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Aircraft emissions contribute to climate change in the atmosphere and air pollution in the neighborhood of

airports. Assessment of the magnitude of the environmental impact of these emissions calls for the combined use of

measurements and modeling studies. This paper addresses the use of a computational-fluid-dynamics-based

modeling and simulation tool that accounts for and integrates fluid dynamics, chemistry, and particle microphysics

relevant to aircraft emissions. The models include sulfate and nitrate aerosol precursors, thermophoresis,

coagulation, nucleation, soot activation, condensation/evaporation, and interaction between the gaseous species and

the particles. The current capabilities are demonstrated by the results of several applications: thefirst stage of a high-

pressure turbine, the sampling probes, the sampling lines, and a pressure-reduction chamber. They indicate that this

modeling and simulation tool can be used to complement the experimental studies as well as to assist the development

of sampling and measurement methodology for particle emissions.

Nomenclature

A = control surface
Bk;j = coagulation kernel or collision frequency function of

two colliding particles, m3=particle=s
C = molar density of a gaseous species, mol=m3

Cci = Cunningham slip factor
Ccrit = minimum mass concentration of gaseous H2SO4 to

decide whether H2SO4–H2O nucleation commences,
�gm�3

Cu = turbulent constant, 0.009
�c = mean thermal speed for SO3

cm = isothermal slip coefficient, 1.0
�cm = mean thermal velocity of gaseous species m
�cp;i = mean thermal speed of a particle in size bin i
ct = temperature jump coefficient, 2.2
Deff = effective mass diffusivity coefficient, ��t � ��=�Sc
DM = effective molecular (Brownian) diffusivity coefficient
Dp;i = particle diffusion coefficient in the ith size bin
Dp;j = particle diffusion coefficient in the jth size bin
Dv;m = diffusivity of species m
D�v;m;k = modified diffusivity
di = diameter of particles in the ith size bin
dj = diameter of particles in the jth size bin
dp;g = median diameter of particles, m
dp;k = diameter of the particles in size bin k
E = total energy density
fi;j;k = bin partitioning function
fu = damping function of the turbulence model
h = computational fluid dynamics time step used in the

solution of the carrier gas
Jhom = homogeneous nucleation rate, particle=m3=s
Kni = Knudsen number for a particle in size bin i
k = turbulent kinetic energy
kB = Boltzmann constant, 1:380658 � 10�23 J=K=molecule
kg = gas thermal conductivities

kp = particle thermal conductivities
MB = total number of the size bins

mi = mass of a particle in size bin i
Nk = number density of particles in size bin k
NT = number of size distributions
Ntotal = total number of particles of all sizes per cubic meter of

the exhaust gas

p = static pressure

q = heat flux vector

Ru = universal gas constant
Sc = gas Schmidt number
Sk = source term for k
S" = source term for "
T = absolute temperature, K
T1 = production of larger particles from self-coagulation

and from heterocoagulation
T2 = production of particles from heterocoagulation among

the other two independent distributions
T3 = self-coagulation loss
Ug = grid velocity
u = flow velocity in a stationary Cartesian coordinate

system
V = control volume
VTHk

= thermophoretic velocity of a particle in size bin k
_w000m = production rate of species m per unit volume
� = mass accommodation coefficient, sticking

probability
�G� = change of the Gibbs free energy during the phase

change, J=mol
�i = correction factor
" = turbulent dissipation rate
�i = fraction of soot surface activation in size bin i
� = thermal conductivity
� = laminar viscosity
�g = dynamic viscosity of the carrier gas
�t = turbulent viscosity
�t = turbulent kinematic viscosity

� = fluid density

�m = partial density of species m
�g = geometric standard deviation
�0 = average number of sites per unit area of soot surface

(�0 � 5 � 1018 m�2)
	 = viscous stress tensor

k = volume of a particle in size bin k
!g = grid rotating velocity for each designated

axis
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I. Introduction

A LTHOUGH much is still uncertain about the magnitudes of
their impact, aircraft emissions can influence climate change in

the atmosphere [1] as well as health responses in the vicinity of
airports [2]. To alleviate these increasingly significant impacts on the
environment, it is necessary to acquire a better understanding of the
formation and the subsequent development of gaseous pollutants,
aerosols (volatile particles and soot), and their precursors in the
internal flow and in the plume of the jet engines operating over the
full range from ground to flight altitude. This has been conducted
through efforts that combine the use of measurements and low-order
modeling studies [3–5]. This paper addresses the use of higher-
fidelity modeling and simulation to complement the experimental
studies and to assist the development of sampling and measurement
methodology for particle emissions.

The volatile nature of aerosols introduces difficulties in their
repeatable and accurate measurement, because their concentration
and size can be quite sensitive to the sampling conditions and
procedures. These difficulties are sometimes further compounded by
the necessity of in situ measurements, that is, sampling from aircraft
in flight. Clearly, the ability to predict the effects of sampling
conditions and procedures on the aerosol behavior will greatly assist
the development of sampling techniques and the optimization of
sampling procedures for making quantitatively accurate measure-
ments of particulate emissions.

Current modeling studies often have used low-order methods in
which chemical kinetics and/or particle microphysics are driven by
averaged flow parameters specified as a function of time (e.g., in [6–
9]). In some flow regions and for certain chemical or microphysical
processes, these low-order methods could adequately capture the
overall activities. Nevertheless, a more complex multidimensional
analysis needs to be applied to flow regions in which the chemical or
the microphysical activities could be appreciably influenced by
nonuniformities in the flow condition, the thermodynamic condition,
and the residence time.

This paper describes a computationalfluid dynamics (CFD)-based
modeling and simulation tool for complementing the limited
measurement studies and addressing the sampling system issues. It
accounts for and integrates fluid dynamics, chemistry, and particle
microphysics relevant to aircraft emissions. The discussion proceeds
as follows. Section II presents the conservation equations for the gas-
phase flow. Section III describes the continuity equation for aerosol
transport. Section IV discusses the implemented models of various
microphysical processes such as thermophoresis, coagulation,
nucleation, soot activation, condensation, and the interaction
between the gaseous species and the particles. Section V presents the
application of this multidimensional modeling and simulation tool.
The cases reported are the first stage of a high-pressure turbine, the
sampling probes, the sampling lines, and a pressure-reduction
chamber. Section VI summarizes the current state of progress and
suggests areas warranting future improvements.

II. Governing Equations for Gas-Phase Flow

The conservation equations for the gas-phase flow in the multiple
rotating frames of reference (MRF), which are convenient for
including the rotational components of the jet engine in the
computational domain, are next summarized in a hybrid formulation.

Continuity equation:

d

dt

ZZZ
V

� dV �
ZZ
A

��u � Ug� � dA	 0 (1)

Species transport equation:

d

dt
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Momentum equation:

d

dt
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Energy equation:
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dt
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Turbulence equations:

d

dt
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where

q 	��rT; 	 	�2
3
��r � u�I� 1

2
�
ru� �ru�T �

V is an arbitrary control volume with control surface A, and
Ug 	!g � r. For gas, the Schmidt number is about one. Different
angular velocities (and even different rotating axes) are assigned to
different mesh blocks or groups within themodel. Balance equations
for each group are expressed in the relative reference frame, but in
terms of the absolute velocity (i.e., the velocity with respect to a
stationary coordinate system).

III. General Dynamic Equation

A general dynamic equation (GDE) is the continuity equation for
aerosol transport. Because the GDE is a nonlinear, partial integro-
differential equation, analytical solutions are available for only a few
special cases [10,11]. Aerosols are often described in terms of size
distributions (i.e., the number of particles in a given size bin).
Therefore a multiple size bin model is adopted here to approximate
the aerosol GDEs. Because the governing equations for gas-phase
flow are written in the MRF, the GDE will be cast in this reference
system too. Furthermore, it is written in a discrete form as a
population balance for each cluster or particle size, and it describes
particle dynamics under the influence of various physical
phenomena: convection, diffusion, coagulation, nucleation,
condensation, evaporation, and external force field:

d

dt
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�����������
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V

dNk
dt

����
micro

dV

(7)

where k	 1; � � � ;MB. For noninertial particles advected by a
turbulentflow, particle velocity coincideswith carrier velocity. In the
present work, all particles are treated as noninertial. The effective
molecular (Brownian) diffusivity coefficient is defined as

DM 	
kBTCck
3��gdp;k

(8)

All of the variables in the preceding equation will be defined in the
following sections. The summation of microphysical processes is
represented by dNk= dtjmicro:
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dNk
dt

����
micro

	 dNk
dt

����
drifting

� dNk
dt

����
coagulation

� dNk
dt

����
nucleation

� dNk
dt

����
cond=evap

(9)

The first term in Eq. (9) is associatedwith the drifting velocity caused
by external forces (e.g., the thermophoretic force, lift–dragforce,
electrophoresis, and gravitational force). As for the rest of the terms,
coagulation means that the particles collide and attach to each other;
nucleation represents the formation of the nuclei of new particles;
and condensation indicates that molecular mass transfer from the
vapor phase to the particles, whereas evaporation is the reverse
process of condensation.

It is further noted here that in the present work, the particle number
density on a solid wall is assumed to be a fraction of the value at a
point next to a solid wall, to account for the wall deposition.

IV. Models for Particle Microphysical Processes

The most important and efficient binary nucleation in the
atmosphere is that of sulfuric acid and water. A free sulfuric acid
molecule tends to gather water molecules around it to form hydrates.
The main reason is that H2SO4 has extremely low saturation vapor
pressure. Doyle [12] showed that even when relative humidity is less
than 100%, extremely small amounts of H2SO4 vapor are able to
induce nucleation. Within the turbine engine exhaust, major gas-
phase chemical reactions will take place, and soot activation [13,14]
into water condensation nuclei also occurs. If the surface of a foreign
particle (e.g., soot) does participate in the gas-to-particle conversion
process, the nucleation is referred to as heterogeneous.More detailed
discussions on soot activation and condensation ofwater and sulfuric
acid can be found in Wang’s work [14]. The first elemental step in
heterogeneous nucleation involves molecular adsorption, which is
between soot and H2SO4 and SO3. The nanosized aerosols will
collide with each other and stick together. Such a process is called
coagulation and it will change the particle size distributions.

A. Characteristics of Particles

In the present work, we assume that
1) All particles are spherical, because most of the available

formulas for coagulation and condensation are for spherical particles.
2) No particle is charged, because the enhancement due to the

electrical state of the soot to the collision kernel of the coagulation is
negligible [9].

3) All particles are noninertial, because the majority of the
particles are small enough to be considered as noninertial for the
range of the conditions relevant to aviation-sourced particles.

4) Heat and momentum transfer between the carrier gas and the
particles is negligible, because the particles are noninertial and the
particle relaxation time is very short.

5) Gas turbulence influences the particles, but the particles do not
influence the gas turbulence.

6) The particle size distribution of soot entering the postcombustor
region is always prescribed.

As a consequence of these assumptions, the drifting velocity
caused by the lift–drag force, electrophoresis, and gravitational force
is negligible, and only the drifting velocity caused by the
thermophoretic force is considered in the following analysis.

Based upon the sectional approach, the total volume range for the
particles is divided into MB bins. Using a geometric progressing
factor, the volume of a particle in each bin can be calculated easily.
For example, in an aerosol system, the particle size ranges from 1 nm
to about 1 �m, hence, the corresponding volume ranges from 10�27

to 10�18 m3. To cover the nine orders ofmagnitude volume spanwith
12 bins, the bins are linearly spaced on a logarithmic scale, so that

k 	 109=�12�1�
k�1.

B. Thermophoresis

Thermophoresis arises from the temperature gradients in the
carrier gas: small particles drift from hot regions toward cold regions.
Brock [15] derived the following expression for the thermophoretic

velocity:

V THk
	

�3Cck�kg � ctkpKnk�
�1� 3cmKnk��kp � 2kg � 2ctkpKnk�

�
�g
�gT

�
rT (10)

where cm and ct are phenomenological coefficients for which the
representative values according to Brock [15] are ct 	 2:2 and
cm 	 1:0. The smaller the diameter of a particle, the larger the effect
of the thermophoretic force. Because the turbulent thermal diffusion
discussed by Elperin et al. [16] is not included in the present model,
we have

dNk
dt

����
drifting

	� r � �VTHk
Nk� (11)

When the Knudsen number is much larger than one (i.e., Knk � 1;
particles are much smaller than the mean free path of the carrier gas),
an alternative form for the laminar thermophoretic velocity is given
by [17]

V THk
	 �3

4�1� ��=8�

�
�g
�gT

�
rT �Knk � 1� (12)

where the negative sign indicates that themotion is in the direction of
decreasing temperature, and � is the nondimensional thermal
accommodation coefficient, for which the typical value is about 0.9.
The thermophoretic velocity for Knk � 1 is independent of the
particle size. Furthermore, it is nearly independent of the particle
material.

C. Coagulation

Aerosol coagulation is important because it changes the size
distribution and the composition of particles. Coagulation is a
process in which particles in a population collide with each other and
stick together to form larger particles [18]. The total volume is
conserved in a coagulating aerosol ensemble. Collisions between
aerosols can be initiated by gravitational settling, turbulence, and
thermal (Brownian) motion. For particles smaller than 1 �m in
diameter, the most important collision process is Brownian motion,
which is considered in the current work. Different approaches have
been developed in the past to simulate coagulation, depending upon
the need and availability of computer resources. Because the model
has to be incorporated into a three-dimensional CFD program, a
semi-implicit scheme [19] is adopted here. All of the particles are
assumed to be spherical. Soot density is less than that of carbon black
and usually in the range of 1700–1800 kg=m3, depending on the
porosity of soot. Soot particles are generally small, ranging in size
from 5 to 90 nm, but may be up to several micrometers in extreme
cases. Soot scavenging by coagulation occurs when a small
H2SO4–H2O droplet collides with a larger coated soot particle.

When coagulation occurs among particles having a single particle
size distribution, the change of the size distribution due to
coagulation is evaluated via

dNk
dt

����
coag

	Nk;t � Nk;t�h
h

(13)

On the other hand, when coagulation occurs among particles having
multiple particle size distributions, the change of the size distribution
for each type of aerosol due to coagulation is evaluated via

dNYk
dt

����
coag

	NYk;t � NYk;t�h
h

(14)

Details of the evaluation and definitions of the variables can be found
in the Appendix.

D. Homogeneous Binary Nucleation of H2SO4–H2O

The classical nucleation theory assumes that as the state of current
phase is becoming unstable, a new phase is formed. It is based on the
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equilibrium state of small liquid drops, or embryos, in contact with
their parent vapors; some of the embryos, which become freely
growing droplets, are said to be “nucleated.” The theory predicts the
nucleation rate as follows:

Jhom 	 �d�2�H2SO4
NH2O

exp

�
��G�

RuT

�
(15)

where �d�2�H2SO4
NH2O

is a prefactor term. The change of the Gibbs
free energy is a function of the number of sulfuric acid and water
molecules and is represented by a two-dimensional energy surface.
To become stable, a cluster will have to follow the path of least
energy on this surface, thus leading to the so-called saddle point. To
avoid solving iteratively to find the roots of the equations that satisfy
the saddle point condition, the parameterizations of Kulmala et al.
[20], updated by Vehkamäki et al. [21] for low-temperature
emissions and by Vehkamäki et al. [22] for high-temperature
emissions, are used here. This scheme provides the nucleation rate
JH2SO4–H2O

(number of new embryos formed per second and per cubic
meter) in the water/sulfuric acid mixture, and the critical cluster
composition (total number of molecules and sulfuric acid mole
fraction). These parameterized equations reduce the computing time
by a factor of 500 compared with nonparameterized nucleation rate
calculations.

1. Low-Temperature Range

The parameterized formulas are valid for temperatures between
190.15 and 305.15K, relative humidity between 0.01 and 100%, and
total sulfuric acid molecule number from 1010 to 1017 m�3. The
parameterization is limited to cases in which nucleation rates are
between 10�1 and 1016 m�3 � s�1 and the critical cluster contains at
least four molecules. For the cases in which the temperature is below
190.15 K, a zeroth-order extrapolation is applied to the nucleation
rate; more details can be found in [21].

2. High-Temperature Range

The parameterized formulas are valid for temperatures between
300.15 and 400.15 K, relative humidity between 1 and 100%, and
total sulfuric acid molecule number from 2 � 1015 to
5 � 1021 molecule=m�3. The parameterization is limited to cases
in which nucleation rates are between 105 and 1020 particlem�3 � s�1
and the critical cluster contains at least four molecules. For the cases
in which the temperature is above 400.15 K, a zeroth-order
extrapolation is applied to the nucleation rate. More details can be
found in [22]. It is noted here that for sulfuric acid solution,
experimental data are available for its surface tension when
T < 323 K, for its density when T < 373 K, and for its activities
when T < 350 K. The computed nucleation rates and other
thermodynamic properties may be of greater uncertainty when the
temperature is out of the experimental range.

E. Soot Activation

Because soot is hydrophobic, it must be activated to be capable of
taking up water from the gas phase. Soot can be activated as water
condensation nuclei by adsorption of oxidized sulfur species (H2SO4

and SO3) and by scavenging (i.e., coagulation with volatile sulfate
aerosols).

The fraction of soot surface due to the preceding two activation
pathways is �i 	 �ads;i � �sca;i, where i is the index of the size bin.
Kärcher [13] presented a kinetic formula for �ads;i:

d�ads;i
dt
	 :25� �c�CSO3

� CH2SO4
� � 6:02 � 1023

1 � �i
�0

(16)

where � is either set to zero for T > 420 K or set to unity for
T 
 420 K, as suggested by Wang [14]. This formula, which
assumes that the vapor adsorption on fresh soot takes place in the gas
kinetic regime, gives the maximum adsorbed sulfur mass, and it
represents the upper bound of the binaryH2SO4–H2O heterogeneous
nucleation rate on the soot surface.

The change of surface coverage for a soot particle in size bin i by
scavenging volatile H2SO4–H2O droplets from size bin j	 1 to
j	MB is determined by

d�sca;i
dt
	 :25 �

XMB

j	1
Bi;jNjd

2
v;j �

1 � �i
d2s;i

(17)

where Bi;j is the coagulation kernel between soot in size bin i and
H2SO4–H2O in size bin j,Nj is the number density ofH2SO4–H2O in
size bin j, dv;j is the diameter of H2SO4–H2O droplets in size bin j,
and ds;i is the diameter of soot in size bin i.

The gas-phase depletion of H2SO4 and SO3 due to adsorption is
proportional to 1 � �i (i.e., the available “dry” soot surface area);
they are determined as follows:

dCSO3

dt

����
ads

	� :25� �cCSO3

XMB

i	1
Nid

2
p;i�1 � �i� (18)

dCH2SO4

dt

����
ads

	� :25� �cCH2SO4

XMB

i	1
Nid

2
p;i�1 � �i� (19)

where Ni is the number density of soot in size bin i. This model also
accounts for the condensation of H2SO4–H2O on the “wetted” soot
surface area. Consequently, condensation rates onto soot particles
and corresponding gas-phase depletion of H2SO4 and H2O are
proportional to �i.

Finally, using a semi-implicit method, �i is evaluated by

�ti 	
�t�hi � h�Qads �Qsca�
1� h�Qads �Qsca�

(20)

where

Qads 	 :25
�

�0
�c�CSO3

� CH2SO4
� � 6:02 � 1023 (21)

and

Qsca 	 :25
1

d2p;i
�
XMB

j	1
Bi;jNjd

2
p;j (22)

F. Condensation of Water and Sulfuric Acid

If the vapor pressure of H2SO4 or H2O is in excess of the
equilibrium vapor pressure, condensation will occur. Condensation
can occur on the liquidH2SO4–H2O aerosols as well as on the liquid
coating of soot surface. If the vapor pressure ofH2SO4 is less than the
equilibrium vapor pressure, then the sulfuric acid molecules will
evaporate from theH2SO4–H2O aerosols. However, the equilibrium
vapor pressure ofH2SO4 over the liquid droplets is so small that once
H2SO4 molecules are condensed, they can hardly reevaporate. In
contrast, H2O will condense to and evaporate from the droplets,
depending on the evolution of temperature and the partial pressure of
H2O in the carrier gas.

Following Wang and Fukuta and Walter [23], the condensational
growth ofm	 H2O orH2SO4 onto particles in the size bin k is given
by

dnm;k
dt
	 4�rkD

�
v;m;k

�
pm � pm;k;sat

RuT

�
(23)

where dnm;k= dt is the rate of change in moles of species m due to
condensation onto or evaporation from an aerosol with radius rk, the
modified diffusivity is

D�v;m;k 	
Dv;m

rk=�rk � 
g� � �4Dv;m=rk �cm�
(24)

where 
g is defined by Eq. (A9) in the Appendix. The mean thermal
velocity of gaseous species m is given by
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�c m 	
�

8RuT

�MWm

�
1=2

(25)

It should be noted here that when calculating the condensation on
soot particles, because only the activated surface of soot can accept
the diffusion of themolecules ofH2SO4 andH2O, the right-hand side
of Eq. (23) needs to be multiplied by the fraction �k provided via
Eq. (20). More detailed discussion on the thermodynamic properties
related to the particle growth can be found in [24].

G. Effects of Microphysical Processes on Species Evolution

The conservation equations of gas-phase H2SO4, SO3, and H2O
will have additional source/sink terms due to the microphysical
processes described earlier, that is,

dCH2O

dt
	 _w000H2O

� Jhomn�tot�1 � x��

�
XMB

i	1

dnH2O;i

dt
NH2SO4-H2O;i

�
XMB

i	1
�i
dnH2O;i

dt
Nsoot;i (26)

dCH2SO4

dt
	 _w000H2SO4

� Jhomn�totx�

�
XMB

i	1

dnH2SO4 ;i

dt
NH2SO4-H2O;i

�
XMB

i	1
�i

dnH2SO4 ;i

dt
Nsoot;i

� :25� �cCH2SO4

XMB

i	1
� d2soot;iNsoot;i � �1 � �i� (27)

dCSO3

dt
	 _w000SO3

� :25� �cCSO3

XMB

i	1
� d2soot;iNsoot;i � �1 � �i� (28)

It is noted here that there also exist othermodels accounting for the
effects of particle microphysical processes on the gas species. For
example, in [25], the following relationship represents the rate of
adsorption of H2SO4 by soot per aerosol

BH2SO4
�rk� 	

4�r2kDH2SO4

4DH2SO4
=��c;H2SO4

vH2SO4
� � r2k=�rk � 
k�

pH2SO4

RuT

(29)

It is a function of soot particle radius, temperature, and pressure. In
addition, DH2SO4

, �c;H2SO4
, vH2SO4

, and pH2SO4
are the diffusivity,

molecular accommodation coefficient, gas mean speed, and partial
pressure of species H2SO4; and 
k and rk are the mean free path and
radius of soot particle in size bin k.

Similarly, the rate of condensation of a volatile species � per
wetted aerosol is given in [25] as

C��rk�
mol=s� 	 4�r2kD�

4D�=��c;�v�� � r2k=�rk � 
k�
p� � p1�;k
RuT

(30)

where � is any volatile species, andp1�;k is the vapor pressure above a
flat surface. Using the vapor pressure above a flat surface ignores the
Kelvin effect and hence underestimates the timescale for
condensation. Because the driving force for condensation is
p� � p1�;k, condensationwill not occur if the partial pressure is below
the vapor pressure. Thus, it is very important that the correct
saturation vapor pressure is used.

V. Applications

The numerical platform is a NASA in-house code for simulating
turbulent combustion in propulsion systems. A detailed description
of this code can be found in several reports [26–28]. Its
enhancements for postcombustor trace chemistry modeling and

simulation are reported by Wey and Liu [29]. Under the current
effort, we have further implemented the microphysical models for
aerosol dynamics discussed in the previous sections into this analysis
tool. In the following, the application of these models to the turbine
environment as well as to the components of particle sampling
system are demonstrated.

Several investigations (e.g., Lukachko et al. [8]) have shown the
important role of gas-phase chemistry along the post combustor flow
path in the production of sulfate and nitrate aerosol precursors. In
particular, it has been suggested that multidimensional analysis
needs to be applied to the high-pressure turbine section, whereas one-
dimensional simulations suffice for the remaining sections of the
internal gas path. It has also been known that strong modification in
the temperature and pressure environment experienced by the
particles in the sampling system can lead to different interpretations
of themeasurements aimed at characterizing the particle emissions of
the exhaust. Therefore, there is a need to conduct higher-fidelity
computations to complement these measurement studies and to
assess the effects of sampling methodology.

Finite rate kinetic mechanisms developed for conditions
intermediate between combustion and atmospheric chemistry have
been used in the present work. More specifically, a mechanism
involving 25 species and 74 reaction steps [30] was used for
investigating the evolution of aerosol precursors in a film-cooled
turbine blade [31]; later, an improved mechanism involving 29
species and 73 reaction steps [8] was used for other applications. All
simulations require the specification of species concentrations along
the inflow boundary of the computational domain; we have followed
the approach outlined in [8] to estimate these species initial
conditions.

Major sources of uncertainty in the current modeling and
simulation are chemical kinetic rate parameters, coefficients used in
the microphysical models, and boundary conditions for various
transport equations. Because the propagations of these uncertainties
in a CFD-based multidimensional modeling and simulation are
highly nonlinear, an assessment of the effects of these interacting
uncertainties on the calculated results calls for a comprehensive
parametric study, which is beyond the scope of the current effort, but
will be addressed in a future effort.

A. First Stage of a High-Pressure Turbine

Recently, two-dimensional calculations of the evolution of trace
species in the first stage of a Defence Evaluation and Research
Agency (DERA) high-pressure turbine (HPT1) using the CNEWT
code were carried out by Lukachko et al. [8]. A relatively detailed
description of the stage configuration and the specification of the
inflow condition can be found in [8]. Under the present effort, the
NCC code was used to calculate the evolution of trace species in the
same HPT1 operating at two nominal power settings (cruise and
maximum power) with similar high fuel-sulfur levels. The NCC
results have been compared with the CNEWT results in terms of
area-averaged quantities. In the following, results of the high-sulfur
cruise casewill be briefly described. Figure 1 outlines the setup of the
simulations, in particular, the transfer of the solution near the exit of
the nozzle guide van (NGV) to the inlet of the rotor. Because of the
wake of the NGV and the rotation of the rotor, the inlet flow of the
rotor is nonuniform and unsteady. Figures 2–5 present the area-
averaged values of the temperature, NO,NO2, andSO3, respectively.
These averaged values are steady in the NGV region but change with
time in the rotor region. The area-averaged static temperature along
the flow path decreases from 1160 to 1050 K (see Fig. 2). The area-
averaged static pressure along the flow path decreases from 774,200
to 542,800 Pa (not shown). It is noted here that results of the CNEWT
codewere obtained by using triangularmeshes and only the solutions
at one time station are depicted in these figures. On the other hand,
quadrilateral meshes were used in the code NCC, and solutions at
several time stations are given. Depending on the variable, these
temporal solutions may bunch together (e.g., temperature) or
separate more clearly from each other (e.g., NO). In general, the
solutions obtained by these two codes are quite comparable, except
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for the variable SO3; the reason for this larger difference is not clear,
nevertheless, local mesh resolutions may have played an important
role. The formation of SO3 is a complex process and is sensitive to
local temperature gradient.

B. Particulate Matter Probe

Two particulate matter probes have been investigated: a low-
dilution probe and a high-dilution probe. The diluent is N2. For the
low-dilution probe, the tip portion of the inlet has an inner diameter of

Fig. 1 Boundary-condition specification for 2-D unsteady HPT1

simulations.
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0.0015875 m (0.0625 in.), followed by a short divergent section; the
diameter at the end of the inlet is 0.0047625m (0.1875 in.), the length
of the inlet is 0.01664462m (0.6553 in.). For the high-dilution probe,
its inlet is a straight tube with an inner diameter of 0.0011176 m
(0.044 in.), and a length of 0.0327m (1.2875 in.). In the presentwork,
the computational domain of the low-dilution probe is set to be
0.24277 m (9.558 in.) long, and the computational domain of the
high-dilution probe is chosen to be 0.164 m (6.456 in.) long. The
flowfield of the low-dilution probe was analyzed with an inflow total
pressure of 49,699 Pa, and inflow total temperature of 835.78 K. The
mass flux of theN2 diluent is 48 kg=m2=s at a temperature of 423 K.
The exit pressure of the probe is set to be 19,545 Pa, and the wall
temperature is set to a fixed value of 423 K. The computed dilution
factor by mass is about 6.9, which is at the high end of the operation
of a low-dilution probe. Figure 6 indicates that a stagnation zone
appears in the downstream region of the merged inlet stream and the
diluent and another flow stagnation zone sits next to the divergent
wall of the inlet tube. These flow features will adversely impact the
sampling functionality of the probe. Subsequently, the same flow
conditions were used to evaluate the high-dilution probe. However,
due to the difference in size from the low-dilution probe, the
computed dilution factor by mass is now 25.8. The velocity vector
fields of these two probes are compared in Fig. 7. It is evident that the
high-dilution probe is much more suitable for the given sampling
condition.

Because the high-dilution probe has been extensively used in the
Aircraft Particle Emissions Experiment (APEX), additional
simulations have been performed for the high-dilution probe.
Conditions for the simulations are

1) The engine operates at 65% power setting, and the probe is
located 1 m downstream of the engine exit.

2) A postcombustor trace chemistry kinetic mechanism having 29
species and 73 reaction steps is used.

3) Soot entering the probe has a number density of 9:0 �
1011 particles/m3 (which is in the lower range of the valuesmeasured
from the in-service aircraft engines), a lognormal distribution with a
median diameter of 40 nm, and a standard deviation of 1.5.

4) At the entrance of the probe, the pressure of the sampled gas is
101,350 Pa, the static temperature is 720K, and the speed is 210m/s;
therefore, the total pressure is 112,515 Pa, and the total temperature is
742 K.

5) The static temperature of the diluent N2 is 290 K, the diluent
mass flux is 110 kg=m2=s, and the targeted dilution factor bymass is
24.

6) The static pressure of the mixture at the exit of the
computational domain is 81,000 Pa, and the temperature of the probe
wall is set to 320 K.

7) Aerosol size distribution is divided into 12 bins (MB 	 12); the
diameter of particles in the smallest bin is 3 nm. Soot particles,
H2SO4–H2O droplets, and the mixture of them are included in the
calculations. Consequently, a total of 72 equations are solved for
each mesh cell.

Because the particle size distribution at the entrance of the probe is
assumed to be lognormal, the following formula is used to discretize
the continuous function into a stepwise function for size bin k:

Nk 	
Ntotal������
2�
p

ln �g
exp

�
�
�ln dp;k � ln dp;g�2

2ln2�g

�
�dp;k
dp;k

(31)

The H2SO4–H2O nucleation rate depends highly on temperature,
relative humidity, and H2SO4 concentration. The following
empirical criterion [32] is used to decide whether H2SO4–H2O
nucleation commences:

Ccrit 	 0:16 exp�0:1T � 3:5RH � 27:7� (32)

where RH is the relative humidity on a scale from 0 to 1. When the
gas-phase concentration of H2SO4 exceeds Ccrit, the nucleation of
H2SO4–H2O droplets starts. Sample results from these simulations
are presented in Fig. 8. Although the number density of soot with 66-
nm diameter remains essentially unchanged along the probe length,
the results indicate the emergence ofH2SO4–H2O droplets (with a 1-
nm diameter) due to nucleation.

C. Sampling Line

Three-dimensional calculations have been conducted to capture
the potentially important secondary flow effects by dividing the long
sampling line into multiple shorter segments. Starting from the exit
plane of the high-dilution probe, a segment of the sampling line is
simulated at first; the results at the exit plane of this segment are then
used as the inlet profiles for the next segment, and so on. Two

NASA/AEDC low-dilution PM probe
Stream: Ptotal=49,699 N/M2, Ttotal=835.78 K;  
Exit: Pexit=19,545 N/M2;   Diluent N2: Speed=150 m/s, 
Density=.32 KG/M3,  Tstatic =423 K;   Twall=423 K 
Dilution factor by mass =6.15 

Stream 

Diluent N2

Streamlines are shaded by Mach number 

Fig. 6 Streamlines of the low-dilution PM probe.

Diluent N2: Speed=150 m/s, Density .32 kg/m3, Tstatic=423;
Twall=423 K

Stream: Ptotal=49,699 N/m2, Ttotal=835.78 K; Exit:Pstatic=19,545 N/m2

velocity vector, m/s

NASA/AEDC high dilution PM probe
Calculated mass ratio = diluent N2/stream air = 25.8

velocity vector, m/s

NASA/AEDC low dilution PM probe
Calculated mass ratio = diluent N2/stream air = 6.9

Fig. 7 Velocity vectors of two different PM probes.

-8.95 -8.9 -8.85 -8.8 -8.75
 Probe length, m

0

1

2

3

4

5

6

7

8

9

10

11

12

13

L
og

10
 , 

pa
rt

ic
le

 n
um

be
r/

m
3

Soot with 66-nm diameter along centerline
of probe
Soot with 66-nm diameter along the inlet wall
Sulfuric acid/water with 1-nm diameter
along centerline of probe
Sulfuric acid/water with 1-nm diameter along
the inlet wall

Fig. 8 Soot evolution and H2SO4–H2O nucleation in a high-dilution

probe.

936 WEY AND LIU



configurations have been investigated. The first one consists of two
segments of a simple straight tube. The second one consists of a
straight tube segment followed by a Z-shaped tube segment. Figure 9
presents the temperature distribution along the centerline of the probe
and along the centerline of the sampling line segments. The
temperature inside the probe drops rapidly because of the dilution,
whereas the temperature in the sampling line is very close to the
imposed wall temperature, which is kept at 310 K. Figure 9 indicates
that the static temperature along the centerlines drops from 720 to
310 K. Although not shown, it is noted here that the pressure
decreases from 103,700 to 40,000 Pa along the probe and sampling
line. In Fig. 10, the mass fraction distribution of species H2SO4 is
shown. Because of a sudden expansion in volume from the end of the
probe to the beginning of the sampling line, a rapid change is
observed [the typical internal diameter of a sampling line is about
0.008636 m (0.34 in.), and the internal diameter at the end of the
currently used high-dilution probe is 0.0063246 m (0.249 in.)]. In
Fig. 11, the evolution of the soot particles with 33-nm diameter is
shown. The loss of soot particles in the straight segment tends to be
smaller than the loss in the Z-shaped segment. Similar behavior is
observed in Fig. 12 for soot particles with 66-nm diameter. Figure 13
suggests that the process of H2SO4–H2O nucleation as indicated by
the emergence of droplets with 1-nm diameter starts from the inside
of the probe and continues into the sampling line until the mass

fraction of the gaseous H2SO4 levels off (see Fig. 10). The results in
Fig. 14 suggest that the coagulation of H2SO4–H2O droplets, as
indicated by the emergence of 2-nm droplets, begins in the sampling
line.

D. Pressure-Reduction Chamber

The pressure of the exhaust gas at the exit of the combustor ismuch
higher than the pressure in the ambient environment. A device that
reduces the pressure of the sampled exhaust gas is often employed to
meet the operating range of the particulate matter analyzers. A
schematic of a typical pressure-reduction vessel is shown in Fig. 15.
It is a cylinderlike device that has an inlet tube on the top and an exit
tube in the bottom. The internal (inside) diameter (i.d.) of the inlet
tube is denoted by a. The portion of the inlet tube inside the pressure
reducer may be expanded up to 5 deg to slow down the drop of the
incoming pressure and the temperature. The gap between the exit of
the inlet tube and the entrance of the sample extraction tube is
denoted by d. The diameter of the cylinder is denoted by S. In the
current study, the internal diameter of the inlet tube is a	
0:002286 m (0.09 in.) and the diameter at the exit of the inlet tube is
0.00672m (0.2646 in.) due to a 5-deg expansion. The gap distance d
is 0.0508 m (2 in.); and the i.d. of the sample extraction tube is
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Fig. 9 Temperature distribution along the centerline of the probe and
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Fig. 10 GaseousH2SO4 distribution for the probe and sampling lines.

-10 -8 -6 -4 -2 0
Center line of probe and sampling line, m

9

10

11

12

13

14

15

L
og

10
 , 

pa
rt

ic
le

 n
um

be
r/

m
3

High-dilution probe
First segment (Straight) 
Second segment (Straight)
Second segment (Z-shape)
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0.008636 m (0.34 in.). The diameter of the reducer is S	 0:0762 m
(3 in.); the overall length of the domain (which includes the inlet tube,
the chamber, and the sample extraction tube) is 0.889 m (35 in.).

In the current study, instead of conducting three-dimensional
calculations, axisymmetric simulations have been carried out by
replacing the bleeding hole with a bleeding slot having the same
opening area. Two cases are presented here to show the chemical
conversion and particle evolution in the device. The total pressures of
the incoming gas are 448,127 Pa (65 psi) and 1,758,037 Pa (255 psi),
respectively. The total temperature is set to be 485 K for both cases.
The shortest flow residence time is 21 ms for the case of 448,127 Pa
(65 psi) and 6.2 ms for the case of 1,758,037 Pa (255 psi). The exit
pressure is set at 131,474 Pa (19.7 psi). The pressure at the bleeding
location is 101,325 Pa (14.7 psi). The size distribution of the soot
particles is prescribed to be lognormal, with median radius of 40 nm,
modal width of 1.5, and total number density of 1013 particle=m3.
The chemical composition of the inlet gas and the chemical kinetic
mechanism are the same as those used in the study of the particulate
matter probe. The wall temperature of the inlet tube entering the
vessel chamber is set to 477K (400�F). The rest of thewall is either at
a temperature of 450 K or insulated. The temperature distributions
along a line that is 0.000457 m (0.018 in.) away from the center axis
are shown in Fig. 16. For the 448,127 Pa (65 psi) case, the

temperature is above 450 K from the inlet to the exit, hence
nucleation of H2SO4–H2O droplets is not possible. For the
1,788,903 Pa (255 psi) case, the temperature has dropped to near
250 K at the end of the inlet tube. The distributions of H2SO4 mass
fraction along the 0.000457-m (0.018-in.) line are shown in Fig. 17.
The increase of the mass fraction occurs in the straight portion of the
inlet tube outside of the chamber region. It also indicates that the
chamber has little influence on the evolution ofH2SO4. In Fig. 18, the
number density distribution, in log10 scale, of the soot particles is
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shown for the 448,127 Pa (65 psi) case. The influence of the chamber
on the size distribution is verymild. Figure 19 is for the 1,788,903 Pa
(255 psi) case, in which the influence of the chamber on the size
distribution of the soot particles is more noticeable. Figure 20 shows
that due to the relatively large drop in temperature, the nucleation of
H2SO4–H2O droplets is significant in the case of 1,788,903 Pa
(255 psi); in addition, the coagulation of smaller droplets to form
larger ones also occurs.

As for the temperature and pressure ranges of the internal flows,
the temperature range of these two cases are indicated in Fig. 16.
Although not shown, the case of 255-psia total pressure inflow
experiences a static pressure reduction from 1,427,252 Pa to
37,814 Pa, whereas the case of 65-psia total pressure inflow
undergoes a static pressure reduction from428,000 Pa to 127,500 Pa.

VI. Conclusions

To better understand the formation and subsequent development
of gaseous pollutants, particulate pollutants, and their precursors in
aviation-sourced emissions, it is necessary to adopt approaches that
combine the use of accuratemeasurement and high-fidelitymodeling
and simulation. The development of such a CFD-based
multidimensional modeling and simulation tool that accounts for
and integrates fluid dynamics, chemistry, and particle microphysics
relevant to aircraft emissions is elucidated in the present paper. Its
capabilities are demonstrated by the results of several applications in
environments representing typical postcombustor flow paths and
sampling systems. This represents a first step toward the long-term
goal of establishing physics-based tools that can be used to handle
fundamental processes acting on length/time scales relevant to
practical sampling and measurement. Obviously, the tool developed
under the current effort must be further validated by data from
systematic and careful parametric measurements. At the present
time, measurements aimed at providing comprehensive data for the
purpose of model development/improvement and validation are
lacking. This is one area that needs to be strengthened by the research
community. In addition to validating and further improving the
existing predictive capabilities, our near-term efforts will also
include modeling and simulation in the jet engine plume
environment and the modeling of soot formation.

Appendix: Brownian Coagulation Among Single
and Multiple Particle Distributions

I. Single Particle Size Distribution

The rate of change of a single particle size distribution due to
coagulation is given by a modified Smoluchowski equation:
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Fig. 18 Number density distribution of soot particles.
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Bk;jNj;t (A1)

A volume-conserving solution [19] is given by


kNk;t 	

kNk;t�h � h

P
k
j	1�

P
k�1
i	1 fi;j;kBi;j
iNi;tNj;t�h�

1� h
PMB

j	1�1 � fk;j;k�Bk;jNj;t�h
(A.2)

When two particles collide and stick together, the volume of the
intermediate particle is

Vi;j 	 
i � 
j (A3)

If this volume falls between two bins, the new particle is split into
adjacent bins as follows:

fi;j;k 	

8>>>>><
>>>>>:

�

k�1�Vi;j

k�1�
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k
Vi;j


k 
 Vi;j < 
k�1 k <MB

1 � fi;j;k�1 
k�1 < Vi;j < 
k k > 1

1 Vi;j � 
k k	MB

0 all other cases

(A4)

The generalized Brownian coagulation kernel Bi;j for collision of
particles of volume 
i and 
j is given by Fuchs [18]:

Bi;j 	
2��di � dj��Dp;i �Dp;j�
di�dj

di�dj���2i��
2
j �

1=2 � 8�Dp;i�Dp;j�
�di�dj�� �c2p;i� �c2p;j�

1=2

(A5)

where the particle diffusion coefficient in the ith size bin is given by

Dp;i 	
kBTCci
3�dp;i�g

(A6)

where dp;i is the diameter of the size-i particle. The Cunningham slip
factor is defined as

Cci 	 1� Kni�1:257� 0:4e�1:1=Kni � (A7)

where Kni is the Knudsen number, defined as the ratio of the mean
free path of the carrier gas, 
g, to the diameter of the size-i particle:

Kni 	
2
g
dp;i

(A8)

The mean free path of the carrier gas depends upon the pressure,
temperature, molecular weight of the carrier gas, and the universal
gas constant; it is given by


g 	
2�

pg
8�MWg=�RuT��1=2
(A9)

The mean thermal speed of a particle in size bin i is given by

�c p;i 	
�
8kBT

�mi

�
1=2

(A10)

where �i represents the mean distance between the center of a sphere
and a particle that has bounced from the surface of the sphere and has
traveled a distance of one particle mean free path; it is given by

�i 	
�dp;i � 
p;i�3 �

�
d2p;i � 
2p;i

�
3=2

3dp;i
p;i
� dp;i (A11)

The particle mean free path of a particle in size bin i is


p;i 	
8Dp;i

� �cp;i
(A12)

Finally, the change of the size distribution due to coagulation is

dNk
dt

����
coag

	Nk;t � Nk;t�h
h

(A13)

II. Multiple Particle Size Distributions

Coagulation among multiple particle distributions (e.g., among
the soot particles and the H2SO4–H2O liquid droplets) is also
considered in the current study. Coagulation among two independent
size distributions will add one more particle size distribution for the
resultant particles, hence, the total number of particle size
distributions becomes three. Here, the semi-implicit coagulation
solution is extended to treat coagulation involving three different size
distributions (e.g.,NT 	 3), with size bins in each distribution being
MB. The resultant particle number density of the Y distribution in bin
k at time t during coagulation is defined as

NYk;t 	
NYk;t�h � h�T1 � T2�

1� hT3

(A14)

where

T1 	
1


Yk

XNT
M	1

�
PY;M

Xk
j	1

�
NMj;t�h

Xk�1
i	1

fYi;Mj;YkBYi;Mj
YiNYi;t

��

(A15)

T2 	
1


Yk

XNT
M	1

XNT
I	1

�
QI;M;Y

Xk
j	1

�
NMj;t�h

Xk
i	1

fIi;Mj;YkBIi;Mj
IiNIi;t

��

(A16)

T3 	
XMB

j	1

�XNT
M	1

�1 � LY;M��1 � fYk;Mj;Yk� � LY;M�BYk;MjNMj;t�h

�

(A17)

TermT1 accounts for the production of larger particles in distribution
Y from self-coagulation and from heterocoagulation between
distribution Y and distribution M ≠ Y. Term T2 accounts for the
production of particles in distribution Y from heterocoagulation
among the other two independent distributions (I ≠ Y andM ≠ Y).
The first part of term T3 accounts for self-coagulation loss in
distribution Y to larger sizes, whereas the second part accounts for
loss of distribution Y to all other distributions due to
heterocoagulation between the Y distribution and the other
distributions.

If the volume of the new particle falls between two bins, it is split
into adjacent bins as follows:

fIi;Mj;Yk 	

8>>>>><
>>>>>:

�

Yk�1�VIi;Mj

Yk�1�
Yk

�

Yk
VIi;Mj


Yk 
 VIi;Mj < 
Yk�1 k <MB

1 � fIi;Mj;Yk�1 
Yk�1 < VIi;Mj < 
Yk k > 1

1 VIi;Mj � 
k k	MB

0 all other cases

(A18)

The values of P,Q, and L in Eqs. (A15–A17) are either one or zero,
depending on the specifics of the coagulation considered. Parameter
PY;M 	 1 if the coagulation between particles in distributionY and in
distribution M produces larger particles in distribution Y. For
example, Psoot;soot 	 1, and PH2SO4–H2O;H2SO4–H2O

	 1. Parameter
QI;M;Y 	 1 if the coagulation between particles in distribution I and
in distributionM produces particles in distribution Y, where I ≠ M
and I ≠ Y. For example, Qsoot;H2SO4–H2O;mix 	 1, and
QH2SO4–H2O;soot;mix 	 1. Parameter LY;M 	 1 if the coagulation
between particles in distribution Y and in distribution M does not
produce particles in distribution Y. For example, Lsoot;H2SO4–H2O

	 1,
and LH2SO4–H2O;soot

	 1.
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Finally, the change of the size distribution for each type of aerosol
due to coagulation is

dNYk
dt

����
coag

	NYk;t � NYk;t�h
h

(A19)
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