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A study was carried ont to understand the formation
and growth of lead particles in a flame incinerator, A
bench scale flame incinerator was used to perform
controlled experiments with lead acetate as a test com-
pound. A dilution probe in conjunction with real-time
aerosol instruments was used to measure the evolution
of the particle size distribution at different locations in

the flame region. A multicomponent lognormal aergsol
model is developed accounting for the chemistry of the
lead-oxygen system, and various acrosol dynamic phe-
aomena such as nucleation, coagulation, and conden-
sation. Redsonable agreement is obtained between the
predictions of the model using appropriate kinetic pa-
rameters and the experimental results,

INTRODUCTION
Incineration of hazardous wastes is
emerging as an important treatment

method prior to disposal. It serves to de-
stroy the organic content of the wastes by
thermal oxidation, thereby reducing the
bulk volume and the toxicity of the treated
wastes for ultimate disposal. Although the
method offers application to a varied
stream of wastes, its acceptance still re-
mains questioned primarily because of a
lack of understanding of the physical and
chemical characteristics of the gaseous
and particulate emissions from such units.
Several studies on particulate emissions
from combustion sources clearly indicate
an enrichment of volatile metal species on
submicrometer-sized particles. These en-
riched particles are both toxic and in the
inhalable size range, and therefore pre-
sent a potential health hazard (Davison et
al., 1974). Most particulate control devices
have poor collection éfficiencies in this
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submicrometer size range, and a lack of
understanding of the process results in
noncompliance with the stipulated regula-
tions (Federal Register, 1982; Oppelt,
1986, 1987).

Studies show that waste incineration
and coal combustion are the two major
contributors to atmospheric loading of
toxic metals such as antimony (Sb), ar-
senic (As), cadmium (Cd), selenium (Se),
vanadium (V), lead (Pb), and zinc (Zn)
(Kowalezyk et al, 1978). The particles
formed are about 0.02 pum in diameter
and grow by condensation of vapor or
coagulation with other particles to cover a
0.02-1.0-pum size range in the exhaust
(Gladney et al., 1976; Lee, 1988; Smith et
al.,, 1979; Kauppinen and Pakkanen, 1990).

A number of studies have been under-
taken in the past to assess the relationship
of particle composition and particie size
from emission data available from coal
combustors (Davison et al., 1974; Gladney
et al, 1976) and waste incinerators in
operation (Greenberg et al., 1978; Law
and Gordon, 1979; Bennett and Knapp,
1982). Flagan and Friedlander (1971) and
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Damle et al. (1982) reviewed the forma-
tion of particles in coal combustion and
have proposed condensation of vaporized
species as a probable mechanism for the
formation of submicrometer-sized parti-
cles. It is also well recognized from sam-
ples that the submicrometer-sized parti-
cles are preferentially enriched with
volatile metal species such as antimony,
lead, cadmium, silver, copper and zinc
(Davidson et al, 1974; Gladney et al,
1976). Vogg et al. (1986) reported enrich-
ment factors of 20 for Pb, 60 for Sb, 100
for Cd, and 600 for Hg in emissions of
municipal waste incinerators.

In a recent study on hospital waste
incineration by Kauppinen and Pakkanen
(1990), a bimodal mass size distribution of
particulale emissions was observed. The
0.1-0.2-pm diameter fine mode ac-
counted for 7% to 74% of Pb, 62% to
77% of Cd, and 20% to 80% of Zn of the
total particulate phase, indicating evapo-
ration and reformation of fine particles
for the volatile species.

Waterland et al. (1990) have performed
pilot scale tests in a rotary kiln, using
volatile and nonvolatile trace metal feeds.
The results of the study support the in-
fluence of temperature, chlorine content,
and the volatility of the metallic species in
the enrichment in the submicrometer
mode. However, no detailed size distribu-
tions for the submicrometer sized parti-
cles are reported.

Mulholland and Sarofim (1991) have
studied the effect of temperatures on the
partitioning of particles between submi-
crometer, intermediate, and residual
phases. An increase in the submicron
phase was reported for higher tempera-
tures.

Barton et al. (1988) have carried out an
analytical study to predict the fate of toxic
metals in waste incinerators. They have
conciuded that the partitioning of metals
during incineration is sensitive to temper-
ature history in the incinerator, chlorine
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content of the wastes, entrained particle
size, residence time, and cooling rates
downstream of the combustors. In an-
other study, Lec (1988) has suggested a
thermodynamic approach to predict the
chemical and physical form of each species
present in the combustion chamber.

Graham et al. (1990) have initiated a
compositional mapping of emissions from
combustion of coal and residual oils. X-ray
microanalysis has been used for the study
to establish the condensation mechanism
and history for the metals present in the
ash. A need for further work in the area
of multicomponent condensation, and gas
phase kinetics for the prediction of ash
structure is reported.

The focus of most of the studies till
now, with the exception of that by Gra-
ham et al. (1990), Kauppinen and Pakka-
nen (1990), and Mulholland and Sarofim
(1991), has been the assessment of trends
from samples of particles greater than
about 0.5 um collected from incinerators
and coal combustors in operation. The
following observations are made by all
workers: Metallic species are more con-
centrated in the suspended particles than
in the captured flyash owing to size de-
pendence of the enrichment factor; con-
centration of metal species is dependent
on the temperature history, waste feed
composition, and the presence of other
species in the incinerator environment;
Sb, As, Cu, Pb, Ag, and Zn are the toxic
metals found concentrated on particles
<10 pm in diameter.

Better ways of estimating incinerator
emissions are needed to improve design
and sizing of particulate control devices
and to determine the impact of the emis-
sions on the air quality (Oppelt, 1987;
Grosshandler, 1990). There is also a need
for predictive models that would estimate
the emissions from a given incinerator
system and thereby reduce costs for con-
ducting metal emissions testing in the field
(Lee, 1988).
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As a first step towards development of
such a predictive model, it was necessary
to study the extent of effect of key param-
eters in a simple controlled study. Sethi
and Biswas (1990a) have developed a the-
oretical model for particle formation and
growth in a flame incinerator and studied
the effects of vapor feed rates and the
presence of seed particles on the evolu-
tion of the particle size distribution. Fur-
ther development of the model to include
other parameters and its application to
pilot and full-scale operations necessi-
tated an experimental validation of the
model in its simplest form.

An experimental study was carried out
to verify the prediction of the proposed
model. A bench scale flame torch has
been used to incinerate lead acetate. A
description of the experimental setup and
the results are presented. The model de-
veloped earlier by Sethi and Biswas
(1990a) is extended to include oxidation
kinetics and multicomponent {(lead and
lead oxide) aerosol dynarnics, and the pre-
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dictions are compared to the experimental
data.

EXPERIMENTAL METHOD

The schematic diagram of the experimen-
tal set up is shown in Figure 1. A multi-
port quartz burner was used to obtain a
steady, soot-free cylindrical flame by
choice of an appropriate fuel-air ratio
(Table 1). Methane-air flames with dif-
ferent premix ratios were studied to
choose a suitable flame length for the
experiment. The following criteria was
used in making the choice: steady flame
with no lLift-off, clear sootless flame, and
peak temperature in the range
900—-1300°C as in a typical incinerator op-
eration. In this work, a ratio of 1:2.5 was
selected to get a flame length of ~12 cm
and a Reynolds number at the jet inlet
(Re;) of 496. A type R, Rh-Pt thin wire
(0.002 in. in diameter) thermocouple was
used to measure the temperatures along
the flame axis (Figure 2). Lead acetate
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FIGURE 1. Schematic diagram of the experimental setup.
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TABLE I. List ol Experimental Conditions

Flame

Fiow rate CHL: air (L. /min) 1:2.5
Flame fength (cm} 12

lFucl Methane
Tnfet wemperture of gases (°K) 298
Ambicnl temperadure (°K) 298

Jet dinmcter, o, (em) 0.2

Lead feed

Atemizer feed salution
Lead acetate-triliydrate (g/mi) 0.15%
Atomizer air flow rate (L /min @35psi) 2.5

Feed acrosol (lead equivalent)

Number concentration, Ny(no./cm?’) 2 x 10°
Geometrie mean volume, y(em*) 5621075
Geametric standard deviation, a, 1.43

was sclected as the test compound (o study
the formation of particles from a volatile
metal species. High solubility in water and
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low decomposition temperature (~200°C)
were the two main properties that made
lead acetate an ideal choice. An agqueous
solution of lead acetate was atomized us-
ing an atomizer (Model 3076, TSI, Inc., St.
Paul, MN) The aerosol was then passed
through a diffusion dryer to obtain a dry
aerosol. The aerosol was premixed with
methane and introduced with the fuel
mixture. The characteristics of the feed
aerosol were determined by sampling from
the jet inlet, with no flame. The sample
aeroso! was measured using a differential
mobility particle sizer (DMA Model 3071,
CNC Model 3030, TSI, Inc.)

A sampling probe was used to obtain
particulate samples from the flame region
and convey them to the particle measur-
ing instruments. The probe was designed
to minimize losses (Sethi, 1990) and was
based on a design described by Biswas et
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al. (1989). Chemical reactions and aerosol
dynamics were quenched by appropriate
dilution with particle-free air. The losses
due to anisokinetic sampling were calcu-
lated 1o be insignificant for the particles
under study (Stokes number, Stk << 0.01)
(Hinds, 1982).

The sampte intake was calibrated with
a fixed dilution air feed and a fixed ex-
haust flow rate. The flows were left un-
changed throughout the course of the ex-
periment. The cxhaust gas was passed
through a filter prior to exhaust into the
fume hood.

A differential mobility particle sizer
(DMPS) was used to determine the parti-
cle size distribution of the sample aerosols.
Measurements were also made using an
optical particle counter (OPC, Model
LAS-X, PMS, Boulder, CO) and the two
measurements compared well for particles
>@.1 um—the lower measurable limit of
the OPC (Sethi, 1990).

THEORETICAL MODEL

Lead acetate decomposes rapidly under
high temperature conditions, and hence
the following reaction of lead and oxygen
is considered in the model:

k.,
2Py, + 0y = 2PbO,,.

PbO,,, is not included in the analysis
as it is known to decompose at 290°C
(CRC, 1988). Super saturation conditions
for the vapors (lead and lead oxide) are
obtained due to vapor formation by chem-
ical reaction or due to a temperature de-
crease downstream of the flame. The su-
per saturated lead and/or lead oxide va-
pors may either nucleate to form new
particles or condense onto existing parti-
cles. Further particle growth may also take
place due to coagulation.

The temperature history in the flame

needs to be determined to use the model
equations described later. The expression
describing the temperature profile in a
diffusion flame is able to predict peak
temperatures well but does not predict
the axial position of the peak accurately
when compared to experimental data
(Sethi and Biswas, 1990b). Hence, the
simulation is done using a polynomial
function to fit the experimentally mea-
sured temperature profile shown in Figure
2:

T=273.64 + 117.05x 0=<x<12
T= —518.91 — 1.20x + 67.09x?

—6.61x> + 0.22x* — 0.0025x° (1)
12<x<195

T = 5364.03 — 398.98x + 11.01x?
—0.10x°  x=195

The general dynamic equation (GDE)
describes aerosol formation and growth
by various mechanisms (Friedlander,
1977). Moment forms of this equation
have been used, and solution techniques
developed by assuming the size distribu-
tion to be described by a lognormal func-
tion (Lee and Chen, 1984; Pratsinis, 1988;
Biswas et al., 1989). Experimental results
(Figure 3) indicate that the size distribu-
tion can be reasonably described by a
unimodal lognormal function. Sethi and
Biswas (1990a) have used the lognormal
model to predict evolution of the particle
size distribution in a diffusion flame, The
momeni forms of the general dynamic
equation for multiple components (Pb and
PbQ) are developed and described below.

The rate of change of the zeroeth mo-
ment, M, (particle number concentration),
is given as:

d
pa(Mﬂ/p)=‘,Pb+‘er0_§M02' (2)

The first two terms on the right-hand side
{RHS) account for particle formation by
nuclecation from Pb and PbO vapors, re-
spectively, and the third term for the re-
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FIGURE 3. Acrosol size distributions measured at four different
tocations in the flame: (2) x = 0 cm, {b) x = 16 cm, (c) x =30 cm,

and {d) x = 36 cm from the burner inlet.

duction of the particle number concentra-
tion due to coagulation, The variables are
described in the Nomenclature. The rate
of change of the first moment, M, (total
acrosol volume), is given as:

d
PE;(M:/P) = {Iv* + qMy}p,
HI* + M} (3)

The first ierm in the first bracket on the
RHS accounts for the increase in aerosol
volume due to the formation of the nucle-
ated particlcs, and the second term in the
first bracket accounts for volume change
by condensation or evaporation. The two
brackets account for the contribution from
lcad and lead oxide, respectively. The rate
of change of the second moment, M, is

given as:
d

pa? (M,/p) = {J"u"=2 + ZEM]}Pb

+[1'u"“2 + 25M1]Pb0
+2{M}. (4

The first term in the first brackets on the
RHS accounts for the change due to nu-
cleation, and the second term in the
bracket for the effect of condensation or
evaporation. The two brackets account for
the contribution from lead and lead oxide
respectively. The last term on the RHS
accounts for changes due to particle coag-
ulation.

The rates of change of the lead and
lead oxide vapor concentrations, deter-
mined by a vapor balance accounting for
chemical reaction and aerosol dynamics,
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are given as:
d .
p4; (IPb1/p) = =2k, [POF[O,]

+ 2k_[PbOJ?

{Iv* + My} oy Py
Mw,, )

(5}

and

d
po; ([P6O]/p) = 2k, [PO]'[O, ]

~2k_{PbOJ?

: {{v* + My} oo Proo

Mwpo
(6)

The first two terms on the RHS account
for the chemical reaction of the vapors,
and the terms in the brackets account for
the change due to nucleation and conden-
sation /evaporation. To compute the nu-
cleation and condensation rates, the satu-
ration ratio of the vapors must be com-
puted. This is done by solving the vapor
balance Egs. 5 and 6 to obtain the con-
centration of the vapor (lead or lead ox-
ide) and dividing by the saturation con-
centration computed using the vapor pres-
sure—temperature data for Pb and PbQ
(CRC, 1988) at the local temperature ob-
tained from Eq. 1.

Egs. 2-6 constitute a set of coupled
ordinary differential equations that are
solved using the Adams-Moulton routine,
DIVPAG (IMSL, 1987). The axial loca-
tion at any time ¢ is determined by using
the velocity expression in the laminar
cylindrical jet (Sethi and Biswas, 1990a).
The initial conditions for M,, M, and M,
are determined from the lead acetate
aerosol feed, expressing them in terms of
an equivalent quantity of lead. Lead and
lead oxide vapors are assumed to be ab-
sent at the inlet (initial vapor concentra-

tion = 0). The classical nucleation theory
rate expression is used (Friedlander, 1977).
The moment form of the coagulation and
condensation coefficients are described
the Nomenclature. No detailed informa-
tion on the kinetic rate constants (k,, & )
for the oxidation of lead was available,
other than the activation energy (£, = 40
kcal /mol; lofe et al., 1977). A combina-
tion of collision reaction rate theory
(Moore and Pearson, 1981) and thermo-
dynamic data is used to compute the reac-
tion rate constants for the chemical reac-
tions and the values are listed in Table 2.
A sensitivity calculation on the effect of
varying the reaction rate constant on the
predicted aerosol parameters is also car-
ried out.

Entrainment of the ambient air into
the cylindrical jet lowers the concentra-
tion of the vapor and particulate species
in the flame. The entrainment velocity, u,
at the jet boundary is given by (Kanury,
1982)

! 1

48x )
] (7)

Red,

The total volume of the ambient air en-
trained, Q... into the jet volume upto an
axial position x; is thus given by

Qers = [ 15(2m8) dx = 471w, (8)
0

As the entrained air has a certain size
distribution (M, = 1.0 X 105 particles
em™ air, M, =124x10"" ¢m® cm™?
air and M,, =8.7X 10725 ¢cm® cm 3 air),
the kth moment of the aerosol distribu-
tion at a location “j + 1" is given by -

{ Oy, + dmrvx; }

M = M
4 10 t+ 4qrvxi+,

Tk

M dmv(xi,, —x;) 9)
ka Oy +4mvx;, ’
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TABLE 2. Parameters for Compulation of Rate
Constants for the 2Ph,, + O, = 2P0y, Reaction
Using the Coflision Rale Theory and
Thermodynamic Data

k, = A, cxpl - E /RT), mol *-cm®-s”

Far irimalecutar reactions (Moare and Pearson, 1981)

A, =R YUK, TV 20, Py, + 14208
A2 Y gy, + I/mnz}'”'}

-1 -
NIt mol™-om®es !

Using thermuodynamic criteria

A A ={RFYy " explaS/RY

E, = 40 kcal /mol( = 1.68 % 10'? crgs /mol)
(lofe et ab, 1977}

ny, = 344 X 1 2g

my, =532% 10" g

An= -1

N,, = 6.0238 X 10* no./mol
ron = LYTA

rgp=148A

&~10""em
B =830 17 ¢rg mol ™t *K ™!
AS< —40x 107 crg "K' mol ¢

where Q, is the inlet flow rate of the
gases into the burner, The predicted num-
ber and volume concentrations are com-
puted using Eq. 9 to obtain the diluted
values that are observed experimentally at
any location x.

RESULTS AND DISCUSSION

A lead acetate solution is used with an
atomizer and diffusion dryer to get a sta-
bie dry lead aerosol. When a low solution
concentration is used in the atomizer,
small particles that enter the flame vapor-
ize instantaneously, but at the same time
result in a smaller total lead feed into the
flame. An optimum quantity of feed
acrosol is needed such that the particle
size is small enough to assure complete
decomposition and vaporization of lead
acetate particies, and at the same time,
have sufficiently high concentration to
cause super saturation conditions in the
postcombustion zone. A solution concen-
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tration of 0.159 g/mL is used in this study.
A shroud is used in order to prevent ex-
ternal draught and obtain a stcady flame.
Mecasurements of particle size distribu-
tions are made along the axis of the 12-cm
flame using a DMPS.

Typical size distributions measured at
the inlet (x=0), 16, 30, and 36 cm from
the inlet are shown in Figure 3. Size dis-
tribution measurements are made at 14
axial locations along the centerline, with
at least three measurements at each loca-
tion. The average of these measurements
expressed as the number concentration,
volume concentration, volume average di-
ameter, and geometric standard deviation
is plotted in Figures 4, 5, 6, and 7 respec-
tively. The vertical bars indicate the range
of data obtained, the spread being small
in all cases except the measurement at 35
cmt. The measurements indicate that the
feed aerosol evaporates in the first 10 cm
of the flame as the temperature increases
(Figure 2). The number concentration
drops from 10¢ to 10* particles cm ™ and
not to zero as ambient air is entrained
into the. flame (Figure 4). Similarly, the
volume concentration drops from 107° to
10" (Figure 5). There is a slight de-
crease in the average volume diameter,
however, this is not very apparent as the
feed aerosol mean size is only slightly
larger than that of the ambient air (Figure
6). The measured geometric standard de-
viation tends to increase as shown in Fig-
ure 7. The model prediction up to 20 cm,
shown by the solid line, qualitatively
agrees with the data, however indicates a
sharp drop in number and volume con-
centrations at ~6 cm (T = 920°K). Rea-
sonable agreement is also obtained be-
tween 6 and 20 cm, and the aerosol is
primarily from the entrained ambient air.
At a distance of ~34 cm from the inlet,
there is an increase in the measured parti-
cle number cancentration probably due to
new particle formation by nucleation, and
an increase in volume concentration due
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FIGURE 4. Variation of acrosol number concentration with
distance along the flame axis at the centerline, Symbols (&) are
measured data and sclid lines are model predictions for differ-
ent choices of the precxponent multiplying term, A .: (A) no
reaction; (B) A,=10" mol™> em™® s7'; (C) 4,=5x10"%;
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to both nucleation and growth by conden-
sation. The volume average diameter (Fig-
ure 6) decreases beyond 34 ¢m, and can
be explained due to the formation of a
large number of small particles by nucle-
ation. The geometric standard deviation
also indicates an increase, and this is due
to coagulation accompanied with nucie-
ation leading to an increased polydisper-
sity. Measurements are not taken at fur-
ther distances downstream as the stream-
lines are not well defined, and hence the
expected plateau in the number concen-
tration curve is not observed.

The data indicates that there is a delay
between the drop in temperature (x =20
cm) and the onset of nucleation (x = 34
em). This is probably due to the critical
saturation ratio being high for lead (~13

at 1200°K) particles due to the relatively
high surface tension value. This delay has
interesting implications in the control of
metal emissions and is discussed later.
The model predictions beyond x =20 cm
deviate from experimental data and this is
explained in the following paragraphs.

A sensitivity analysis is carried out by
varying the reaction rate constant and the
results are shown in Figures 4 through 7
and Table 3. The activation energy for the
oxidation of lead to lead oxide has been
reported to be 40 kcal/mol (Iofe et al,
1977). No values of the pre—exponent
multiplying term, A., have been re-
ported, and this was computed to be 10'¢
mol~? cm™¢ s~! (Table 2) for the oxida-
tion of lead to lead oxide using the colli-
sion rate theory (Moore and Pearson,
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1981). Two other values of A, of 5 x 14"
and 10?' are also used for a sensitivity
study. There is a sllghtly increase in the
predicted particle size at about x =21 cm
(Figure 6), owing to condensation of va-
pors on the entrained particles from am-
bient air. For the predictions with faster
reaction rates {curves C and D, Figure 6),
the size increase is diminished as conden-
sation of lead competes with the chemical
reaction of lead to form lead oxide. When
the temperature drops further down-
stream, there is an increase in saturation
ratio, and new particles are formed by
nucleation. In all cases, the contribution
to the total aerosol volume is primarily by
condensation (Table 3). This is expected
due to the increase in saturation ratio
resulting from the drop in temperature,

s™h(C) 4, =5%x10",;

and as soon as some particles are formed
further growth is primarily by condensa-
tion. As indicated in Table 3 (last column),
when a higher value of the chemical reac-
tion rate constant (higher A4,) is used,
more of lead oxide is predicted in the final
aerosol. Alsq, for fast reaction conditions
(curves C and D, Figure 4), nucleation of
lead oxide vapors are predicted at dis-
tances closer to the inlet (~24 and 26 cm,
respectively). The predicted mean size of
the particles decreases at onset of nucle-
ation as the newly formed particles are
small. The geometric standard deviation
curves exhibit similar behavior depending
on whether nucleation accompanied with
coagulation (increase in o) or condensa-
tion (decreases in o) is occurrmg

The surface tension values of lead and
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lead oxide are 444 and 250 dyn/cm, re-
spectively {(Comprehensive Inorganic
Chemistry, 1973; Gmelin Handbuch, 1969).
The lower surface tension of lead oxide
implies that there is a lower energy bar-
rier for lead oxide to form stable clusters;
hence this tends to reduce the average
particle size. The early onset of nucle-
ation for conditions with higher reaction
rate constants is a direct consequence of
this phenomena.

On comparing the experimental data to
model predictions, it appears that the slow
reaction rate predictions (curves A and B,
Figure 4) seem to describe the data best.
The prediction of the onset of nucleation
is earlier as compared to the experimental
observations, and this may be due to the
inadequacy of the classical nucleation the-

ory to predict nucleation rates accurately
for the Pb-PbO system, or that the aerosol
instruments cannot detect the onset of
nucleation very accurately, this being ob-
served in studies with silica particle for-
mation {Biswas et al., 1989). The use of a
higher surface tension value (500 dyn /cm)
pushes the predicted number concentra-
tion curve to the right resulting in a better
match with experimental data, however
this does not alter the predicted aerosol
volume curve significantly. The best
agreement is thus obtained for slow oxida-
tion rates (the literature reported value of
E,=40 kcal/mol and A,=10"% mol-2
em~® 57!, computed using the collision
rate theory, curve B). The resulting ratio
of PbO /Pb in the final aerosol is 8 X 10~¢.

These results have an implication on
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FIGURE 7. Variation of the geometric standard deviation with
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the formation of the submicrometer
acrosol mode in incinerators. The pres-
ence of chlorine (commonly encountered
in waste incinerators; Fournier et al., 1991)
leading to the formation of halides and
the formation of oxides of metals by oxi-
dation, result in more volatile species be-
ing presenl in the incinerator as com-
pared to the presence of the metal itself.
Also, the degree of differences in surface
tension of these species has a direct bear-
ing on the sizes of patrticles formed by
nucleation. Because of the delay between
the temperature drop and the nucleation
of metallic species (as indicated earlier),
possible schemes to control the tempera-
ture profilec 1o condense out the metallic
vapors on other particles and growing

them to larger sizes may be an effective
way of minimizing the formation of the
submicrometer mode.

CONCLUSIONS

A bench scale flame incinerator has been
used to study the evolution of the
lead—lead oxide aerosol size distribution
using a dilution sampling probe and dif-
ferential mobility particle sizer. The mea-
surements indicate that submicrometer-
sized particles were formed in the cool
downstream regions of the flame by nu-
cleation of vapors. A multicomponent
model accounting for chemical reaction
and aerosol dynamics was developed, and
reasonable agreement was obtained with
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Qle 0 = experimental observations. A sensitivity
AR EY- A4 analysis was also performed by varying the
- Rem= o | . . .
5 |® 6w = chemical reaction rate leading to different
i nd lead oxide, and aerosol
-t — ratios _of ‘leacl_ a , nd 2
o o size distributions of the aerosol. Key pa-
S2]785% rameters that governed the evolution of
2 o the aerosol size distribution were the tem-
2|2 cooo perature history in the system, chemical
|8l |nudgw reaction rates, and surface tensions of the
§ e G various specie§. It_ is alsr:_: _recomrncnded
£18 that the chemical compaosition of the par-
Sl 2 ol S3= ticles be determined to verify the model
SlEl:|2|°EEE predictions.
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£ % R E, activation energy
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& L k chemical reaction rate constant (mol®
3' € L em~® s 1)
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m molecular mass
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&

&1h acrosol moment with respect to
particle volume

mleculur weight
number of molecules of monomer specics

differcnee in number of moles between
products and reactants

Avogadro number

flow rate {cm*/s)

radius of molecule

universal gas constant

Reynolds number

saturation ratio

entropy change associated with reaction
time (sccond)

temperature (°K)

axial vedocity (cm /s)

volume of cluster (cm®)

entrainment velocity at jet boundary (cm
s™")

molecular voiume

distance from burner inlet (cm)

Greek Letters

mo~ T g g

collision distance of molecules
mean free path (cm)
kinematic viscosity {cm?/s)
geometric standard deviation
density {g /cm®)

surface tension (dyn /cm)

condensation coefficient, epyec/(epy +
¢.-); (Prasinis, 1988)

€rm =2 B> exp(8 Inr)

e = 28,4 exp(1/ 210 )
condensation coefficient, Meync/ ey +
nc); (Pratsinis, 1988)

T = Blvgzﬁ exp(2In’y)
7= Byy}* exp(1 /2% ).

coagulation coefficient, £y £c/{Epy+
£c ). (Pratsinis, 1988)

frm = buBzvg‘m{exp(ZS/S In’r)
+2exp(5/8 In%)
+exp(1/81In%r )}
&c = B,{1 + exp(in’)
+1.257r,!
-exp(1/21n% )1 + exp(2ln’e )]]

Lin et al.

¢ coagulation coefficients, Jpy {e/ (L +
¢); {Pratsinis, 1988)

Lem = 2, B,1/7® exp(3/21In%r)
{exp(25/8Inc)
+2exp(5/81n% )
+exp(1/8n% o)}

{e=2B,{1 + exp(ln’r)
+1.257ar Texp( —1/21n% )

1+ exp( 2In% )]}

Suhscripts

a air
ent  entrainment
geomelric mean
inlet
axial position
kth moment of aerosol with respect to
volume: k = 0, aerosol number
concentration; k = 1, valume
conceniration; & = 2, second volume
momenit

1 monomer
Pb lead
PbO lead oxide
§ saturation
+ forward reaction to form PbG
— reverse reaction to form Pb and O,
& boundary layer thickness of the jet

Ao = @
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