted in significant advances in 

understanding and in state-of-the-art-modeling tools, which will be documented in archival 

journal publications (Publications on oil experiments have been accepted and published, 

modeling work publications are currently in preparation.) A summary of findings is presented in 

the following table. 
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Summary of Findings 
 

Sub-project  Results 

Modeling 

(Section 2) 

HC in soot coatings is strongly dependent on: 

� initial hydrocarbon concentration  

� mass accommodation coefficients  

Unary nucleation of hydrocarbon species is unfavorable  

� homogeneous particle nucleation driven by binary sulfuric 

acid-water nucleation  

� growth by condensation of hydrocarbon vapors 

Laboratory Study on Soot 

Interaction with Organic 

Species 

(Section 3) 

 

Uptake coefficients of a variety of VOCs by combustion soot were 

determined.  

� Naphthalene and its derivatives 

� Phenol 

� Water-soluble alcohols 

Condensational particle growth was not observed for species with 

vapor pressure below saturation limit 

Coating growth rates were relatively insensitive to temperature (over 

the tested range) 

A correlation between uptake coefficient and aqueous solubility was 

established 

Residence time and VOC concentration controlled coating growth rate 

Modeling simulations capture same trends for condensational growth 

of dicarboxylic acids on soot as observed in lab 

Oil Emissions Field 

Study (Section 4) 

Oil from aircraft deoiling system is an important emission that is 

independent of combustion process.   

Oil contributes to semi-volatile hydrocarbon PM mass 

     � thermally and chemically stable 

     � made up of pentaerythritol esters 

Results published in Environmental Science and Technology 

Condensation on Soot 

from a Combustor Sector 

Rig 

(Section 5) 

Influence of dilution and sampling conditions on volatile and non-

volatile soot composition was investigated using experimental and 

numerical techniques. Results revealed that: 

� Dilution temperature and ratio have little impact on soot 

emissions measurements in mass and number, while sampling 

line diameter does change the measurement slightly 

� Volatile composition of soot, especially sulfate, is very 

sensitive to dilution temperature. Cold dilution promotes 

condensation 

� The condensation of organic species increases with higher soot 

loading while the sulfates are not significantly affected 

� Microphysical modeling provides physical insights for 

understanding the observed phenomena 
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2 Gas to Particle Microphysical Evolution Model 

2.1 Introduction 

The hydrophilicity, composition, and size of atmospheric fine particles are critical to 

understanding their potential environmental, climate, and health impacts. It is believed that 

particle hydrophilicity is important for cloud formation (Kanakidou et al., 2005) and particle 

chemical composition affects particle radiative forcing properties (Schwarz et al., 2008). Both 

particle chemical composition and size were also found to determine their health impact (Seaton 

et al., 1995; Pope and Dockery, 2006). Aircraft emitted particulate matter (PM) in the 

atmosphere generally consists of liquid coated soot particles and homogeneous liquid droplets. 

The volatile (liquid) components of these particles mainly consist of sulfuric acid and 

condensable organic species. The role of sulfuric acid in the formation and atmospheric 

evolution of aviation PM has been widely studied (Kärcher, 1998; Wong et al., 2008; Kärcher 

and Yu, 2009). However, the effects of organic emissions on aviation PM formation and 

evolution is less understood, even though recent field measurements suggested that they are the 

most dominant components at low thrust settings due to incomplete combustion (Petzold et al., 

2005; Knighton et al., 2007; Yelvington et al., 2007; Onasch et al., 2009; Timko et al., 2010a; 

Timko et al., 2010b). Clearly, novel experimental and modeling approaches elucidating the role 

of organic emissions in the atmospheric evolution of hydrophilicity, composition, and size of 

aircraft emitted aerosols are needed to advance our understanding of the effects of aviation PM 

emissions on environment and human health. 

Since a wide variety of organic species are emitted from aircraft engines, it is very 

challenging to perform experiments to systematically characterize size-resolved composition of 

aviation PM emissions. Existing aerosol dynamics modeling tools (Odum et al., 1997; Kulmala 

et al., 2004) also do not track the detailed interactions between organic vapors and solid soot 

particles and hydrophilicity of solid soot surfaces. This section presents the development of a 

detailed kinetic microphysical model that describes the detailed, multi-component interactions 

between organic vapors and soot particles emitted from aircraft gas turbine engines. A list of 

surrogate organic species was selected based on their vapor pressure values. Approaches to 

estimate chemical and physical properties of the particles containing mixtures of sulfuric acid, 

water, and these surrogate species are presented. Results for parametric sensitivity studies on 

ambient conditions, engine operating parameters, and engine emissions performance are 

discussed. 

 

2.2 Model Development 

The detailed microphysical model developed in this work is based on our previous 

approach of simulating atmospheric evolution of aircraft-emitted particles. Our previous model 

includes formation of new liquid droplets via homogeneous nucleation and volatile soot coatings 

via gaseous condensation (Wong et al., 2008; Wong and Miake-Lye, 2010; Wong et al., 2011). 

Microphysical processes involving organic emissions, however, were not considered. The 

subsequent model discussion is divided into two main sections: The first section describes our 

work to extend our existing knowledge of particle microphysics to incorporate condensation of 

organic emissions on aircraft emitted soot particles. This is followed by a discussion of updates 
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to modeling microphysical processes of new droplet formation via homogeneous nucleation 

involving organic vapors. 

2.3 Soot Microphysics 

2.3.1 Updates to Soot Microphysics Modeling 

2.3.1.1 Activation of Soot Surfaces 

It is generally believed that freshly emitted soot particles from gas turbine engines are 

completely bare and initially hydrophobic. Activation of soot surfaces is prerequisite for 

subsequent vapor condensation on soot. In our model, soot surfaces are assumed to be activated 

by sulfuric acid or water-soluble organic species to become aqueous or by water-insoluble 

organic species to become non-aqueous. Water is not considered in this activation process 

because direct adsorption of water on hydrophobic soot surfaces is believed to be very 

unfavorable. In addition to gaseous adsorption on soot, activation by collisions of nucleated 

liquid droplets on soot surfaces is also considered. This process, termed “scavenging”, is 

modeled with Brownian coagulation between scavenged liquid droplets and soot particles. In 

summary, the activation of soot particles in the i
th

 size bin is described in the model by: 
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where Θaq,i and Θnon-aq,i are the activated aqueous and non-aqueous fractions of a soot surface, 

S,dα and 
j,d Oα are the mass accommodation coefficients for the adsorption of gaseous sulfuric 

acid and organic species j on soot (referred to as dry accommodation coefficients), which 

describe the sticking probabilities of vapor molecules on a bare soot surface, Sc  and 
j

cO  are the 

mean thermal speed for the vapor phase sulfuric acid and organic species j, SC , 
3SOC , and 

j
CO  

are the concentrations of the vapor phase sulfuric acid, SO3, and organic species j, NA is the 

Avogadro's number, σ0 is the number of available adsorption sites per unit surface area on soot 

(which was set at 5×10
18

 m
-2

), Bijk is the Brownian coagulation kernel between liquid droplets of 

species j in the k
th

 size bin (with a diameter of dk,j) and soot particles in the i
th

 size bin (with a 
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diameter of ds,i), and nk,j is the number density of liquid droplets of species j in the k
th

 size bin. 

Note that in this equation, j is the species index and ‘a’, ‘ws’, and ‘ins’ in the summation terms 

stand for sulfuric acid, water-soluble, and water-insoluble organic species.  
Derived from Equation 2.1, the mass of sulfuric acid ( i,mS

) and organic species j (
i,jmO ) on soot 

particles in the i
th

 size bin due to activation and scavenging is calculated by: 
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where 
SM , 

3SOM , and 
j

M O
 are the molecular weights of sulfuric acid, SO3, and organic species 

j, and 
k,

M
S

 and 
k,j

MO  are the molecular weights of homogeneous liquid droplets of sulfuric acid-

water and organic species j in the k
th

 size bin, respectively. 

2.3.1.2 Condensation Growth of Organic Vapors 

In our model, condensation of volatile vapors can only occur on the activated parts of the 

soot surfaces. Our model also assumes that water-soluble species cannot condense on the 

hydrophobic part of the surface activated by water-insoluble organics, and vice versa. The total 

mass of sulfuric acid, water ( i,m
W

), and organic species j on soot particles in the i
th

 size bin due 

to condensation is calculated by: 
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where 
WM  is the molecular weight of water, DS, DW, and DOj are the diffusivities of the vapor 

phase sulfuric acid, water, and organic species j in air, PS, PW, and POj are the vapor pressure of 

sulfuric acid, water, and organic species j, sat
PS , sat

Pw , and sat

j
PO are the saturation vapor pressure 

of sulfuric acid, water, and organic species j, κi is the Kelvin factor of the soot particles in the i
th

 

size bin, aS, aW, and aOj are the activity coefficients of sulfuric acid, water, and organic species j 

in the soot coating liquid mixtures, and ,iGS , ,iGW , and ,ij
GO  are the correction factors for 

condensation of each species on soot particles in the i
th

 size bin, calculated by (Pruppacher and 

Klett, 1997; Seinfeld and Pandis, 1998): 
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where λ is the molecular mean free path in air, and j,wα is the mass accommodation coefficient 

for the condensation of species j on soot (referred to as wet accommodation coefficients), which 

describes the sticking probability of a vapor molecule on the activation fraction of a soot surface. 

As described in the equations above, the rate of activation of soot surfaces is proportional 

to the values of dry accommodation coefficients (i.e., S,dα  and 
j,d Oα ), and the rate of 

condensation of volatile vapors on soot increases with larger wet accommodation coefficients 

(i.e., S,wα  and 
j,w Oα ). For sulfuric acid and SO3, the dry accommodation coefficient was set to 

0.018 and the wet accommodation coefficient was set to unity based on our previous study 

(Wong et al., 2008). For surrogate organic species, values of dry and wet accommodation 

coefficients are not typically available in the literature. As a result, a sensitivity study of our 

modeling results to these coefficients was performed in this work (discussed in Section 2.3.4.4). 

Experimental efforts to determine the values of dry and wet accommodation coefficients for 

selected organic surrogate species are described in Section 3.  

In our previous model treatment, the water-soluble and water-insoluble surface coverage 

would only increase due to surface activation and would not change because of vapor 

condensation on soot. This treatment may lead to unrealistic liquid layers piled up on an 

activated soot surface. In this present study, we revised our model treatment by assuming that the 

contact angle of a coated soot particle remains constant and vapor condensation on soot can 
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cause changes in the soot surface coverage. Using the geometry of a cap-shaped droplet on a 

partially activated surface, rate of change of soot surface coverage (Θ) can be related to rate of 

change of condensation mass (m) on soot surfaces, as described in Equation 2.5, where a 

proportionality function ( )c,idθf ,,Θ, contρ  containing surface coverage (Θ), density of the 

condensed liquid (ρ), the contact angle (θcont), and the core soot diameter (dc,i) can be derived: 

( )c,idθf
dt

dm

dt

d
,,Θ,

Θ
cont

oncondensationcondensati

ρ⋅=      [2.5] 

The derivation of ( )c,idθf ,,Θ, contρ  is outlined below. 

Consider an idealized geometry of a droplet (blue) condensed on soot surface (grey) 

illustrated in Figure 2.1.  

 

Figure 2.1 Idealized geometry of a droplet condensed on soot surface. 

 

First, surface area fraction (Θ) covered by a spherical cap-shaped droplet can be expressed 

with half of the apex angle (θact) of the corresponding cone as: 
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 [2.6] 

oncondensationcondensati 2

Θ

dt

dsin

dt

d actact θθ
=  [2.7] 

The volume of the liquid droplet (VA) can be calculated from the geometry arguments as: 
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where Rd is the radius of curvature of the liquid droplet, and Rs is the radius of soot core. 

Combining Equation 2.8 with Equation 2.6 yields: 

( ) ( ) ( ) ( )[ ]contcontcontcontsA ,f,f,f,fRV θθθθ ΘΘΘΘ
3

π
  4321

3

+⋅⋅=     [2.9] 
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Differentiating Equation 2.9 with respect to time and rearranging the equation yields: 
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where ( ) 4321321321Θ ffffffffff,f contn
′+′⋅⋅+⋅′⋅+⋅⋅′=θ .  

Therefore, ( )c,idθf ,,Θ, contρ  in Equation 2.5 can be expressed as: 

 ( )
( ) ( )contnc,icontns

c,i
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Typical contact angles of water on soot surfaces are reported in the range of 60°−80° 

(Persiantseva et al., 2004), and contact angle of H2SO4-H2O droplets was measured as 64±2° on 

regular graphite surfaces and 55±2° on OH-treated graphite surfaces (Kärcher et al., 1996). In 

this work, a contact angle of 60° was used for vapor condensation on aviation soot particles. 

 

2.3.2 Organic Surrogate Species 

Since a wide variety of organic species are emitted from aircraft gas turbine engines, it is 

impractical to include every single organic species emitted into our model simulations. Recent 

field measurements identified organic emissions as large as methylnaphthalene in the gas phase 

at idle (Knighton et al., 2007; Yelvington et al., 2007). Heavier, less volatile organic species that 

can be partitioning into the aerosol phase, however, were not easily identified due to their low 

concentration in the gas phase. In this work, we selected several organic surrogate species to 

efficiently simulate interactions of volatile organics and aircraft emitted soot particles. Our 

selection of organic surrogates was based on the saturation vapor pressure in the typical range of 

organic saturation concentrations at room temperature between 0.01 and 10
6
 µg/m

3
. To be in line 

with the uniform basis set of saturation vapor pressure framework (Donahue et al., 2006; 

Robinson et al., 2007), we selected one water insoluble species for every two saturation 

concentration bins in this range, except for the most volatile bin where two species, one water 

soluble and one water insoluble, were selected. Surrogate species in the low volatility bins were 

assumed to be water insoluble because typical organic species directly emitted from aircraft 

engines in this volatility range are not oxygenated enough to be considered as water soluble. A 

list of organic surrogate species selected for our modeling work is provided in Table 2.1. 
Table 2.1 Organic surrogate species selected in this work 

Surrogate species Saturation vapor pressure at 300
o
C, C* (µg/m

3
) C* bin (µg/m

3
) 

Pentanoic acid (C5H10O2) 1.552 × 10
6
 10

6
 

Naphthalene (C10H8) 1.845 × 10
6
 10

6
 

Anthracene (C14H10) 1.469 × 10
4
 10

4
 

Pyrene (C16H10) 3.226 × 10
2
 10

2
 

Perylene (C20H12) 8.018 × 10
-1

 10
0
 

Anthanthrene (C22H12) 2.164 × 10
-2

 10
-2

 

 

2.3.3 Properties of Liquid Organic Mixtures 

To include these organic surrogate species in our microphysical model, approaches of 

estimating species’ physical and thermodynamical properties were implemented into the model. 

Boiling points and critical properties (i.e. critical temperature, pressure, volume, and 

compressibility factor) of the pure organic surrogate species are necessary for this estimation. In 

this work, experimentally measured boiling points and critical properties are used if they are 

available. The group contribution method by Nannoolal et al. (Nannoolal et al., 2004; Nannoolal 
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et al., 2007) was used otherwise. The density of a liquid mixture of sulfuric acid, water, and 

water-soluble organics or a liquid mixture of water-insoluble organics was estimated by the 

Rackett equation with the Li mixing rule (Poling et al., 2001). The empirical relationship 

developed by Brock and Bird was used to calculate surface tension of a pure organic surrogate 

species (Poling et al., 2001). Surface tension of a liquid soot coating was assumed to be the 

molar averaged surface tension of all the species in the mixture. The activity coefficients of 

sulfuric acid, water, and organic surrogates in a liquid mixture were estimated using the model 

developed by Clegg and Seinfeld (Clegg and Seinfeld, 2006), which calculates activity 

coefficients by dividing the liquid mixtures into three independent components (aqueous sulfuric 

acid solution, aqueous organic solution, and non-aqueous organic solution), with the assumption 

that the interactions between sulfuric acid and water-soluble organic species in the aqueous 

mixture are negligible. The modified UNIversal Functional Activity Coefficient (UNIFAC) 

group contribution model (Larsen et al., 1987) was used for calculating activity coefficients of 

organic species in aqueous and non-aqueous organic solutions, and the empirical relationship 

developed by Taleb et al. (Taleb et al., 1996) was used for calculating activity coefficients of 

sulfuric acid and water in an aqueous sulfuric acid solution. Finally, experimental saturation 

vapor pressure of an organic surrogate species expressed as the Antoine Equation was used if 

available. For heavier organic species without experimental saturation vapor pressure, the group 

contribution method developed by Nannoolal et al. (Nannoolal et al., 2008) for estimating vapor 

pressure of organic species was used due to its good agreements with measurement data for both 

water-soluble and water-insoluble organic species over a wide range of temperatures, compared 

to other group contribution methods (Jensen et al., 1981; Asher and Pankow, 2006; Pankow and 

Asher, 2008).  

 

2.3.4 Results and Discussion 

To apply our model to understand the growth of liquid soot coatings in aircraft exhaust 

plumes in the presence of organic emissions, we selected to simulate the CFM56-2C1 engine 

studied in the Aircraft Particle Emissions eXperiment (APEX) at idle (7%) power (Wey et al., 

2007). Soot emissions at the engine exit plane were set to the measurement values during APEX, 

which assumes a log-normal distribution with a geometric mean diameter of 16 nm, a total 

concentration of 8.5×10
6
 cm

-3
, and a standard deviation of 1.3. A total of 8 log-normally 

distributed bins between 6 nm to 80 nm in diameter were used to simulate this soot particle size 

distribution. 

In our simulations, the ambient temperature was varied in between 275 and 285 K. The 

ambient relative humidity was varied in between 40 and 80%. The total concentration of organic 

emissions at the engine exit plane was varied in between 200 and 600 ppb. To merely study soot 

microphysics, binary nucleation of sulfuric acid and water was not considered in the simulations. 

As discussed earlier, understanding of the exact amount of organic emissions and speciation 

distribution remains limited, and this range was set to be as the best guess according to 

experimental measurements (Yelvington et al., 2007). The sensitivity of soot growth to ambient 

temperature, ambient relative humidity levels, organic concentration at the engine exit plane, and 

mass accommodation coefficients used in the model was further investigated in the parametric 

study discussed in this section.  
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2.3.4.1 Representative Modeling Results 

To examine our model performance, a microphysical simulation following an exhaust 

centerline plume up to 1000 m downstream of a CFM56-2C1 engine operated at idle (7%) power 

was performed. In this simulation, the ambient temperature was set to 280 K, and ambient 

relative humidity was set to 60%. Total organic emissions at the engine exit plane were set at 400 

ppb, and molar fraction of each surrogate species was set to the distribution shown in Figure 2.2. 

The dry mass accommodation coefficients for sulfuric acid and organic species in Equations 2.1 

and 2.2 were set to 0.01, and the wet mass accommodation coefficients for sulfuric acid and 

organic species in Equation 2.4 were set to unity.  

 

 

Figure 2.2 Modeled molar fraction of organic emissions at the engine exit plane. 

Figure 2.3 shows the results from this simulation. The composition of soot coatings as a function 

of downstream distance from the engine is shown in Figure 2.3a in terms of mass fraction of 

each species. Our simulation predicted that soot coatings are organic-rich within the first 10 

meters downstream of the engine. Organic species with higher initial concentrations in the more 

volatile vapor pressure bins are the major components. This suggests that activation of soot 

surfaces via adsorption of volatile vapors dominates over the vapor condensation route in this 

region, since the exhaust plume is still warm and most species still have not reached the 

saturation limit to condense. Note that although pentanoic acid, naphthalene, and anthracene are 

responsible for more than half of the soot coating mass in this region, total soot coating mass is 

still very small (Figure 2.3d). As the plume cools in the atmosphere, less volatile species, such as 
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sulfuric acid, perylene, and anthanthrene begin to condense on soot surfaces and become the 

major components in soot coatings even though their initial concentrations are lower than the 

more volatile species. In summary, our simulation results suggest that activation of soot surfaces, 

whose rates are proportional to the species’ vapor phase concentrations, is more important 

immediately after the engine exit plane, whereas condensation of volatile vapors, whose rates are 

dependent on species’ saturation vapor pressure, is more important further downstream. 

Consequently, for sampling locations of more than 10 m downstream of an engine, soot coatings 

are likely to consist of sulfuric acid, water and emitted organic species with low volatility (with a 

C* lower than 1 µg/m
3
). 

The size of emitted soot particles at the engine exit plane also has an impact on the 

composition of soot coatings. Figure 2.3b shows predicted hydrophilic and hydrophobic soot 

surface coverage at 1000 m downstream of the engine as a function of initial soot (core) sizes. As 

illustrated in the figure, larger soot cores result in smaller overall surface coverage (i.e., larger 

empty surface fractions). This can be explained by Equation 2.5, where the quantity 

oncondensati

Θ

dt

d
is roughly inversely proportional to soot core diameter squared (because 

oncondensatidt

dm
is proportional to soot core diameter, as described in Equation 2.3, and 

( )c,idθf ,Θ, cont  is inversely proportional to soot core diameter cubed, as described in Equation 

2.11). Since sulfuric acid condenses earlier than any other species due to its low volatility 

(Figure 2.3a), the change in surface coverage starts with the hydrophilic fraction first. As a 

result, larger soot cores present more available soot surfaces for water insoluble organic species 

to condense on, causing soot surfaces to be more hydrophobic on larger soot particles at 1000 m 

downstream (Figure 2.3b). This difference in soot surface coverage also causes decreased 

sulfuric acid mass fraction (and consequently decreased acidity) and increased organic mass 

fraction with increasing soot particle core size at 1000 m downstream of the engine, as depicted 

in Figure 2.3c.  

The growth of soot coatings can be illustrated with size distributions, as shown in Figure 

2.3d. As depicted in the figure, the majority of the particle growth took place in between 100 to 

750 m downstream of the engine. This suggests that the exhaust plume in this region has 

sufficiently low temperature to facilitate condensation before plume dilution becomes more 

important further downstream, which favors evaporation.  The final mean diameter of soot 

particles reached about 30 nm at 1000 m downstream. This can be viewed as an upper bound of 

soot growth at this condition, since binary homogeneous nucleation of sulfuric acid and water 

was not considered in this simulation and a fraction of the soot coating mass is supposed to be in 

the homogeneous nucleation mode particles if this pathway is considered. 
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(c) 

 

 

 

 

 

 

 

 

 

(d) 

 

Figure 2.3 Representative modeling results following plume centerline trajectory up to 1000 m downstream: 

(a) soot coating composition as a function of downstream distance; (b) size-dependent surface coverage at 

1000 m downstream; (c) size-resolved composition of soot coatings at 1000 m downstream; (d) size evolution 

of soot particles. 

2.3.4.2 Effects of Ambient Conditions 

Ambient temperature and relative humidity levels were found to be important in PM 

formation microphysics in our previous modeling work when organic species were not included 
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(Wong et al., 2008). To examine the sensitivity of soot microphysics to ambient conditions in the 

presence of organic species, several model simulations were performed using the same 

assumptions described in Section 2.3.4.1 but with different ambient temperature or relative 

humidity levels. 

Our simulation results suggest that higher ambient temperature suppresses soot 

microphysics since smaller soot coatings and less organic mass on soot particles were predicted 

at 1000 m downstream of the engine, as depicted in Figure 2.4a; this effect arises from the 

temperature dependence of the species vapor pressures. This suppression is more marked for 

organic species than sulfuric acid, since organic to sulfuric acid mass ratio and organic mass 

fraction on soot both decrease with increasing ambient temperature, also illustrated in Figure 

2.4a. 

The effect of ambient relative humidity levels is more complex, as shown in Figure 2.4b. 

On one hand, higher relative humidity level slightly promotes the growth of soot coatings. This 

promotion is more marked for organic species than for sulfuric acid, since increased organic 

mass and organic to sulfuric acid mass ratio on soot particles were predicted at 1000 m 

downstream of the engine. However, organic mass fraction on soot decreases with increasing 

relative humidity levels. This suggests even more water condenses on the activated fraction of 

soot surfaces at higher ambient relative humidity levels, and most of the difference in soot 

particle size resulted from ambient relative humidity levels is due to condensation of ambient 

water vapors. 

Overall, our simulations considering organic soot microphysics give the same trend that 

lower ambient temperature and higher ambient relative humidity would promote the formation of 

soot coatings. It was also observed from our runs that organic species are more sensitive to 

ambient conditions than sulfuric acid. 
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2.3.4.3 Effects of Initial Organic Concentrations 

Since the exact amount of organic emissions and speciation distribution at the engine exit plane 

remains uncertain, a sensitivity study focusing on the effect of initial organic concentration will 

help determine uncertainties incurred in our simulations. Our first exercise was to vary total 

initial organic concentrations, between 200 to 600 ppb. As expected, higher organic emissions 

(i.e., higher initial organic concentration at the engine exit plane) resulted in larger soot coatings 

and more organic mass on soot at 1000 m downstream of the engine, as shown in Figure 2.5. The 

Figure 2.4 Effect of (a) ambient temperature and (b) ambient relative humidity levels on the soot properties 

at 1000 m downstream of the engine. 
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organic to sulfuric acid mass ratio and organic mass fraction on soot also increase linearly with 

increasing organic emissions. Compared to Figure 2.4b, however, the increase in soot particle 

size at higher initial organic concentrations is mostly due to condensation of semi-volatile 

organic vapors, as opposed to ambient water vapors. The distribution of organic emissions at the 

engine exit plane may also play a role. Besides the baseline distribution we studied in Figure 2.2, 

we examined four additional distributions of organic emissions at the engine exit plane, as shown 

in Figure 2.6. Compared to the baseline case in Figure 2.2, these distributions were either more 

water soluble (i.e., containing more pentanoic acid, Figure 2.6a), more water insoluble 

(containing less pentanoic acid, Figure 2.6b), more volatile (having more organics distributed in 

the higher C* bins, Figure 2.6c), or less volatile (having more organics distributed in the lower 

C* bins, Figure 2.6d). The total organic concentration, however, was set to be the same at 400 

ppb for all five distributions for comparison consistency. 

The predicted soot properties with different starting distributions of organic 

concentrations are shown in Figure 2.7. It can be clearly seen that volatility is the more critical 

factor affecting soot microphysics, and an initial concentration distribution with more organic 

molar fraction in the low volatility bins (i.e., Figure 2.6d) gives significantly thicker soot 

coatings (Figure 2.6a) and more condensed organic mass (Figure 2.7b). The composition of soot 

coatings at 1000 m downstream is also more organic rich, where the organic to sulfuric acid 

mass ratio in the coatings is about 1.5 (Figure 2.7c) and the mass fraction of soot coatings as 

organics exceeds 35% (Figure 2.7d). On the other hand, the effect of water solubility of the 

organic emissions at the engine exit plane is very minor. Our simulation results in Figure 2.7 

suggest that higher fraction of water insoluble organics in the first C* bin (i.e., Figure 2.6b) only 

slightly promotes organic condensation on soot (Figure 2.7b, Figure 2.7c, and Figure 2.7d), 

whereas the final soot particle size at 1000 m downstream remains similar for the three cases 

with varied water solubility (Figure 2.7a). In summary, our parametric study on initial organic 

concentration suggests that the amount of organics in the low volatility bins, with a C* value 

lower than 1 µg/m
3
, is the most determining factor affecting soot mode PM growth in near-field 

aircraft plumes. 

 

 

 

 

 

 

 

 

 

 Figure 2.5 Effect of initial organic concentration in the vapor phase on the soot properties at 1000 m 

downstream of the engine. 
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Figure 2.6 Additional distributions of organic concentrations at the engine exit plane selected for 

our parametric study for the effect of initial organic concentration. 
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Figure 2.7 Effect of organic distribution at the engine exit plane on the soot properties at 1000 m 

downstream of the engine. 
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2.3.4.4 Effects of Mass Accommodation Coefficients 

Mass accommodation coefficients used in our model play a critical role in determining 

rates of interactions between organic species and soot surfaces. Estimating the values of mass 

accommodation coefficients for the surrogate organic species, however, is a very challenging 

task since only limited information is available in the literature. Our model simulations used 

certain default values for mass accommodation coefficients, reflecting our best guesses based on 

literature data. To examine the sensitivity of our assumptions, a parametric study on the effect of 

mass accommodation coefficients was performed.  

Two different types of mass accommodation coefficients exist in our model formulation: 

“dry” mass accommodation coefficient that is responsible for the surface activation process 

(Equations 2.1 and 2.2), and “wet” mass accommodation coefficient that is responsible for the 

volatile vapor condensation process (Equations 2.3 and 2.4). Each mass accommodation 

coefficient type can also be applied to either water soluble or water insoluble organic species, 

making a total of four variations. In our parametric study, mass accommodation coefficients of 

different species with the same type was set to the same value and varied within a reasonable 

range to understand their potential effects. 

Figure 2.8 and Figure 2.9 depict predicted soot properties at 1000 m downstream of the 

engine when different values of mass accommodation coefficients were used in the model. As 

discussed earlier, the activation of soot surfaces by vapor molecules is directly affected by dry 

mass accommodation coefficients. Larger dry mass accommodation coefficients would result in 

more activated soot surfaces, allowing further vapor condensation. This explains why thicker 

soot coatings were predicted from our model when dry mass accommodation coefficients for 

both water soluble and water insoluble organic species were increased, as shown in Figure 2.8. 

The effect of dry accommodation coefficients on soot compositions, however, is different 

between water soluble and water insoluble organic species. Increased dry mass accommodation 

coefficients for water soluble species promotes more water soluble vapors, including sulfuric 

acid and water itself, to condense on soot surfaces, resulting decreases in organic to sulfuric acid 

mass ratio on soot, percentage of total organic on soot, and mass fraction of soot coatings as 

organics at 1000 m downstream of the engine (Figure 2.8a). For water insoluble organic species, 

increased dry accommodation coefficients causes an opposite effect, since condensation of water 

insoluble organic species is in turn promoted. This promotion, as shown in Figure 2.8b, appears 

to be most rapid in the region where dry mass accommodation coefficients are less than 0.1, and 

variation of dry mass accommodation coefficients for water insoluble organic species above this 

value will not have significant impact on soot properties at 1000 m downstream of the engine. 

Since our model only considers water soluble organic species in the most volatile bin 

(with a C* value of 10
6
 µg/m

3
), condensation of water soluble organic species is negligible in our 

model simulations. The effect of wet mass accommodation coefficients for water soluble organic 

species is therefore insignificant, as illustrated in Figure 2.8a. For water insoluble organic 

species, increased wet mass accommodation coefficients increases the condensation rates of 

organic vapors on soot surfaces. This results in thicker and more organic-rich soot coatings, as 

depicted in Figure 2.9b.  

In summary, our parametric study on mass accommodation coefficients suggests that 

increased dry mass accommodation coefficients for both water soluble and water insoluble 

organic species promotes growth of soot coatings. Larger dry mass accommodation coefficients 

for water soluble organic species favors condensation of other water soluble species, such as 

sulfuric acid and water itself, whereas larger dry mass accommodation coefficients for water 
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insoluble organic species favors condensation of water insoluble organic species and coatings to 

be more organic-rich. For wet mass accommodation coefficients, no significant effect was 

predicted for water soluble organic species since they are too volatile to condense. For water 

insoluble species, increased wet mass accommodation coefficients promotes condensation and 

increases soot coating size and organic mass on soot. Our calculation results were more sensitive 

to dry and wet mass accommodation coefficients for water insoluble organic species compared to 

those for water soluble organic species. 
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(b) 

 

 

 

 

 

 

 

 

Figure 2.8 Effect of dry mass accommodation coefficients for (a) water soluble organic species and (b) water 

insoluble organic species on the soot properties at 1000 m downstream of the engine. 
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2.3.5 Summary 

A detailed microphysical model previously developed to study PM evolution in near-field 

aircraft emitted plumes was extended to study soot microphysics in the presence of organic 

emissions. Our new formulation considers the activation and condensation processes of organic 

species, and several organic surrogate species mimicking organic emissions from modern gas 

turbine engines were selected for our modeling study. Methodologies were also developed for 

Figure 2.9 Effect of wet mass accommodation coefficients for (a) water soluble organic species and (b) water 

insoluble organic species on the soot properties at 1000 m downstream of the engine. 



 24

estimating chemical and physical properties of the aerosols containing complex mixtures of 

sulfuric acid, water, and various organic molecules. A parametric study on ambient conditions, 

organic emissions levels, and mass accommodation coefficient values was also performed to 

understand critical factors in volatile PM evolution in near-field aircraft emitted plumes. Our 

simulation results suggest the following key findings: 

• Activation of soot surfaces is more important immediately after the engine exit plane, 

whereas condensation of volatile vapors is more important further downstream. For 

sampling locations of more than 10 m downstream of an engine, soot coatings are likely 

to consist of sulfuric acid, water and emitted organic species with low volatility. 

• Sizes of soot cores have an effect on soot coating composition, and coatings on larger 

soot cores are more organic-rich with larger hydrophobic (water insoluble) surface 

coverage even though the overall fractional surface coverage (hydrophilic plus 

hydrophobic) is smaller. 

• At the conditions considered, the majority of soot coating growth takes place 100 to 750 

meters downstream of the engine. 

• Higher ambient temperature suppresses soot microphysics, and this suppression is more 

marked for organic species than sulfuric acid. 

• Higher ambient relative humidity promotes the growth of soot coatings, increasing the 

amount of emitted organic and ambient water condensation on soot particles. 

• For the effect of initial organic concentrations at the engine exit plane, our simulations 

suggest that the amount of organic emissions with a C* value lower than 1 µg/m
3
 is most 

critical to soot mode PM growth in near-field aircraft plumes. 

• For the effect of mass accommodation coefficients, our simulations suggest that increased 

dry mass accommodation coefficients for both water soluble and water insoluble organic 

species promote growth of soot coatings. For wet mass accommodation coefficients, no 

significant effect was predicted for water soluble organic species, whereas increased wet 

mass accommodation coefficients for water insoluble organic species promotes 

condensation that increases soot coating size and organic mass on soot. 

 

2.4 Liquid Particle Microphysics 

2.4.1 Introduction 

Previously, aerosol growth by activation and condensation was discussed, focusing on 

interaction with solid particles directly emitted from aircraft engine. There are also 

microphysical processes forming new liquid particles from gas, such as nucleation and 

coagulation. 

Nucleation processes are classified with the following four types in general (Seinfeld and Padnis, 

2006): 

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

While this identification of nucleation types includes heterogeneous nucleation processes, this 

work focuses on the homogeneous nucleation.  

Water is very unlikely to form nuclei by itself at typical ambient conditions or even at 

supersaturated condition. However, the existence of sulfuric acid can induce aqueous binary 

nucleation at a subsaturated conditions 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 larger growth rate. At the critical cluster 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 (Kulmala et al., 

2000, Seinfeld and Pandis, 2006, and Yu and Turco, 2001). A potential role of organic 

compounds in nucleation has also been studied (Kanakidou et al., 2005 and Zhang et al., 2004). 

However, incorporating more than one hydrocarbon species into a nucleation model is not a 

straightforward task 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 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 (for example, 

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

several nucleation models which can be easily extended to a multi-component model. 

 

2.4.2 Review of Nucleation Models 

2.4.2.1 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 (Yu 

2005, Yu 2007). 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 available water vapor. The QUN model can be simulated 

kinetically with the mass balance equations in Equation 2.12: 
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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
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     [2.13] 

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 na,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, and k is the Boltzmann constant. The kinetic QUN model shows 

better estimation than the classical binary nucleation model based on comparisons with 

experimental data. Additionally, the QUN model is applicable for conditions such as diluting 

engine exhaust where properties of gases change rapidly.  

2.4.2.2 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 (2009) 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 reduction of Gibbs free energy 

by the 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: 

γ i = βi−1 exp
∆Gi−1,i

kT
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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 (2001) suggested that in the embryos formed from multi-component 

nucleation, two main species will be dominant in concentration with the remining species being 

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

from binary nucleation: 1) the binary nucleation process with two dominant species, and 2) the 
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subsequent transformation process of minor species. The Gibbs free energy of the embryo 

formation can be calculated with the sum of the Gibbs free energy for the corresponding steps:  
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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 Henry’s law constant, vi is the molar 

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

embryo formation in the second step, and ∆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 Henry’s law with respect to the composition of 

binary major species:  

N i = Nw + Nsa( )
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K i

exp −2
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where radius of embryo, ri, can be replaced with the radius of embryo in the first step: 

re1 =
3me1

4πρe2
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         [2.17] 

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

can be calculated as:  

βe1 =
8πkBT m1 + me1( )
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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 only on concentration 

of the dominant species. 

Du and Yu’s 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 parameters are not available. 

While Gorbunov’s approach is more general and applicable to systems with more than three 

species, it is only applicable to a system controlled by two major species and limited to the 

equilibrium calculation of other insignificant species. In this work, Gorbunov’s approach was 

used to test multi-component nucleation among one of possible nucleation pathways for 

hydrocarbons in a sulfuric acid and water system. 
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2.4.3 Microphysical Model for Hydrocarbon in Nucleation Process 

This section provides the modeling approach of hydrocarbon nucleation applicable 

according 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 nucleation, binary hydrocarbon and water 

nucleation as well as separate unary nucleation. Clusters formed via nucleation can subsequently 

grow to larger particles via coagulation with other aqueous clusters or hydrocarbon clusters. 

Coagulation is described in Section 2.4.4 in detail. 

2.4.3.1 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 hydrocarbons 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 not strictly reflecting 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 

binary 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 hydrocarbon clusters and H2SO4-H2O 

clusters under the conditions of our interest. 
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Figure 2.10 Concentrations for binary H2SO4-H2O embryos and unary water-insoluble hydrocarbon embryos 

 

Concentrations of water-insoluble hydrocarbon embryos and H2SO4-H2O embryos are 

compared in Figure 2.10. 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 emissions, H2SO4-H2O nucleation determines the 

population of homogeneous aerosols in general, and the contribution of water-insoluble 

hydrocarbon nucleation to the aerosol number density is negligible. It is likely, though, that 

water-insoluble hydrocarbons can contribute to other processes such as particle growth by 

coagulation and condensation on H2SO4-H2O clusters to form aerosols composed of 

hydrocarbons as well as sulfuric acid and water.  

2.4.3.2 Nucleation of water-soluble hydrocarbons  

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

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 Gorbunov’s approach of 

modeling multi-component nucleation with two subsequent nucleation 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 thermodynamically in terms of the composition of sulfuric acid 

and water. This calculation is based on the assumption that additional species in the 
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second nucleation step are relatively insignificant compared to the two species 

participating 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 

considering 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 hydrocarbons are 

assumed to play a similar role to sulfuric acid in the binary nucleation; that is, they 

control the growth and evaporation of clusters.  

• Unary nucleation of water-soluble hydrocarbons (similar to the unary nucleation 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 on 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 hydrocarbons are 

shown in Figure 2.11. Interaction between water-soluble hydrocarbons and sulfuric acid - water 

clusters in the nucleation process has a minor contribution to the earliest formation of clusters, as 

shown in the first (top) panel of Figure 2.11 (showing the difference of embryo concentration 

between binary H2SO4-H2O nucleation and multi-component nucleation of H2SO4-H2O-ws HCs). 

However, as the residence time increases, multi-component nucleation does not significantly 

affect binary nucleation of sulfuric acid and water because light hydrocarbons having high 

Henry’s coefficients tend to remain in the gas phase rather than nucleating with sulfuric acid and 

water. Also, the hydrocarbon cluster concentration shown in Figure 2.11 suggests 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 small number of water molecules is 

attracted to hydrocarbon clusters due to the high activity coefficient 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. 

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 hydrocarbons. 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 

aerosol formation, under the conditions of interest in this work, may be negligible without 

foreign nuclei, similar to our observation with water-insoluble hydrocarbons. Therefore we 

conclude that hydrocarbon oligomers evolved in aircraft plume are unlikely to grow bigger than 

the critical size of clusters. 
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Figure 2.11 Calculated difference in embryo concentrations between binary H2SO4-H2O nucleation and 

multi-component nucleation of water-soluble hydrocarbon molecules 

 

2.4.4 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 

the hydrocarbon 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 evolution of homogeneous 

aerosols is insignificant. A considerable organic fraction has been measured in aircraft-emitted 

volatile particles during recent field missions (Onasch et al., 2009, Timko et al., 2010b), and 

several studies have shown that aerosol particles contain an aqueous core with hydrocarbon 

surface layers forming hydrophobic organic coatings due to their negligible water solubility 

(Ellison et al., 1999, Gilman et al., 2006, Tervahattu et al., 2005). 

 Figure 2.12 illustrates mechanisms of forming liquid coatings on a solid core or on a 

liquid aqueous core considered in this work. On a partially-wetted solid surface, liquid films tend 

to aggregate with liquid of the same type of solubility; with an aqueous core, however, 

hydrophobic liquid films tend to spread on the aqueous liquid surface. 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 liquid particles via 

coagulation, aggregates of H2SO4-H2O clusters and hydrocarbon clusters form multi-component 

aerosols having a hydrophobic film of hydrocarbons. Coagulation between unary-nucleated 
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clusters of different water-insoluble hydrocarbon species was not considered here, since this 

process is less likely compared to the collision between hydrocarbon clusters and much more 

abundant sulfuric acid-water clusters. The coagulation model for multi-component aerosols used 

here is based on the assumption that water-insoluble hydrocarbons form thin oily film on 

aqueous droplets; the film is assumed to spread uniformly and quickly after collisions and it is 

assumed that it does not affect the thermodynamics of the binary droplets and the compositions 

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 (Gill et 

al., 1983, and Xiong et al., 1998), Garland et al. (2005) 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 on hygroscopic growth of nanometer-size particles  would be acceptable for 

the rapidly growing particles in the aircraft plume. 

 
Figure 2.12 Structure for coagulation on: (a) solid core, (b) aqueous core 

 

The coagulation model for the multi-component aerosols requires additional variables 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. (2008) used the fully stationary 

sectional bin approach for coagulated droplets bigger than the largest size of embryos, where 

embryos were tracked by the number of sulfuric acid molecules. The fully stationary bin 

approach, on the other hand, 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 falls between two 

neighboring sectional bins is partitioned into these two bins 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 generally practical for simulating coagulation of 

particles. However, the approach may cause numerical issues when particles grow via 

condensational and evaporation (Jacobson and Turco, 1995) and it is difficult to track particles 

having components in separate phases (e.g. aqueous core with hydrophobic coatings). Jacobson 

and Turco (1995) suggested 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 
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exact size. If a particle is moved to a new bin, its averaged non-core volume in that bin will also 

be moved along 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 

stantionary bin becomes a lower limit of the mean size of whole particles, as illustrated in Figure 

2.13. If two particles having an aqueous core and hydrophobic film coagulate [in the case of 

Figure 2.13b], 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 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 hydrophobic film via coagulation of hydrocarbon clusters 

and sulfuric-acid water droplets as shown in Figure 2.13c. Detailed calculations are shown in 

Table 2.2 and Figure 2.14.  

                     

 
Figure 2.13 Outline for modeling coagulation with the hybrid bin approach (a), applicable to coagulation of 

sulfuric acid-water droplets having hydrophobic film (b) and coagulation of sulfuric acid-water droplets and 

hydrocarbon clusters (c) 

 
Table 2.2 Calculation for tracking coagulation with the hybird bin appraoch 

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
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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,l ,new = maq ,l,t1

mhc,l ,new =
nl ,t1

mhc,l ,t1
+ nnew 1 − faq( )mhc,new

nl ,t1
+ nnew 1 − faq( )

 

nl +1,new = nl +1,t1
+ nnew faq

maq,l +1,new = maq,l +1,t1

mhc,l +1,new =
nl +1,t1

mhc,l +1,t1
+ nnew faqmhc,new

nl +1,t1
+ nnew faq

 

 

 
Figure 2.14 Details of the combined bin approach 
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2.4.5 Summary of pathways for new particle formation 

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 2.15 shows a schematic of new liquid particle formation pathways 

via nucleation (indicated as alphabet letters) or coagulation (indicated as Roman numerals) 

processes. Table 2.3 lists five different approaches of including different particle formation 

pathways discussed in Section 2.4.3. Figure 2.16 shows simulated 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 2.4. Coagulation between water-

insoluble hydrocarbon clusters and aqueous clusters forms hydrocarbon films on aqueous cores, 

like the particle shown with green coating in Figure 2.15. 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 by about 1.5 (mode size) to 2.5 (min size) times 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 2.16) since they remain mostly 

in the gas phase as shown in Table 2.4. The predicted particle size distributions from Approaches 

1 and 3 are almost identical, suggesting that the interaction between water-soluble hydrocarbon 

and water (process b) is insignificant. 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) contributes slightly to aerosol growth by 

decreasing evaporation rate (via reduction of surface tension).  

 

 
Figure 2.15 Interaction and pathways for new particle formation 
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Table 2.3 Nucleation and coagulation approaches for new particle formation 

 

 
Figure 2.16 Comparison of predicted particle size distributions of liquid aerosols at 1 km downstream of a 

CFM56-2C1 engine by involved different interactions in nucleation and coagulation processes 
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Table 2.4 Comparison of mass fraction transferred to the nucleation mode 

 

2.4.6 Results and Discussion 

2.4.6.1 Simulation Results  

This section provides simulation results for the evolution of aviation PM emissions at 

ground level with all microphysical processes considered. The role of hydrocarbons in the 

particle growth is also discussed. Ambient conditions were set to a temperature of 286 K 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 initial gas concentrations (mole 

fractions) were determined using the following equations: 

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

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

  [2.20] 

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 were 

initially log-normally distributed between 3 nm to 250 nm. Hydrocarbon clusters were tracked up 

to a size of 5 monomer units since larger embryos are present in negligible concentration as 

shown previously in Figure 2.10. Monodisperse soot particles were employed with an initial 

diameter of 16 nm and an initial concentration of 9.75x10
6
 cm

-3
, which represents the emitted 

soot surface area of a CFM56-2C1 engine at low power, which was examined during the APEX 

measurement campaign. 

Figure 2.17 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 particles with H2SO4-H2O cores 

and hydrophobic film coatings of hydrocarbons. For both cases, the particle 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 

hydrocarbon coagulation even though the formation of liquid particles is primarily driven by 

binary H2SO4-H2O nucleation. Due to coagulation with water-insoluble hydrocarbons, 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.  
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Figure 2.18 and Figure 2.19 show evolution of mass compositions of liquid particles and 

soot coatings predicted from the model, respectively. The predicted mass composition of soot 

coatings is not significantly different from that of the soot coating without nucleation and 

coagulation modes; 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 hydrocarbon mass was found moving to the nucleation mode as compared to results 

from calculations 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 

significant 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 particles by enhancing the hydrophilic fraction of the soot surfaces and consequently the 

hygroscopic growth of the soot particles.  

 
Figure 2.17 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 
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Figure 2.18 Composition evolution of homogeneous particles in minimum, mode, maximum size 

 
Figure 2.19 Composition evolution of soot coatings 

 

In Figure 2.20, 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 



 40

at 1 km downstream. Under high ambient 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 a short distance downstream. This is significantly different than the prediction 

when the nucleation process is turned off in the simulation, where all sulfate mass condensed on 

soot coatings. Soot particle growth, however, continues after depletion of sulfuric acid gas via 

scavenging of liquid aerosols on soot particles. For condensable water-insoluble hydrocarbons, 

similar evolutions were observed: hydrocarbon mass in the vapor phase is transferred relatively 

quickly into homogeneous liquid aerosols via condensation on or coagulation with homogeneous 

H2SO4-H2O aerosols; this is followed by gradual coagulation of these particles with soot. Note, 

however, that benzopyrene (C20H12) mass fraction in the liquid droplets initially increases but 

starts to decrease at about 500 m downstream. Consequently, its mass fraction in the vapor phase 

increases because evaporation of the hydrocarbon species from smaller droplets occurs 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 favored to be partitioned 

into homogeneous liquid particles or soot particles because of their high vapor pressure.  

 

 
Figure 2.20 Evolution of sulfate and hydrocarbon mass fractions under the conditions described in Section 

2.4.6.1 
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2.4.6.2 Effects of Composition and Ambient Conditions 

2.4.6.2.1 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 hydrocarbons, 

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 2.21. Incorporating 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 

condensation mass directly and/or inducing competition between condensable species through 

microphysical processes. 

 

 
Figure 2.21 Effect of hydrocarbons 

2.4.6.2.2 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 2.22 shows that the contribution of sulfate to the nucleation mode was 

completely suppressed when 20% ambient relative humidity was used in our simulation, 

whereas, the contribution of sulfate to the soot mode increased. It should be noted, however, that 

if the nucleation mode is turned off in the simulation, the trend is reversed and sulfate mass on 

soot mode decreases as the ambient RH is dropped. This indicates that competition between 

nucleation and soot modes is also important to the evolution of aerosols in addition to 

competition between exhaust species.  
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Figure 2.22 Evolution of mass fraction at 20% RH 

 

The effect of RH on aerosol formation is examined with and without including 

hydrocarbons as shown in Figure 2.23a, and the effect of hydrocarbons is studied at different RH 

conditions as shown in Figure 2.23b. Regardless of the presence of hydrocarbons, decreasing RH 

restricted aerosol nucleation, and consequently sulfuric acid preferred to condense on soot 

coatings 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 substantially contributed to soot 

particle growth via condensation, water-soluble hydrocarbons 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 (due to competition with water-insoluble hydrocarbons during the initial activation 

process) 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 2.23 Effect of RH and Hydrocarbons 

2.4.7 Summary 

It is computationally expensive to simulate classical multi-component nucleation with 

increasing number of components. This section suggests nucleation approaches for hydrocarbons 

can be simplified by including only dominant effects, which would be acceptable for aircraft 

emissions, and Figure 2.24 shows simplified pathways for the formation of new particles 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 presented in this section demonstrate that homogeneous aerosol 
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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 of water-soluble 

hydrocarbons is negligible in nucleation and coagulation processes, water-insoluble 

hydrocarbons significantly contribute to the size growth of liquid particles. Competition between 

nucleation and soot modes is discussed and compared with the competition between hydrophobic 

and hydrophilic species. 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.  

 
Figure 2.24 Simplified pathways for the new particle formation in aircraft emissions 
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3 Laboratory measurements of soot interactions with 
organic species 

3.1 Introduction 

Particulate matter emissions from military aircraft engines can have significant 

environmental impacts (Finlayson-Pitts & Pitts 1997; Ramanathan et al. 2001). Accurate 

quantification is necessary for both the non-volatile black carbon soot emissions and the volatile 

contributions to particle mass. The scientific understanding of particle formation and growth is 

still evolving, and neither a complete predictive capability nor a standard measurement approach 

has been developed. The objective of this work is to develop fundamental understanding of 

microphysical processes of particle formation and growth by advancing microphysical modeling 

tools and by focused laboratory studies to characterize and quantify particulate matter emissions 

from military aircraft engines. As described in Section 2, a detailed microphysical model has 

been developed to include hydrocarbon species in addition to sulfuric acid.  For the model to be 

quantitatively accurate, however, some parameters need to be determined for individual 

hydrocarbon species. Laboratory scale experiments were designed to measure the necessary 

parameters for the model. In this section, the microphysical model developed in Section 2 will be 

applied to a flow geometry representing the laboratory setup, and the relevant parameters will be 

optimized to best replicate the experimental measurements.  

3.2 Compounds which influence the gas to particle evolution on the plume 

scale 

In addition to the major gaseous species in the exhaust of a jet engine (CO2, NO, NO2, 

H2O and CO), trace amounts of volatile hydrocarbon species as well as sulfuric acid and nitric 

acid are found.  Nitric acid, produced from combustor NOx, is present at lower levels than 

sulfuric acid, and nitrate aerosol is more volatile than sulfuric acid.  Therefore, nitric acid is 

considered less important in the particle formation processes in the aircraft exhaust.  As 

described in Section 2, the understanding of the contribution of sulfuric acid to the microphysical 

processes has been advanced significantly. Prior to this project and in literature sources the 

microphysical modeling and corroborating field measurements of sulfate aerosol are somewhat 

well developed.  Assessments of the role of hydrocarbon species, however are still being 

developed.  In particular, the fate of aromatic species or multifunctional hydrocarbons and other 

potential condensable species are important in determining atmospheric impact of jet exhaust.  In 

this study, the condensation of hydrocarbons on soot is being measured, experimentally 

characterized and microphysically modeled.  The experiment and modeling are complementary 

to each other because the experiment can provide necessary parameters for the model, and the 

model can help designing the experiment and interpreting the result thereof. 

3.3 Experiment 

This section describes the work undertaken in the laboratory phase of the project aimed at 

elucidating several key parameters for the microphysical model described in Section 2. The 

microphysical modeling of gas to particle processing (e.g. condensation) on soot particles 

requires knowledge of species volatility, initial concentration, and mass accommodation 
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coefficients on soot. The volatility and concentration establish the ‘driving force’ while the 

accommodation coefficient represents the efficiency of the gas-particle interaction.  To 

investigate and understand the required parameters and compare to model predictions, controlled 

experiments were performed at UTRC with the help of ARI to determine uptake coefficients and 

condensational growth. The following conclusions were drawn from these experiments: 

• Uptake coefficients of a variety of VOCs (including naphthalene and its derivatives, 

phenol, and water-soluble alcohols) by combustion soot were determined 

• Condensational particle growth was not observed for species with vapor pressure below 

saturation limit 

• Coating growth rates were relatively insensitive to temperature (over the tested range) 

• A correlation between uptake coefficient and aqueous solubility was established 

• Residence time and VOC concentration controlled coating growth rate 

• Modeling simulations capture same trends for condensational growth of dicarboxylic 

acids on soot as observed in lab 
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3.3.1 Experiment Description 

The combustion soot particles used in this study were produced by a miniCAST 

(Combustion Aerosol Standard, Model 5200); in this system, a miniature propane diffusion 

flame generates a steady stream of soot particles with a lognormal poly-disperse size distribution. 

Mean geometric soot size is controlled by adjusting flow parameters of the miniCAST according 

to the operation manual. As shown in Figure 3.1 and Figure 3.2, a secondary (external) dilution 

system was then applied at the exhaust of the miniCAST to control soot concentration and total 

flow rate. Particle size distribution in mobility diameter (Dm) was measured by a scanning 

mobility particle sizer (SMPS, Model 3936, TSI). The geometric mean diameter (GMD) of the 

generated soot particles was controlled by precisely setting the flame stoichiometry and dilution 

parameters provided by the designer of the miniCAST. The concentration and size distribution of 

the produced soot particles were repeatable over the investigation; however, a gradual decrease 

in particle concentration occurs over time requiring cleaning of the system.  Both poly-disperse 

and mono-disperse distributions were used during the investigation. 

 

 
Figure 3.1 MiniCAST soot generator and the secondary dilution apparatus 
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Figure 3.2 Schematic of the flow configuration to utilize the miniCAST as a soot generator 

 

The VOC delivery system was heated stainless tubing with 15.9 mm outside diameter in 

junction with a constant nitrogen flow of 0.9 liter per minute (LPM). The gas-phase total carbon 

concentration was continuously monitored with a heated flame ionization detector (HFID).  The 

HFID was constrained to a detection limit of approximately 1 part per million carbon (ppm C). 

The HFID was also limited by a sampling system which could only be heated to ~160 °C. The 

VOC vapor was produced in a heated tube from high-purity samples at ambient or a slightly 

higher temperature to generate a signal of 10-200 ppmC from HFID. The heating temperature 

was controlled by heating elements accurate to 2-3 °C. In all cases considered during this soot 

coating investigation, the resulting partial pressure of the introduced VOCs was below their 

saturation vapor pressure. 

In addition, before mixing with the vaporized VOCs, the soot stream was passed through 

a thermal denuder (TD) at 150 °C to remove the volatile and semi-volatile components and 

ensure low organic coating on the soot particles (Huffman et al. 2008). As demonstrated in 

Figure 3.3 from the SMPS measurements, the timeline shows the response of a typical soot 

stream to conditioning by the TD. Soot particle concentration was constant while particle size 

decreased when the TD was on and increased when the TD was off. 

Since the dry accommodation of VOC by the soot particles is usually small, the PM mass 

of VOC coated on the soot particles was measured by a compact Time-of-Flight Aerosol Mass 

Spectrometer (CToF-AMS), made by Aerodyne Research, Inc. At present it is the only available 

instrument capable of simultaneously providing quantitative size  and chemical mass loading 

information in real-time for non-refractory sub-micron aerosol particles. The description of the 

AMS instrument has been provided in detail in previous publications (Jayne et al 2000). In brief, 

the AMS uses an aerodynamic lens to focus the particles into a narrow beam that is then 

introduced into a high vacuum chamber while the air is differentially pumped. Volatile and semi-

volatile species in/on the particles are vaporized on a heated, roughened molybdenum surface 

under high vacuum (10
-7

 Torr) at about 600°C. The vaporized species are then ionized by the 

impact of energetic electrons (70 eV). The ions formed are analyzed by a time-of-flight mass 
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spectrometer (Tofwerk, Thun, Switzerland). Particle aerodynamic size is determined via particle 

time-of-flight, with the starting time provided by the opening time of a rotating beam chopper 

and the arrival time by the chemical detection. It offers detailed information of both particle size 

distribution in volume domain and volatile chemical compositions of lubricant oil PM emissions 

by monitoring size-dependent characteristic mass spectrum of semi-volatile PM.  

To produce a reasonable signal-to-noise ratio for the AMS measurement, we use a high 

concentration of poly-disperse soot particles to investigate the dry accommodation of a number 

of semi-volatile compounds. To study the condensational growth of soot particles exposed to 

dicarboxylic acids, we use a mono-disperse distribution since the soot particles grow so 

dramatically that they can be easily measured with the SMPS. To generate mono-disperse soot 

particles, the denuded soot stream went through a TSI 3081 differential mobility analyzer 

(DMA), set at 50, 90, 120, and 160 nm for this study. We also let the soot flow bypass the DMA 

to investigate VOC condensation on the poly-disperse soot particles. 

 
Figure 3.3 The timeline showing the response of a typical soot stream to conditioning by the TD 
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As shown in the schematic of the entire experimental configuration (Figure 3.4), the 

particle sampling occurs along the mixing tube. The coated soot sample was measured using 

SMPS and AMS. The SMPS measures particle size in mobility diameter and concentration while 

the AMS determines particle size in aerodynamic diameter and semi-volatile composition coated 

on soot particles. 

 

 
Figure 3.4 Schematic of Laboratory Experiment to Measure VOC Condensation 

 

3.3.2 Reference Compounds 

A number of hydrocarbons, including aromatics such as naphthalene (C10H8) and its 

derivatives, alkanes like tetradecane (C14H30), and water soluble organics such as phenol 

(C6H6O) and adipic acid (C6H10O4), were utilized in this study to investigate the mass 

accommodation and condensation characteristics of hydrocarbons on combustion soot particles. 

Among the selected hydrocarbons, naphthalene, alkanes, and phenol have been detected by 

proton transfer reaction mass spectrometer (PTR-MS) in real-time from commercial aircraft 

engine exhausts in past field investigations sponsored by EPA and FAA (Spicer et al. 1992 and 

Knighton et al. 2007).  

Literature value of vapor pressure measurements indicate that some of them are highly 

volatile while others are not (see Table 3.1).  Significant variation in chemical properties and 

vapor pressure enables us to evaluate the contribution of these properties to volatile condensation 

and subsequent growth of the soot particles. 

Vapor pressure of 1-methylnaphthalene is 6.8 Pa at ambient temperature, compared to 

less than 1 ppm or 0.1 Pa for sulfuric acid; this suggests that 1-methylnaphthalene is quite 

volatile relative to sulfuric acid. In this study, the mixing ratio of 1-methylnaphthalene at the 

point of mixing with the soot flow was controlled at approximately 10 ppm, which is comparable 

to composition in the combustion emission exhaust of modern aircraft engines.  
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Table 3.1 List of the Measured Volatile Organic Compounds 

 
In this study, semi-volatile species like naphthalene and phenol were controlled at room 

temperature so the mixed VOC vapor was below their saturation vapor pressures. The coating 

mechanism of the VOC on the soot particles was mainly dry accommodation. On the other hand, 

low-volatility compounds such as adipic acid were heated and then introduced into the mixing 

tube at a much lower temperature. Therefore the vapor of such species was super-saturated. In 

these cases, coating on the soot particles was dominated by wet accommodation process.   
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3.3.3 Model of the apparatus 

 

The objective of this experiment was to obtain the values of critical parameters (e.g. mass 

accommodation coefficients) in the microphysical model.  Such parameters were determined by 

fundamental analysis of the experimental results and by comparing the experimental values with 

the microphysical modeling. The test setup was modeled to consist of a condensation tube and a 

sample transfer line.   

Figure 3.5 shows a schematic of the model representation of the experimental setup.  The 

condensation tube was 1/2" in diameter and 10 cm in length.  The sample transfer line was 1/4" 

diameter with a length of 90 cm.  The mixture of streams, one having soot particles and the other 

containing hydrocarbon vapor, enters the condensation tube.  During experiments studying 

condensation of dicarboxylic acids on soot particles, the soot concentration was typically about 

1×10
5
 cm

-3
 for monodisperse cases, and the total flow rate was 0.6 LPM.  The initial temperature 

of the reactant was about 60
o
C. 

 
Figure 3.5 Model Representation Scheme for Laboratory Experimental Data Evaluation 

 

We had the capability of actively controlling the wall temperature of the condensation 

tube, so the model assumed that the condensation tube wall was kept at 50
o
C.  The transfer line 

was exposed to the room temperature, so it was modeled to have a constant wall temperature of 

20
o
C. Based on these wall temperatures, the mean temperature profile of the sample can be 

estimated using a heat transfer model.   

The Reynolds number was always smaller than 150 for the flow conditions of interest, 

and the thermal entry length is under 3 cm both for the condensation tube and the transfer line.  

Therefore, it is reasonable to use a fully-developed laminar flow model with constant wall 

temperature boundary conditions (for each section), the governing equation of which is: 

 

                                [3.1] 

 

Figure 3.6 shows the temperature profile of the baseline case, calculated by Equation (1). 

Figure 3.6 indicates that the reactant spends about 1.5 seconds in the condensation tube, and 

another 3 seconds in the sample transfer line.  The temperature is about 20
o
C for more than half 

of its residence time. 
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Figure 3.6 Temperature profile for baseline model simulation 

 

Parametric studies were performed using this model.  The first study was to see the effect of 

saturation vapor pressures of different hydrocarbon species.  For this, the initial VOC 

concentration was varied using three different species: adipic acid, anthracene, and 1-

methylnaphthalene, and the results are shown in Figure 3.7.  Soot particles were modeled to have 

an initial monodisperse diameter of 90 nm with a concentration of 1×10
5
 cm

-3
.  The simulation 

result indicates that condensational growth of soot particles requires supersaturation of the 

hydrocarbon vapor.  It also shows that there exists a threshold concentration for significant 

particle growth, and the threshold concentration depends on the saturation vapor pressure of each 

species.  Through the modeling, it is anticipated that particle growth would be observed for 

adipic acid with an initial concentration of ~1 ppm, but not with anthracene or 1-

methylnaphthalene with a similar initial concentration.  Particle growth would be observed for 

anthracene with a higher initial concentration (~10 ppm), but species with higher saturation 

vapor pressure (e.g. toluene, naphthalene, and methyl- naphthalene) would never show 

significant particle growth experimentally.  As will be discussed in the next section, the 

simulation result is consistent with the experimental result. 
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Figure 3.7 Model simulation for adipic acid, anthracene and methyl-naphthalene 

 

We also explored the impact of mass accommodation coefficients using anthracene as a 

demonstration.  Figures 3.8 and 3.9 show the model sensitivity to wet and dry mass 

accommodation coefficients, respectively.  The results indicate that the wet mass 

accommodation coefficient (αw) determines the slope of the condensational growth when the 

initial hydrocarbon concentration is higher than its threshold concentration (Figure 3.8).  On the 

other hand, Figure 3.9 shows that the dry mass accommodation coefficient (αd) determines the 

final soot diameter if the supersaturation of the hydrocarbon vapor is not reached (i.e. initial 

concentration is lower than the threshold concentration).  If the vapor is supersaturated and αd is 

higher than a certain value (0.001 in this case), it has no impact on the final soot diameter 

because the surface is fully activated before the condensational growth occurs.  The threshold 

concentration is not affected by the mass accommodation coefficients, but affected only by the 

saturation vapor pressure of the species.  These simulation results provide a couple of insights to 

guide experimental studies: 

 1) To determine the wet mass accommodation coefficient of a hydrocarbon species, we 

need to vary the concentration above the threshold concentration, and see the size response in 

the SMPS. 

 2) To determine the dry mass accommodation coefficient, we need to vary the 

concentration below the threshold concentration.  The SMPS is likely not able to detect the size 

change, so we need to see the coating mass on the AMS. 
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Figure 3.8 Model simulations for different wet mass accommodation coefficients (using anthracene as a 

demonstration) 

 
Figure 3.9 Model simulations with varying dry accommodation (anthracene) 
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3.3.4 Analysis of Experimental Data 

3.3.4.1 Naphthalene 

3.3.4.1.1 Determination of Effective Uptake Coefficient  

To derive physical information of the dry accommodation process directly from the 

experimental measurements in this study, we define the effective uptake coefficient, γobs, as the 

probability of a gaseous VOC molecule sticking on the soot surface, according to the gas uptake 

model developed by Worsnop and coworkers (Davidovits et al 1995; Worsnop et al. 1989).  The 

uptake coefficient (γ) can be expressed as: 

             
rxnsatdiff Γ+Γ

++
Γ

=
1111

αγ
                                           [3.2] 

The model description of uptake of gaseous species by particulate matter without condensation 

includes the following kinetic processes: gas-phase diffusion resistance (Γdiff ), mass 

accommodation (α), the resistance due to liquid-phase saturation limitation (Γsat), and the liquid-

phase reaction (Γrxn). In cases where there is no significant reactive loss, Equation 3.1 reduces to: 

satdiff Γ
++

Γ
=

1111

αγ
                                                      [3.3] 

In this study, all the applied organic compounds are chemically stable under the experimental 

conditions. Even with the heating of VOC, the mixing area between soot particles and VOC 

vapors was set to be kept at a temperature of only 60°C.  There should be no chemical reaction 

between the applied VOC and the soot particles. In addition, for uptake on the soot surface, we 

will neglect the resistance due to liquid-phase saturation limitation, Γsat. 

In the atmosphere, for typical submicron-sized aerosol particles, gas-phase diffusion does 

not usually limit uptake coefficients unless the uptake coefficient is large. For example, for 0.1 

µm diameter droplets at 1 atm, Kn = 1.5 (assuming a gas-phase diffusion coefficient, Dg  of 0.1 

atm cm
2
 s

-1
 and c =  4×10

4
 cm s

-1
), giving 1/ Γdiff = 0.3. If α is less than 0.1, the gas-phase 

diffusion contribution is trivial. Typically, γ has been found to be between 10
-5

 and 10
-3

 such that 

1/ γ is between 10
3
 and 10

5
. The geometric mean diameter (GMD) of the generated soot particles 

is around 120 nm in mobility diameter. Based on the above argument, we believe that in this 

experiment, the gas-phase contribution to naphthalene uptake by soot particles is negligible. 

Combustion soot particles are usually a combination of elementary carbon (EC) and 

organic carbon (OC). The OC composition varies with the formation condition of the soot 

particles. To emphasize the uptake of VOC by ideal soot surface, the majority of organic coating 

on the soot particles initially generated from the miniCAST was removed through a thermal 

denude. The uptake of VOC by the soot particles becomes a pure interaction between gas species 

and solid surface. Thus the liquid-phase saturation effect also becomes negligible. Therefore the 

γobs obtained through this experiment can be considered as the mass accommodation coefficient: 

αγ

11
≈

obs

                                                                    [3.4] 

The effective uptake coefficient, γobs, can be experimentally determined by the 

measurements on uptake of VOC and collisions with soot per molecule as the following: 

g

d

obs
F

NcA

n

n

4
γ=

∆
                                                           [3.5] 
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where ∆n is the VOC mass coated on soot particles and measured by the CToF-AMS; n is the 

concentration of the VOC vapor measured by the HFID; c is the mean thermal velocity of VOC 

vapor, which equals 
M

RT

π

8
; N is the total number of soot particles determined from the SMPS 

measurement; Ad is the surface area of soot particle; and Fg is the system flow rate. The 

determination of Ad is described in the next section. A portion of the AMS and HFID 

measurements on uptake of naphthalene by poly-disperse soot particles is presented in Figure 

3.10. Here nn /∆  represents the uptake of VOC vapor by soot surface while )4/( gd FNcA is the 

collisions per molecule. The total PM organic mass shows immediate response to the 

introduction of naphthalene vapor, which is monitored by the HFID. The baseline drift from the 

AMS measurement is due to the variation in mixing ratio between the VOC and soot flows. 

 
Figure 3.10 A portion of AMS and HFID measurements on naphthalene 

 

3.3.4.1.2 Estimate of Surface Area 

Combustion soot particles are fractal dimensional aggregates in nature. Since the 

properties of fractal aggregates, such as mass and surface area, do not dimensionally scale 

according to the mathematics of Euclidean geometry, conventional particle size measurement 

cannot lead to the determination of particle surface area. In this study, we applied a 

phenomenological approach to determine particle surface area based on simultaneous SMPS and 

AMS measures (Cross et al. 2010). This method has been discussed in detail in the previously 

published papers (DeCarlo et al. 2004; Slowik et al. 2004). In brief, the SMPS measures particle 
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size distribution in mobility diameter (Dm) while the AMS measures in vacuum aerodynamic 

diameter (Dva). Based on the measured Dva, Dm, and chemical composition of the particles, a 

method was developed by Slowik and coworkers to determine volumetric equivalent diameter 

(Dve) from the AMS-SMPS measurements. The relationship between the determined Dm and Dva 

for mono-dispersed soot particles are plotted in Figure 3.11. It is consistent with the observation 

of Type I soot by Cross and coworkers during the Boston College Soot Investigation. The 

estimated surface area was then calculated from the obtained Dve with the assumption of 

spherical particles. 

 
Figure 3.11 Relationship among mobility diameter (Dm), vacuum aerodynamic diameter (Dva) and 

volumetric equivalent diameter (Dve) for mono-disperse soot particles 

 

The significant discrepancy between Dva and Dm indicates that the miniCAST-generated 

soot particles are highly fractal. Compared to the direct black carbon mass measurement 

technique such as Couette Centrifugal Particle Mass Analyzer (CPMA), the measurement error 

of the AMS-SMPS method on particle mass is less than 20%. Therefore the corresponding error 

on Dve should be no more than 7%. 

3.3.4.1.3 Impact of Uptake on Particle Size 

Uptake of volatile inorganic and organic species in gas phase is one of the fundamental 

mechanisms for the growth of particulate matter. In this study, significant growth of soot 

particles from condensation of VOC can be detected in term of particle size increase by the AMS 

and SMPS measurements, while a thin coating can only be detected as PM mass increase with 

the AMS. As shown in Figure 3.12, particle size distribution in mobility diameter from the 

SMPS measurements remains essentially the same when 6.9 ppm naphthalene was mixed with 

the denuded soot particles. These observations suggest that uptake of unsaturated naphthalene 

vapor by the combustion soot particles under ambient condition may be a thin coating on the soot 

surface and therefore the particle growth is undetectable from the SMPS measurement. 
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Figure 3.12 Particle size distributions in mobility diameter from the SMPS measurements 

 

The AMS measurement allows another investigation of soot particle growth. Since the 

AMS detects the volatile and semi-volatile composition of combustion soot particles, in principle 

completely denuded soot particles cannot be monitored by this technique. However there is 

always a trace amount of organic PM left on the denuded soot particles. In our case, about 0.1% 

of the denuded soot particle mass is semi-volatile organic species. As shown in Figure 3.13, 

introducing VOC vapor results in significant increase in measured organic PM mass, while the 

particle size distribution in aerodynamic diameter remains the same. This observation from the 

AMS is consistent with that from SMPS. It again suggests that the mass of VOC due to uptake 

by the soot particles is small but measureable compared to the total soot mass. 
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Figure 3.13 Particle size distribution of denuded and naphthalene-coated soot particles 

 

3.3.4.1.4 Results and Discussion 

According to equation (5), a linear fit of ∆n vs )4/( gd FNcnA  yields the effective uptake 

coefficient, obsγ . This requires the simultaneous measurements on VOC concentration (n), 

particle size (Ad), and VOC mass on PM (∆n). As shown in Figure 3.14, the effective uptake 

coefficient naphthalene of was then determined to be (1.56±0.05)×10
-6

 in this study, with the 

correlation coefficient 2R = 0.956. The uncertainty of the uptake coefficient represents 1σ 

precision of the fitting without the consideration of systematic uncertainty. The naphthalene 

concentrations in gas were measured by the HFID from 3 to 11 ppm, with an experimental 

uncertainty of 0.1ppm. 
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Figure 3.14 Determination of uptake coefficient of naphthalene based on a kinetic model 

 

This quantitative analysis on uptake coefficient of naphthalene on soot is based upon two 

critical assumptions: 1) soot surface area determination from AMS-SMPS methodology; and 2) 

transmission efficiency of unity for the aerodynamic lens. The first assumption has been 

discussed in the previous section. A direct measurement on soot surface area is technically 

difficult. On the other hand, its nature of fractal dimension requires geometric or physical 

assumption to convert the measured particle size into volume or surface area. The applied AMS-

SMPS method has been proved in the past as an efficient and reliable approach to determine 

volumetric equivalent diameter for the soot particles.  

With regard to the second assumption, aerodynamic lens systems have been widely used 

to generate collimated narrow particle beams since they were invented by Liu et al. in 1995 (Liu 

et al. 1995a and 1995b). The collimated particles are subject to certain loss due to impact and 

diffusion. Particle loss of the aerodynamic lens systems are usually evaluated by experimental 

measurements or numerical simulations. The aerodynamic lens is considered highly efficient in 

focusing spherical particles in the size range of 40-700 nm. In this study, transmission loss of 

aerodynamic lens was not evaluated and corrected. A comparison study by Liu et al. with model 

calculations and laboratory measurements on transmission efficiency suggests that for the 

particles of 60 nm in aerodynamic diameter, the efficiency is approximately 15%. However due 

to the fractal nature of soot particles and the lack of combustion soot size standard, it is difficult 

to evaluate transmission efficiency of soot inside the applied aerodynamic lens. Corrected by this 

efficiency, the uptake coefficient of naphthalene by combustion soot particles is (1.11±0.03)×10
-

5
.  

Raja and Valsaraj studied uptake of gas-phase naphthalene by micron-size fog droplet 

and found that the mass accommodation coefficient is 4.0×10
-4

 at 22°C, greater than that 

predicted by gas-water phase equilibrium. Our results show that uptake of gas-phase naphthalene 
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by the denuded combustion soot particle is smaller than that by micron-size water droplet even 

though soot particle is generally considered hydrophobic. Hennings and coworkers investigated 

hygroscopic growth and activation of miniCAST soot particles by succinic acid and sulfuric acid. 

Their results demonstrate that there is no particle growth or activation with the volatile species in 

nitrogen as carrier gas, indicating a very small uptake coefficient, consistent with our 

observation. Compared to the surface of micron-size water droplet, combustion soot particles 

generated by the miniCAST seem inert to the adsorption of gas-phase hydrocarbon compounds. 

 

3.3.4.2 Uptake investigations on a variety of organic compounds 

3.3.4.2.1 Physical properties of the studied organic compounds 

The uptake study on soot particles yields the mass accommodation coefficient for the 

VOCs, which is defined as the probability of a gaseous molecule sticking on soot surface. Based 

on the discussion in the previous section, the determined uptake coefficient in this study equals 

the mass accommodation coefficient if the impact of gas-phase diffusion is negligible. Uptake of 

organic gas phase species by ethylene glycol, 1-octanol, and 1-methylnaphthalene has been 

extensively investigated by Zhang and coworkers (2003). They found that uptake coefficients of 

water-soluble species such as HCl by 1-methylnaphthalene is less than 10
-3

 compared to 0.44 and 

0.47 for m-xylene and α-pinene, respectively. It appears that chemical affinity of the interface 

and physical properties of organic compounds play significant roles in uptake kinetics. 

Solubility of naphthalene in water is merely 30 mg/L at ambient conditions (i.e. nearly 

insoluble). As with the rest of the PAHs in this investigation, it is considered hydrophobic. In 

this study, in addition to the measurement on uptake of naphthalene, a number of water-insoluble 

and soluble volatile organic compounds were also investigated for their uptake properties. These 

compounds include 1-methylnaphthalene (C11H10) and 2,6-dimethylnaphthalene (C12H12), which 

are derivatives of naphthalene and water-insoluble; propylene glycol (C3H8O2) and phenol 

(C6H6O), which are organic alcohols and water-soluble; 1-nonanol (C9H20O), another organic 

alcohol but slightly water-soluble (~1 g/L); dodecane (C12H26), tetradecane (C14H30) and 

hexadecane (C16H34), all water-insoluble paraffins. 

At ambient conditions, all the species yield an appreciable vapor pressure from 2.8 Pa for 

2,6-dimethylnaphthalene to 61 Pa for phenol. Because of the relatively low vapor pressures of 

2,6-dimethylnaphthalene (2.8 Pa) and 1-nonanol (4.0 Pa) at room temperature, the vaporization 

tube was slightly heated at keep the temperature 5-10°C above room temperature for the two 

compounds in order to generate a well-detectable vapor for the HFID measurement. For all the 

studied compounds, vapor pressures of the mixing soot/VOC flow were below saturation limit so 

that condensational growth of the VOCs on the soot particles would not occur. A thin coating on 

soot particles through uptake process would occur and be measured using the AMS. 

3.3.4.2.2 Results from laboratory measurements 

The methodology used to determine uptake coefficient for these compounds was the 

same as we described in the previous section. In brief, The SMPS measures particle size in 

mobility diameter and concentration; the AMS determines particle size in aerodynamic diameter 

and semi-volatile composition coated on soot particles; and the HFID measures the VOC 

concentration from the mixed soot/VOC flow. The mixing ratio of the soot and VOC flows was 
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controlled to yield the VOC concentration between 20 – 150 ppm C. The miniCAST generated 

soot particles had the same size distribution for all the VOCs tested. 

Most of the studied compounds gave similar data quality from the SMPS, AMS and 

HFID measurements to naphthalene. For instance, a portion of the AMS and HFID 

measurements on phenol is shown in Figure 3.15. The green line is the measured total PM 

organic mass from the AMS without correction of transmission efficiency and the red line is the 

measured phenol concentration in the mixed soot/VOC flow by the HFID. The obtained PM 

organic mass responded almost simultaneously to the variation of phenol concentration, 

indicating that the response delay due to the large wall area of sampling tube is negligible in this 

case. Experimental uncertainty is approximately 0.2 µg m
-3

 for the AMS measurement and 0.1 

ppm C for the HFID measurement. 

 
Figure 3.15 A portion of HFID and AMS measurements on uptake of phenol 

 

The wall effect (i.e. coating of the VOC on the walls of the mixing tube), affected the 

measurement of alkanes more than the other compounds. As demonstrated in Figure 3.16, the 

gaseous tetradecane concentration (red line) reached to equilibrium very slowly after the 

introducing of the VOC flow was turned on and off, compared to phenol and other VOCs. The 

exponential decay time for tetradecane was approximately three minutes compared to a half 

minute for naphthalene. Furthermore, the measured PM organic mass (green line) does not seem 

to achieve steady state during the variation of the gaseous tetradecane concentration. Dodecane 

and hexadecane gave similar results as tetradecane. This result suggests that the wall effect is not 

negligible for the paraffins. Due to the difficulty in thoroughly evaluating the magnitude of the 

wall effect, we will not provide quantitative analysis on the paraffins. 
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Figure 3.16 A portion of HFID and AMS measurement on uptake of tetradecane 

 

Similar to naphthalene, all the applied VOCs gave rise to a thin coating on the soot 

surface which resulted in a non-detectable growth on the particle size using the SMPS. As shown 

in Figure 3.17, the increase in gaseous 1-methylnaphthalene concentration led to the increase in 

total PM organic. However, the particle size distribution remains the same with a peak position 

at Dva = 56 nm. Below the saturation limit, the introduced VOCs can only be adsorbed by the 

soot surface while no condensational growth would happen under such a condition. The adsorbed 

mono-layer or multi-layer organic compounds contributes a very small mass increase compared 

to the total soot mass. Thus no particle size change was observed in these studies. On the other 

hand, if the VOC concentration rises above the saturation vapor pressure, significant particle size 

growth would be observed, as we will demonstrate in Section 3.3.4.3. 
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Figure 3.17 Size distribution of naphthalene-coated soot particles 

 

3.3.4.2.3 Determination of uptake coefficient 

Uptake coefficients of the studied VOCs by soot particles, γobs, were determined through 

a linear fitting according to the kinetic model discussed in the previous section. In the analysis, 

soot surface area was obtained from the AMS-SMPS approach, while the PM organic mass from 

the AMS measurement was corrected for the transmission efficiency of aerodynamic lens, which 

was obtained via laboratory evaluation in a previously published study. As shown in Figure 3.18, 

the fitting results indicate a large difference in uptake coefficient. The data points in red come 

from naphthalene and its derivatives and those in green are from water-soluble species. The 

fitted uptake coefficient varies from (7.4±0.9)×10
-6

 for propylene glycol to (1.79±0.06)×10
-4

 for 

2,6-dimethylnaphthalene. Difference in physical and chemical properties leads to the variation in 

uptake coefficient. 
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Figure 3.18 Determination of a variety of VOCs via linear fit based on a kinetic uptake model 

 

The fitted uptake coefficient was listed in Table 3.2 for comparison. It appears that in 

general water-soluble species have a lower uptake coefficient than water-insoluble PAHs. For 

example, 1-nonaol has similar vapor pressure (4.0 Pa) and molecular weight (214) as 2,6-

dimethylnaphthalene (v.p.= 2.8 Pa and MW = 264), but its uptake coefficient, (2.4±0.5)×10
-5

, is 

more than six times lower than that of 2,6-dimethylnaphthalene ((1.79±0.06)×10
-4

). This 

observation is consistent with the conventional thought that combustion soot particles are usually 

hydrophobic so hydrophobic hydrocarbons like PAH and alkanes have larger uptake coefficient 

than the water soluble species such as alcohols and organic acids. 

Although the studied naphthalenic compounds are similar in vapor pressure, molecular 

weight, solubility, and chemical properties, the obtained uptake coefficients are very different. 

The uptake coefficient is only (1.11±0.03)×10
-5

 for naphthalene, but six times higher for 1-

methylnaphthalene and 15 times higher for 2,6-dimethylnaphthalene. Since the uptake model 

already takes the VOC concentration (vapor pressure) into account, the results suggest that 

crystalline naphthalene is different from amorphous organic compounds in uptake ability by 

combustion soot particles due to crystal lattice interaction. 
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Table 3.2 List of obtained uptake coefficients 

 γobs 

Naphthalene (1.11±0.03)×10
-5

 

1-methylnaphthalene (8.5±0.4)×10
-5

 

2,6-dimethylnaphthalene (1.79±0.06)×10
-4

 

1-nonanol (2.4±0.5)×10
-5

 

Propylene glycol (7.4±0.9)×10
-6

 

Phenol (1.36±0.09)×10
-5

 

 

Fresh combustion soot is typically considered as hydrophobic and this statement has been 

proved experimentally in the past through aging the soot particles, which has been found to 

increase the soluble fraction. To further quantify the observed correlation between uptake 

coefficient and solubility in water, we presented this inverse correlation in a logarithm plot, as 

shown in Figure 3.19. The logarithm of the uptake coefficient has a linear inverse correlation 

with the logarithm of solubility in water, in g L
-1

. The slope of the linear fit is -0.32±0.01 and the 

correlation coefficient, R, is 0.999, implying a very strong correlation. This plot suggests that a 

phenomenological power-law relation exists between uptake coefficient of VOC on denuded 

combustion soot particle and solubility of VOC in water. Therefore we found in this study that 

hydrophobicity of fresh soot can also be represented by the inverse power-law correlation 

between uptake of VOC on soot and solubility in water, which directly links adsorption on soot 

surface to hydrophobicity. Such correlation may vary for different chemical compounds. 

 
Figure 3.19 Inverse correlation between uptake coefficients of VOCs and aqueous solubility 
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3.3.4.3 Significant Particle Growth via Condensation 

Adipic acid is a hydrophilic, water-soluble, oxygenated organic compound, which is a 

solid at room temperature.  Its vapor pressure at ambient condition is around 9.8×10
-6

 Pa, almost 

six orders of magnitude less than methyl-naphthalene. It is clear that adipic acid should be 

considered as non-volatile. In this study, with a concentration of about 1 ppm at the mixing point 

with the soot stream, adipic acid vapor appears highly super-saturated inside the sampling tube.  

Four different mono-disperse (50, 90, 120, 160 nm) as well as four different poly-

disperse soot particle sizes were selected to investigate the condensation of adipic acid on the 

soot surface. Figure 3.20 is the timeline showing adipic acid vapor on and off during the 

investigation on mono-disperse soot particles. When adipic acid was off, the mono-disperse 

denuded soot particles were represented by a flat line in both geometric mean diameter (GMD) 

and volumetric mean diameter (VMD), and the rest in the figure corresponds to turning on adipic 

acid vapor. Size of the soot particles in GMD and VMD increased significantly after introducing 

adipic acid to the denuded soot. 

 
Figure 3.20 GMD and VMD variation of mono-disperse soot particles in response to VOC introduction. The 

flat areas are those for the uncoated soot and the rest for the coated soot 

 

The primary objective of the experiment was to provide values of critical parameters for 

the organic soot coating model. The microphysical model developed in Section 2 evaluates the 

time-wise evolution of particulate matter given that we provide the time-series profiles of 

temperature, pressure, and dilution fraction. Therefore, to apply the microphysical model, a 

fluid/heat-transfer model representing the experimental setup must be developed. 

Comparing experimental results with the predictions from microphysical modeling, we 

obtained the critical parameters of wet and dry accommodation coefficients (αw and αd). Due to 

the condition of super-saturation at ambient condition for the mixed adipic acid vapor, αw 

becomes predominant in particle growth as discussed in the previous section. With mixing ratio 
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of adipic acid = 1 ppm, the best prediction from simulation was generated with both αw and αd = 

0.027. As shown in Table 3.3, for all the four different mono-disperse soot size, the predictions 

from microphysical modeling agree extremely well with the experimental measurements within 

our experimental uncertainty. The study on poly-disperse soot particles provided similar 

agreement between experiment and microphysical simulation. It indicates that the microphysical 

modeling is a practically useful tool in the investigation on VOC condensation on the 

combustion soot particles. 

 
Table 3.3 Comparison between microphysical simulation and experimental measurements for adipic acid 

(ααααw = ααααd = 0.027) 

Initial soot size (nm) Coated soot size (nm) 

Simulation                        Experiment 

50 91.5                                   91.4 

90 140.8                                 140.7 

120 174.9                                 181.1 

160 218.2                                 216.7 

 

Docosane is long-chain paraffin with a low vapor pressure similar to adipic acid at ambient 

condition. It contains no oxygen and its electric dipole moment is zero, so the compound is 

entirely hydrophobic and cannot be mixed with water. With our current VOC delivery apparatus, 

controlling the mixing ratio of docosane at the mixing point with soot stream was more difficult 

than controlling adipic acid. It appeared that there might be a strong wall effect inside the mixing 

tube, which tended to complicate the condensation procedure of docosane. Therefore, our 

concentration measurements were only accurate to approximately 0.5 ppm compared to the 

estimated 0.2 ppm for adipic acid.  

From the SMPS measurements, particle growth was clearly detected for the mono-

disperse soot particles after mixing with the introduced docosane vapor. As shown in Figure 

3.21, GMD of the denuded soot particles was increased from 90 nm to about 146 nm after 

mixing with docosane vapor at a concentration of 0.4 ppm. The size distribution of the coated 

soot particles became poly-disperse, similar to the previous SMPS observation on condensation 

of adipic acid vapor. 
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Figure 3.21 SMPS observation of particle growth of docosane vapor (∼∼∼∼0.4 ppm) on 90 nm denuded soot 

particles 

Table 3.4 presents the comparison between experimental results and simulation 

predictions. The applied αw and αd equal to 0.01 in the simulation, in which αw dominates the 

condensation procedure due to super-saturation. As mentioned above, due to the relatively large 

uncertainty on the concentration of docosane vapor, the predictions from simulation agree only 

qualitatively with the experimental results. Further improvement in controlling docosane vapor is 

necessary to achieve better agreement.  

 
Table 3.4 Comparison between microphysical simulation and experimental measurements for docosane 

(ααααw = ααααd = 0.01) 

Initial soot size 

(nm) 

Mixing ratio 

(ppm) 

Coated soot size (nm) 

Simulation                        Experiment 

50 1.8 111.1                                 101.8 

90 0.4 114.8                                 145.9 

120 0.1 131.2                                 156.8 

120 1.8 202.7                                 209.1 

160 1.0 213.6                                 174.7 

 

3.4 Summary 

We investigated the uptake of a variety of water-soluble and water-insoluble volatile 

organic compounds by soot from a propane flame via a simultaneous measurement of VOC 

vapor concentration and volatile PM organic mass. The uptake coefficient for naphthalene was 

determined to be (1.11±0.06)×10
-5

, comparable to that of NO2, but three orders of magnitude less 

than that of sulfuric acid. Our results imply that, compared to sulfuric acid, uptake of 

naphthalene is not an efficient mechanism to activate fresh combustion soot. We also observed 

that the particle condensational growth due to the uptake of VOCs is negligible in terms of both 

mobility diameter and vacuum aerodynamic diameter.  

Investigating the dependence of uptake coefficients on water-solubility, we found that 

hydrophobicity of fresh soot can also be represented by an inverse power-law correlation 



 74

between uptake of VOC on soot and solubility in water, which directly links adsorption on soot 

surface to hydrophobicity. 
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4 Characterization of Lubrication Oil Emissions from 
Aircraft Engines 

4.1 Significance of Lubrication Oil Emissions 

Typical modern gas turbine engines use two or more spools rotating at different speeds to 

optimize the thermodynamic/aerodynamic cycle performance of the engine.  This sophisticated 

rotating machinery requires oil to lubricate and cool the bearings and other engine parts.  A 

pressure pump continuously circulates the oil and a scavenging system cleans and returns the oil 

to a tank for reuse. Generally oil consumption is low and depends primarily on the efficiency of 

the seals.  However the lubrication system must be vented to the atmosphere to allow the 

pressurized system to circulate oil.  Oil loss due to the “breather” vent is typically controlled by 

using an oil demisting system which centrifugally recycles the oil drops larger than ~1 µm in 

diameter and returns that mass to the oil reservoir. Oil droplets that are smaller than the effective 

cut size of the demisting system in principle can escape in the breather air vented overboard. 

  Although lubrication oil has been identified as an important source of organic particulate 

matter (PM) emissions from gasoline and diesel engines (Rogge et al. 1993), a gas turbine engine 

lubrication system is typically not considered as a potential source of PM emissions.  PM 

emissions from gas turbine engines are typically viewed to be products of the combustion 

process, such as black carbon soot particles (Schlager et al. 1997; Anderson et al. 1998; Paladino 

et al. 1998; Schumann et al. 2002). However recent PM emission measurements on aircraft 

engines, especially detections based upon characteristic mass fragment signatures, have strongly 

suggested the presence of lubrication oil in the organic PM emitted from aircraft engines 

(Onasch et al. 2009). Because of the appreciably low volatility of lubrication oils, any emitted oil 

vapor or drops will add to the condensed mass and thus contribute to the organic PM in the wake 

of the aircraft.  Although the high fuel efficiency of modern aircraft engines results in low 

organic PM emissions from combustion, the results from previous exhaust characterization 

measurements suggest that the lubrication system may be a much greater contributor to the 

organic PM than the engine exhaust for some aircraft engines.  

 Base fluids of aircraft lubrication oils in general are synthetic fatty acid esters with small 

amounts of specialized performance additives. They are safe when handled and used according 

to the manufacturers’ specifications. However the vented lubrication oil can cause water 

pollution and the additives can be toxic to human beings. Toxicity of aircraft oil additives such 

as tricresyl phosphate (TCP), which is considered a neurotoxin, has been investigated by several 

research groups (Craig & barth 1999; van Netten 1999; and Winder & Balouet 2002) which 

recommend that the toxicity of lubrication oils should be more carefully evaluated. Due to the 

high thermal and chemical stabilities of lubrication oils, which are required by the extreme 

temperature conditions (turbine inlet temperature more than 1500°C) inside aircraft engines, 

emissions of synthetic aircraft lubrication oil may have extended environmental lifetimes. 

To characterize and quantify lubrication oil emissions, we carried out the first-ever 

systematic investigation of the physical and chemical properties of the aerosol emitted from the 

over-board breather vent of several aircraft engines using several highly sensitive PM-detecting 

instruments. The study was performed from July 22 to July 25, 2009 at the Pratt & Whitney 

(P&W) engine test facilities in Middletown, CT. The investigated chemical and physical 

properties were primarily total particulate mass, particle size distribution, total particle number 
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count, optical extinction, and chemical composition of the particles.  Because the demisting 

systems of aircraft engines are designed to recycle lubrication oil droplets larger than ~1 µm, we 

selected PM detection techniques suitable to measure particles from 6 to 3000 nm in diameter. In 

addition a sampling system capable of dilution was utilized to condition the aerosol 

concentration prior to measurement.  As listed in Table 4.1, the deployed measurement 

instruments include:  (1) Compact Time-of-Flight Aerodyne Mass Spectrometer (C-TOFAMS, 

Aerodyne Research, Inc.), (2) Tapered Element Oscillating MicroBalance (TEOM, Thermo 

Electron Co., Model 1105), (3) Engine Exhaust Particle Sizer (EEPS, TSI, Model 3090), (4) 

Condensation Particle Counter (CPC, TSI, Model 3022A), and (5) Ultra High Sensitivity 

Aerosol Spectrometer (UHSAS, Droplet Measurement Technologies).  

4.2 Measurements on three Aircraft Engines under Performance Test at 

P&W 

Three high-bypass turbofan aircraft engines, representing two different distinct engine 

model types, were examined for lubrication oil emissions in this study. The engines were under 

the performance evaluation by the original equipment manufacturer (OEM), so their operation 

was not specifically designed for our study. The tested engine was mounted to a test stand inside 

a P&W Engine Test Cell and remained stationary during its entire test program. In an individual 

test, engine power was increased from idle to take-off through several specific power settings, 

and then decreased through the same steps back to idle. A typical aircraft engine performance 

timeline is illustrated in Figure 4.1. Each power setting lasted from 2 to 15 minutes, during 

which PM measurements were averaged. The flow rate of the breather air vented overboard is 

almost linear with respect to engine thrust, as determined by the engine operator. According to 

our on-site measurements, the temperature of the lubrication oil exhaust increases appreciably 

with engine thrust, from 30°C at low idle to about 100°C at high power. On the other hand, the 

pressure of the same exhaust increases by around 7000 Pa with increasing engine thrust. 

 
Figure 4.1 Engine verification timeline applied in this study. At the 65

th
 minute of operation, the engine was 

unintentionally turned off 

 

To sample lubrication oil exhaust without introducing any interference to the oil venting 

system, we designed the PM collecting and diluting apparatus, as shown in Figure 4.2.  A small 

amount of the vented breather flow (<1%) was collected by an L-shaped 1/2” stainless tube 

inserted into the overboard vent line downstream of the demisting system. The 3/8” tube was 
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surrounded by a concentric 5/8” tube and recessed 1”.  The larger tube provided a controlled 

flow of dry, particle-free nitrogen to dilute the oil sample. Dilution ratios as high as several 

thousand were used to match lubrication oil PM sample concentrations with the dynamic range 

of the selected PM measurement instruments. 

 
Figure 4.2 Sampling and dilution apparatus used to collect particulate matter emitted from the oil system 

overboard breather vent 

 

After dilution with nitrogen gas, the collected breather flow sample was drawn through 

30 ft of 3/8” stainless tubing into the control room where it was split to the individual 

measurement instruments. The primary PM measurement instruments used in  

the study are listed in Table 4.1. Because this investigation was the first dedicated study on PM 

emission of lubrication oil from modern aircraft engines, little was known about the quantitative 

or even qualitative nature of such emissions, i.e. PM mass and size distributions. As the 

knowledge on lubrication oil emissions from aircraft engines was limited, we chose a set of 

measurement instruments to cover a very broad dynamic range in terms of particle concentration, 

mass and size. 

The C-TOFAMS was used to measure both particle size distributions in the volume 

domain and the volatile chemical composition of the lubrication oil PM emissions (Jayne et al. 

2000) with a dynamic range from 0.05 to 100 µg m
-3

. It measures the particle size in vacuum 

aerodynamic diameter (Dva) from 40 to 1000 nm. As discussed in the following section, the ultra-

high sensitivity of the C-TOFAMS required significant dry nitrogen dilution because of the high 

concentration of lubrication oil in the breather air vented overboard.  

The EEPS and UHSAS were deployed to measure the number-based, size distribution of 

oil droplets less than 500 nm and 1000 nm in diameter respectively. Among the deployed PM 

measurement instruments, the EEPS measures particles in mobility diameter, while the UHSAS 

measures optical extinction of the particles, which is a function of volume equivalent diameter, 

Dve, and refractive index of the particles. The current UHSAS measurements on Dve were 

calibrated with latex spheres which have the real part of refractive index, n = 1.57 and the 

imaginary part of index of refractive index = 0. 

 



 79

Table 4.1 List of the applied PM measurement instruments in this study 

Instrument Dynamic Range Particle 

Size (nm) 

Measured Properties 

Compact Time-of-Flight 

Aerodyne Mass Spectrometer 

(C-TOFAMS) 

0.05 – 100 µg/m
3 40 – 1000 

 

Mass spectrum of chemical 

composition, aerodynamic 

diameter 

Condensation Particle Counter 

(CPC) 

0 – 10,000,000 

particle/cm
3 

7 – 3000 Number count 

Engine Exhaust Particle Sizer 

(EEPS) 

200 – 100,000,000 

particle/cm
3
 

6 – 500 Particle size distribution in 

mobility diameter 

Tapered Element Oscillating 

MicroBalance (TEOM) 

0.2 mg/m
3
 – several 

g/m
3 

 PM mass 

Ultra High Sensitivity Aerosol 

Spectrometer (UHSAS) 

0 – 18,000 

particle/cm
3 

60 – 1000 Optical extinction 

 

The TEOM, the least sensitive instrument in this study, measured total PM mass. The 

lower detection limit of the TEOM is ~ 200 µg m
-3

, so for all the engine power settings from low 

idle to high power, the TEOM measurements were made without dilution. The CPC was used to 

provide a direct measurement of total particle number. It enabled us to briefly study lubrication 

oil exhaust at idle conditions without diluting the collected sample to the CPC, and thus make a 

correspondence between the CPC and the TEOM.  

Detection sensitivity of the C-TOFAMS, CPC, EEPS and UHSAS is several orders of 

magnitudes higher than that of TEOM, so all instruments except for TEOM require dry nitrogen 

dilution.  Dilution flows of 22 and 24 liter per minute (LPM) were applied for the engine idle, 

while 26 and 28 LPM were used for the higher powers.  

To positively identify lubrication oil from its ion fragment signatures in the mass 

spectrum, a laboratory test on the lubrication oil samples from the engines used in the P&W field 

test was performed. Oil aerosols were generated with a nebulizer and then size-selected at 250 

nm using a differential mobility analyzer (DMA, TSI, mode 3081), with the sample mass 

concentration controlled around 5 µg m
-3

. The nebulized mono-disperse oil aerosols were later 

analyzed with a C-ToFAMS using the same instrumental settings as those applied in the field 

measurements. As presented in the next section, the laboratory mass spectrometric results on 

pure lubrication oil droplets provide valuable information on identification of lubrication oil 

from the PM emission of oil vent flow. 

4.3 Evaluation of Emission Indices and Particle Size Distributions 

This collaborative study represented the first systematic investigation of lubrication oil 

particulate emissions from modern aircraft engines. It provided detailed insights into PM 

emission, particle size distribution, and power influence upon both particle composition and size. 

Since no instrument applied here is capable of covering the entire particle concentration 

range from no dilution to the highest dilution, the determination of dilution ratio in this study 

was based on the measurements of particle mass and concentration. In particular, particle mass 

from the sample was measured with the TEOM without dilution and then with a dilution flow of 

22 LPM. Without dilution, the PM concentration determined by the TEOM was 469 ± 40 mg m
-

3
, while it was 3.5 ± 0.5 mg m

-3
 with the dilution flow of 16 LPM. A dilution ratio of 134 ± 22 

was obtained from these results. In this case, the uncertainty of the dilution ratio is dominated by 

the precision of the TEOM measurement, which was affected by the limited time on each test 
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point. Several factors including water condensation, which may not be severe in the lubrication 

oil system, could also impact the accuracy of the determined dilution ratio. 

In the case of high dilution flows, the effect of dilution on the CPC and EEPS 

measurements is presented in Figure 4.3. The measured particle concentrations were a highly 

nonlinear function of the nitrogen diluents flow rate, indicating that a precise dilution ratio 

cannot be obtained through measurements of flow rate. Dilution ratio was determined by the 

CPC measurements of particle count. For example, the difference in dilution ratio between a 

dilution flow rate of 16 and 22 LPM was 7.8 ± 1.2 by the CPC measurements, where the 

uncertainty only indicates the precision of the CPC measurements. Since the dilution ratio with a 

dilution flow rate of 16 LPM was 134 ± 22 from the TEOM measurements, we determined that 

the dilution ratio with dilution flow of 22 LPM was therefore 1045 ± 240. Dilution ratios at other 

flow rates were then determined via the same methodology. 

 
Figure 4.3 Dilution effects on lubrication oil emissions measured by CPC and EEPS with dry nitrogen 

dilution flow of (A) 22 LPM; (B) 24 LPM; (C) 26 LPM; and (D) 28 LPM. The tested engine is at idle condition 

 

Lubricants used in modern high-performance aircraft engines are generally specialized 

synthetic oils whose base stocks are usually a mixture of C5 – C10 fatty acid esters of 

pentaerythritol and dipentaerythritol. Nearly four decades ago, Tou reported that under electron 

impact ionization, polyfunctional pentaerythritol derivatives exhibit extensive ion fragmentations 

and no information on the molecular ion can be obtained (Tou 1972). Therefore identification of 

lubrication oil must be primarily based on its characteristic ion fragmentation patterns. As 

illustrated in Figure 4.4, lubrication oils showed ion fragmentation patterns close to those of 

saturated long-chain hydrocarbons, with a homologous series of 14 mass-unit intervals starting at 

m/z = 29. Unlike the regular ion fragmentation pattern of alkyl ion CnH2n+1
+
 of the long-chain 

hydrocarbons such as decane (C10H22) in Figure 4.4C (NIST Chemistry WebBook), the mass 

spectrum of lubrication oil is characterized by the significantly weaker ion signals at m/z = 71 

and 99 than the rest of the series. Similar discrete and characteristic fragmentation patterns 

between lab test and field measurement, as shown in Figure 4.4, confirm that the detected PM 

emissions from aircraft overboard breather vent came predominantly (>95%) from the aircraft 

lubrication oil.  
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Degradation of lubrication oil during aircraft engine operation as a result of friction 

and/or pyrolysis would change the oil’s chemical composition (Wang et al. 2004). The C-

ToFAMS is capable of detecting the variation due to oil degradation by monitoring changes in 

ion fragment patterns. In this study, we discovered that ion fragmentation patterns in mass 

spectra of oil from the tested aircraft engines and the nebulized oil aerosols in the laboratory are 

quite similar, as shown in Figure 4.4, which suggests that the degree of degradation of 

lubrication oil during our entire engine test might be negligible. 

 
Figure 4.4 Mass spectra of lubrication oil droplets: (A) measured in the laboratory from nebulized 

lubrication oil microspheres (250 nm is diameter); (B) measured from the PM exhausts of lubrication oil 

demisting system at idle; and (C) the mass spectrum of decane (C10H22) from the NIST Chemistry WebBook. 

The similarity between the two spectra (A) and (B) indicates PM exhausts from the lubrication oil demisting 

system are lubrication oil particles 

 

The high dilution ratios that were required in this experiment made the uncertainty in the 

dilution ratio greater than desired. However, we found that at engine idle conditions, particle size 

distributions measured by the C-TOFAMS, EEPS and UHSAS are insensitive to variation in 

dilution, suggesting that sampling line microphysical processing has a minor effect on overall 

particle physical properties. 

The size of the emitted oil particles from an aircraft engine lubrication system is expected 

to be limited by the cyclonic separator of the demisting system. As illustrated in Figure 4.5, Dve 

measured by the UHSAS was 281 ± 9 nm at energy idle, compared to Dva of 260 ± 3 nm by the 

C-TOFAMS. The C-TOFAMS measured Dva with a low-pressure aerodynamic lens. In the free-

molecular regime like the aerodynamic lens, Dva equals Dve×ρ for a spherical particle. Here the 

density, ρ = 0.93 gcm
-3

 for the tested lubrication oil, so Dve = 281 ± 9 nm from the UHSAS 
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corresponds to Dva = 261 ± 8 nm, showing our measurements on particle size by C-TOFAMS are 

in good agreement with those from UHSAS at engine idle. 

 
Figure 4.5 Particle size distributions of organic PM emitted from the lubrication oil demisting system at idle, 

measured by Compact Time-of-Flight Aerodyne Aerosol Mass Spectrometer (C-TOFAMS), Engine Exhaust 

Particle Sizer (EEPS), and Ultra High Sensitive Aerosol Spectrometer (UHSAS). The solid lines are 

lognormal fitting results 
 

At higher engine power, Dve from the UHSAS and Dva from the C-TOFAMS were 350 ± 

8 nm and 272 ± 4 nm, respectively. The determined particle size from the UHSAS is about 20% 

larger than that from the C-TOFAMS. The discrepancy in particle size distribution between C-

TOFAMS and UHSAS is believed to arise from differences in instrumental dynamic range and 

cut-off efficiency of the C-TOFAMS aerodynamic lens. Regardless, it is clear from this study 

that as engine power increases from idle to high thrust, the emitted lubrication oil particles 

slightly shift to larger sizes. 

At engine idle, Dve determined by the EEPS measurement is 178 ± 3 nm, which is very 

similar to that determined at higher engine power. The EEPS measures particle counts by 

monitoring the electric mobility of particles, so it is in principle more sensitive to smaller 

particles. In the past, we found in several aircraft engine tests that this technique tended to 

underestimate the concentration of particles larger than 100 nm. We therefore believe that the C-

TOFAMS and UHSAS provide more accurate detection and better information on mass or 

volume for particles larger than 200 nm than does the EEPS.   

Total PM mass of lubrication oil in the vented stream at idle condition was directly 

measured by the TEOM technique without dilution. The emission characteristics of a combustion 

source is usually evaluated in terms of emission index (EI), which is mass (EIm) or number (EIn) 

of the emitted pollutant per mass fuel consumed, in the unit of g kg
-1

 or mg kg
-1

 for PM mass. In 

this study, unlike the usual determination of fuel mass from measuring the exhausted gas CO2 

concentration, the amount of the consumed fuel was provided directly by the original equipment 

manufacturer (OEM) engine control crew. The C-TOFAMS measurements, with a dilution flow 
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of 22 LPM, gave an EIm of 3 ± 1 mg kg
-1

 at idle compared to an EIm of 10 ± 2 mg kg
-1

 from the 

TEOM without dilution. In spite of the significant uncertainty in the determined dilution ratio 

(which is not taken into account in the above error bar), C-TOFAMS and TEOM provide the 

results of lubrication oil emissions of the same order of magnitude. At engine idle, the EI of 

lubrication oil in the exhaust was thus estimated in the range of 2-12 mg kg
-1

. The EI of the 

volatile PM organic of the RB211-535 engines, being used on some Boeing 757 airplanes, is 10 

± 3 mg kg
-1

, and the non-volatile soot EI is 50 ± 20 mg kg
-1

 (Timko et al. 2010). Our current 

measurements indicate the contributions from lubrication oil could be significant in the total 

aircraft PM emissions at engine idle.  

Total PM emissions from lubrication oil exhaust also depend upon engine power setting. 

At high power, EIm of 33 ± 7 mg kg
-1

 was determined from the TEOM measurement, compared 

to those of 510 ± 63 mg kg
-1

 for the RB211-535, which is the highest in this type of high-bypass 

turbofan engines (Timko et al. 2010).  

At engine idle, the measured EIn was (1.6 ± 0.3)×10
8
 kg

-1
, compared to (1.3 ± 0.5)× 10

14
 

kg
-1

 for the RB211-535 engine. Aviation fuels contain high concentrations of sulfur-bearing 

compounds (~100-1000 ppm in JetA fuel). The high-temperature and high-pressure combustion 

results in the formation of sulfuric acid. The total PM number of aircraft engines is dominated by 

the nucleation-mode particles made of sulfuric acid and other volatile species, which are 

approximately 10-20 nm in diameter (Corporan et al. 2007; Timko et al. 2010). The lubrication 

oil PM we detected from the deoiler is more than one order of magnitude larger in diameter than 

the combustion-generated nucleation-mode particles. The contribution from lubrication oil to the 

total PM number of aircraft engines seems negligible. 
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4.4 Field Measurements 

The field measurements at Midway International Airport (MDW) and O’Hare 

International Airport (ORD) in Chicago were performed on February 17-18, 2010 with the help 

of Southwest Airlines, United Airlines and the City of Chicago. Emission plumes of the aircraft 

were investigated using a variety of gaseous and particulate measurement instruments located on 

board the Aerodyne mobile laboratory (Kolb et al. 2004; Herndon et al. 2005). Engine exhaust 

plumes were sampled through 1-inch outside-diameter stainless tubing in front of the laboratory 

and drawn into individual instruments. During the field measurement period, the Aerodyne 

Mobile Laboratory was located at downwind locations to monitor air advected from the active 

taxiways (30-150m). The measured meteorological conditions (e.g., wind speed and direction) 

were used to choose the mobile lab location. A camera located in front of the mobile lab 

provided additional information for aircraft identification and attribution of the plume origin. 

 
Figure 4.6 Field measurements on PM emissions from in-service commercial aircraft exhaust at O’Hare 

International Airport in Chicago 

 

The gaseous measurements of CO, NO and NO2 were used to assess the engine state. 

Emission index of CO (EI-CO) decreases with engine power, while EI-NOx increases, so the 

ratio of EI-CO/EI-NOx is a very reliable indicator of engine power. 

The particle measurement instruments employed during these tests included a Multi-

Angle Absorption Photometer (MAAP) (Thermo Environmental), a Condensation Particle 

Counter (CPC, Model 3776, TSI) and an Engine Exhaust Particle Sizer (EEPS, Model 3090, 

TSI).  These instruments provided information about particle absorption, number density, and 

mobility-based size distribution. Carbon dioxide concentration measurements were provided by a 

Li-Cor 820 CO2 analyzer. 

A HR-ToFAMS was deployed to detect semi-volatile organic PM from aircraft engine 

exhaust. At present, AMS is the only available instrument capable of providing quantitative size 

and chemical mass loading information simultaneously in real-time for sub-micron aerosol 

particles (50-700 nm). It measures the non-refractory PM composition of the particles through 

thermal ablation on a hot metal surface followed by mass spectrometric detection of the 

vaporized compounds. Technical details of the AMS have been described in previous 

publications. 
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4.4.1 Characteristic Ion Fragmentation Pattern of Lubricating Oils 

To characterize lubrication oil with the AMS, we performed a dedicated laboratory 

investigation of lubrication oils from ExxonMobil and BP. Based on industrial marketing 

materials, the market share of ExxonMobil and BP for aviation lubrication oil is more than 83%. 

The oil samples were provided by the commercial airlines that took part in the APEX 1-3 

(Aircraft Particle Emissions Experiment) field missions. The base stocks of lubrication oils are 

essentially a mixture of C5 – C10 fatty acid esters of pentaerythritol, whose structure is shown in 

Figure 4.7. Each of the four branches of fatty acid moieties contain between 5 and 10 carbon 

atoms depending on the synthesis procedure. Although the presence of the molecular ion has 

been considered as the most important information of analytical mass spectrometry, Tou reported 

more than three decades ago that under electron impact ionization (70 eV), polyfunctional 

pentaerythritol derivatives exhibit extensive ion fragmentation and no information on the 

molecular ion can be obtained. Therefore identification of lubrication oil from the observed mass 

spectrum must be primarily based on its specific ion fragmentation pattern. 

 
Figure 4.7 Molecular structure of fatty acid ester of pentaerythritol, the main base stock of aircraft 

lubrication oils 

 

In the laboratory study, a continuous flow of lubrication oil aerosol was generated with a 

pneumatic nebulizer and then size-selected to a diameter of 250 nm by a Differential Mobility 

Analyzer (DMA, TSI, mode 3081). The nebulized mono-disperse oil aerosol was then introduced 

into a HR-ToF AMS. The laboratory results provide a direct comparison to the field 

measurements. 

Mono-disperse aerosols of two aircraft lubrication oils showed a characteristic ion 

fragmentation pattern from the laboratory AMS measurements, as shown in Figure 4.8 (A and 

B). The mass spectra of lubrication oils are compared to the decane (C10H22) mass spectrum 

obtained from NIST Chemistry WebBook. Since kerosene-based aviation fuel is a mixture of 

hydrocarbons with a carbon number distribution between 8 and 16, we chose decane as a suitable 

reference. Similar to decane (Figure 4.8 C), two homologous series of 14 atomic mass unit (amu) 

intervals starting at m/z = 27 and 29, which are the so-called ∆ = 0 and 2 series (McLafferty & 

Turecek 1993), are apparent for both oil samples. Compared to the same series of decane, the 
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stronger ∆ = 0 series for lubrication oils indicates the presence of oxygenated alkyl chains as one 

of the major moieties of lubrication oils.  

 
Figure 4.8 Characteristic mass spectra of mono-disperse oil droplets in 250 nm diameter obtained from C-

ToF AMS measurements with: (A) lubrication oil from BP; (B) lubrication oil from Mobil Oils; and (C) NIST 

standard mass spectrum of decane (C10H22). Because the significant difference in ion fragmentation pattern 

between aircraft lubrication oil and long-chain alkanes, the ratio of I(85)/I(71) will be considered as the mass 

marker in the AMS measurements to identify lubrication oil 

 

However, unlike the mass spectra of n-alkanes such as decane, the mass spectra of 

lubricant oils give significantly different fragmentation patterns at the mass range above m/z = 

57, specifically the ion signal at m/z = 85, but also m/z = 113, 127, and 155. Even though an ion 

signal at m/z=85 is common for both alkanes and oils, the ratio of m/z=85 over m/z=71 allows 

their unambiguous differentiation. The less abundant ion signals at m/z = 113, and 127 vary 

appreciably between the two studied lubrication oils, probably a result of slightly different 

synthetic procedures and raw materials.  

According to the early mass spectrometric study on aliphatic and aromatic esters 

(Sharkey et al. 1959; McLafferty & Gohlke 1959), C-O bond cleavage is one of the dominant 

pathways to generate fragment ions under electron impact ionization. From our AMS 

measurements on aircraft lubrication oils, the C-O bond breaking to form CnH2n+1CO
+
 is the 

primary ion fragmentation pathway. This mechanism was verified in this study by using a high-

resolution HR-ToF AMS. The HR-ToF AMS is capable of distinguishing C4H9CO
+
 from C6H13

+
 

based upon their slightly different masses (85.070 vs 85.102 amu). We found that the 

pronounced m/z = 85 peaks in mass spectra of lubrication oils were primarily due to C4H9CO
+
, 

which came from the C-O cleavage of C5 fatty acid ester. The high-resolution MS measurement 
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suggests that C5 fatty acid esters of pentaerythritol are the major components of the base fluids, 

in agreement with the specifications from the manufacturers. By comparison to m/z = 85, the 

signal at m/z = 71 is very weak, consistent with the lack of the C4 fatty acid ester moiety in 

lubrication oil.  

The two major brands of lubrication oils in the market yield different values for the ion 

intensity (peak area) ratio of m/z = 85 over m/z = 71, I(85)/I(71). The ratio of I(85)/I(71) for the 

BP sample is 3.7±0.2 (Figure 4.8A) and 8.6±0.5 for the sample from ExxonMobil (Figure 4.8B). 

For n-alkanes like decane, this ratio is about 0.66. This significant difference in I(85)/I(71) 

between lubrication oil and n-alkanes allows the AMS to make rapid identification of organic 

PM emissions that contain a large portion of aircraft lubrication oil. In addition, lubrication oil 

from BP yields appreciable ion fragments at m/z = 113 and 127, while for the ExxonMobil oil 

these ion peaks are negligible. In the following analysis, we assume that the engine combustion 

process yielded organic PM with an I(85)/I(71) ratio of 0.66 as decane. The oil contribution was 

identified base on a threshold, such that any measured value of I(85)/I(71) larger than  0.66 

indicates the presence of lubrication oil. 

We investigated the mass spectra of mono-disperse oil droplets from 100 to 350 nm and 

did not observe any noticeable difference in the spectra across this range of particle size. 

However, a dependence of lubrication oil ion fragmentation on source temperature has been 

observed in the laboratory investigation. In this study, the lubrication oil droplets were generated 

via atomization of lubrication oil at different heating temperature. The AMS measurement 

indicates that the ratio I(85)/I(71) decreases slightly with the heating temperature due to thermal 

pyrolysis. Therefore, the temperature to which the emitted oil is exposed is one of the limiting 

factors for the quantification of lubrication oil emissions. For example, the exhaust temperature 

of CFM-56 7B22 engine at idle condition is about 400°C. 

 

4.4.2 Identification of Lubrication Oils from Aircraft Engine Exhaust Plumes at MWD 

and ORD 

4.4.2.1 Plume Measurements at MDW 

While at Chicago Midway Airport (MDW) on February 17, 2010, engine exhaust plumes 

were identified using CO2, CO and NOx time series measurements. The particle number 

concentration from the CPC, black carbon concentration from the MAAP, and the particle size 

information from the EEPS were also recorded. The AMS quantified the non-refractory mass 

loading and composition of semi-volatile organic PM present in the exhaust plumes. All of the 

identified plumes described in this work were due to near-idle engine operation based on CO and 

NOx concentrations: the ratio EI-CO/EI-NOx is significantly larger than unity at idle operation. 

Tail numbers were recorded and used to verify the visual identification of engine/airframe. 

A segment of the exhaust plume data set is presented in Figure 4.9, in which the plume 

event #2 was marked by a significant increase in the CO2, particle and black carbon 

concentrations, as well as organic PM. Since the AMS measures particles from 50 nm to 700 nm 

in diameter, the detected organic PM emissions were primarily associated with black carbon soot 

emissions since volatile nucleation mode particles are mostly smaller than the AMS 

measurement range. The rest of the observed plume events shown in Figure 4.9 showed increases 

in CO2 and particle concentrations, while the signals in the MAAP and AMS measurements were 

below the instrumental detection limits. 
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Figure 4.9 A portion of the results from the field measurements on in-service commercial aircraft, which was 

performed at MWD on February 17, 2010 

 

In this study, the detection limit of the MAAP was about 3 µg m
-3

 for 15s integration, 

while the detection limit was approximately 50 ng m
-3

 for the AMS. This observation indicates 

that the low AMS signal is related to a low soot concentration. Due to the limitation of particle 

transmission efficiency decreasing at small particle sizes in the AMS, we cannot determine the 

composition of nucleation mode particles, which contribute significantly to by CPC 

measurements. For event #2, the ratio of I(85)/I(71) was determined to be approximately 

5.9±0.8, indicating predominant contribution from lubrication oil to organic PM.  

To identify the type of lubrication oil in use, we obtained the full organic PM mass 

spectra of the individual plume by integrating the AMS measurements through each plume and 

subtracting the ambient background from the resulting spectra, and then compared the obtained 

plume mass spectra with the standards of the two lubrication oils (Fig. 4.8A and 4.8B). We 

identified the type of lubricant oil applied for the aircraft and the results are listed in Table 4.2. 

Since we identified from the AMS measurement that the applied lubrication oil for event #2 was 

from ExxonMobil, which gives I(85)/I(71) = 8.60, the lubrication oil contribution to organic PM 

is determined to be approximately 66±10% by assuming that the organic PM from engine 

combustion yields I(85)/I(71) of 0.66. 
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Table 4.2 Emission indices of organic PM (EIm-org) and black carbon (EIm-BC) due to the observed aircraft 

engine plume events as well as the determined oil contribution to organic PM. Events 1 – 5 are obtained from 

MDW while  6 – 12 from ORD 

Event  Engine EIm-org 

(mg kg
-1

) 

EIm-BC 

(mg kg
-1

) 

I(85)/I(71) Oil Type Oil 

contribution 

1 CFM56-7B24 - - - - - 

2 BR715C1-30 386±49 200±47 5.9±0.8 ExxonMobil 0.66±0.10 

3 CF34-3B1 - - - - - 

4 CFM56-7B24 - 95±54 - - - 

5 PW150A - - - - - 

6 PW4077 8±1 39±6 1.1±0.5 ExxonMobil 0.05±0.06 

7 V2522-A5 10±2 206±10 3.7±0.7 ExxonMobil 0.38±0.09 

8 PW2037 13±2 214±9 3.5±1.0 ExxonMobil 0.36±0.13 

9 & 10
 

PW2037 & 

CF34-3B1 

12±2 141±8 4.1±1.1 BP 1.00±0.35 

11 AE3007A1P - 117±31 - - - 

12 CF4-8E5G01 46±2 - 2.4±0.4 BP 0.55±0.13 

 

The emission characteristics of a combustion source is usually evaluated in terms of 

emission index (EI), which is mass of the emitted pollutant per mass fuel consumed, in the unit 

of mg kg
-1

 for PM mass. In this study, EI of organic PM (EI-org) measured by the AMS and 

black carbon (EI-BC) by the MAAP were calculated via the following equation (Timko et al. 

2010): 

2

mg
( ) 4478
kg fuel (CO )

M T
EI

C P

∆
= ×

∆
 

where ∆M is the measured mass in µg m
-3

, ∆C(CO2) is the difference between the sample and 

ambient CO2 concentrations (in ppm), T is the sampling temperature in Kelvin, and P is the 

pressure (in torr). Based on the characteristic EI-CO2 of 3160 g/kg fuel for conventional aviation 

fuel and neglecting engine combustion inefficiency, we calculated the emission indices of 

organic PM and black carbon for the observed plume events and listed the results in Table 4.1. 

During the field measurements at MWD, the signal of organic PM and black carbon 

emissions for a large number of the plume events were below the instrumental sensitivity, except 
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for event #2, in which we measured more than one order of magnitude higher EI-org compared 

to the previously published results. The analysis above demonstrates that the predominant 

contribution to organic PM in event# 2 came from lubrication oil.  

 

4.4.2.2 Plume Measurements at ORD 

On February 18, 2010, analogous measurements were conducted at Chicago O’Hare 

International Airport (ORD). Figure 4.10 presents exhaust emission data for seven engine events 

(labeled as Events #6-12), all of which were taxiing based on the CO and NOx emission indices. 

The near constant delay (~60 seconds) between the appearance of the taxiing aircraft in the 

center of the video camera frame and wind speed-based estimates of the advection distance 

corroborate that these events were from taxiing aircraft with engines operating near-idle. 

 
Figure 4.10 A portion of the results from the field measurements at ORD 

 

The sources of the plume events described in Figure 4.10 are listed in Table 4.2. We 

observed more than one hundred plumes events during the two campaigns, but a large number of 

them were contaminated with other ground activities. The presented plume events are periods 

with little interference. The emission plume, event #6 in Figure 4.10, was generated by a 

PW4077 engine installed on a Boeing 777-222(ETOPS) airframe. Events #9 and #10, arrived too 

close to one another and are indistinguishable from each other in the measurements. Mass 

spectra of the organic PM obtained for all the plume events were obtained and compared to the 
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laboratory results to determine which type of lubrication oil was used. The determined oil type is 

also listed in Table 4.2, showing that both BP and Mobil lubrication oils were in common usage.  

Given that I(85)/I(71) was approximately 1.1 for event #6 (Fig. 4.10), the oil contribution 

to the organic PM emission was small for this long-range wide-body aircraft. On the contrary, 

events #9&10, which were both due to small regional jet, show a significant lubrication oil 

contribution to the organic PM. Based on the determined I(85)/I(71) ratio and lubrication oil 

type, we calculated the contribution of lubrication oil to organic PM and presented the results in 

Table 4.2. Our results indicate that the oil contribution to the total organic PM EI ranges from 5 

to 100% depending on engine type and condition. 

 

4.4.3 Issues related to quantification of lubrication oil contribution to organic PM 

A number of factors need to be considered when quantifying lubrication oil contribution 

to organic PM emissions. Since there are two common aircraft lubrication oils, the mass marker, 

I(85)/I(71), can only provide quantitative information after the applied lubrication oil has been 

determined. Therefore, the mass spectra of organic PM must be obtained to determine the oil 

type before the oil contribution can be calculated. However, in cases with low lubrication oil 

composition, the determination of oil type becomes difficult because of the experimental 

uncertainty in the AMS measurements. We could only provide an estimate in such cases. 

4.5 Summary 

This work has demonstrated that aircraft engine lubrication oil emitted from aircraft 

deoiling system can be an important emission vector of semi-volatile hydrocarbon mass that does 

not have to do with the combustion process. Synthetic lubricants are designed to be thermally 

and chemically stable to prevent degradation from corrosion and oxidation, especially for those 

made up of pentaerythritol esters that contain a shorter-chain alkanoyloxy group (Nakanish et al. 

1997). Emitting such organic PM into the upper troposphere and lower stratosphere could have 

significant environmental impact. Emissions in and around airports can also contribute to 

degradation of local air quality. It is noteworthy, however that this study finds that the oil 

recycling techniques employed in the demisting technologies tested in this work are actually 

highly efficient in reducing oil particle emissions at and above the designed cut-off size.  It may 

be possible to further improve the demisting efficiency without significant energy cost by 

dramatically reducing the emissions of lubrication oil in the sub-micron size mode. Further 

investigations of the lifetime, atmospheric fate and the optical properties of these lubrication oil 

PM emissions formed in the wake of engines are important in evaluating the short- and long-

term impact upon the atmosphere and local air quality. 

The field study on in-service commercial aircraft engine exhaust reveals the 

unambiguous identification of lubrication oil constituents in organic PM emissions from taxiing 

commercial aircraft. Comparing the AMS field measurements of various commercial aircraft 

engine exhausts with those from the well-controlled mono-disperse lubrication oil aerosols 

generated in the laboratory, we found that lubrication oil was clearly present in the organic PM 

emissions from the commercial aircraft engine exhausts and could become the predominant 

composition in some of the cases. The intensity ratio of I(85)/I(71) from the AMS measurements 

serves as an excellent mass marker of lubrication oils. Although the quantitative correlation 

between lubrication oil emissions and engine model, thrust, age, and ambient conditions is still 
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under investigation, this study demonstrates that lubrication oil emission can be a significant 

component of organic PM in aircraft engine exhaust. 
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5 Condensation on Soot in the Exhaust of a 
Combustor Sector Rig  

A systematic test was performed with a high pressure arc sector combustor rig located in 

the Jet Burner Test Stand (JBTS) at UTRC on July 19, 23, and 25, 2012.  This combustor rig is a 

test article used to evaluate hardware performance and when burning Jet A, provides PM 

emissions typical of gas turbine engines.  The partitioning of non-volatile and volatile particle 

emissions as well as the speciation of the volatiles provides a dataset that would be useful to 

determine necessary parameters for the microphysics modeling.  In addition to condensation 

experiments performed with the miniCAST burner, the sector rig test provides parameters to the 

model which are not easily obtained from other sources.  The deployed instruments include C-

ToF AMS, SMPS, MAAP, CPC, and CAPSex to investigate a variety of physical and chemical 

properties for both non-volatile and volatile PM emissions. 

5.1 Description of the Facility and Test Setup 

The combustor at the UTRC Jet Burner Test Stand (JBTS) is a full size test article 

consisting of 5 fuel nozzles in a 120 degree sector rig.  The combustor is placed in a pressure 

vessel allowing inlet pressures up to 300 psia and inlet temperatures to 1000 F.  A rotation 

emission rake system of 5 discrete sampling probes allows gaseous and particulate sampling to 

be performed. Jet A gas turbine fuel was used for our testing; the fuel sulfur content for this fuel 

sample was determined to be 656±1 ppm. 

 

5.2 Sampling Setup 

The burner exhaust sample is extracted at the exit plane of the combustor with five 

probes bundled together to average out the effect of sampling location.  The probes were 

stationary behind the middle combustor nozzle although the test stand had a capability to sweep 

the probe across the sector.  The five samples are mixed to one stream before it is split again into 

a gas sampling line and a particle sampling line.  The gas sampling line is an undiluted and 

heated line that feeds gaseous species measurement instruments.  The gaseous species 

measurement includes CO2, CO, O2, NO, NO2, and total hydrocarbon.  The gas sampling line 

also feeds a filter sampling system that is used to measure Smoke Number according to ARP 

1179.  The particle sampling line has a pressure control valve that regulates the flow entering 

Dekati diluter (typically between 0 to 15 PSIG).  The exhaust sample is diluted with dry nitrogen 

in the Dekati diluter by a factor of 3 to 11.  The dilution nitrogen may or may not be heated.  The 

Dekati diluter dumps some flow after dilution, and the diluted sample has some positive pressure 

head to travel through the sampling line (typically about 0.3 PSIG when using ½” transfer line 

and about 1.0 PSIG for ¼” line).  The sampling line is a 60-feet long stainless steel tubing.  We 

had two different sampling lines, one with ½” OD and 0.44” ID, and another with ¼” OD and 

0.18” ID.  The ¼” line can be either heated or left at room temperature.  Because the ¼” line is 

bundled with the dilution nitrogen going into Dekati diluter, they must be heated or unheated at 

the same time.  The ½” is a separate line, and it does not have a heater.  Therefore, the sampling 

configuration can be one of the following four: 

A) Cold ¼” line, cold dilution 

B) Cold ½” line, cold dilution 
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C) Cold ½” line, hot dilution 

D) Heated ¼” line, hot dilution 

We tested for 3 or 4 dilution ratios for each sampling configuration. 

The diluted sample was analyzed with 2 suites of instruments: 

1) CO2 meter (with a HEPA filter in front), SMPS, and MAAP 

2) CPC, CAPS extinction monitor, and AMS 

Between the suites 1 and 2, there was a 25 feet section of ¼” OD, 0.18” ID copper tubing 

(unheated).  Figure 5.1 shows the schematic of the sampling setup, and Table 5.1 lists the 

specifications of the instruments used. 

 
Figure 5.1 Schematic of the sampling setup 

 

Table 5.1 Specifications of the instruments 

Instrument Parameter measured 
Unit 

reported 

Detection 

range 

Time 

resolution (s) 

ARI C-ToF AMS 
Size-resolved particle mass 

and composition 
µg/m3 80-1000 nm ~10 

TSI CPC 3022 Number concentration #/cm3 0-107 (>7 nm) 1 

Thermo Electron 

MAAP 5012 
Black carbon mass µg/m3 > 5 µg/m3 ~1.5 

ARI Cavity Attenuated Phase 

Shift (CAPS) spectrometer 
Total extinction Mm-1   

TSI SMPS 

(DMA 3080 + CPC 3025A) 

Size-resolved number 

concentration (dN/dlogDp) 
#/cm3 10-300 nm 60 

Nondispersive intrared 

(NDIR) CO2 meter 
CO2 concentration % 0-3 % 1 
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5.3 Results and Discussion 

5.3.1 Effect of burner operating conditions 

To understand and characterize the burner, we sampled the burner exhaust using the 

sampling configuration C, described in Section 5.2.  We kept the dilution ratio within a narrow 

range between 3 and 5, and changed the burner operating conditions such as the inlet temperature 

and pressure, and fuel-to-air-ratio.  The inlet temperature (T3) and pressure (P3) were changed 

from low to medium, and to high powers, to simulate different engine power settings, from idle 

to take-off.  At each power setting, the fuel-to-air ratio was varied.  Table 5.2 lists the burner 

operation conditions that we tested, and the corresponding emissions indices (EI) of gas and PM 

emissions at each condition. 

 
Table 5.2 Burner operating conditions and corresponding EI of gas and PM emissions 

Power P3 (Pa) T3 (K) 
Fuel-air 

ratio 

EI NOX 

(g/kg) 

EI CO 

(g/kg) 

EI HC 

(g/kg) 

EIn 

(#/kg) 

EI BC 

(mg/kg) 

low 466869.9 518.4 0.0103 4.96 27.61 4.197 9.88E+11 0.064 

low 482557.5 518.2 0.0128 5.50 36.56 0.410 2.35E+12 0.078 

low 485162.5 517.3 0.0165 4.18 36.23 0.150 7.46E+12 0.085 

low 482056.1 519.7 0.0184 3.68 41.16 0.108 1.27E+13 0.174 

low 487508.3 519.3 0.0201 3.36 33.50 0.084 2.74E+13 0.515 

low 486270.9 520.0 0.0224 3.18 29.15 0.070 4.99E+13 1.253 

low 488976.2 519.5 0.0240 3.01 26.02 0.044 9.54E+13 2.914 

medium 1222446.4 639.8 0.0100 10.14 5.38 0.110 4.83E+11 0.048 

medium 1231043.3 638.2 0.0130 11.24 9.94 0.090 5.67E+11 0.016 

medium 1217128.1 638.9 0.0187 6.37 10.56 0.064 3.29E+12 0.066 

medium 1215603.3 640.0 0.0202 5.97 9.55 0.036 1.06E+13 0.150 

medium 1227247.3 640.1 0.0224 5.42 7.74 0.041 3.86E+13 1.020 

medium 1243509.6 640.6 0.0261 5.50 7.06 0.039 2.02E+14 9.908 

medium 1235965.0 641.1 0.0296 5.66 9.36 0.037 3.52E+14 33.199 

medium 1243821.6 641.6 0.0335 5.89 16.66 0.054 6.52E+14 108.418 

high 1720032.3 729.8 0.0140 21.54 4.88 0.046 4.54E+11 0.147 

high 1721575.3 730.3 0.0181 14.46 4.06 0.035 3.83E+12 0.101 

high 1720010.0 699.2 0.0219 9.61 3.51 0.019 4.43E+13 1.108 

high 1731841.2 700.8 0.0260 9.13 3.19 0.012 2.18E+14 11.399 

high 1715104.9 699.7 0.0279 9.23 4.03 0.018 4.07E+14 31.755 

high 1733536.8 701.1 0.0300 9.36 5.90 0.012 5.40E+14 63.741 

high 1753414.2 700.3 0.0315 9.72 8.15 0.014 6.10E+14 99.451 

 

The emissions indices (EI) of gaseous species in Table 5.2 are plotted in Figure 5.2.  As 

expected, the total NOx (a) increases with engine power due to higher combustion temperature, 

but as the engine power is increased, CO (b) and total hydrocarbon (c) EIs are reduced because 

the combustion efficiency is enhanced.  Figure 5.3 shows the PM EIs.  For PM measurements, 

less variation is seen between the engine powers, and the PM emissions increase with increasing 

fuel-to-air ratio.  In real aircraft engines, both the PM number and black carbon mass EI 

generally increase with power.  Figure 5.3 (a) and (b) suggest that the increased black carbon EI 
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in the real aircraft engines at high power is mainly due to increased fuel-air ratio associated with 

high power operation.  Figure 5.3 (c) shows that the black carbon mass EI increases faster than 

the number EI, indicating that larger particles are formed for fuel-rich combustions. 

 

 
                                    (a)                                                                    (b) 

 
                                    (c) 
Figure 5.2 Emissions indices (EI) of (a) NOx, (b) CO, and (c) total hydrocarbon vs. fuel-air equivalence ratio 
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                                    (a)                                                                    (b) 

 
                                    (c) 
Figure 5.3 Emissions indices (EI) of (a) PM number and (b) black carbon mass vs. fuel-air equivalence ratio, 

and (c) EI black carbon vs. EI number 

 

5.3.2 Effect of sampling configuration 

At two different power settings, we kept the burner at constant operation and varied the 

sampling configuration.  Figure 5.4 shows the EIs of the PM species when the burner setting was 

at medium power (1.2MPa and 640K combustor inlet pressure and temperature, with a fuel-to-air 

ratio of 0.028).  Figure 5.4 (a) and (b) implies that the PM number and black carbon mass are not 

significantly affected by the dilution ratio or dilution temperature.  The variance is mainly due to 

the different sampling line size, and we believe that the difference is due to different loss rate to 

the sampling line walls.  Not much difference can be seen for the organic coating of soot 

particles.  However, the EI of PM sulfates is significantly increased (by more than a factor of 4) 

by using cold dilution (Figure 5.4 (c)).   
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                                    (a)                                                                    (b) 

 
                                    (c)                                                                    (d) 
Figure 5.4 EIs for (a) PM number, (b) black carbon mass, (c) PM sulfates, and (d) PM organics for the 

burner operating at 1.2MPa of inlet pressure, 640K of inlet temperature, and 0.028 of fuel-air ratio 

 

Figure 5.5 shows the EIs of the PM species when the burner setting was nominally at sea-level 

take-off power (1.7MPa and 700K of combustor inlet pressure and temperature) with a fuel-to-

air ratio of 0.030.  Compared with the medium power condition, the PM number and black 

carbon EIs are increased, about a factor of 2 for the number and a factor of 3 for the mass.  For 

the high power, it appears that there is a more difference in the PM number and black carbon 

mass EIs between the hot and cold dilutions cases, and it may be due to the fact that we heated 

the Dekati dilutor itself when we turned on the heating on this day.  For the medium power 

condition experiments, the final segment of the heater that heats the Dekati dilutor failed, and 

could not be used.  PM organics follow a very similar trend as the black carbon mass, about a 

factor of 3 increase from the medium power.  However, PM sulfates are not by affected by the 

power change.  This is because the volatile sulfates are almost fully converted to the particle 

phase even for the low soot setting (medium power) in this sampling configuration, so additional 

soot surface area does not lead to more condensation.  The fraction of the organics converted 

from the vapor phase to particle phase is small, and therefore the additional soot surface can 
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facilitate more condensations of organic species.  This argument will be discussed in more detail 

in Section 5.4. 

 
                                    (a)                                                                    (b) 

 
                                    (c)                                                                    (d) 
Figure 5.5 EIs for  (a) PM number, (b) black carbon mass, (c) PM sulfates, and (d) PM organics for the 

burner operating at 1.7MPa of inlet pressure, 700K of inlet temperature, and 0.030 of fuel-air ratio 

 

5.3.3 Further test on the effect of dilution temperature 

In Section 5.3.2, the effect of the dilution nitrogen temperature was discussed.  To study 

the temperature effect more carefully, we performed a test in which we maintained the burner 

operating conditions and dilution conditions constant, but only changed the temperature of the 

dilution nitrogen gradually from 380K to 325K over 45 minutes time span.  For this test, the 

burner inlet temperature was 700K, inlet pressure 1.76MPa, and fuel-to-air ratio 0.030 (high 

power).  The ½” cold sampling line was used.  Figure 5.6 shows the time series data for the test.  

It can be seen that the AMS sulfates signal increases as the dilution nitrogen temperature 

decreases while all other conditions are constant.  This indicates that more sulfates condense and 

coat on the soot particles when the dilution is cooler.  The AMS organics slightly decreases as 

the dilution temperature decreases, implying that the coating partitioning changes.  These results 
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are consistent with the observation and explanation described in Section 5.3.2, and also with our 

microphysical simulation results described in Section 2. 

 

 
Figure 5.6 Time series data for changing dilution temperature while keeping the burner operation and 

dilution ratio constant 

 

5.4 Microphysical Modeling 

In this section, two sets of microphysical simulations are performed, one to examine the 

difference between the medium and high power settings, and another to see the dilution 

temperature effect.   The microphysical simulation code described in Section 2 was used.  The 

organic species included in the simulation and the relative composition among them are shown in 

Figure 5.7, which basically follow the argument described in Section 2. 
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Figure 5.7 Hydrocarbon species included in the model, and their relative composition 

 

A few simulations with the nucleation/coagulation mode turned on revealed that the 

homogeneous mode was not important, and it was turned off in the subsequent simulations.   

 

5.4.1 Medium vs. high power setting 

The main differences between the two power settings are soot loading and total 

hydrocarbon concentration.  The high power condition has higher soot concentration and lower 

total hydrocarbon concentration than the medium power condition.  To investigate the effect of 

these changes, two microphysical simulations were performed for: 

 

1) 1x10
7
 cm

-3
 soot concentration, 0.6 ppm total hydrocarbon, 5.8% CO2 to simulate the 

medium power condition  

2) 3x10
7
 cm

-3
 soot concentration, 0.4 ppm total hydrocarbon, 6.6% CO2 to simulate the high 

power condition 

 

The sampling line configuration of ½” cold line with cold dilution (setup B described in Section 

5.2) with a dilution ratio of 5 was used.  Figure 5-8 shows the temperature profile calculated for 

the case, using a 1-dimensional heat transfer calculation based on a fully-developed turbulent 

flow assumption. 
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Figure 5.8 Temperature profile for the microphysical simulation run representing a cold ½” sampling line 

with a cold dilution at a factor of 5 

 

Table 5.3 lists the simulation results for the two cases.  The high power condition shows higher 

EI for organics even though the initial vapor phase organics concentration was lower than that 

for the medium power condition.  It is because the condensation of organic species was limited 

by the available soot surface, not by the vapor phase concentration, so larger soot surface area 

accommodated more organics condensation.  For the sulfates, however, almost all sulfates are 

already converted to the particle phase even for the low soot (medium power) condition, and 

more surface area does not promote more sulfates condensation.  This trend is consistent with the 

experimental results shown in Figures 5.3 and 5.4. 

 
Table 5.3 Microphysical simulation results for power settings representing medium and high 

Power EI sulfates EI organics 

Medium 356.01 µg/kg 327.26 µg/kg 

High 346.97 µg/kg 334.16 µg/kg 

5.4.2 Hot dilution vs. cold dilution 

In Section 5.3.3, it was shown that the cold dilution generates more sulfates coating on 

the soot particles.  A set of simulations was performed for a hot (110 
o
C) dilution case and a cold 

(45 
o
C) dilution case, and the results are shown in Table 5.4.  The simulations are for a burner 

condition representing the high power setting: 2x10
7
 cm

-3
 soot concentration and 0.4 ppm initial 

organics concentration.  The simulation results capture the trend that the sulfates EI increases as 

the dilution temperature decreases from 110 
o
C to 45 

o
C, but the change is not as dramatic as the 

experimental results where it showed a factor of 5 times difference.  Also, the organics EI 

increases as well with the cold dilution, which is the opposite trend as the experiments, but the 

amount of increase is smaller than the sulfates.  We currently do not have a full explanation for 

this slight discrepancy between the experiments and the simulations.  Some possibilities are 1) 

gaseous and/or particle loss to the sampling line walls, 2) incorrect mass accommodation 

coefficients, and 3) the included 6 hydrocarbon species not representing the burner exhaust. 
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Table 5.4 Microphysical simulation results for hot dilution and cold dilution cases 

Dilution temperature EI sulfates EI organics 

45 
o
C 285.19 µg/kg 74.01 µg/kg 

110 
o
C 276.87 µg/kg 71.99 µg/kg 

 

5.5 Summary 

A systematic measurement of particulate matter was performed with a combustor sector 

rig at a wide range of burner operation conditions and with 4 different sampling configurations.  

It was found that the dilution ratio is not an important factor when sampling particulates.  For 

non-volatile soot particles, the dilution temperature does not significantly affect the 

measurements, but the sampling line diameter does.  For volatile PM such as sulfates and 

organics, both the dilution temperature and sampling line diameter have significant impacts on 

the measurements. .  It was experimentally observed and numerically explained that the amount 

of sulfates coated on the soot particles increases when using colder dilution gas. Because the 

sulfates are readily converted to particle phase regardless of the amount of available soot surface 

area, sulfates EI was not changed by different soot conditions (different power setting).  

However, the condensation rate of the organic species is much lower than the sulfates, making 

the soot surface availability a rate limiting factor, and the organics EI increases with increasing 

black carbon number and mass.  This trend was captured by the microphysical simulations 

 

5.6 Reference 

 

SAE ARP 1179: Aircraft Gas Turbine Engine Exhaust Smoke Measurement, 1997. 
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6 Summary and Conclusions 
This project was a multi-component effort that drew on the expertise of university research 

scientists, private sector research scientists, and aircraft engine manufacturers. The work spanned 

a range of elements from theoretical model development through laboratory scale experiments 

and industrial hardware development test facilities to full scale engine testing.  There was 

excellent synergy between the various components of the project, which ensured that the basic 

research components were addressing important questions for engineering application and that 

the industrial tests were done with a fundamental understanding of the underlying processes.  

Several of the research questions that were addressed during this project: 

• How do unburned low volatility hydrocarbons contribute to the number, size and mass of 

particle emissions from aircraft engines ? 

• How do aerosols evolve in the engine plume ? 

• What properties of volatile species control condensation and particle growth ? 

• What is the quantity and role of lubrication oil emitted by an engine ? 

Significant advances were made on all fronts, and this report and the associated archival journal 

publications will provide a useful resource for the documented understanding of volatile PM 

emissions from aircraft engines. 

 

Each of the main facets of the overall project is summarized below along with the important 

conclusions for each. For the overall project: 

1. A more complete understanding of volatile PM emissions from gas turbine engines has 

been obtained 

2. A modeling tool is available that can quantitatively predict how organic and sulfate 

emissions contribute to volatile PM formation and growth.   

This model has been demonstrated to be applicable for full scale gas turbine engines, which will 

allow future technology decisions to be evaluated for volatile PM emissions. In addition, this 

understanding and these tools will allow better and more quantitative assessments of how aircraft 

emissions can contribute to emissions inventories around military bases so that more accurate 

and realistic environmental impact assessments can be made. 

 

Model Development and Applications: In this project, a detailed microphysical model 

previously developed to study PM evolution in near-field aircraft emitted plumes was extended 

to study soot microphysics and homogeneous particle nucleation in the presence of organic 

emissions. Our new formulation includes (1) organic vapor activation on soot surface, (2) 

organic vapor condensation on activated soot surface, (3) independent unary nucleation of water-

insoluble organic vapors, and (4) condensation of water-soluble and water -insoluble organic 

vapors on homogeneous sulfuric acid-water droplets. Several organic surrogate species 

mimicking organic emissions from modern gas turbine engines were selected for our modeling 

study, and methodologies estimating chemical and physical properties of the aerosols containing 

complex mixtures of sulfuric acid, water, and various organic molecules were also developed.  

Our modeling study suggests that: 

• soot size, ambient conditions (temperature and relative humidity levels), organic 

emissions levels, and organic mass accommodation coefficients all have effects 

on the amount of organic coatings on soot.  
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Homogeneous particle formation is primarily driven by binary sulfuric acid-water nucleation, 

and water insoluble organic species significantly contribute the size growth of the homogeneous 

droplets.   Competition between soot surfaces and homogeneous particles for organic vapors 

exists, and the partitioning between the two modes is determined by the ambient conditions, 

engine operation, and emissions levels. 

This model was used to plan the laboratory studies and the sector rig test, and was used to 

analyze the resulting data from those measurements.  By comparing the model predictions with 

the experimental results, parameters in the model (mass accommodation coefficients) were 

refined to better represent the observed microphysical evolution.  Further, such exercising of the 

model allowed it to be tested in an operational setting and to be shown to be a good tool for 

estimated volatile PM emissions from military gas turbine engines. 

Laboratory Studies: A laboratory study of volatile organic compound (VOC) coatings on 

combustion soot particles resulted in the determination of uptake coefficients for a variety of 

VOCs. Uptake is a critical parameter in the microphysical process of gas to particle evolution, 

since under controlled experimental conditions the uptake coefficient can be considered 

equivalent to the dry mass accommodation coefficient. We found that: 

• a phenomenological power-law correlation exists between the uptake coefficient of VOCs 

on combustion soot particles and the solubility of VOCs in water, therefore: 

•  the more soluble the VOC is in water, the less likely the VOC will coat on the fresh soot 

surface.  

This is in agreement with the common thinking that fresh combustion soot is hydrophobic.  

In general, uptake coefficients are difficult to measure experimentally since the simultaneous 

determination of species concentration in both gaseous and particulate phases is required. Thus, 

the phenomenological correlation developed under this project allows  

• estimates to be made of the uptake coefficient for most organic compounds based 

solely on aqueous solubility, which has been widely studied. 

 In the future, this correlation may also be very useful for air quality assessment, when both soot 

and VOCs are involved.  

Engine Oil PM: A dedicated engine test at a Pratt & Whitney Test Facility and field 

measurements at Chicago’s O’Hare International Airport and Midway International Airport have 

quantified aircraft engine lubrication oil as a significant emission vector of semi-volatile 

hydrocarbon mass that does not have to do with the combustion process.   

• The contribution of lubrication oil to total PM organic emissions ranges from 5% to 

100% based on engine type, age, and maintenance.  

In general, new aircraft engines generate much lower emissions of lubrication oil than the old 

types of engines. It is noteworthy, however that this study finds that the oil recycling techniques 

employed in the demisting technologies tested in this work are highly efficient in reducing oil 

particle emissions at and above the designed cut-off size of approximately 1µm.  It may be 

possible to further improve the demisting efficiency without significant energy cost to reduce the 

emissions of lubrication oil in the sub-micron size mode. Further investigations of the lifetime, 

atmospheric fate and the optical properties of these lubrication oil PM emissions formed in the 

wake of engines operating aloft are important in evaluating the short- and long- term impact 

upon atmosphere. 

Sector Rig Tests: Particulate matter (PM) emissions from a 4-nozzle high-pressure combustor 

sector rig were determined over a range of burner operation conditions using 4 different 

sampling configurations to study the condensation of VOCs on soot.   
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• For volatile PM such as sulfates and organics, both the dilution temperature and 

sampling line diameter (residence time) have significant impacts on the measurements.  

• It was experimentally observed and numerically explained that the amount of sulfates 

coated on the soot particles increases when using colder dilution gas.  

Because the sulfates readily condense on the soot even for low soot conditions, sulfate 

concentration was not changed by different soot concentrations (different power setting).  

However, the condensation rate of the organic species is much lower than the sulfates, making 

the soot surface availability a rate-limiting factor, and the organics concentration increases with 

increasing black carbon number and mass.  This trend was captured by the microphysical 

simulations, which demonstrate that the models developed in this project are applicable to the 

regimes encountered in full-scale military engines.   

In these the combustor sector rig experiments, the mass accommodation coefficients, which are 

critical parameters in the microphysical model, were determined with higher fidelity.   

• With the updated mass accommodation coefficients, the microphysical simulation 

method can now quantitatively determine the organic PM emissions, as well as 

the sulfate PM emissions, from aircraft engines.  

This is an important contribution to understanding the total PM emissions from military gas 

turbine engines and the major objective of the overall project. 
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 109

“Contrails and Smoke Trails to Exhaust Particle Processes: A Brief History of Aircraft 
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