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Abstract

The development and application of a multi-dimensional capability for modeling and
simulation of aviation-sourced particle emissions and their precursors are elucidated.
Current focus is on the role of the flow and thermal environments. The cases
investigated include a film cooled turbine blade, the first-stage of a high-pressure
turbine, the sampling probes, the sampling lines, and a pressure reduction chamber.

1. Introduction

Aircraft emissions can influence the climate change of the atmosphere and health
responses in the vicinity of the airports. To alleviate these increasingly significant
impacts on the environment, it is necessary to acquire a better understanding of the
formation and 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 could be
achieved through efforts which combine the use of accurate measurement and
high-fidelity modeling and simulation.

The volatile nature of the 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, i.e., 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 accurate and quantitative
measurements of particulate emissions.

Current modeling studies often have used low-order methods, where chemical kinetics
and/or particle microphysics are driven by averaged flow parameters specified as a
function of time (e.g. [1], [2], [3], [4]). In some flow regions and for certain chemical or
microphysical processes, these low-order methods could adequately capture the overall
activities. Nevertheless, the more complex multi-dimensional analysis needs be applied
to flow regions in which the chemical or the microphysical activities could be
appreciably influenced by flow non-uniformity, particularly in thermodynamic
conditionsand residence time.
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This paper describes a Computational Fluid Dynamics (CFD) based modeling and
simulation tool for complementing 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 2 presents the conservation equations for the gas-phase flow. Section 3
describes the continuity equation for aerosol transport. Section 4 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 5 presents the application of this
multi-dimensional modeling and simulation tool. The cases investigated include a film
cooled turbine blade, the first-stage of a high-pressure turbine, the sampling probes, the
sampling lines, and a pressure reduction chamber. Section 6 summarizes the current
state of the progress and suggests areas warranting future improvements.

2. Governing Equations for Gas-phase Flow

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

%jjjvpdv+jjAp(n—Ug)Eu‘A=o M

Species transport equation:

Gl nav+ ] o= B o= [ o 0,0 0da ], i o @

Momentum equation:
4 [1f puav+ [[ prcw- Gycde ] pdnfr0d @
-{[], panxaav

Energy equation:
Sl pEav+[[ pEu- Uynda-[] podal[ad
+[] o WA

Turbulence equations:

%mvpkdv+ﬂApk(U— U)0dA= g+ | jA(ﬂ+§)kaA 5)
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%J‘”Vpsdvﬂ‘fdos(n— U,) dA= $+J.J.A(,u+§)|:|g|]j;é\ ©)

where
g=-«0OT,

r= —gﬂ(ﬂ )l +%,U(EU ("),

V is an arbitrary control volume with control surfade o is the fluid density,o,, is

the partial density of specias, v, is the production rate of species per unit
volume, 4 is the flow velocity in a stationary Cartesian mboate systemg, is the

grid rotating velocity for each designated axi%,=@g><F, E is the total energy
density, k is the turbulent kinetic energy, is the turbulent dissipation ratg, is the
source term fok, S, is the source term fog, p is the static pressure,is the
viscous stress tensay, is the heat flux vecto),, is the effective mass diffusivity

coefficient which is equal té‘;);—fj, K, u and g, are the thermal conductivity, laminar

viscosity and turbulent viscosity, respectivelyr gas, the Schmidt numbe&¢) is
about 1. Different angular velocities (and eveneat#ht rotating axes) are assigned to
different mesh blocks or groups within the modelaBae equations for each group are
expressed in the relative reference frame butrmdeof the absolute velocity (i.e. the
velocity with respect to a stationary coordinatstegn).

3. General Dynamic Equation

A general dynamic equation (GDE) is the continuityaton for aerosol transport.
Because the GDE is a nonlinear, partial integro-gifigal equation, analytical
solutions are available for only a few special 6d8¢ 6]. Aerosols are often described
in terms of size distributions, i.e. the numbepaifticles in a given size bin. Therefore a
multiple size bin model is adopted here to appratarthe aerosol general dynamic
equations (GDE). Since the governing equations &srghase flow are written in the
multiple rotating frames of reference (MRF), the GIdH be cast in this reference
system too. Furthermore, it is written in a disefeirm as a population balance for each
cluster or particle size, and it describes partigieamics under the influence of various
physical phenomena: convection, diffusion, coagumtatnucleation, condensation,
evaporation and external force field.
2,

d N _
SollINcav+ ][ N (o= 0 tda= [ ¢ B+ 5 )N A
av,

d
Il G

k=1, M, )

where N, is the number density of particles in size kinM, is the total number of
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the size binsii is the flow velocity in a stationary Cartesian a@hoate system,v, is
turbulent kinematic viscosityC, is 0.09, f, is the damping function of the turbulence
model. The effective molecular (Brownian) diffusycoefficient, D,, , is defined as

_ kTCq

- ’ (8)
Sng p,k

M

All the variables in the above equation will be idetl in the following sections.

% ~represents the summation of microphysical processes
micro

dN N dN[ ay[ ay
dt dt dt dt dt

)

micro drifting coagulation nucleation cond./ eap.

The first term in Equation (9) is associated wité drifting velocity caused by external
forces, e.g., the thermophoretic force, the litigirforce, the electrophoresis and
gravitational force. As for the rest of the terrasagulation means that the particles
collide and attach to each other; nucleation reprissthe formation of the nuclei of
new particles; and condensation indicates that cotde mass transfer from the vapor
phase to the particles, while evaporation is tvense process of the condensation. In
the present work, the particle number density salia wall is assumed to be zero or a
fraction of the value at a point next to a solidlwa

4. Models for Particle Microphysical Processes

The most important and efficient binary nucleationthe atmosphere is that of sulfuric
acid and water. A free sulfuric acid molecule tetalgather water molecules around it
to form hydrates. The main reason is tha®@, has extremely low saturation vapor
pressure. Doyle [7] showed that even when relabivenidity is less thah00% ,
extremely small amount of 280, vapor are able to induce nucleation. Within the
turbine engine exhaust, major gas-phase chemiaatiogs will take place, and soot
activation [8, 9] into water condensation nucleicabccurs. If the surface of a foreign
particle (e.g., soot) does participate in the gagdrticle conversion process, the
nucleation is referred to as heterogeneous. Mdeaelée discussions on soot activation
and condensation of water and sulfuric acid cafobed in Wang’s work [9]. The first
elemental step in heterogeneous nucleation invatrekecular adsorption which is
between soot andA80, and SQ. The nano-size aerosols will collide with eacheoth
and stick together. Such a process is the calleddation and it will change the
particle size distributions.

4.1. Characteristics of Particles

In the present work, we assume that

. All particles are assumed to be spherical.

. Heat and momentum transfer between the carriesugdshe particles is
negligible.

. Gas turbulence influences the particles, but theighes do not

influence the gas turbulence.

'For noninertial particles (i.e. extremely small aerosols) advected by a turbulent flow,
particle velocity coincides with carrier velocity. In the present work, all particles are
treated as noninertial for simplicity.
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. No particle is charged.

. The patrticle size distribution of soot entering the post-combustor region
is always prescribed.
. All particles are noninertial.

Based upon the sectional approach, the total volume range for the particles is divided
into M 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 aboutl zm, hence, the corresponding volume ranges frbdit’m® to

10™*m?®. To cover the 9 orders of magnitude volume span with 12 bins, the bins are
linearly spaced on a logarithmic scale, so that10”“%y,_,, wherey, is the

volume of a particle in size bin k.

4.2. Thermophoresis

Thermophoresis arises from the temperature gradients in the carrier gas: small particles
drift from hot regions towards cold regions. Brock [10] derived the following
expression for the thermophoretic veloci,,

—3Cq (k; + gk Kn) Hy |7 (10
1+, Kn )k, + 2k + 26k, Kn ) o, T

Vih, =

where g, is the viscosity of the carrier gag, andk, are the gas and particle thermal

conductivities, respectively, ang], andc, are phenomenological coefficients known
as the ’isothermal slip” coefficient and the “temperature jump” coefficient,
representative values according to Brock [10] @e2.2 andc,=1.0 .The smaller

the diameter of a particle, the larger the effect of the thermophoretic force. Since the
turbulent thermal diffusion discussed by Elperin [11] is not included in the present
model, we have
dN,
dt

=-0 WTHka) (11)

drifting

When the Knudsen number is much larger than oneKre.>>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 [12]:

Vi, = { % }DT Kn > 1 12)

"4+ mis)| pT

where the negative sign indicates that the motion is in the direction of decreasing
temperature, andr is the nondimensional thermal accommodation coefficient, its
typical value is about 0.9. The thermophoretic velocityKag >1 is independent of

the particle size. Furthermore, it is nearly independent of the particle material.

4.3. Coagulation

Aerosol coagulation is important because it changes the size distribution and the
composition of particles. Coagulation is a process where particles in a population
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collide with each other and stick together to form larger particles [13]. 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 one micrometer in diameter, the most important collision process
is the 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. Since the model has to be incorporated into a
three-dimensional CFD program, a semi-implicit scheme [14] is adopted here. All the
particles are assumed to be spherical. Soot density is less than that of carbon black and

usually in the range of 1700-180@/n? depending on the porosity of soot. Soot

particles are generally small, ranging in size from 5 nm to 90nm, but may be up to
several micrometers in extreme cases. Soot scavenging by coagulation occurs when a
small HSOy-H,0 droplet collides with a larger coated soot.

4.3.1. Single particle size distribution

The rate of change of a single particle size distribution (PSD) due to coagulation is
given by a modified Smoluchowski Equation,

dN, _ 1632 2
dt _EZ Bjk-i Necje Nip = N(tz B, N, (13)
j=1 j=1

coag

whereB, (m?*/(s particlg) is the coagulation kernel or collision frequency function
of two colliding particles. A volume-conserving solution [15] is given by

UN = UNy o * hZL[ZS fixBiU N, Nt-h]
k! VKt 1+ hzzw:i (l— fk,j,k) 3(11' Nj,t—h

(14)

wherey, is the volume of a particle in size bk M, is the total number of bin$ is

the CFD time step used in the solution of the carrier gas. When two particles collide and
stick together, the volume of the intermediate particle is

Vi,j =y +y, (15)
If this volume falls between two bins, the new particle is split into adjacent bins as
follows.
Yy, + _\/i j U
—= 1k UkSVij<Uk+l k<MB
N Vi,j '
fiix = 1-f UV, <Y, k>1 (16)
1 Vi 24, k=M,
0 all other cases

The generalized Brownian coagulation kerBg| for collision of particles of volume
u, andu; is given by Fuchs [13]
B 2”(d| + dj )(Dp,i + Dp,j )

hiT d-+d, + 8D,+D,)
d+d @2+ (d+ ) ed M2

17
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whered, andd, are the diameters of particles in ffte and j th size bins, the unit of

B, is m’/( s particlg, D, or D, is the particle diffusion coefficient in theh
orjth size bins and is given by

= ks TCgq 18)

3, 4,

where k, is the Boltzmann constant (380658 10°JK 'molec’*), T is the

absolute temperature (Kyi ; is the diameter of the size-i particle, apg is the

dynamic viscosity of the carrier gas. The Cunnimgtsdip factor is defined as
Cg =1+ Kn(1.257+ 0 4"V ° (19)

whereKn is the Knudsen number defined as the ratio ofniean free path of the
carrier gas,/]g, to the diameter of the size-i particle

24

Kn=—2

d,,
The mean free path of the carrier gas depends tipenpressure, temperature,
molecular weight of the carrier gas, and the uisi@egas constant, it is given by

2u

/1 —_

(20)

T A “
pg( Zanl )
Ty, Is the mean thermal speed of a particle in siag, bi
o (sk,T)
Cpi— (22)
7m

wherem is the mass of a particle in size binJ is a correction factor which

represents the mean distance between the cendesmtiere and a particle which has
bounced from the surface of the sphere and hasléda distance of one particle mean
free path, it is given by

(dp,i +/]p,i)3 - (ds,i + /]pz,i)al ?

3= d,, (23)
3d, A, P
The particle mean free path of a particle in sirei s
8D, .
Ay =—= (24)
nEp,i

Finally, the change of the size distribution duedagulation is
de| — Nii = N
dt | h

coag

(25)

4.3.2. Multiple particle size distributions

Coagulation among multiple particle distributions (e.g. among the soot particles and the
H.SOs-H,0 liquid droplets) is also considered in the current study. Coagulation among
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two independent size distributions will add one more particle size distribution for the
resultant particle, 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 (eM, = 3), with size bins in each distribution being

M;. The resultant particle number density of tedistribution in bink at timet

during coagulation is defined as
Ny nt h(T+T)

N, = , 26
Yk, t 1+ hT3 ( )
where
1 M k k-1
=2 |Ru) { Nuon FemveBe Ny t} ’ @7)
Uy m=1 i= i=

=1

138 k K
T, :U_z {Q M ,YZ [ NMj,t—hZ fi v BiwiUi Ny H, (28)
i1

Mg
T,=),

=1

ZT: [(A-Ly w)@= frmvid Ly By N e %' (29)

M=1

Term T, accounts for the production of larger particles in distributforfrom

self-coagulation and from heterocoagulation between distribitiamd distribution
M #Y . Term T, accounts for the production of particles in distributiorfrom
heterocoagulation among the other two independent distributich¥ (and M #Y).
The first part of ternil, accounts for self-coagulation loss in distributdrto larger

sizes, while the second part accounts for loss of distribitiom all other distributions
due to heterocoagulation between ¥halistribution and the other distributions.

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

follows.
|:UYk+l _Vli,Mj } Uy

Uyy SV|i,Mj < Uy k<MB

Uyir ~ Uy \ li Mj
f'ivMi Yk = -1, Mj Yk-1 UYk—l<\/Ii,Mj Uy k>1 (30)
1 Vim 24U k=M,
0 all other cases

The values of P,Q, andL in equations (27-29) are either 1 or 0, depending on the
specifics of the coagulation considered. Paramigtgr=1, if the coagulation between

particles in distributionY and in distributionM produces larger particles in

distribution Y . For example,P,, ,x=1, and R, s 1 qu,sq- no=1. Parameter

Q my =1, if the coagulation between particles in distributlomnd in distributionM
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produces particles in distributiolr , where | #M and | 2Y . For example,
Quoot H59- 1 0 mi— L ANA QY 5610 s k= 1. Parametet, , =1, if the coagulation
between particles in distributiort and in distributionM does noproduce particles in

distributionY . For exampleL =1,andL =1.

soot H, SQ- H O H,S0O,—- H, 0 soot

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

dNYk| - Nyi: = Nyi e (31)

4.4. Homogeneous Binary Nucleation gS&y-H,0O

The classical nucleation theory assumes that ast#ite of current phase is becoming
unstable, a new phase is formed. It is based ordjdibrium state of small liquid

drops, or embryos, in contact with their parentorapsome of the embryos, which
become freely growing droplets, are said to be fgated". The theory predicts the

nucleation rate as follows:
AG”
Jhom = 7Td DZﬂHZSQ N HzoeXp(_ RJTJ (32)

is the homogeneous nucleation ragaiticle/(nt 9), ﬂdDZﬁHZSOAN ho IS @

where J

hom

prefactor termAG" is the change of the Gibbs free energynfol) during the phase
change,R, is the universal gas constant. The change of thésGfree energy is a

function of the number of sulfuric acid and wateretules and is represented by a two
dimensional energy surface. To become stable steclwill have to follow the path of
least energy on this surface, thus leading todheasied saddle point. To avoid solving
iteratively to find the roots of the equations whgatisfy the saddle point condition, the
parameterization of Kulmala et al. [16], updated \lshkamaki et al. [17] for low
temperature emissions and by Vehkamaki et al. fldi@jigh temperature emissions, is
used here (See Appendix A). This scheme providesntitleation ratel, ¢, .,

(number of new embryos formed per second and g&c coeter) in the water/sulfuric

acid mixture, and the critical cluster compositiiatal number of molecules and
sulfuric acid mole fraction). These parameterizgdadions reduce the computing time
by a factor of 500 compared to non-parameterizexdeation rate calculations.

4.4.1. Low Temperature Range

The parameterized formulas are valid for tempeestbetweerd 90 15 K and 305. 1
K, relative humidity betwee0.01% and100%, and total sulfuric acid molecule

number from10° to 10" m™. The parameterization is limited to cases where
nucleation rates are betwegd" and10®® m™®s™ and the critical cluster contains at
least four molecules. For the cases where the textype is beloWw90. 15 K, a zeroth
order extrapolation is applied to the nucleatiote.rdMore details can be found in

Appendix A.
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4.4.2. High Temperature Range

The parameterized formulas are valid for tempeealetweer800. 15 K and 400. 1
K, relative humidity between 1% and 100%, and tstgfluric acid molecule number

from 2x10° to 5x 10" molecule ri¥. The parameterization is limited to cases where
nucleation rates are betwe® and10® particle m®*s* and the critical cluster

contains at least four molecules. For the casesenthe temperature is abov€0. 15

K, a zeroth order extrapolation is applied to theleation rate. More details can be
found in Appendix A. It is noted here that, forfsmikc acid solution, experimental data
are available for its surface tension when323K, for its density whed <373K,

and for its activities’ when T <350K . The computed nucleation rates and other
thermodynamic properties may be of greater unceytavhen the temperature is out of
the experimental range.

4.5. Soot Activation

Since soot is hydrophobic, it must be activateorder to be capable of taking up water
from the gas phase. Soot can be activated as a@telensation nuclei by adsorptfon
of oxidized sulfur species g30,and SQ) and by scavenging, i.e., coagulation with
volatile sulfate aerosols.

The fraction of soot surface due to the above tetivation pathways i$ = 6, +

ads, i
6...;» wherei is the index of the size bin. Karcher [8] presen kinetic formula for

eadsi :
dé,,. . -8
= 250T(Co * Ciy 50 )% 6.02¢ 16174

(33)
0

whereqa is the sticking probability. It is either set tera forT > 420K or set to
unity for T <420K. T is the mean thermal speed fors50 is the molar density of

gas phase speciesn6l/n?), and g, is the average number of sites per unit areaaif so

surface @, =5x10°m?). This formula which assumes that the vapor adsormn

fresh soot takes place in the gas kinetic regilnvesggthe maximum adsorbed sulfur
mass, and it represents the upper bound of theybidaSO,-H,O heterogeneous

nucleation rate on the soot surface.

The change of surface coverage for a soot paitickéze bin i by scavenging volatile

(H2S0Os-H20) droplets from size birj =1 to j =M, is determined by

db,.., My -8
—21=25mx» B N &, x# (34)
dt =i Td

whereB ; is the coagulation kernel between soot in size bimd HSO,-H2O in size

“The product of the mole fraction of a solution cament and its activity coefficient is
defined as the activity of the component.

%When a gas is brought into contact with a solidiparand part of it is taken up by the
solid surface, the process is known as adsorgfidime interactions between the gas
and the solid are weak, such as between sulfuiegpand soot, the process is called
physical adsorption which is characterized by tlecular bonding.
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bin j, N. 2

i P,

H.SOy-H,0 droplets in size birj , and d;i is the diameter of soot in size Lin

The gas phase depletion of$0; and SQ due to adsorption is proportional to«(@),
i.e., the available "dry" soot surface area, threydetermined from as follows.

is the number density of BO;-H,O in size bin j,d: . is the diameter of

dC, e
& =-250CCy, > N, (1-6)) (35)
dt | . i=1
d S
_C;;SQ* =-.250TC,, 5, ), N ,(1-6)) (36)
ads =1

where N, is the number density of soot in size bin i. Timisdel also accounts for the

condensation of BOs;-H,O on the "wetted" soot surface area. Consequently,
condensation rates onto soot particles and comelspg gas phase depletion 0£30,
and HO are proportional t@ .

Finally, using a semi-implicit method] is evaluated by

t—h
git - 9| + h(QadS + sca) (37)
1+ h(Qads + Qsca)
where
_ a _
Q.= -25;00(qu +C,, 5q) ¥6.02x 16° (38)
and
T
Qsca = 25d_2 x Bi, i Ni dlz),i (39)
=l

4.6. Condensation of Water and Sulfuric Acid

If the vapor pressure of8O,or H,O is in excess of the equilibrium vapor pressure,
condensation will occur. Condensation can occuheriquid HSOy-H,O aerosols as
well as on the liquid coating of soot surfaceht tvapor pressure of,HO, is less than
the equilibrium vapor pressure, then the sulfucid anolecules will evaporate from the
H.SOs-H,O aerosols. However, the equilibrium vapor pressafré,SO, over the
liquid droplets is so small that, once30, molecules are condensed, they can hardly
re-evaporate. In contrast,»® will condense to and evaporate from the droplets
depending on the evolution of temperature and dnggb pressure of D in the carrier
gas.

Following Fukuta and Walter [9, 19], the condermai growth ofm=H,O, or

H,SQ, onto particles in the size bin k is given by:
d -
D _ 4Dy P Poien (40)
dt ’ RT
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Where% is the rate of change in moles of specieslue to condensation onto or
evaporation from an aerosol with radiys the modified diffusivity is

DD _ Dv,m
v,mk — r, N 4Dv.m (41)
I"k+/1g r¢c.
where /, is defined in Equation (21, , is the diffusivity of species m, as defined in
Appendix B.
The mean thermal velocity of gaseous speanigs given by
1/2
8RT
e[ T | @
TTMW

It should be noted here that, when calculatingctiedensation on soot particles, since
only the activated surface of soot can accept itfiestbn of the molecules of 50O,
and HO, the right hand side of equation (40) needs tmbkiplied by the fractiorg,
provided via equation (37).

The saturation vapor pressure is computed fromiKeguation which implies that the
curvature will increase the value of the saturatiapor pressure of species m,

pm, k,sat _ X 20—Vm]

= L (43)
Prvsat RTr

where o is the surface tension of a liquid droplgo(le nf), v,, is the partial molar
volume of speciesn in a solution (’/mol), p,,, .. iS the saturation vapor (partial)

pressure of gaseous specimesover a spherical droplet of radiys and p,ﬂi‘at is the

saturation vapor (partial) pressure of spearesver a flat liquid surface with the same
composition as the droplet. The effect of curvatgranportant for droplets smaller

than 0.1m. Further details of various thermodynamic prosrtf aerosols are given
in Appendix B.

Now, letdr/dt be the radial growth rate of a particle (volati®plet or soot coated

with H,SO4-H,0) in size bink due to condensation amy, , :uk+4m§%h be the

new particle volume, the rate of change of parscte due to condensatiow ( ,>uv,)
and evaporation\(,,<v,) per unit time and per cubic meter of carrier gas be
expressed as

Mg
G =0, f,,\N,=N)/h (44)
j=1

where f a modified volume splitting operator, is defiresi

ck,j?
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v, -V
j+l cond H
Uj S\/cond<Uj+1 J<MB
Vin~Y;
fC = 1- fc,k, -1 Uj—1<Vcond<Uj j>l (45)
1 Veona 2 U =My
V .
cUond Vcond < Ul J = 1
1

The first term on the right hand side of equatidd)(represents the production of
particles in size birk due to condensation and evaporation. The last terthe
destruction of particles in size bk by condensation and evaporation.

(AN, /dt) g evap IS EXPressed as
(dej -G, 6)
dt cond./ evap

The change of radius due to condensation or evaporia

dr, ar, |dn,,

—* = — =, m=H,O H,S 47

" ;[%J . .0, H,SQ (47)
where

anm,k B 4@solri

The condensation and evaporation processes cah&aleight fraction of k50O, in
the liquid solution (\, ., ), on which many thermodynamic quantities deperyd, the

saturation vapor pressure in equation (40). Theeefbis necessary to determine the
evolution of W, ¢, . Starting from its definition
_ MWh,s0, * M0, «

H,S0, k — —
o ZmMmenm,k

: m=HQ H SQ (49)

wheren,,  is the mole number of speciesin the droplets of size bin k, and the mass
of the liquid droplets in the same binEm MW X Ny« = 4701/ 3. Differentiating
equation (49) with respect to time and invokingans (47) and (48) leads to

dw, 3 dr, d dr,
Pt = 2 : M so k_Wsto4, k_k (50)
dt L[\ ANy sq dt dt

Using a semi-implicit formula, the result is

I dnstq,k dt
3 dn
1+ h r, dt

t-h 3 dr, dny,s0y, k
+ h3
WH 2S0,, k h |:

erzsql, k= (51)
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4.7. Effects of Microphysical processes on Spdtwedution

The conservation equations of gas-phas8®4, SO; and HO will have additional
source/sink terms due to the microphysical pro&deecribed above i e.,

dCH " i i
= :WHzO hom tot(l )F) Z ZO H,S0O,- H,Q i ZH ZO sooL|(52)

dt
M
dC:t—<zso4 _ 5 dn), 2so4
— WH,so, hom tot Z 2504‘ H Qi
dt =
M
5 dn, so4

soot, i
i=1

—.ZR)'C Z ﬂdsoot i ¥ soqt

(1~ 6’) (53)

dC,
dt

2 = \yso, —-250CCqq Z rd? x(1-8) (54)

s00f i soqt i

It is noted here that, there also exists other risdde taking into account the effects of
particle microphysical processes on the gas spe€msexample, in reference [20],
Yelvington used the following relationship [21] tepresent the rate of adsorption of

H,SO, by soot per aerosol
4D
Bsto4(rk) — k M H,sq, Ph so,

Duso/ (BewsqV s + 1 #A) RT

(55)

It is a function of soot particle radius, temperatwand pressure. In additiob,, o, ,
Bei,sa s Vi,so » @Nd Py, ¢o, are the diffusivity, molecular accommodation caméit,

gas mean speed, and partial pressure of spegs,+&nd A, andr, are the mean free

path and radius of soot particle in size kin

Similarly, the rate of condensation of a volatileesies,a , per wetted aerosol is
given by [21] as

4D, Pr — Prx
)+rk/(rk+Ak) RuT

C,(r)[mol/d = (56)

4D,/ (B, V.

caa

wherea is any volatile species, an@,, the vapor pressure above a flat surface.

Using the vapor pressure above a flat surface gmtire Kelvin effect, hence
underestimates the timescale for condensationeSivecdriving force for condensation

is (P, — P, ), condensation will not occur if the partial pressis below the vapor
pressure. Thus, it is very important that the arsaturation vapor pressure is used.
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5. Applications

The numerical platform is a NASA in-house codedionulating turbulent combustion
in propulsion systems. A detailed description af tbode can be found in several
reports [22,23,24]. Its enhancements for post-catusurace chemistry modeling and
simulation are reported by Wey and Liu [25]. Unttex current effort, we have further
implemented the microphysical models for aerosolyics discussed in the previous
sections into this analysis tool. In the followings application to the turbine
environment as well as to the components of parsampling system are discussed.
Several investigations (e.g., Lukachko et al. [&ye shown the important role of gas
phase chemistry along the post combustor flow pathe production of sulfate and
nitrate aerosol precursors. In particular, it hasrbsuggested that multi-dimensional
analysis needs be applied to the high-pressurentudzction, while one-dimensional
simulations suffice for the remaining sectionshaf internal gas path.

It has also been known that strong modificationthie temperature and pressure
environment experienced by the particles in thepsizug system can lead to different
interpretations of the measurements aimed at cteaizog the particle emissions of
the exhaust. Therefore, there is a need to congigbier fidelity computations to
compliment these measurement studies and to ashessffects of sampling
methodology.

Finite rate kinetic mechanisms developed for caon intermediate between
combustion and atmospheric chemistry have been uséte present work. More
specifically, a mechanism involving 25 species @deaction steps [26] was used for
investigating a film cooled turbine blade; latem,improved mechanism involving 29
species and 73 reaction steps [3] was used for @pplications. All simulations
require the specification of species concentrat@iosg the inflow boundary of the
computational domain, we have followed the appraadthined in [3] to provide the
estimation of these species initial conditions.

5.1. Film Cooled Turbine Blade

Film cooling injection is widely applied in the timeal design of turbomachinery, as it
contributes to meet the requirements for reliapdind life cycles of modern gas
turbines operating at high temperature conditidie film cooling influence on
post-combustor trace chemistry has been compugdiyanvestigated by Wey and Liu
[27], and a few selected results are cited hegurEil presents the geometry and the
grid used in the simulation. The coolant mass fi®about five percent of the
mainstream hot gas mass flow. Five sets of compet®alts are assembled together to
show the differences due to various codes as weh@cooling air injection. Data
reduction has been performed to yield one dimems$istribution along the axis of the
flow path by averaging the CFD results. The temjpeeadistributions along the axis of
flow path are depicted in Figure 2. It indicateattthe impact of film cooling on the
temperature is significant. It also suggests thatvaluation of transport properties
affects the temperature more for the case withiegalir than the case without cooling
air. NO distributions are shown in Figure 3. The masstimador the case with

cooling air injection decreases significantly asflow passes through the turbine vane.
Figure 4 illustrates the S@listributions. Its mass fraction with cooling edjection
increases more than that without cooling air inggtas the flow passes through the
turbine vane.
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5.2. First Stage of a High Pressure Turbine

As part of the NASA/QinetiQ (formerly DERA) emiss® testing effort,
two-dimensional calculations of the evolution aide species in the first stage of a
DERA high pressure turbine (HPT1) using the CNEWecavere carried out by
Lukachko et al. [3]. A relatively detailed desciipt of the stage configuration and the
specification of the inflow condition can be fouind3]. Under the present effort, the
NCC code was used to calculate the evolution afetrspecies in the same HPT1
operating at two nominal power settings — cruise @saximum power — with similar
high fuel sulfur levels. The results of the highfisucruise case will be briefly
described here; additional results can be foui2dh Figure 5 outlines the setup of the
simulations, in particular, the transfer of theusion near the exit of the nozzle guide
van (NGV) to the inlet of the rotor. Due to the wal the NGV and the rotation of the
rotor, the inlet flow of the rotor is non-uniforrm@ unsteady. Figure 6 to Figure 9
present the fields of the temperature, NO,Nd SQ, respectively. In addition to the
contour plot which is a snapshot at some instduet, area-averaged values also are
presented. These averaged values are steadyN@G¥eegion but change with time in
the rotor region. It is noted here that resulthyefCNEWT code were obtained by using
the triangular meshes, and only the solutions attone station are depicted in these
figures. On the other hand, quadrilateral meshe® weed in the code NCC, and
solutions at several time stations are given. Déjpgnon the variable, these temporal
solutions may bunch together (e.g., T) or separatee clearly from each other (e.g.,
NO). In general, the solutions obtained by thesedades are quite comparable, except
for the variable Sg) the reason for this larger difference is notclea

5.3. Particulate Matter Probe

Two particulate matter probes have been investigatdow dilution probe and a high
dilution probe. The diluent i\, . For the low dilution probe, the tip portion oétlet

has an inner diameter of 0.0625 inch, followed bghart divergent section; the
diameter at the end of the inlet is 0.1875 inch,lémgth of the inlet is 0.6553 inch. For
the high dilution probe, its inlet is a straighbéuwith an inner diameter of 0.044 inch,
and a length of 1.2875 inch. In the present wdri&,domputational domain of the low
dilution probe is set to be 9.558 inch long, anel tomputational domain of the high
dilution probe is chosen to be 6.456 inch long. b field of the low dilution probe
was analyzed with an inflow total pressure of 49B89and inflow total temperature of
835.78 K. The mass flux of the;Miluent is 48kg m*” s' at a temperature of 423 K.
The exit pressure of the probe is set to be 1954 % wall temperature is set to a fixed
value of 423 K. The computed dilution factor by si@sabout 6.9, which is at the high
end of the operation of a low dilution probe. FggaO indicates that a stagnation zone
appears in the downstream region of the merged stteam and the diluent, while
another flow stagnation zone sits next to the djgat wall of the inlet tube. These flow
features will adversely impact the sampling funadility of the probe. Subsequently,
the same flow conditions were used to evaluaténitje dilution probe. However, due
to the difference in size from the low dilution psy the computed dilution factor by
mass now is 25.8. The velocity vector fields ofsthenvo probes are compared in Figure
11. The mixing between the sampled stream and ithend in these two probes are
compared in Figure 12. The mixing is illustratedtbg mass fraction of the sampled
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stream in the mixture. It is evident that the hdghtion probe is much more suitable for
the given sampling condition.

Since the high dilution probe has been extensivedgd in the Aircraft Particle
Emissions eXperiment (APEX), additional simulatidresvze been performed for the
high dilution probe. Conditions for the simulaticare listed below:
. The engine operates at 65% power setting, anprtiee is located at 1
meter downstream of the engine exit.
. A post combustor trace chemistry kinetic mecharhsiving 29 species
and 73 reaction steps is used.
. Soot entering the probe has a number density@f 13" particles per
cubic meter, it has a log-normal distribution wathmedian diameter of 40 nm
and a standard deviation of 1.5.
. At the entrance of the probe, the pressure ofdngpted gas is 101350
Pa, the static temperature is 720 K, and the sg@d0 meters per second.
Therefore, the total pressure is 112515 Pa, antbthktemperature is 742 K.
. The static temperature of the diluentisl 290 K, the diluent mass flux
is 110kgm? s*, and the targeted dilution factor by mass is 24.

. The static pressure of the mixture at the exit e tomputational
domain is 81000 Pa. The temperature of the protlesset to 320 K.

. Aerosol size distribution is divided into 12 bing { =12), the diameter
of particles in the smallest bin is 3 nm. Sootiptes, HSO,-H,O droplets, and
the mixture of them are included in the calculadicbonsequently, a total of 72
equations are solved for each mesh cell.

Since the particle size distribution at the enteant the probe is assumed to be
log-normal, the following formula is used to digize the continuous function into
stepwise function, for size bin k:

Ind_,-Ind__)* |Ad
Nk — Ntotal ex _( p.k - ) g) pk (57)
V2rino, 2In"g, d,

where N, ., is the total number of particles of all sizes p&rof the exhaust gagy, is

total

the geometric standard deviatiat), ; is the median diameter of particles in meter,
d,, is the diameter of the particles in size Rin

The H,SO, -H,0O nucleation rate depends highly on temperaturativel humidity,
and H,SO, concentration. The following empirical criterio@9] is used to decide
whetherH, SO, -H,O nucleation commences:

C

crit

=0.16exp(0 T- 35RH 27; (58)

where T is in degree K, RH is the relative humiditya scale from 0 to 1, arfg}, isin

(g m®. When the gas-phase concentratiorHg8O, exceed€,,, , the nucleation of

H,SO-H,O droplets starts. Sample results from these siiook are presented in
Figure 13. While the number density of soot withr®é diameter remains essentially
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unchanged along the probe length, the results atelithe emergence 0£L%50,-H,0
droplets due to nucleation.

5.4. Sampling Line

Three-dimensional calculations have been conduttectapture the potentially
important secondary flow effects by dividing thendgosampling line into multiple
shorter segments. Starting from the exit plandnefhigh dilution probe, a segment of
the sampling line is simulated at first; the resuait the exit plane of this segment are
then used as the inlet profiles for the next segnaem so on. Two configurations have
been investigated. The first one consists of tvgmeents of a simple straight tube. The
second one consists of a straight tube segmewirfeld by a Z-shaped tube segment.
Figure 14 presentie temperature distribution along the centerdiiie probe as well
as along the center line of the sampling line sedme The temperature inside the
probe drops rapidly because of the dilution, wttile temperature in the sampling line
is very close to the imposed wall temperature wisdkept at 310 K. In Figure 15, the
mass fraction distribution of species3®, is shown. Due to a sudden expansion in
volume from the end of the probe to the beginnihtpe sampling line, a rapid change
is observed (the typical internal diameter of a glamg line is about 0.34 inch, the
internal diameter at the end of the currently UAE®C/NASA high dilution probe is
0.249 inch). In Figure 16, the evolution of the tsparticles with 33 nm diameter is
shown. The loss of soot particles in the straigigingent is smaller than the loss in the
Z-shaped segment. Similar behavior is observedguar& 17 for soot particles with 66
nm diameter. Figure 18 suggests that the procedsS§l-H,O nucleation as indicated
by the emergence of droplets with 1 nm diametetssteom the inside of the probe and
continues into the sampling line until the masstiom of the gaseous,BO, levels off
(see Figure 15). The results in Figure si@jgesthat the coagulation of 330;-H,0
droplets as indicated by the emergence of 2 nmlei®pegins in the sampling line.

5.5. Pressure Reduction Chamber

The pressure of the exhaust gas at the exit o€dh@bustor is much higher than the
pressure in the ambient environment. A device whiiuces the pressure of the
sampled exhaust gas is often employed to meetgleting range of the particulate
matter analyzers. A schematic of a typical presseglaction vessel is shown in Figure
20. It is a cylinder-like device that has an irtldte on the top and an exit tube in the
bottom. The internal (inside) diameter, ID, of thiet tube is denoted by a. The portion
of the inlet tube inside the pressure reducer nesg¥pended up to five degrees to slow
down the drop of the incoming pressure and the ézaipre. The gap between the exit
of the inlet tube and the entrance of the sampleaetion tube is denoted by d. The
diameter of the cylinder is denoted by S. In theent study, the internal diameter of
the inlet tube is a = 0.09 inch and the diameténaexit of the inlet tube is .2646 inch
due to a five-degree expansion. The gap distanée 2dnch; and the ID of the sample
extraction tube is 0.34 inch. The diameter of #ducer is S = 3 inch; the overall length
of the domain which includes the inlet tube, tharober and the sample extraction tube
is 35 inch (0.889 m). In the current study, insteaconducting three-dimensional
calculations, axisymmetric simulations have beeri@aout by replacing the bleeding
hole with a bleeding slot having the same openieg.alwo cases are presented here to
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show the chemical conversion and particle evolutidhe device. The total pressure of
the incoming gas are 65 and 255 psi, respectiVélg.total temperature is set to be 485
K for both cases. The shortest flow residence t&724 ms for the case of 65 psi and 6.2
ms for the case of 255 psi. The exit pressure tis&9.7 psi. The pressure at the
bleeding location is 14.7 psi. The size distribotd the soot particle is prescribed to be
log-normal, with median radius of 40 nm, modal Ww&lof 1.5 and total number density
of 10" particle/ni. The chemical composition of the inlet gas and ¢hemical
kinematic mechanism are the same as those usdw isttidy of particulate matter
probe. The wall temperature of the inlet tube en¢ethe vessel chamber is set to 400 F
(477 K). The rest of the wall is either at a tenapere of 450 K or insulated. The
temperature distributions along a line which isl@.thch away from the center axis are
shown in Figure 21. For the 65 psi case, the teatper is above 450 K from the inlet to
the exit, hence the occurrence of the nucleatidf,80,-H,O droplets is not possible.
For the 255 psi case, the temperature has droppeeir 250 K at the end of the inlet
tube. The distributions of 430, mass fraction along the 0.018-inch line are shawn i
Figure 22. The increase of the mass fraction oceutise straight portion of the inlet
tube outside of the chamber region. It also indis#ihat the chamber has little influence
on the evolution of kEBOy. In Figure 23, the number density distributionlagyo scale,

of the soot particles is shown for the 65 psi case. influence of the chamber on the
size distribution is very mild. Figure. 24 is fdret 255 psi case, the influence of the
chamber on the size distribution of the soot plagics more noticeable. Figure 25
shows that, due to the relatively large droppinghef temperature, the nucleation of
H.SO-H,0 droplets is significant in the case of 255 psaddition, the coagulation of
smaller droplets to form the larger ones also aecur

6. Summary

To better understand the formation and subseqeiapment of gaseous pollutants,
particulate pollutants and their precursors of tmmasourced emissions, it is necessary
to adopt approaches which combine the use of aecoreasurement and high-fidelity
modeling and simulation. The development of suc®F® based multi-dimensional
modeling and simulation tool which accounts for antegrates fluid dynamics,
chemistry and particle microphysics relevant todheraft emissions is elucidated in
the present paper. Its capabilities have been dstmawed by the results of several
applications in environments representative of{sostbustor flow path and sampling
system. This represents a first step towards tmg-lerm goal of establishing
physically based tools that can be used to handidadmental processes acting on
length/time scales relevant to practical samplimdj @measurement. Obviously, the tool
developed under the current effort must be furttadidated by data from systematic
and careful parametric measurements. At the praseet measurements aimed at
providing comprehensive data for the purpose ofehddvelopment/improvement and
validation are lacking. This is one area which setedbe strengthened by the research
community. In addition to validating and furthergroving the existing predictive
capabilities, our near term efforts will also indduthe modeling and simulation in the
jet engine plume environment and the modeling ot sarmation.
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Appendix A — Parameterized Homogeneous Nucleationd®e

Because the classical theory is often unreliabtepfedicting the nucleation rates,
nucleation parameterizations have been developegptace the classical theory.

A.1. Parameterization of Low Temperature Nucleation

This parameterization is valid for temperature maggfrom190.15- 305 1K and

relative humidity (RH) ranging fro@01- 10®@%6. The mole fraction of sulfuric acid in
the critical cluster is given by

X" =.740997-. 0026637D- .0 00349998M(, +) 0000504022 Npjf

+ 00201048||£ RHJ —. 000183289 {HFEJ
100 100

2 2
+.0015740 I{Ej —. 00001790 EHFEJ
100 100

+.00018440 IVE RH) -1.50345¢ 10°T VERHJ
100 100

whereln is the nature log functior\_, is the number density of gaseous sulfuric acid
(molec/ cm), T is the absolute temperature Kn, andrH is the relative humidity in
percent L00x p, o/pro ™).

The nucleation rate is given by an exponential dfial-order polynomial ofn(£8
andIn(Ng,),

RH
article cm?® s§'] =ex ar Iln( j
hom[ p p{ 100

ol ool 5]

+eln(N,,) + f[[h( jln(Na)

g [Eln[fooﬂ In(N,)+ hifin( N

| S0 )]+ (N )

where the coefficients... | are functions of temperature and critical clustesle
fraction x”

a=.14309+ 2 21956T —. 027391T*+. 00007228Ti+ . 59180
b=.117489%. 462530T —. 01180%%°+. 0000404196+ . 15 7%
c=-.215554-. 0810268r +. 001435B8I°—- . 477580 A0 °- . 2 91x¢

d =-3.5885600. 04950800 -. 000213820G + . 3 10801 'IU°-. 029333

NASA/TM—2006-214397 23



e=1.1459800-. 60079@r +. 008642@%°—. 00002280RA7- . 8 449t
f =2.1585506-. 080812T —. 00040738 - . 401957 '10°+. 7218

g=1.62410-. 01601060 +. 000037712F + . 3 21794 °10°-. 0113¢!
h=9.716820-. 1150480F +. 000157098 + . 4 00%14 '10°+.  71&¢
i =-1.0561%. 00903379 —. 0000198407 + . 2 466487°10°-. 05790t

j=-.148712+. 0028350F — .9 246d9 [B°+ . 500427 AO°-. 01278
The total number of molecules in the critical odanSt\IEn, is given by

N =exp{ ca+ ctjiln(ﬂ
100

fin(5aa)] estn( 5o
+ccllin| — || + cddlIn| —
100 100
RH
+celn( N,) + cf[[h(ﬁ)ln(Nsa)
+cg Eﬁln(%ﬂ In(N,,) + chifin( N.)]*

+ciln (%}[IH(N%)]Z +Cj [[]In( NSa)]s }

where the coefficientsa...cj are functions of temperature and critical clustere

fraction x"

ca=-.00295413-. 097683400 +. 0010248506 - . 2 18846 °MD°-. 1000@x"
cbh=-.00205064. 007585040 +. 0001926546 - . 6 70430 '1ID*-. 2860@x"
cc=3.223081- 3+. 0008526371 — .154787 B+ . 566661 °10°%+. 033844
cd =.047432300-. 00062510F + .2 65086 B - . 367471°10°-. 0003&%2
ce=-.0125211006-. 005806550 —. 0001016740+ . 288495"M0’+. 2R9300x"
cf =-.0385460006-. 000672316+ .260288 (B + . 119416°1D°-. 00850%"

cg=-.01837490G-. 0001720720~ .3 71766 (07 - . 51487510 °+. 006268
ch=-.061997406- 9 06958~ @4r- .911788 [0F- . 536796 °10°-. 0077423
ci =.012182706-. 0001066500 + .2 53460 [I7 - . 36351970 °+. 000638
cj =.000320184-. 0000174762 + .6 06504 (M8 - . 14277 "10°+. 00033

The radius of the cluster in nanometers is givea asiction of the mole fraction and
the total number of molecules in the cluster:

r'{nm =exp| ~1.6524245- 0 42316402+. 33466483M |

A.2. Parameterization of High Temperature Nuclaatio

This parameterization is valid for temperature mggfrom300.15- 400 1K and
relative humidity ranging from—100% . The mole fraction of sulfuric acid (or the
acidity) in the critical cluster is given by
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x’=.847012- 0 0029656- .0 00662266M(, +) 0000587B35Nnf

+.0592653| RH —. 000363192 nlﬁ
100 100

2 2
+.023007 I{ﬁj —. 000085137 En@)
100 100
RH\T RH\T
+.0021741 h{—j — P23x10°T Ir(—j
100 100

where N_, is the number density of gaseous sulfuric aawbolec/ cm), T is the

absolute temperature irK , and RH is the relative humidity in percent
(1OOX pHZO/psaturation .

H,0

The nucleation rate is given by an exponential dfiad-order polynomial ofn(£:
andIn(N,,)

Joonl Particle cm® s =exp{ a n[%j

+ctﬁm(%“oﬁ+dtg:(f—;ﬁ

+eln(N,) + f[[h(mjln( N.)

R

H ? 2
+g Eﬁln(ﬁ)ﬂ In(N,,) + hifin( N,)]

. RH 2. 3

N Elh[mj[ln(Nsa)] TN }
where the coefficients...i are functions of temperature and critical clustesle
fraction x"
a=-.00156975. 134249 +. 1005QT°-. 000460103+. 187416+.  0204%
b=.00195077%. 168038 —. 022575’ +. 00008271#%+. 002%Q7%. 55013 X
c=.00015408-. 028030T +. 0015458/ - . 452%01°°I0°+. 091%323. 11632 X
d =-.00509267. 0079684d +. 0000446828 — . 8 79425 °10°+. 133991 .831112x"
e=-.0227223- 156512T+. 0038071F*+ . 164109 OB+ . 1 29499+. 047/482
f =.00310646+. 304518 —. 00056400 — . 203267 °10°-. 351)84. 749X
g =.077543-. 00196315 —. 000013041 + . 6 62369 °10°+. O011g4#. 72804 X
h=-.153143+. 05753901 —. 00030650M° - . 2 96097 *Ir*-.  0982§T4. 2866X
i =-552173-. 00207043 +. 0000144037 + . 88310 °+. 0119833-. 0268
j =.126544-. 00136029 + 590588 [B°- .41M5AT°%+. 001708§0°7. 8084’
The total number of molecules in the critical ofusN,_. , is given by

tot 7
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Ni =exp{ ca+ cbn RH
100

el 5 ol 5]

+celn(N,) + cf[lh(mjln(Nsa)

+cg [Eln(%ﬂ In(N,,) + chifiin( N)]?

+Ci [[h(%j[ln(Nsa)]z+cj [Ijln( Nsa)]s }

where the coefficientsa...cj are functions of temperature and critical clustere

fraction x"

ca=7.510241- 6+. 000502054T-. 0000368607 + . 1 08256 °1D3-. 00232
cb=-4.300481- 6-. 000730133 +. 0002520640 - . 101848°ID*-. 0082a%"
cc=-4.42156d0- 6-. 0023486007+ .3 0085 1QM*+ . 2 44397 °10r-. 002502
cd =-.00016705%. 00020750& — .1 13043 40T+ . 180868 °ID3-. 016804"
ce=.0000985954. 004512850 —. 0000512587+ . 4 60749°M0°-. 108280x"
cf =.0000636528. 00288529W + . 651706 AOr*+ . 2 32601 °MD°-. 08120x"
€cg=.00044923% . 00006894186 — . 3 50302 AOri+ . 1074510 3+, 064609
ch=.000831844 535108 10T+ .166482 "10r?- . 305%08 °1D°-. 0003062
ci =.003553744. 0000306009 — .2 11004 10%- . 211436 ™0 *+. 0089@x"
cj =-.00143534G 785600 IDT - .345128 40r2+ . 52154703,  00023/k4

The radius of the cluster in nanometers is givea &unction of the mole fraction and
the total number of molecules in the cluster:

r'{nm =exp[ ~1.6525507 0 45852848+. 33483673My |
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Appendix B — Thermodynamic Properties

In order to solve the aerosol dynamics, variousniieelynamic properties are needed
for the calculation of the microphysical processes.

B.1. Saturation Pure Water Vapor Pressure

According to Preining et at. [30], the saturati@per pressureN/nt, T in K) for pure
water is

Pl = exp{ 77 34491296 Ml— 8.2InT +0 0057113}

B.2. Saturation Pure Sulfuric Acid Vapor Pressure

According to Kulmala and Laaksonen [31], the sdtora vapor pressure
(N/n?, T in K) for pure sulfuric acid above a flat surface eBBy liquid is

1. 1

fla =101325 0« exp — 116956 10154 — =+ +
Porssa b 5 T 36015
0.38x(1_+|n(36To 155_ 360 17] }

545 T
The range of the temperature is from190.15 K to 40R.15

B.3. Surface Tension of Sulfuric Acid and Water

The following fit gives the surface tensiar(J/n¥) for all sulfuric acid solution as a
function of the temperature T and the mole fractkon

o(x,T)[Im?] =( a b OF*°
where

a(x) = .2358-. 520K+ 4 078¥ - 12 670%°+ 153552 - . 63138
b(X) =-.14738+ 0 6258k~ 54808¢ + 17 2368- 210487+ . 8 TR

T
T(xT)=1-—
(% T) T
The pseudo critical temperatufg(x) is given by
T.(X)=647.15](1 0- xJ+ 900 0¥+ 3156 186R .(1-Ox

Note that the extrapolation to higher or lower tempeestbehaves smoothly.

B.4. Density of Sulfuric Acid Solution

For temperature ranging from 273 K to 373 K, the dgnsi,(kg/n?) of the sulfuric

acid solution is fitted to a polynomial function of teengture and sulfuric acid mass
fraction x, [32]:

P (X T) = (&(%,) + (%) OT+ € ) OTF)[2000 0
HereT is the temperature of the liquiék() and x, is the mass fraction of sulfuric acid.
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The coefficientsa(x,), b(x,) andc(x,) are obtained from the following equations:
a(x,)=.7681724+ 2 1847140 + .7 163008, — .44 31447
+88.7560&¢*— 75 7372% + 23 43238

b(x,)=1.808225110°~ 9 294656 10X —. 03742128
+0.256532MK3 —. 536287+ 4857736
~.1629593

c(x,)=-3.47852411C + 1335847 10K,
+5.1957061L6H2- 3 717636 10%3
+7.99081 MR~ 7 458060 10%5
+2.5813916R6

B.5. Partial Molar Volume in a Two-Component Salnti

The Kelvin equation involveg,, (m*mo), i.e., the partial molar volume of species
m in a two-component solution. Given the volumeand the mole fraction of
component?, i.e., x,, the partial molar volumeg, andy, are computed from the

volume change when mixing the pure components:

— AV
v=g-2Y
Vi aXx, D<2
and
_ AV
V=V - % 1)
aX,
such that(1-x,)v;+ Xv.=V. The molar volume of a two-component solution is
given by
v = MW _ A% )MW, + X MW, (81)
losol losol
The slope; 2L, is computed by using the finite difference:
AV _ V-V

aX, X',—X,
whereV"' andV' are evaluated by slightly perturbing in Equation (B1).

B.6. Saturated Partial Pressure BfSO, and H,0 Vapors

The Kelvin equation also involv&™ | i.e., the saturated vapor pressure of spaties

,sat?

over a flat liquid surface having the same compmsias the droplet. It is defined as

Praat = VX b, m= H,Q H, SQ

where y, is the activity coefficient,p,, is the saturation vapor pressure of pure
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componentm. The activity coefficientsy, , and ), ¢, in @ binary system can be
expressed as

A“z Xi'z )
T dog o = R T
[XH2304 + BHZOXHZO]
X2
T log Viso, = A42504 H,0

2
[XHZO + Bsto4 Xy, sq]

whereT is the temperature in degrée, x is the mole fraction, and the coefficients
A and B are given by Zeleznik [33]:

2.147x 10 + 23% 1b

A, o =2.989x 10 -

T2
4.074x16 @ 442% 10
A, so =5.672¢ 16 - L
B, =———=0527
BHZSOA

B.7. Diffusivity ofH,SO, and H,0 Molecules

According to Pruppacher and Klett [34], the diffussi of H,O molecules 7/s) at
temperature between 233 K and 313 K is given by

1 0
D, 0=10"x0Q 21(%} . 9{%}

whereT® = 273 1K, P° = 1013 2¢ mbar. SinceD, OvA, and the mean thermal
velocity vO1/\/Mw,, D, OV Mmw, .- Therefore D, , o, can be obtained through

-D 9 MW 0
V.H,s0 — Pyh0 m

can be computed from

b __ 3 | RTMW,| MWi,so * MW, ||
V:HSQ 8Ad2,0g 21T MW, s0,

D

Alternatively [35], D,

H,S0,

whered is the diameter of a sulfuric acid molecule, comipdaken as4.5x 10 10n,
MW,so, 1S its molecular weightkg/ mole), My, is the mass of carrier gas per mole

(kg/mole), p, is the density of carrier gakd/nt) and A is the Avogadro’s number
(=6.02252 16°mole™).
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A TURBINE VANE WITH 12 COOLING SLOTS

i
L

Figure 1: A two-block overset grid around the vane(Thickness of vane is about .01m.)

30
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Film Cooling Effect on Temperature for A Generic Turbine Vane
Area-Averaged Temperature Distribution Along Axis of Flow Path

1650 I T I T I T I T I ™
r — CGLENN-HT/Option 3/Without Cooling Air
1600 — - NCC/Option 1/Without Cooling Air
= . — — CNEWT-GRC/Option 2/Without Cooling Air
1550 1¥‘ W v ¥. | »—+ CGLENN-HT/Option 3/With 5% Cooling Air
| \\ \ o |4 % NCC/Option 1/With 5% Cooling Air
1500 5 By il
“ i ¥ Il
R e . i
_% 1450 — \ —
= . e
6 — Y ! -
1= k1 B
g 1400 - iy, L —
i e P .
1350 - VoMo i
T o B
- * @ —vhb-'h"'"*'v-b-.,__b 2
X A
1300 — b A =
L / % 4
Ta T ey
1250 — 7 =
| L | L | L | L | L | L | L | L
-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Axis of Flow Path (meter)

Figure 2: Comparison of area-averaged temperatureidtributions along the axis of flow path.
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Film Cooling Effect on NO for A Generic Turbine Vane

Area- Averaged NO Distribution Along Axis of Flow Path

0.00012 —

0.00011 —

0.0001 —
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— CGLENN-HT/Option 3/Without Cooling Air \‘-* M.

- NCC/Option 1/Without Cooling Air Vg ¢ i s M s e
salas CNEWT-GRC/Option 2/Without Cooling Air —
»—»+ CGLENN-HT/Option 3/With 3% Cooling Air
#= % NCC/Option 1/With 5% Cooling Air 7
T e T Y SR NN B

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Axis of Flow Path (meter)

NO (MASS FRACTION)

Te-05

Figure 3: Comparison of area-averaged NO distributbns along the axis of flow path.
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Film Cooling Effect on SO3 for A Generic Turbine Vane

Area-Averaged SO3 Distribution Along Axis of Flow Path
23'06 T | T | T | T | T | T | T | T
1.9e-06 H — CGLENN-HT/Option 3/Without Cooling Air
- NCC/Option 1/Without Cooling Air
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Figure 4: Comparison of area-averaged S@distributions along the axis of flow path.
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NCC FOR DERA NGV
INLET @ X=0.007162 M ; EXIT @ X=0.059028 M
ROTOR INLET @ X=0.04515 M

P_total

T_total

Flow angles
Species (29s, 73r)

Stationary and
Circumferentially—
varying or
Circumferentially—
uniform

P_static

SURFACE MESH 1

NCC FOR DERA ROTOR
RPM=8863.8 FOR MAXIMUM POWER; RPM=7821 FOR HIGH SULFUR CRUISE
INLET @ X=0.045156 M; EXIT @ X=0.079082 M

P total P_static

T_total
Flow angles
Species
Rotational direction

$

F{otatinP and
Circumferentially—

varying

(Wake model)
29 species

73 reaction steps

” SURFACE MESH

Figure 5 Boundary condition specification for 2-D wsteady HPT1 simulations
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NGV and Rotor of DERA High Sulfur Cruise Case Nee

@ Area-Averaged Temperature Distribution Along Axis of Flow Path DERA, High Sulfur, Cruise
) T T e e e o s e
L -6 NCC/Rotor i
SF %-x CNEWT-MIT/Rotor| """
L — NCC/NGV el
S r 9-0 CNEWT-MIT/NGV iress
E n@!_ 1 165,64
R B F1114.42
E F 5 £10632
E ;30 - L 100134
oy [ ] 1759
8- L \h 1 009535
L ] 318
g \‘SF - ] 7095
L ]i K
B r b
S X |
N 0.02 0.04 006 008
Axis of Flow Path (meter)

Figure 6 Area-averaged temperature distribution almg the axis of flow path
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NGV and Rotor of DERA High Sulfur Cruise Case NCG

Q") Area-Averaged NO Distribution Along Axis of Flow Path DERA, High Sullur, Cruise
T T T T S I R I S Y ) R e S S »
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Figure 7 Area-averaged NO distribution along the ais of flow path
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NGV and Rotor of DERA High Sulfur Cruise Case NCC
Arca-Averaged NO2 Distribution Along Axis of Flow Path DERA, High Sulfur, Cruise
NGV->ROTOR
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| 24T
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=,
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Figure 8 Area-averaged NO2 distribution along the =is of flow path
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NGV and Rotor of DERA High Sulfur Cruise Case NGC
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Figure 9 Area-averaged SO3 distribution along the s of flow path
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Mach no. trace
11 1.93454
1.74112
1.5477
1.35427
1.16085
6 0967429

0.774006
4 0580583

3 038716
0.193738
0.000314763

NASA/AEDC low dilution PM probe
Stream: Pi15=49699 N/M**2, T ,1=835.78 K;

EXit: Peyxit=19545 N/M**2; Diluent N,: Speed=150 M/S,
density .32 KG/M**3, Tsgatic =423 K; Twa=423 K
Dilution factor by mass =6.15

Diluent N,

Streamlines are colored by Mach number

Figure 10 Streamlines of the low dilution PM pobe
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Stream: P_tot=49699 N/M**2, T_tot=835.78 K: Exit:P_static=19545 N/M**2
Diluent N2: Speed=150 M/S, Density .32 KG/M**3, T_static=423,;
T_wall=423 K

NASA/AEDC Low Dilution PM Probe
alculated Mass Ratio = Diluent N2/ Stream Air = 6.9 e

VELOCITY VECTOR (M/S})
0.02842 161.9 3238 4858 647.7 809.6

NASA/AEDC High Dilution PM Probe
Calculated Mass Ratio = Diluent N2/ Stream Air = 25.8

EXE ¥E BEREREEEEEFEREEEEEEE R EE R E R E R E R K K K L K & & L K & K L & 3 .3 L £ | E

'ﬁﬁ:}:ddd###ﬁﬂﬁﬁdﬁd ﬂ ﬂ d ﬂ ﬂ [ ]

VELOCITY VECTOR (M/S)
0.003915 65.27 130.5 195.8 261.1 326.3

Figure 11 Velocity vectors of two different PM proles

i
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Stream: P_tot=49699 N/M*"2, T_tot=835.78 K; Exit:P_static=19545 N/M**2
Diluent N2: Speed=150 M/S, Density .32 KG/M**3, T_static=423;
T_wall=423 K

NASA/AEDC Low Dilution PM Probe
Calculated Mass Ratio = Diluent N2/ Stream Air = 6.9

Stream Mass Fraction

NASA/AEDC High Dilution PM Probe
Calculated Mass Ratio = Diluent N2/ Stream Air = 25.8

Stream Mass Fraction
0 0.2 0.4 a6 08 1

-

Figure 12 Mixing between the sampled stream and theiluent.
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Number Density of Particles in High Dilution Probe

Pt=112515 pa, Tt=742 K., P_exit=81000 pa, T_wall=320 K
Diluent N2 v.s. inlet gas (by mass)=23.17. T_N2=290 K

e — f = I =
i Ko By L4 L L=y -
F B A & S ]

(3—E) Soot with 66 nm diameter along center line of probe
o &—© Soot with 66 nm diameter along the inlet wall —
C “+—+ Sulfuric acid-water with 1 nm diameter along center line of probe
C [=—F> Sulfuric acid-water with 1nm diameter along the inlet wall ]

Log_10 (Particle number/m”3 )
0722573628 90070% >

C //\K ]
o r_"f_ &l
: /¥ :
B §F 7 ]
& I 4 ]
-8.95 -8.9 -8.85 -8.8 -8.75
Probe length (meter)

Figure 13 Soot evolution and H2S0O4-H20 nucleatiom high dilution probe.
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High Dilution Probe with Sampling Line

Temperature Distribution Along the Center line
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Figure 14 The temperature distribution along the cater line of the probe and sampling line.
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High Dilution Probe with Sampling Line

Q(\ Mass fraction Distribution of H2504 Along the Center line
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Figure 15 The gaseous 80, distribution for the probe and sampling line.
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High Dilution Probe with Sampling Line

Number Density of Soot (diameter ~ 33 nm} along the Center Line
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Figure 16 The number density distribution of soot grticle (33 nm) for probe and sampling line.
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High Dilution Probe with Sampling Line

Number Density of Soot (diameter ~ 66 nm) along the Center Line
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Figure 17 The number density distribution of soot article ( 66 nm) for probe and sampling line.
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High Dilution Probe with Sampling Line
Number Density of H2S04-H20 Droplet (diameter ~ 1 nm) along the Center Line
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Figure 18 The number density distribution of H,SO,-H,O droplet for probe and sampling line.
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High Dilution Probe with Sampling Line

Number Density of H2S04-H20 Droplet (diameter ~ 2 nm) along the Center Line
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Figure 19 The evolution of HSO,-H,0 droplet in probe and sampling line.
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Pressure Reduction Vessel
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Figure 20 Schematic of a pressure reduction vessel
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Pressure Reduction Chamber Study (400 F case)
Temperature Distribution Along .018 Inch Above of Axis
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Figure 21 The temperature distribution along a line close to the center line of the device.
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Pressure Reduction Chamber Study (400 F case)
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Figure 22 The H,SO, distribution along a line close to the center lia of the device.
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Pressure Reduction Chamber Study (400 F case)

Soot Distribution Along .018 Inch Above of Axis
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Figure 23 The number density distribution of soot grticles.
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Pressure Reduction Chamber Study (400 F case)
Soot Distribution Along .018 Inch Above of Axis
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Figure 24 The number density distribution of soot grticles.

NASA/TM—2006-214397 53



Log10(Number density), (#/m”3)
0 2 v 6 & 0L % b5

Figure 25 The number density distribution of HSO,-H,0O droplets.
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