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Recent measurements have suggested that soot properties can evolve downstream of the combustor, changing the

characteristics of aviation particulate matter emissions and possibly altering the subsequent atmospheric impacts.

This paper addresses the potential for the postcombustion thermodynamic environment to influence aircraft

nonvolatile particulate matter emissions. Microphysical processes and interactions with gas phase species have been

modeled for temperatures and pressures representative of in-service engines. Time-scale arguments are used to

evaluate the relative contributions that various phenomenamaymake to the evolution of soot, including coagulation

growth, ion–soot attachment, and vapor condensation. Then a higher-fidelity microphysics kinetic is employed to

estimate the extent to which soot properties evolve as a result of these processes. Results suggest that limited

opportunities exist for the modification of the size distribution of the soot, its charge distribution, or its volatile

content, leading to the conclusion that the characteristics of the turbine and nozzle of an aircraft engine have little or

no influence on aircraft nonvolatile emissions. Combustor processing determines the properties of soot particulate

matter emissions from aircraft engines, setting the stage for interactions with gaseous emissions and development as

cloud condensation nuclei in the exhaust plume.

I. Introduction

A IRCRAFT emissions can affect the health and welfare of
people living in the neighborhood of airports through changes

in air quality and can also influence climate. An accurate description
of the chemical state of the engine exhaust is a necessary prerequisite
to assessing the extent of these effects. Exhaust characterizationmust
include the full range of aircraft operating conditions, from ground to
flight altitude, and consider the evolution of thermodynamic
conditions along a path that includes the intraengine environment as
well as the exhaust plume. Understanding how the chemistry and
physics of aircraft particulatematter (PM) develop along this path is a
necessary step toward alleviating potential impacts. Recent
measurements have suggested that soot properties can evolve within
an aircraft engine, altering the characteristics of the emitted PM [1,2].
This paper addresses the potential for the postcombustion
thermodynamic environment to influence aircraft nonvolatile,
carbonaceous PM emissions.

Measurements have demonstrated that exhaust gases and water
vapor condense on emitted nonvolatile particles in the exhaust plume
[3,4]. This can change the tendency for nonvolatile PM to act as
cloud condensation nuclei and alter their role in contrail formation.
Radiative forcing resulting from contrail and cirrus cloud formation
has been indicated by measurements [5], and the cumulative

magnitude of the effect to date is estimated to be roughly equivalent
to that of carbon dioxide emissions from aviation [6–11].
Heterogeneous processing may also influence the chemical
composition of aircraft soot emissions with potential toxicological
consequences. It is currently unknown whether nonvolatile,
carbonaceous PM should be classified as a hazardous air pollutant
(HAP) [12]. Apart from the classification of the soot itself, it is also
possible that the soot could absorb or act as a condensation site for
other emitted HAPs.

Because condensation on nonvolatile PM is partly controlled by
the particle size distribution, it is important to understand the
potential for coagulation growth within and downstream of the
engine. Understanding differences in nonvolatile particle properties
at the combustor exit relative to their subsequent state at the engine
exit may also improve the combustor development process. As
measurement capabilities for determining particle emissions are
matured and implemented, knowing that the combustor exit plane is
a viable alternativemeasurement location to the engine exit plane can
save considerable expense in sampling.

Experimental programs, including the NASA-QinetiQ Collabo-
rative Program [1] and the European Union PartEmis project [2],
have begun to investigate potential modification of soot properties
through the engine turbine and exhaust nozzle. A limited number of
these measurements show significant changes in the nonvolatile size
distribution and the presence of volatile condensate on the soot.
Whitefield et al. [1] reported a 3 nm (�10%) growth in particle mean
diameter. This increase may indicate that intraengine thermody-
namic conditions are favorable for coagulation or condensation.
Petzold et al. [2] also measured an increase in the mean diameter, but
attributed the change to variability in the engine operating point
between experiments rather than an active microphysical process. In
addition, Petzold et al. [2] detected a volatile coating on soot particles
at the engine exit that was not evident on particles at the combustor
exit.

These different interpretations of the measured particle growth
were one impetus for the model development and analysis of this
study. Although we treat the intraengine environment specifically, it
is important to note that results developed through both the NASA-
QinetiQ and PartEmis programs were perhaps confounded by the
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possibility of additional heterogeneous processing within the
particulate measurement systems themselves. There is a strong
modification in the pressure and temperature environment
experienced by the particle after entering the sampling probe. This
is coupled with a time scale within the apparatus that is longer than
the absolute age of the soot particle at the time it enters the probe.

Exhaust chemistry depends on fuel type, the thermodynamic
environment within the engine and in the plume (as driven by cycle,
component design, and ambient atmospheric conditions), and also
the residence time in any one of these environments, stretching from
milliseconds in the combustor and the turbine, to minutes in the
plume and days in the subsequent atmospheric processing. To
facilitate study of this system from the standpoint of emissions
characterization, it is convenient to examine the evolution of the
aircraft exhaust in three regions, combustor, turbine nozzle, and
plume. Each region corresponds to a particular thermodynamic
environment with a characteristic time scale and hence, emphasizes
different aspects of the chemistry.

This study employs numerical models and time-scale analyses to
explore the potential for soot particle growth via agglomeration,
particle scavenging, and vapor condensation in the engine turbine
and nozzle. Several studies have addressed the evolution of the
chemical state of the flow through the turbine and nozzle of an
aircraft engine [13–19]. These investigations have shown the unique
role of gas phase chemistry along the postcombustionflowpath in the
production of sulfate and nitrate aerosol precursors. Little is known
about the evolution of nonvolatile PM through this same
environment. Estimates of precursor emissions suggest that
nonvolatile particulate emissions constitute a major fraction of the
total particulate mass found in the near-field plume (�1 s after
emission) [19]. Soot is the only component of the overall PM mass
present at these times that has nucleated and developed by the
combustor exit and is the dominant contributor to aircraft engine
nonvolatile emissions, representing virtually all the nonvolatile
particle mass.

Rates for the microphysical processes that govern the evolution of
nonvolatile PM can be determined with the knowledge of the
temperature and pressure of the surrounding environment and the
initial chemical composition of the fluid. After formation in the
primary zone of the combustor, soot particles undergo rapid
coagulation and surface growth and are cooled through the addition
of dilution air in the combustor aft section. By the time particles
arrive at the turbine inlet, their mean age is on the order of 3–8ms and
they are at a temperature of 500–1000 K lower than at nucleation. At
ground level, the particles undergo a fast expansion through the
turbine and nozzle from pressures as high as 40 atm for in-service
engines to atmospheric pressure within 1–3 ms. The flow is also
diluted by the addition of turbine cooling air early in the gas path
(cooling can be responsible for more than 20% of the mass flow) and
later again in the nozzle for engines with internal core-bypass
mixing. This paper is organized to provide a step-by-step description
of the analysis of this intraengine system. In Sec. II we examine the
evolution of the soot size distribution due to coagulation between
neutral particles. Section III deals with the charge distribution and its
effect on the coagulation. Section IV then addresses the role of
hydrocarbons in altering soot properties. Section V summarizes
conclusions from our evaluation of the potential for nonvolatile
particulatematter processing in the postcombustor flow pathwithin a
gas turbine engine.

II. Coagulation

In this section we consider coagulation as a means for particle
growth within the engine. Three types of coagulation have been
considered: Brownian coagulation, turbulent shear coagulation, and
turbulent inertial coagulation. In most flows and for most particle
types, Brownian coagulation is dominant. However, because the
flow in an aircraft turbine is strongly turbulent, it was not clear at the
outset whether the two latter types of coagulation would be
negligible within the engine. A bounding analysis shows this to be
the case for turbomachinery flows and the particle size ranges

expected in an aircraft engine. The evaluation also suggests that any
intraengine coagulation that occurs will be confined to the
combustor.

We first examine characteristic time scales for coagulation to
assess whether there is enough time within the engine for such
processing to occur. Characteristic time scales are estimated as
2=�Kc � N0�, whereN0 is the particle number density at the beginning
of the coagulation process and Kc is the coagulation kernel. The
coagulation kernel is the equivalent of a chemical reaction rate
parameter. The nomenclature differs simply to reflect the
nonchemical nature of the process but it refers to the same concept.

Strictly, coagulation time scales are properly defined only for
monodisperse distributions, but we still can define the time scale here
as an upper bound for the time necessary to decrease the particle
number density by a factor of 2. Soot radii between 5 and 50 nmwere
considered, matching the range found in existing measurements of
nonvolatile particulate emissions from aircraft engines [20–27].

To estimateN0, further specification of soot properties such as the
mass emission index and the size distribution is required. At the
combustor exit of aircraft engines, soot has been measured to be log
normally distributed in a single mode (e.g., [1]). For this analysis, we
assess an upper bound on the amount of coagulation that may occur
using a large central size and geometric standard deviation.
Coagulation kinetics are driven byN0. The total mass of nonvolatile
PM is specified using an emission index for soot, EIPMnv, of
1 g=kg-fuel. This is likely on the high end for the range of engines in
service. Assuming a soot density between 1500–1800 kg=m3, and
using log-normal parameters suggested bymeasurements [20–27]—
median radius in the range 10–30 nm, geometric standard deviation
1.5–1.75, and number EI of 0:1E15–6E15 particles=kg-fuel—data
suggestEIPMnv is in the range 0:002–2 g=kg-fuel. For this study, the
log-normal distribution of thismass is specified by amedian radius of
23 nm and a geometric standard deviation of 1.75. Both of these
values are on the high end of the range suggested by existing
measurements. The choice of a large emission index and particle size
is meant to put the system in a worst-case scenario for kinetics. The
mass density of the soot was assumed at 1:5 g=cm3. Integrated, the
reference distribution equates to a number density of soot particles in
the range 3E8–5E8=cm3 at combustor exit conditions that will be
used as N0.

Coagulation kernels can be rigorously derived for spherical
particles, which is an assumption we are making for aircraft soot.
However, the morphology of aircraft soot is still an area of active
research. Other kinds of soot particles, such as those created by
automobiles, would poorly fit into such a model. Knowledge of
temperature and pressure is sufficient to compute the coagulation
kernel. The Brownian coagulation kernel is computed according to
Fuchs [28] as given in Eq. (1) for two colliding particles:

KCbr
� 4��r1 � r2��D1 �D2�

r1�r2
r1�r2�

���������
�2
1
��2

1

p � 4�D1�D2�
�
����������
c2
1
�c2

1

p
�r1�r2�

(1)

In Eq. (1), r is the particle radius and � is the final mean free path
distance between the two particles just before their collision as
derived by Fuchs [28] and shown in Eq. (2). In Eq. (2), �a is the
apparent mean free path of the particle in the carrier gas as given by
Eq. (3):

�� 1

6r�a
��2r� �a�3 � �4r2 � �2a�3=2 � 2r	 (2)

�a �
kTCc
3�c�r

(3)

Referring toEq. (1), c is the particlemean speed as given inEq. (4),
where m is the particle mass, and D is the particle diffusivity as in
Eq. (5), where Cc is an empirically derived function as given in
Eq. (6):
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In Eq. (6), Cc corrects for the noncontinuum effects at low gas
densities and small particle radius [29]. In Eq. (6), � is the mean free
path of the carrier gas as given in Eq. (7), where � is the dynamic
viscosity of air given by Sutherland’s law given in Eq. (8):

�� 2�

P�8M=�RT�1=2 (7)

�� 1:7894E � 05

�
T

273:11

�
3=2 273:11� 110:56

T � 110:56
(8)

Referring back to Eq. (1), � is the sticking probability, the
probability that a collision will result in coagulation, and it is set to 1
in the rest of this analysis to correspond to an upper-bound scenario.

The turbulent shear coagulation kernel was calculated according
to Saffman and Turner [30] as given in Eq. (9):

KCtsh
� 1:3�r1 � r2�3

�
"

�

�
1=2

(9)

In Eq. (9), � is the kinematic viscosity and " is the dissipation rate,
here approximated by the turbulence scaling law given in Eq. (10),

"� �rmsU�3
L

(10)

In Eq. (10),U is the mean speed of the flow, L is the characteristic
length scale for turbulent eddies, and rms is the root mean square
turbulent intensity. To evaluate a maximum value for ", we tookU at
600 m � s�1, approximately Mach 1 at engine nozzle exit
temperatures, L at a typical blade thickness of 1 cm, and the rms of
the turbulence at 20% based on the measurements by Goebel [31].

The turbulent inertial coagulation kernel was estimated according
to Pruppacher and Klett [32] as given in Eq. (11).

Kctin � 5:7�r1 � r2�2
����Cc1m1

6��r1
�
Cc2m2

6��r2

����
�
"3

�

�
1=4

(11)

Computations of the three coagulation kernels, Eqs. (1), (9), and
(11), can be found in Figs. 1–5. These figures show the pressure-
temperature dependence at fixed radius and the radius–radius
dependence at fixed temperature and pressure of the three
coagulation kernels. To examine the pressure-temperature depend-
encewefix the radii of the two colliding particles at themedian radius
of the distribution, 23 nm, and let the temperature and pressure vary
from 300 to 1900 K and 0.5 to 37 atm, respectively. For the radius–
radius dependence we fix the temperature and pressure at,
respectively, 900 K and 10 atm and let the radii of the two colliding
particles vary from 5 to 50 nm.

Coagulation time scales based on these estimates for Kc shown in
Table 1 are 2 orders of magnitude larger than the residence times
through the postcombustor flow path at the combustor exit. The
conclusion is that there is little opportunity for coagulation through
the turbine and exhaust nozzle, particularly because we have
assumed a worst-case scenario for the kinetics. Note that a
characteristic time scale cannot be defined for turbulent inertial
coagulation because it is, by definition, infinite for particles having
the same radius. Thus, to assess the importance of turbulent inertial

coagulation, compare the kernel values in Figs. 2 and 5 and note they
are of similar magnitude.

As a consistency check, Table 1 also shows a time scale relevant to
a 5 nm radius, monodisperse distribution of soot at an EI of
1 g=kg-fuel. This represents the condition in the combustor primary
zone immediately after nucleation. We would expect that
coagulation time scales for this distribution would indicate that
coagulation occurs within the combustor and the time-scale analysis
correctly predicts this. If all the soot mass is concentrated into
particles of 5 nm of radius, the time scale for coagulation becomes
1 ms, which is shorter than typical combustor residence times.
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Ahigher-fidelity analysis further confirms the conclusions derived
from the time-scale comparisons. We modified the chemical library
CHEMKIN coupledwith the differential equations system integrator
VODE to integrate the system of equation governing the
concentrations of the microphysical species as differentiated by
size. For the numerical analysis, the reference distribution previously
described was discretized into 45 bins, truncated at a lower-bound
radius of 5 nm, the likely minimum soot spherule size, and at the
upper bound of 500 nm, a size at which particles are almost
nonexistent. The results of the integration through the turbine and
exhaust nozzle enable us to assess changes in the median or
geometric standard deviation. Figure 6 shows the particle
concentration in the 45 bins at four locations through the turbine.
Particle growth would be shown by an increase of the median
diameter, a shift to the right of the distribution peak. However,
coagulation growth is so weak that the simulation shows no shift
within the numerical accuracy of the code. The only effect shown is
due to the gas expansion through the turbine which lowers the
number density by an order of magnitude.

III. Electrical State

Assessing electrical interactions is important for two reasons.
First, to accurately characterize downstream plume processing of

particles, the electrical state at the engine exit must be defined.
Second, soot charges can increase the effective value of the
coagulation kernel.

To calculate an enhancement factor on the coagulation kernel, we
need to estimate the nonvolatile particle charge distribution as
established within the combustor. Depending on the fuel type, the
density of ions can be as high as 1E10–1E11 in the flame zone of the
combustor [33]. Figure 7, reproduced from Ball and Howard [34],
shows results from a thermoionization calculation suggesting that
soot particles are positively charged at typical primary zone
temperatures. However, once the soot leaves the flame front in the
primary zone, electrons, which have a diffusion constant 3 orders of
magnitude higher than any other charged particles present in the
flow, should quickly ionize other species and disappear [35].

Following the disappearance of the free electrons will be a pool of
positive and negative ions that have similar diffusion constants.
These ions will recombine and attach to nonvolatile particulates,
altering the charge distribution of the soot. As shown in Fig. 8, the
ion-aerosol attachment coefficient, computed according to Hoppel
and Frick [36] as in Eq. (12), is of the same order of magnitude as the
ion–ion recombination coefficient. Therefore the ions, which in the
flame have a concentration at least 3 orders of magnitude larger than
the soot particles, will have sufficient time to modify the charge
distribution before they disappear.

K � 4�rD

r
R1
� �1=�2�e

����
kT d�� �4Dionr=cb

2�e����
kT

(12)

In Eq. (12), Dion is the ion diffusion constant, � is the potential
between the ion and the soot particle, �i is the ion mean free path of
the ions, and � is the final mean free path distance between the two
particles just before their collision given by Eq. (13).
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In Eq. (12), b is the minimum impact parameter leading to a
collision, obtained by minimizing the function in Eq. (14) with
respect to �.

b���2 � �2
�
1 � 2����

3kT

�
(14)

The ion diffusion constant is computed from the ionmobility. The
mobility of an ion (as distinct from free electrons) is about 1 cm2=V �
s [33].We assumed amobility of 1:2 cm2=V � s for our analysis and a
mass of 100 AMU (atomic mass unit) for both positive and negative
ions [37].

Our calculations show that because of the small radius of an ion,
image and van der Waals forces are negligible compared to
Coulombic forces and hence we have neglected them. To evaluate
the evolution of the charge distribution, the ion–ion recombination
coefficient is parameterized over the range 1E-8 to 1E-5 cm3 � s�1.
Experimental results suggest that the lower end of this range is more
likely [36,38]. Figure 9 shows the evolution of the relative
concentrations of soot particles with�2,�1, 0,�1, and�2 charges
when the initial ion concentration is 1E11 cm�3 and the ion
recombination rate is 1E-7 cm�3 � s�1. It demonstrates rapid
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Fig. 4 Radius–radius dependence of a turbulent shear coagulation

kernal at 10 atm and 900 K.
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Table 1 Time scale for the coagulation process at combustor exit conditions versus a typical residence time for particles

Reference distribution Monodisperse distribution
at 5 nm of radius

Brownian coagulation time scale 200 ms 1 ms
Shear coagulation time scale 500 ms 20,000 ms
Inertial coagulation time scale Similar to Brownian time Virtually infinite
Turbofan combustor flow time scale 5–8 ms 5–8 ms
Turbofan turbine flow time scale 2–5 ms 2–5 ms
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convergence to a steady-state charge distribution of the soot
particles. This result varies little over the range of ion–ion
recombination rates examined, showing a difference only at the
highest values. Indeed, the higher the ion–ion combination rate, the
less the soot charge distribution will evolve and the more dominant
polarity will be. For aircraft combustors this would lead to positively
charged soot. However, our results suggest that the ions indeed have
sufficient time to set the charge distribution of the soot.Moreover, the
speed at which the convergence takes place indicates that the steady
state is attained within the combustor. The practical conclusion is
that, if the ion concentration is sufficiently large and the attachment
coefficient sufficiently fast (which are probable conditions in the
combustor), then the charge distribution would be such that a
significant proportion of the soot particles are carrying opposite
charges. Thus, there is a potential for increased coagulation due to
electrical interactions between oppositely charged particles.

Coagulation enhancement occurs when there is an attractive
potential between particles. We consider Coulomb forces, image
forces (which are a correction to the Coulombic interaction), and

van der Waals forces. The van der Waals potential between two
particles separated by a distance � is computed according to Eq. (15):

�vdw��� � �
AH
6

�
2r1r2

�2 � �r1 � r2�2
� 2r1r2
�2 � �r1 � r2�2

� ln
�
�2 � �r1 � r2�2
�2 � �r1 � r2�2

��
(15)

In Eq. (15), AH is the Hamaker constant with a value of 5E-20 J
[39,40]. The sum of the Coulombic and image forces is computed as
given by Maxwell [41] in Eq. (16). In Eq. (16), "r is the relative
permittivity of the soot particle taken as 5.5 [42].
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Fig. 7 Equilibrium number of net charges carried by soot particles

depending on the radius and number of free electrons in the surrounding

environment. Reproduced from Ball and Howard [34].
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As with the previous consideration of the initial soot charge
distribution, the enhancement to the kernel is represented as an
increase in the minimum impact parameter leading to a collision,
given in Eq. (14). Equation (17) is the revised kernel, including
enhancement:

Kcbr �
4��r1 � r2��D1 �D2�

r1�r2
r1�r2�

���������
�2
1
��2

2

p � 4�D1�D2�����������
c2
1
�c2

2

p
b2

�r1�r2�2
�r1�r2�

(17)

The enhancement to the kernel, that is, the factor by which the
kernel is increased when the electrical state of the particles is
considered, is plotted on Fig. 10 as a function of the radius of the two
colliding particles. It shows that due to the high temperature and the
relatively large size of the soot particles, the enhancement factor will
remain of the order of 1, hence having only a negligible effect on the
coagulation. Integration of the soot distribution using the higher-
fidelity microphysical tool confirms the lack of growth through the
turbine and exhaust nozzle for the range of conditions investigated.

IV. Role of Hydrocarbons in Altering Soot Properties

As a final step, we briefly consider the potential for hydrocarbons
(HC) to play a role in altering particle properties. Emission indices
for unburned HCs can be of the same order of magnitude as the
nonvolatile particulate EI [43]. Thus, if condensation occurs, it could
modify the particle mass and hence size distribution. Analyses of
plume measurements have, however, suggested the presence of HC
nucleation in the plume [2,23,44,45]. However, saturation vapor
pressures of these gaseous emissions are quite high under the
temperature and pressure conditions experienced in the turbine flow.
Using theAntoine’s law coefficients reported in [46], a few examples
are computed and listed for HC species that might be found at the
combustor exit [47] as follows: heptadecane (500 K)� 0.15 atm; 1-
decene (440 K) � 0.91 atm; 1-methylnaphthalene (500 K) �
0.67 atm; benzaldehyde (440K)� 0.74 atm.Gas phase species at the
combustor exit include organics such as small hydrocarbons and
aldehydes, aromatics and substituted aromatics, and to a lesser
extent, larger hydrocarbons.

To our knowledge, no existing measurements at the engine exit
detail the speciation of the hydrocarbons with carbon number higher
than 17. In general, however, the saturation vapor pressures for the
conditions examined suggest that condensation of hydrocarbons in
the engine or even the near-field plume is not expected. Plume
measurements may instead point to other organic emissions such as
droplets of engine lubricating oil or other high carbon number
compounds.

This discussion of condensation does not address the gas-to-
particle conversion in the exhaust flow after it exits the engine or as
an exhaust sample is captured by a measurement probe and
transported to a measurement instrument where temperatures and
pressures may change dramatically. An additional effect not
addressed here is the stabilization of hydrocarbon monolayers on the
surface of the soot, which can be enhanced in the presence of
(positive) charges [44]. This particular kind of deposition could
potentially lead to a growth of the particle even at subsaturated
conditions. In the absence of charges, monolayers only influence the
chemical properties of the nonvolatile particulate without modifying
the microphysical properties.

V. Summary

This paper considered the postcombustion evolution of soot
properties within an aircraft engine through coagulation as
potentially enhanced by electrical interactions. No process was
identified that would lead to a change in soot size or charge
distribution through the turbine and nozzle of the engine. The
formation and initial evolution of the soot happens in the combustor.
Cooling and dilution through the combustor dilution zone, turbine,
and exhaust nozzle essentially freezes the properties of the
nonvolatile particulate matter before emission.

Thus, we conclude that combustor exit measurements are
representative of engine exit measurements, and that changes in size
distribution measured in recent sampling programs [1,2] are likely
related to changes in experimental conditions, including variance in
engine operating conditions, or additional processing through the
measurement apparatus. It should be emphasized that these results
are relevant only to the nonvolatile particulate. Gas phase species do
evolve significantly through the postcombustion gas path.
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