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Particulate matter emissions from aircraft engines have received increased attention due to their impacts on
climate, health, and regional air quality. However, understanding of particulate matter formation from aircraft
emissions at ground level is still limited. In this work, a detailed, one-dimensional model consisting of plume
chemistry, wake dilution, and aerosol microphysics was developed to study sulfur-containing aerosol formation in
near-field aircraft plumes at ground level. Parametric studies of ambient conditions and engine operating
parameters were performed following the centerline plume trajectories up to 1 km downstream. The sampling
system used in a recent experimental measurement campaign (NASA APEX-1) was also investigated. Our results
show that binary homogeneous nucleation of H,SO,—H,O is sensitive to ambient conditions, and heterogeneous
condensation on soot is dependent on engine power. The results also suggest that at certain atmospheric conditions
the observations from the experimental sampling system at moderate (e.g., 30 m) downstream locations may not
represent the particle evolution further downstream. A comparison with experimental data provided a limited initial
assessment of the model. This assessment suggests that the important physics are being captured, and the model may
be used to interpret experimental results and help guide future directions of field measurements.
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8 = mean free distance

& = fuel sulfur conversion factor

0; = activated (coated) fraction of surface for soot
particles in the ith size bin

K = Kelvin factor

A = molecular mean free path in air

Ppl = plume density

0y = average number of sites (molecules) per unit area
of soot surface

; = overall chemical molar reaction rate of species i

1. Introduction

IRCRAFT emissions have received growing attention during

the past few years due to the increase of commercial traffic and
heightened global environmental awareness. Particulate matter (PM)
emissions composed of solid particles, volatile aerosols, and solid
particles coated with condensable liquid in near-field aircraft plumes
are of particular interest, because very fine aerosols (less than 2.5 um
in diameter) are known to provide risks to human health and also to
affect the atmospheric processes that influence global climate
change. Because of their potential impacts on climate, health, and
regional air quality [1,2], it is necessary to understand how these
aerosols are formed and how they may be managed.

Many studies have been performed to characterize particulate
emissions from aircraft engines. Recent field measurements, such as
the aircraft particle emission experiment series (APEX-1, JETS/
APEX-2, and APEX-3 [3,4]), have been conducted to examine both
gaseous and particulate emissions from commercial aircraft engines
at ground level. These measurements show that chemical
compositions and particle size distributions of aircraft-emitted,
volatile aerosols are sensitive to sampling system design and
operation, atmospheric conditions, and engine operating parameters.
As a result, repeatable and accurate measurements are challenging
because some important factors (such as ambient temperature and
relative humidity) cannot be controlled in the experiment.
Furthermore, understanding of aerosol microphysical processes
such as particle nucleation, coagulation, growth, and condensation in
near-field aircraft plumes at ground level is still limited. Therefore, it
is important to gain an improved understanding of the effects of
ambient conditions and engine operating parameters on the
formation of aircraft-emitted aerosols.

Detailed microphysical modeling provides a useful way to
understand aerosol formation mechanisms in near-field aircraft
plumes. Previous efforts to model aircraft particulate matter
emissions mostly focused on particles formed at high altitudes
under cruise conditions [5-16]. Under these conditions, where
ambient temperature and pressure are much lower than those at
ground level (nominally 219 K and 0.24 atm at cruise conditions),
the nucleation of the volatile particles was found to be extremely
rapid, such that the volatile particles are nucleated 20 m
downstream from the engine-exit plane within 0.1 s. At cruise, the
particle growth was driven by water vapor freezing onto ice-coated
particles during contrail formation. Because of the rapid
temperature drop in the plume and the large supersaturation of
water vapor with respect to ice, significant growth of both volatile
and nonvolatile aerosols was predicted. However, these
observations are not generally true for the ground-level aircraft
emissions, where ambient conditions and engine operating
parameters are significantly different. Several studies of particulate
emissions from automobile diesel engines [17-22] have shown that
aerosol growth is dependent on the ambient air dilution history and
is sensitive to ambient conditions such as temperature and relative
humidity. Although aircraft-emitted aerosols at high altitude and
automobile-emitted aerosols at ground level have been studied via
modeling, relatively few efforts have focused on the modeling of
aerosol formation in near-field aircraft plumes at ground level. In
the modeling study by Vancassel et al. [23], the particle growth was
concluded to be enhanced when soot particle size decreases.
However, understanding of the underlying particle growth
mechanism is still lacking. In addition, there is a need to better

understand the sensitivity of aerosol formation and chemical
composition to ambient conditions and engine operating parameters
under ground-level conditions. A reliable model may be used to
interpret measurement results under various experimental
conditions and to provide guidance for future aircraft emission
measurement campaigns.

In this paper, a detailed one-dimensional microphysical model is
presented to study the aerosol formation microphysics in near-field
aircraft plumes at ground level. We have focused our work on the
microphysical processes of the H,SO,—H,O binary system as the
first step of investigation and do not explicitly consider the effects of
ion-induced or organics-enhanced nucleation processes. To provide
local thermal conditions, initial exhaust properties were calculated,
and a semi-empirical approach was used to estimate the plume
dilution history. Parametric studies of ambient conditions and
engine operating parameters were performed, and the effects of these
parameters on the formation of aircraft-emitted aerosols are
discussed.

II. Model Development
A. Determination of Initial Exhaust Properties

The first task required to model the microphysics of aerosol
formation in near-field aircraft plumes is to estimate exhaust
properties at the engine-exit plane. In this work, we have only
focused on the CFM56-2C1 engines examined during the APEX-1
measurement campaign [3,4]. GasTurb, a gas-turbine cycle
simulation program developed by Kurzke [24], was used to
determine engine performance for different ambient conditions and
engine operating parameters. A generic two-spool, unmixed-flow,
turbofan engine configuration was chosen to model CFM56-2C1
engines. Engine design parameters, such as thrust settings, bypass
ratio, overall pressure ratio, and mass flow rates of the core and the
bypass, were gathered from Jane’s All the World’s Aircraft [25]
when available, and the fuel flow rates at various power settings were
taken from the International Civil Aviation Organization (ICAO)
Emission Databank [26]. Based on these parameters, temperature,
pressure, and velocity were calculated at various engine stations,
including the engine-exit plane.

The initial concentrations of the gas-phase species at the engine-
exit plane were calculated using a two-step equilibrium process [27]
using the temperature and pressure values determined from the
engine cycle calculations described previously. In the first step,
the gas-phase species were assumed to be in equilibrium in the
combustor. The combustor inlet concentrations were estimated
based on the fuel-to-air ratio, and the C/H ratio and heating value of
butene (C,Hg) were used to represent fuel properties in this
calculation. The calculated species concentrations from this step
were then used as initial conditions at the turbine inlet for the
second step. In the second step, the majority of the gas-phase
species were assumed to be in equilibrium at the turbine exit.
However, concentrations of species that are known not to be in
equilibrium were fixed at the levels reported in the ICAO database
(CO and NO,) or estimated according to the fuel composition
(SO, ). The constrained equilibrium calculation assumes that most
combustion reactions take place very rapidly and chemical species
are controlled by their thermodynamic states. This assumption was
found to be able to produce reasonable results [27], and the
technique of constrained equilibrium calculation was used to obtain
initial concentrations of the gas-phase species at the engine-exit
plane in this work.

B. Modeling of Plume Dilution History

In addition to engine-exit plane exhaust properties, dilution
behavior of near-field aircraft plumes was also needed. In this work,
plume temperature, velocity, and exhaust gas fraction as a function of
downstream distance provided the time-varying thermal state for the
one-dimensional microphysical model to follow. The semi-
empirical, self-similar approach developed by Davidson and Wang
[28] was used to estimate the plume dilution history instead of a full
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flowfield analysis. Although the Davidson—Wang model does not
capture the whole flowfield properties in detail as computational fluid
dynamics (CFD) methods, it provides a fast and simple way to
provide necessary flowfield information for our microphysical
simulations. We have included the detail description of the
Davidson—Wang algorithm in the Appendix section.

Figure 1 shows a comparison of predicted and measured values
of velocity (Fig. 1a), temperature (Fig. 1b), and exhaust gas fraction
(Fig. 1c) in near-field aircraft plumes at 30 m downstream as a
function of engine power for CFM56-2C1 engines. Four different
radial locations (centerline, 1, 2, and 3 m) at 30 m downstream were
calculated from the Davidson—-Wang model at an ambient
temperature of 300 K and relative humidity of 10%. These
conditions were chosen to approximate APEX-1 conditions, where
the ambient temperature ranged from 290 to 310 K, and the ambient
relative humidity ranged from 7 to 17%. Figure 1 shows that model
predictions of the centerline properties were generally higher than
the experimental values. This discrepancy is most likely due to the

100, Measurements +
Model Predic_tions Centerline

® 80{| A Centerline 4 1m
IS ® 2m v _3m
2 60
(8]
ko)
> 40
)
5
g 20

0

0 20 40 60 80 100
Engine Power (%)

a) Plume velocity

Measurements +
Model Predictions
A Centerine & 1m
® 2m v 3m

o
@

Centerline

o
el

S
Q

Plume Static Temperature (°C)
w
o

0 20 40 60 80 100
Engine Power (%)

b) Plume static temperature

n

o

x

=

o
]

Measurements +

5 Model Predictions

5 A Centerine e 1m

C 404 ® 2m vy 3m

w

» Centerline
©

] +

® 304 1m+
3 b

= + 2m
wl +

o 204 T ¥

£

S m
o

10 T T T T )

0 20 40 60 80 100
Engine Power (%)

¢) Plume exhaust mass fraction

Fig. 1 Comparison of predicted and measured properties in near-field
aircraft plumes at 30 m downstream.

fact that the model does not account for varying of wind directions
or location offsets during measurements. In fact, the measured
values were best matched to the model prediction of 2 m off the
centerline. Although there are uncertainties in both modeling and
measurements that could account for the deviations observed, the
results in Fig. 1 show that the Davidson—Wang model adequately
captures the plume dilution behavior. However, to understand the
mixing behavior of aircraft exhaust with ambient air in more detail,
further investigation of plume dilution behavior using CFD is
necessary to resolve several issues with mixing in near-field aircraft
plumes, including how the potential core should be handled in the
model and how well the two-stream, semi-empirical model used
here can represent the complex turbulent flow system of a near-field
jet engine plume.

C. Detailed One-Dimensional Microphysical Model

In the one-dimensional microphysical model presented in this
work, the time evolution of any gaseous or particulate species in a jet
engine exhaust after the engine-exit plane is described as [11]

ax,  dx,

o dr

" dXx;
dt

dx,
_|_ -

dr M

chemistry mixing microphysics

In our model, both liquid aerosols and coated black carbon soot
particles are assumed to be perfectly spherical. The three terms on the
right-hand side (RHS) of Eq. (1) correspond to the rates of production
or disappearance from chemical reactions, wake dilution and mixing,
and microphysical processes, respectively.

To evaluate the contribution from chemical reactions, the first term

on the RHS of Eq. (1) is written as

) 1
Kl My @

dr chemistry ppl

where M, ; is the molecular weight of species i, w; is the overall
molar chemical reaction rate (positive for production and negative
for disappearance) of species i, and p, is the plume density.
Equation (2) applies to the gaseous species only, because particulate
species do not participate in any of the chemical reactions in our
model. A gas-phase reaction mechanism containing 35 chemical
species and 181 chemical reactions derived from the NO, and SO,
combustion mechanism by Mueller et al. [29] was used in this work,
and molar production rates were evaluated by CHEMKIN
subroutines [30]. Additionally, the rate constants for forming
sulfuric acid (H,SO,) from reacting water with SO; were taken from
our previous study [6].

The contribution of wake dilution and mixing in Eq. (1) is written
as

Xm =(X/ _Xamb,i mi (3)

dr mixing dr f(t)

where f(f) explains how the plume is diluted by the ambient air and
can be derived from the exhaust gas fraction calculated using the
Davidson-Wang algorithm. Note that dX;/d¢|,ixine i €qual to zero
for condensed mass on soot because it is a surface, rather than bulk
gas, property.

The third term on the RHS of Eq. (1) describes the contribution of
microphysical processes and is further divided into three elements:

dX;
dr

_dx,
T odr

dX;
dr

dx,
dr

@

microphysics nucleation coagulation soot

where the first term on the RHS of Eq. (4) describes the binary
homogeneous nucleation of sulfuric acid (H,SO,) and water (H,0),
the second term describes the coagulation of liquid embryos and
droplets, and the third term describes the microphysical processes
taking place on the soot particle surface.

Nucleation rates of H,SO,—H,0 embryos were evaluated using
the kinetic quasi-unary nucleation (KQUN) theory [31,32] as a more



WONG ET AL. 593

accurate alternative to classical nucleation theory in this work.
KQUN theory asserts that sulfuric acid nucleation kinetics is the
controlling factor and that water reaches equilibrium with embryos
and droplets immediately. This permits binary nucleation of
H,S0,-H,0 to be treated as unary nucleation of sulfuric acid. The
embryo formation rates due to homogeneous binary nucleation are
derived explicitly from the condensation and evaporation rates:

ﬂl M- — ﬁln + lerlnH»l (l > 2) (Sa)
d 1 .
o ==Biny — yany, — Bony + y3m3 (i=2) (5b)
dr 2
d .
% =2y,n, + Z Yini — Zﬂ, nj (=1 (¢

In Eq. (5), m is a user-specified value representing the size of the
largest embryo tracked in the model. Compared with classical binary
homogeneous nucleation theory of H,SO,—H,O cluster formation,
this kinetic based theory has the advantage of capturing particle
distributions in a rapidly diluting engine exhaust where dramatic
changes in temperature, relative humidity, and sulfuric acid
concentration take place [22].

The second term on the RHS of Eq. (4) corresponds to the
coagulation of different liquid particles. This term includes the
condensational growth of sulfuric acid monomer on H,SO,-H,0
embryos or droplets, which is written as [33]

i
dn
—+ = Z Klt i / Z Kiknink (6)
1+/ k i=1
where the Brownian coagulation kernel K;; is evaluated as [34]
8wdD

Kol d) =3, T35 +ab/@+ 0 "

inwhichd = (d; + d;)/2,D =
§=(8+ 5?)‘/2.

When Eq. (6) applies to the embryos included in Eq. (), 7, j, k, and
[ denote the size of the embryos and are no bigger than m, which is the
size of the largest embryo included in Eq. (5). Because tracking the
exact composition of large particles is impractical, the fully
stationary sectional bin approach [35] was used to track droplets that
are beyond the largest embryo specified. In this case, / denotes the
total number of sectional bins, which is a user-specified value. Mass
conservation was taken into account across the boundary between
the embryos and the binned particles.

The first and second terms on the RHS of Eq. (6) correspond to the
formation and disappearance of aerosol droplets, respectively.
Because quasi-unary nucleation theory explicitly considers sulfuric
acid condensing on or evaporating from embryos, the condensational
growth in Eq. (6) does not apply to the H,SO,~H,0O embryos
governed by Eq. (5). The amount of water change from coagulation is
also calculated based on the equilibrium compositions of different
particle sizes.

The third term on the RHS of Eq. (4) describes the microphysical
interactions between nucleated H,SO,—H,O aerosols and the soot
particles. The size evolution of soot particles is expressed as the
combination of soot activation and condensational growth [11]:

(D; 4+ D))/2,¢ = (c} 4 ¢})"/*,and

dmi
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The soot activation is further divided into adsorption and scavenging:
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where adsorption is achieved by H,SO, and its precursor SO; as
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in which «; was set to be 0.018 in accordance with recent laboratory
findings [36].
The scavenging of H,SO,—H, O embryos and droplets is written as

ZB,J ,[ ](1—9) M, an

As shown in Egs. (10) and (11), the activation and scavenging
rates are linearly dependent on the unactivated (uncoated) fraction of
the soot particle surfaces 1 — 6;, and 6; is described by

dm;
dr

scav

. do; deé;
d6; _ 4% 4o (12)
dr dr adsorp. dr scav.
. 1 N
Gl —lwe b)) a3
de adsorp. 4 %0
| 1
T =7 2By ][ }(1—9) (14)
scav J

where gy is setat 5 x 10'® m=2 [L1].
The growth on soot particles is broken into contributions from
condensation of both sulfur-containing aerosols and water vapor:

. dm; dm;
dm; _am; am; (15)
dr condensation dr sulfur dr water
in which
drm; —27G.N. Z D.d, b, Paj = KPG; ‘M,.| (16)
dr wlfur Yo - Jj%pi RT w,j
dm,; KkPy
—L =2nG;N,D,d, ;6; v )M, 17
dr water TGN p.i ( RT ) w,v ( )
and G; is expressed as [37]
1 20 7!
G =|—0 18
! [1+%+3audpl] (18)

where «,, is set at unity for both water vapor and sulfur-containing
aerosol condensation on coated soot particles [11].

In Eq. (16), the sulfur-containing liquid embryos and droplets of
all sizes contribute to the condensational growth of soot particles. For
sulfuric acid monomers, the pressure difference term P, ; — Py’ is
present, because sulfuric acid monomers have noticeable vapor
pressure under the conditions of interest and can evaporate from
coated soot surfaces. For other larger embryos or droplets, Pg’; is
assumed to be zero and the pressure difference terms are reduced to
the partial pressure of the condensing aerosol species because these
aerosols have very low saturation vapor pressure under our
conditions of interest.

The contributions of mixing and microphysical terms of Eq. (1) are
generally more significant than the chemistry term under conditions
of ground-level aircraft plumes, because oxidation reactions
normally take place at higher temperatures and atmospheric
reactions usually take place in slower rates. Far enough downstream
of a plume where ambient dilution processes become much slower,
the aerosol microphysical processes become more important
especially at lower ambient temperatures. The relative importance of
each microphysical term in Eq. (4) is dependent on ambient
conditions and engine operating parameters. The homogeneous
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nucleation and coagulation processes become more important at
lower ambient temperature and higher level of relative humidity.
This is because binary homogenous H,SO,—H,O nucleation,
coagulation, and particle growth are strongly dependent on ambient
temperature and relative humidity. The soot microphysics is more
significant at higher engine thrusts, where a larger amount of soot
particles (and thus a larger soot surface area) is emitted from the
aircraft. We will discuss these effects along with our modeling results
in the next section.

III. Results and Discussion

Parametric studies of ambient conditions and engine operating
parameters were performed to determine the formation mechanisms
of H,SO,—H,0 aerosols in near-field aircraft plumes. Simulations
were carried out at three different ambient temperatures (286, 293,
and 300 K), four different levels of ambient relative humidity (10, 40,
60, and 80%), four different power settings (7, 30, 65, 100%), and
two different fuel sulfur contents (FSC, 383 and 1595 ppm). In these
runs, the fuel sulfur conversion factor (¢) to S¥! (sulfur with an
oxidation state of 4-6) was assumed to be 1% [38], that is, S¥! mass is
1% of the total sulfur mass at the engine-exit plane. The remaining
sulfur mass has an oxidation state of +4 (SV), which is primarily
present in SO, and stays as S'V during plume evolution because SO,
oxidation takes place very slowly after the engine-exit plane where
the temperature is significantly lower. The soot particles were
initially log-normally distributed into 30 bins from 3 to 250 nm in
diameter, and the parameters of the log-normal distribution were
fitted into the experimental data gathered in APEX-1 for CFM56-
2C1 engines [39,40], as listed in Table 1. The parameter space
explored provides a comprehensive way to study the sensitivity of
aircraft-emitted aerosol formation to these factors.

Several factors affect the accuracy of our model prediction. First,
microphysics of ion-induced nucleation and organics-enhanced
nucleation are both neglected in our model. Chemiions in the exhaust
of aircraft jet engines have been measured in the literature [41-45]. It
has been reported that chemiions may enhance the nucleation rates of
the H,SO,-H,0 system, reducing the sensitivity of particle
formation to ambient conditions [8,17,18]. However, detailed
interactions between chemiions and H,SO,—H,O droplets are very
complicated [46,47], and knowledge of how chemiions affect the
formation and growth of aircraft-emitted aerosols at ground level is
still limited. Enhancement of nucleation rates by organics may also
be critical [48]. This process may be more important at lower power
settings where significantly more organic emissions are present in the
gas and condensed phases [49,50]. However, the mechanisms for
organics-enhanced nucleation are still unknown, as are the species
involved and the process by which the organics contribute to the
aerosol growth. Finally, the values for several model parameters,
such as a,; and ¢, are still uncertain in the literature and therefore
could also affect the outcome of our model prediction. Although
the modeling tool developed in this work may not capture all
the microphysical details taking place in a near-field aircraft plume,
the results still provide valuable information to understand the
importance of the critical formation mechanisms of aircraft-emitted
sulfur-containing aerosols at ground level. The results are also
helpful for interpreting current measurement data.

In this work, the aerosol dynamics in near-field aircraft plumes
following centerline trajectories up to 1 km downstream were
simulated within the parameter space described previously. In
addition, the particle formation mechanisms inside the APEX 30-m

downstream sampling system were studied. The results of these
calculations are discussed in the following sections.

A. Aerosol Dynamics in Near-Field Aircraft Plumes
1. Representative Simulation Results

Figure 2 shows a set of representative results from a one-
dimensional microphysical simulation following an exhaust
centerline trajectory up to 1 km downstream in a near-field aircraft
plume. The ambient temperature was 286 K and the ambient relative
humidity was 60%. The engine power was set at 7%, and the fuel
sulfur content was 383 ppm. The growth of H,SO,~H,O liquid
particles was divided into two parts: the embryos (i.e., H,SO,~H,0
oligomers), which are particles smaller than or equal to a user-
specified size set at 40 acid molecules, and the droplets, which are
particles beyond the largest embryos tracked. The embryos were
specifically tracked by their sizes, and the droplets were discretized
into 30 log-normally distributed bins covering diameters up to
250 nm. The concentration evolution results for liquid H,SO, —
H,O droplets and embryos are shown in Figs. 2a and 2b,
respectively. As shown in these figures, the geometric mean diameter
of H,SO,—H,0 droplets reached about 27 nm at 1 km downstream
(Fig. 2a), and the embryos served as nuclei of this particle growth
(Fig. 2b). After 800 m downstream, which is at a plume age of about
9 min, the liquid particle growth almost reached equilibrium and the
concentrations of the droplets started to decline because of the
mixing of the plume with ambient air.

Figure 2c shows the evolution of soot particles, where the
geometric mean diameter of the particles increased from 16 nm to
about 28 nm at 1 km downstream. This particle growth was driven by
the activation, scavenging, and condensation of SO3, H,SO,4, H,O,
and H,SO,—H,0 aerosols onto the soot particles, as described in
Sec. IL.C. The size distributions of soot particles shown here can be
combined with the size distributions of liquid H,SO,—H,O droplets
inFig. 2a. As shown in Fig. 2d, abimodal distribution including both
nucleation and soot modes was found in a near-field aircraft plume at
1 km downstream. In comparison with other modeling efforts of
aircraft particulate matter emissions at high altitudes under cruise
conditions [6,10,11,15], the particle growth at ground level predicted
in this work is much slower and the resulting particle size is much
smaller.

An instructive way to understand the growth of sulfur-containing
aerosols in near-field aircraft plumes is to consider the evolution of
the sulfur mass budget. In Fig. 2¢, the SV mass budget is divided into
three categories: 1) the SY! mass in the vapor phase consisting of
H,S0,-(H,0), monomers and its gas-phase precursors SO; and
H,S0,; 2) the S¥! mass in aerosol droplets and embryos formed via
binary H,SO,—H, O nucleation; 3) the S¥! mass in soot coatings from
the condensational growth on soot particles. As shown in Fig. 2e, the
SYI mass in the aerosol droplets and that in the soot coatings both
increased with increasing downstream distance as nucleation and
condensational growth occurred. At 1 km downstream, roughly 40
and 31% of the SV mass (0.4 and 0.31% of the total sulfur mass) was
in the aerosol droplets and soot coatings, respectively, and around
28% of the SV! mass (0.28% of the total sulfur mass) remained in the
vapor phase. Based on this finding, the soot particles are likely to
continue to grow further downstream, because nucleation had almost
reached equilibrium, and both gas-phase SO; and H,SO, and liquid-
phase embryos and droplets would continue to condense on soot
particles. However, it is also possible that sulfuric acid would be
sufficiently diluted far enough downstream to reach its saturation

Table 1 The parameters used for log-normally distributed soot particles under different power settings

3

Power settings, % Initial concentration, cm™

Geometric mean diameter, nm

Standard deviation Estimated surface area, m? /cm?2

100 3.0 x 107 35.0
65 7.5 x 10° 25.0
30 6.0 x 10° 20.0

7 8.5 x 10° 16.0

1.6 1.795 x 1077
1.6 2.291 x 108
1.4 9.456 x 107°
1.3 7.845 x 107°

“Estimation was based on spherical particles log-normally distributed into 30 bins from 3 to 250 nm.
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Fig. 2 Representative simulation results following the plume centerline
trajectory up to 1 km downstream.

vapor pressure. In this case, the equilibrium between condensation
and evaporation of H,SO, on coated soot particles is reached, and the
SYI'mass in the vapor phase would no longer decline.

2. Effects of Ambient Relative Humidity Levels and Engine
Power Settings

To study the sensitivity of H,SO,~H,O aerosol formation to
ambient conditions and engine operating parameters, the S¥' mass
budget at 286 K under different levels of ambient relative humidity
and engine power settings at 1 km downstream were examined. For
direct comparison with experimental data, the S¥' mass budget was
converted into the sulfate (SO,) mass emission index (EI,) as
measured by the aerosol mass spectrometer (AMS) during APEX-1.
Figure 3 shows the effects of engine power and ambient relative
humidity on the sulfate EI,, at 1 km downstream under ambient
temperature of 286 K and fuel sulfur content of 383 ppm. As shown
in the figure, the contribution of the nucleation mode H,SO,-H,0
particles to the total sulfate mass increased sharply with increasing
relative humidity. At40 and 10% relative humidity (Figs. 3c and 3d),
the homogeneous binary nucleation of H,SO, and H,O was found to
be insignificant, and the sulfate mass emission index contribution
from liquid H,SO,—H,0 aerosols was negligible under all power
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Fig. 3 Effects of engine power and relative humidity on the sulfate EI,,
at 1 km downstream.

settings. However, at 80% relative humidity (Fig. 3a), more than
5 mg/kg fuel of the total sulfate mass was contributed by liquid
H,S0,-H,0 aerosols formed via binary nucleation of H,SO, and
H,O wunder all power settings. This dependence of binary
H,S0,—H,0 nucleation rates on relative humidity is due to the
critical role that water plays in the nucleation process.

The sulfate mass emission index in the soot coatings (soot mode) is
more correlated with the engine power settings. As shown in Fig. 3,
the sulfate mass condensed on soot was the lowest under 30 and 65%
engine power levels with a sulfate emission index of
1-2 mg/kg fuel. However, under 100 and 7% engine power, the
sulfate emission index is significantly higher with more than
3.5 mg/kg fuel. This is because different initial size distributions of
soot particles under different power settings were assigned, as listed
in Table 1, and at high levels of engine power more soot surface area
is available. This enables the condensation of gas-phase molecules or
liquid aerosols more easily. This observation is consistent with the
modeling study by Vancassel et al. [23]. On the other hand, more
residence time is required for a plume generated at low levels of
engine thrust to reach a given downstream distance, as illustrated in
Fig. 4. For example, the plume age for 7% engine power was more
than twice as long as the plume age for 30% engine power at 1 km
downstream. A rapid increase in the plume age from 30 to 7% engine
power resulted in an increase in sulfate mass condensed on soot
particles because more time was available for condensation. This
trend is the same under almost all levels of relative humidity. The
only exception was at 80% relative humidity and 7% engine power,
where the competition of the nucleation and condensation lowered
the amount of sulfate mass condensed on soot particles.

An alternative way to present the results in Fig. 3 is to use a three-
dimensional graph as shown in Fig. 5a. In this figure, the lower (light)
plane represents the sulfate condensed on the soot particles (soot
mode) and the upper (dark) plane represents the total sulfate
consisting of both soot and nucleation modes. This graph is further
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broken down into two contour plots in Figs. 5b and 5c, which
describe the soot mode and the nucleation mode separately under
different levels of relative humidity and power settings. Again, these
figures show that the nucleation mode was very sensitive to ambient
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Fig. 5 The simulated sulfate EI,, at 1 km downstream.

relative humidity so that the nucleation mode sulfate EI,, increased
from being negligible at 10% relative humidity to about
10 mg/kg fuel at 80% relative humidity for 7-65% engine power
settings. The soot mode was mainly dependent on engine power, and
the soot mode sulfate EI,, ranged from 6 mg/kg fuel at 100% engine
power to less than 2 mg/kg fuel at 65 or 30% engine power. As
described earlier, there is a competition between the soot mode and
the nucleation mode. This competition was found to be most marked
in the upper right corners of the contour plots, where both the
nucleation and soot modes are lower than their maximum emission
index values. This is because both homogeneous nucleation and
heterogeneous condensation deplete sulfuric acid and H,SO,~H,0O
droplets and are both favored at high levels of relative humidity and
engine power.

3. Results for Plumes with Same Age and Effects of
Ambient Temperature

To eliminate the effects of different plume ages on the amount
of sulfate condensed on soot particles, the results were
reanalyzed at a plume age of 3 min under different levels of
ambient relative humidity and engine power to remove the effect
of engine power on residence time. As shown in Fig. 6, the
amount of the sulfate condensed on the soot increased with
increasing engine power due to larger available soot surface area
for the same plume age at an ambient temperature of 286 K. The
soot mode sulfate EI,, at 7% engine power was significantly
lower (~0.4 mg/kg fuel) in Fig. 6 compared to that in Fig. 5
(~4 mg/kg fuel) where a longer plume age was considered. The
competition between the soot mode and the nucleation mode was
also present and was most obvious at high relative humidity and
high engine power conditions.

The effects of ambient temperature on particle formation at a
plume age of 3 min under different levels of ambient relative
humidity and engine power are shown in Fig. 7. The sensitivity
of the nucleation mode sulfate to ambient temperature and
relative humidity is clear from comparing Figs. 6 and 7. The
nucleation mode sulfate EI,, increased with decreasing ambient
temperature, ranging from 9 mg/kg fuel at 286 K to almost
negligible at 300 K (at 80% relative humidity and 7% engine
power). This sensitivity of the nucleation mode to ambient
temperature and relative humidity predicted is consistent with
what was simulated in the modeling study by Du and Yu [22] for
automobile diesel engines. This observation also shows that it
could be difficult to quantify the amount of sulfate mass in the
homogeneous aerosol phase from experiments where ambient
conditions are varying. On the other hand, the amount of the
sulfate condensed on the soot was not sensitive to ambient
conditions and was primarily dependent on engine power. The
soot mode sulfate EI, changed from 6 mg/kg fuel to
0.8 mg/kg fuel when engine power was reduced from 100 to
7%. The only exception was at 80% relative humidity, 100%
engine power, and 286 K ambient temperature, where both
homogeneous nucleation and heterogeneous condensation were
favored. In this case, the competition of the two processes results
in sensitivity of both nucleation and soot modes to ambient
conditions and engine operation.

B. Aerosol Dynamics Inside the APEX 30-m Downstream
Sampling System
1. Representative Simulation Results

To compare our modeling results with experimental findings,
one-dimensional calculations reproducing the APEX-1 30-m
downstream sampling system were performed. Figure 8 shows a
set of representative results for these simulations under the same
ambient conditions (ambient temperature of 286 K and ambient
relative humidity of 60%) and engine operating parameters (engine
power of 7% and fuel sulfur content of 383 ppm) as in Fig. 2. In
these figures, the axial downstream distance was divided into two
parts. The first 30 m of the calculations studied the microphysics
that occur in the plume right after the engine-exit plane, and the
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Fig. 6 The simulated sulfate EI,, at a plume age of 3 min at 286 K.

remaining calculations simulated the microphysics that occur in
the sampling system including both the probe tip and the sampling
line. No additional dilution was permitted after the plume entered
the sampling system, and the centerline velocity and temperature
profiles in the sampling system were determined based on the
measured values during APEX-1. As shown in Fig. 8, aerosol
droplets and embryos bigger than 10 acid monomers did not start
to form until the plume entered the sampling system. This is
because the residence time required to travel from the engine-exit
plane to the probe tip is too short (<0.85 s) and the plume
centerline flow is too warm (>297.5 K) for binary homogeneous
nucleation and condensation on soot particles to occur
significantly. Further comparison of Figs. 2 and 8 reveals that
the results for the 30-m sampling system do capture the
microphysics of particle formation in the plume with the same
plume age (~3 s) qualitatively well. However, the behavior of
aerosol formation further downstream looks quite different both
qualitatively and quantitatively from what was predicted for the
30-m sampling system. This suggests that residence time and
exhaust dilution history have significant impacts on the aerosol
formation microphysics.
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2. Effects of Ambient Conditions and Engine Operating Parameters

Figure 9 shows the effects of ambient relative humidity, ambient
temperature, and engine power on the formation of aerosol droplets
and the growth of soot particles in the 30-m downstream sampling
system. Similar to the findings of the near-field plume calculations,
the binary homogeneous H,SO,-H, 0 nucleation (nucleation mode)
was very sensitive to the ambient conditions. The nucleation mode
sulfate EI,, changed from negligible to about 6 mg/kg fuel when
ambient relative humidity increased from 10 to 80% and ambient
temperature decreased from 300 to 286 K. However, the sulfate mass
condensed on soot particles (soot mode) was insensitive to ambient
conditions and primarily dependent on engine power settings. The
soot mode sulfate EI, changed from 0.7 mg/kg fuel to
0.02 mg/kg fuel when engine power was lowered from 100 to
7%. Comparison of the results contained in Fig. 9 with Figs. 6 and 7
shows that the concentrations of the gas-phase H,SO, and SOj; in the
sampling system were higher in this case, and the final nucleated or
condensed sulfate mass was less due to a significantly shorter
residence time. The competition between the soot mode and the
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Fig. 8 Representative simulation results in the APEX-1 30-m
downstream sampling system.

nucleation mode at 80% relative humidity, 100% engine power, and
286 K was also not as noticeable as what was found in the 3-min
plume calculations.

The simulation results for the 30-m downstream sampling
system with a fuel sulfur content of 1595 ppm are shown in
Fig. 10. Similar to Fig. 9, the soot mode is engine power
dependent, and the nucleation mode was sensitive to ambient
temperature and relative humidity. The soot mode sulfate EI,
changed from 10 mg/kg fuel to 0.4 mg/kg fuel when engine
power was decreased from 100 to 7%, and the nucleation mode
sulfate EI,, changed from 0.06 mg/kg fuel to 38 mg/kg fuel when
ambient relative humidity increased from 10 to 80% and ambient
temperature decreased from 300 to 286 K. These results also show
that the amount of sulfate in the nucleation increased with
increasing FSC. According to these results, an increase of FSC
from 383 to 1595 ppm resulted in an increase of total sulfate
condensed on the soot particles of about 14-fold on average. Both
homogeneous nucleation and heterogeneous condensation
processes are more favorable when FSC is higher, and the
competition between the soot mode and the nucleation mode is
also more significant.

Fig. 9 The simulated sulfate EI,, in the APEX 30-m sampling system
with a FSC of 383 ppm.

3. Comparison of Modeling Results and Experimental Data

In addition to the uncertainties embedded in the model described
earlier, several difficulties related to field measurements make direct
comparison between modeling results and experimental findings
challenging. First, the minimum particle size that is sensed by the
instruments usually complicates the comparison for the nucleation
mode, because liquid droplets formed via homogeneous nucleation
are mostly too small to be measured and quantified. This could
potentially cause significant errors, especially when the signals are
small. The fluctuations of the ambient conditions, such as
temperature, relative humidity, and the wind direction affecting the
dilution history may also play a big role due to the sensitivity of the
nucleation mode to these parameters. Therefore, a direct comparison
of the measured and the predicted nucleation mode sulfate EI,, is
presently difficult. However, such a comparison can be performed
for the sulfate mass condensed on soot particles, because this
quantity is less affected by the factors described above. Figure 11
shows a comparison of the modeled and measured sulfate emission
index for the soot mode as a function of engine power for both fuel
sulfur contents (383, 1595 ppm). The modeling results were taken for
the 30-m sampling system calculations at an ambient temperature of
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300 K and ambient relative humidity of 10%. In addition to a 1% fuel
sulfur conversion factor (¢), a set of simulation runs using a 2% fuel
sulfur conversion factor under the same ambient conditions and
engine operating parameters was also performed. The experimental
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Fig. 11 Comparison of model-predicted and experimental [51] soot
mode sulfate EI,,.
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Fig. 12 Comparison of model-predicted and experimental [40] particle
size distribution.

data were averaged from the AMS measurements for the 30-m
downstream studies during the APEX-1 campaign [51], where the
ambient temperature ranged from 290 to 310 K and the ambient
relative humidity ranged from 7 to 17%. As shown in the figure,
when the FSC is 1595 ppm, the modeling results with a fuel
conversion factor of 2% matched well at low power settings, whereas
the modeling results with a fuel conversion factor of 1% matched
better at high power settings. When the FSC is 383 ppm, modeling
results for 2% fuel conversion factor give better agreement with
experimental data. This suggests that the fuel sulfur conversion
factor is not a constant and can be affected by engine power settings
or fuel compositions as described in the modeling work by Lukachko
etal. [27]. Despite the discrepancy shown in the figure, the modeling
tool is able to capture the general trend of the aerosol microphysics
that take place in a near-field aircraft plume at ground level.

The particle size distributions measured during APEX reported by
Lobo et al. [40] provide another way to compare our modeling data
with experimental results. As shown in Fig. 12, the particle size
distributions gathered during APEX at two different ambient
temperatures (308.44 and 299.25 K) with highest fuel flow rate
(0.84 kg/s) were compared with model predictions under 100% of
engine power, 10% of ambient relative humidity, 383 ppm of FSC,
and 1% of the fuel sulfur conversion factor at two different ambient
temperatures (300 and 286 K). It can be seen from the figure that our
model underpredicted the size of both nucleation mode and soot
mode particles. These differences can be explained by the fact that
our model does not include the contributions of ion-meditate and
organic-enhance nucleation processes. Furthermore, the model
calculations were performed under a dry condition (10% relative
humidity), which minimizes the formation of nucleation mode
particles. Nonetheless, the model did capture the general trend of
experimental findings that lower ambient temperatures enhance the
formation of nucleation mode particles significantly.

IV. Conclusions

A detailed, one-dimensional model consisting of plume
chemistry, wake dilution, and aerosol microphysics was developed
to study the aerosol formation dynamics in near-field aircraft plumes
of CFM56-2C1 engines at ground level. Engine-exit plane
conditions were obtained using a gas-turbine cycle simulation
program and constrained equilibrium calculations, and plume
dilution history was established using a semi-empirical approach.
Aerosol microphysics was treated as a combination of H,SO,~H,0
binary homogeneous nucleation, volatile particle coagulation, and
condensation growth on soot, and a newly developed kinetic quasi-
unary nucleation theory was used. The sensitivities of the formation
of sulfur-containing aerosols to ambient temperature, ambient
relative humidity, engine power, and fuel sulfur content were studied
for near-field aircraft plumes following the centerline trajectories up
to 1 km downstream and for the APEX-1 30-m downstream sampling
system.
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Our simulation results at 1 km downstream show that binary
homogeneous nucleation of H,SO,—H,O is sensitive to ambient
relative humidity and temperature. However, the condensational
growth of the liquid aerosols on the soot particles is primarily
dependent on engine power because the available soot surface area
for condensation varies with engine power. Our results also suggest
that there is a competition between the soot mode and the nucleation
mode for condensable species, and this competition is most
pronounced under high relative humidity and high power conditions
where both processes are favored.

The calculations performed for the APEX-1 30-m sampling
system demonstrate that the aerosol formation processes do not start
until after the plume enters the sampling system. Similar to the 1-km
plume calculations, the nucleation mode is sensitive to ambient
temperature and relative humidity, and the soot mode is engine
power dependent. Both the nucleation and the soot mode scale
nonlinearly with fuel sulfur content. The modeling results for the 30-
m sampling system described the observations in plumes with the
same residence time qualitatively well. However, the particle
evolution further downstream with longer residence time and higher
dilution may be qualitatively and quantitatively different. This
suggests that at certain ambient conditions the results gathered in the
sampling system may not be representative of what would be
observed in the far-field plumes.

The comparison of the experimental and modeling results shows
that the modeling tool is able to capture some general trends of the
aerosol microphysics. Although we only focused on one engine type
in this work, the key conclusions obtained from this work, such as the
sensitivity of homogeneous particle growth (nucleation mode) to the
ambient temperature and relative humidity, the dependence of
heterogeneous particle growth (soot mode) on the soot surface area,
and the statement that particle growth observed in the 30-m
downstream measurements was taking place in the sampling
systems, should be general enough for other engine types. The
modeling tool developed in this work can further be upgraded to help
interpret experimental results and guide future experimental
directions. The effects of ion-induced nucleation and organics-
enhanced nucleation on the formation of aircraft-emitted aerosols
that were not considered in this work will be investigated in the
future.

Appendix: Davidson—-Wang Semi-Empirical Algorithm
for Modeling Plume Dilution
In the Davidson—Wang model, the mixing of an axisymmetric jet
in a coflowing ambient fluid is divided into two regions. First, in the
weakly advected, strong jet region, the centerline velocity is
expressed as

MCL(x) — U — 1 vV Me()
u, VI ku, - x

(A1)

where 1, is set nearly at zero for a grounded aircraft studied in this
work, M, is calculated from the engine-exit velocities inferred from
GasTurb, 7,, has a value of 1.74, and k has a value of 0.107.

The centerline concentration profile in the same region is
described using

Vi My

Lok (ug —u,) - x

fax) =

(A2)

where /. has a value of 1.99, and u, is the weighted average velocity
over the core and the bypass mass flow rates.

The centerline velocity and concentration profiles in the strongly
advected, weak jet region are expressed as

uc (X) — u, _ [ ngk ]'/3[ M, 23 (A3)
u

u, Omk? a X

12T 2
fe(x) = Il [Cé”;f]z 3 [ﬁ]z 3 [“—] (A4)
c Ug - X Uy U,

in which Cj; has a value of 2, and I, has a value of 4.45.

Because the Lewis number is close to unity for air, the evolution of
centerline temperature as a function of downstream distance is
related to the concentration dilution history described in Eqs. (A2)
and (A4) by

TCL(X) B Ta — \/I—n: vV Me()
TO_Tu ch 'k(u()_uu) tX (AS)
(weakly advected, strong jet region)

3k

(strongly advected, weak jet region)

Ta(x) =T, _ 1 [C/kﬂ]2/3[vMeo]2/3[ g ]
Uy — Uqg (A6)

To—T, _Z U, X

Note that the temperature difference term in Egs. (AS) and (A6) is
weighted averaged over the core and the bypass mass flow rates. The
total temperatures in Eqs. (A5) and (A6) are subsequently converted
into static temperature for the microphysical simulations.

Once the centerline properties are calculated, the velocity,
temperature, and exhaust gas fraction in a radial direction are
described as

Uir,x)-U,  T(r,x)—T, _f(r,x)_eX [_(L)Z]
Ua@ U, Ta(ro-T, fa@ "L \b@
(A7)

where b(x) is calculated as

b(x)=Cp-k-x (weakly advected, strong jet region) (AS8)

by =[] ]

C_/'l\'n Uy

(A9)

(strongly advected, weak jet region)

where C; is a constant with a value of 1 for radial velocity profiles
and 1.19 for radial temperature and exhaust mass fraction profiles.
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