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Modeling of Particle Formation and
Dynamics in a Flame Incinerator

Virendra Sethi and Pratim Biswas

Unlversity of Cinclnnati
Cincinnati, Ohio

A model has been developed to predict the formation and growth of
metallic particles In a flame Incinerator system. Flow felds and
temperature profiles In a cylindrical laminar Jet lame have been
used to determine the positlon and physical conditions of tha spe-
cles along the flame. The size distribulion of the particles formed
was approximated by a unimodal lognormal function to describe the
aerosol behavlor In the flame. The effects of Inlet metallic vapor
tead concentralions, Inltlal seed slzes and sead concentratlons on
the resultant particle size distrlbution are presanted. The model has
potentlal for further development to be used as a predictive tech-
nigue for applications In design and operalion of Incineralor sys-
tems.

Emissions from incineration of hazardous wastes are regu-
lated by the RCRA incinerator performance standards!
which require a 99.99 percent destruction and removal effi-
ciency for each POHC; a minimum of 99 percent removal of
HCI from the exhaust; and particulate emissions less than
180 mg/m? of exhaust gases. While the first two require-
ments are met by most of the incinerators in operation, the
particulate emission standards have not been met in many
cases.? Studies show that waste incineration and coal com-
bustion are the two major contributors to atmospheric load-
ing of toxic metals such as antimony, arsenic, cadmium,
selenium, vanadium, lead and zinc.® These species are highly
volatile and are emitied as enriched submicron-sized parti-
cles in the atmosphere which pose a potential health haz-
ard.! This problem has been attracting considerable atten-
‘tion lately, especially since the acceptance of waste incinera-
tion as a potential alternative to conventional hazardous
waste disposal methods. There is a need for effective control
and abatement techmques to handle the anticipated in-
crease in the emission levels.®

A number of studies have been undertaken in the past to
assess the relationship of particle composition and particle
size for emissions from coal combustors*6 and waste inciner-

Impiications

The RCRA incinerator particulate emission stan-
dards limit the particulate emissions to less than 180
mg/m?3 of exhaust gases. No restriction is currently
placed on the chemical (toxicity) and physical (size)
characteristics of the particulate ernissions. Submi-
cron sized particles pose the greatest environmental
{health) hazard. Insufficient data exist on such emis-
sions making it difficult for law and policy makers to
formulate effective regulatory strategies. Predictive
models such as the one developed, may be used to
determine detailed size distributions of emitied aero-
sols, and hence, provide data to accurately determine
risks and extent of adverse health effects. Detailed size
distribution data can also be used to design and choose
effective particulate control devices and select operat-
ing conditions to minimize emissions.
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ators.™® Flagan et al.!? and Damle et al.!! have reviewed the
formation of particles in coal combustion and have proposed
condensation of vaporized species as a probable mechanism
for the formation of submicron-sized particles. It is also well
recognized from samples collected that the submicron-sized
particles are preferentially enriched with volatile metal spe-
cies such as antimony, lead, cadmium, silver, copper and
zine, 48

More recently, Barton et al.!2 have carried out an analyti-
cal study te predict the fate of toxic metals in waste incinera-
tors. They have concluded that the partitioning of metals
during incineration is sensitive to temperature history in the
incinerator, chlorine content of the wastes, entrained parti-
cle size, residence time and cooling rates downstream of the
combustors. In another study, Lee!? has suggested a thermo-
dynamic approach to predict the chemical and physical form
of each gpecies present in the combustion chamber,

The focus of most of the studies till now, has been the
assessment of trends from samples collected from inecinera-
tors and coal combustors in operation. To better understand
and accurately predict metallic particulate emissions from
incinerators however, a fundamental study of the mecha-
nism of particle formation and growth is needed. In order to
effectively design and choose particle control devices, it is
imperative that the particle size distribution of the emis-
sions be known.

A theoretical model is developed in this work to examine
particle formation rates and subsequent dynamics in a flame
incinerator. The mode! accounts for physicochemical phe-
nomena and aerosol dynamie effects such as evaporation,
nucleation, condensation and coagulation. The model has
been used to predict lead particle size distributions for vari-

_ous inlet vapor feed rates and the effects of initial seed size

and concentration.

Theoratlcal Model

The flow field in a laminar cylindrical jet issuing into
quiescent air, as shown in Figure 1, is determined from the
momentum and energy balance expressions and described
by the following equations:!4

Y = Fx,r) 6Y)
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The laminar diffusion flame is modelled by considering a
jet issuing into quiescent air. The temperature field T(x, r)
for such a diffusion controlled laminst flame burning in an
environment with oxygen fraction, Y,, can be determined
from the conservation equations and are written as:

T, r} =T, + [(T;— T,) - YfAH/C )F(x,r) + Y fAH/C,
4)

for ingide the flame surface, and:
T, ry=T,+ [(T; = T,) + AH/C,|F(x, r} (5)

for outside the flame surface.

The temperature at any location is determined using the
cylindrical coordinates calculated from the flow field de-
scribed above using the following equations for the flame

shape and height:
25 _ 48z
4 (1 + Re,d,-) ©)
Red;
= g7y, @

The metal species is introduced coaxially into the flame
with the fuel inlet in the jet. High temperatures in the flame
may cause the metal species to vaporize completely or partly
depending on the initial feed size, and no formation or
growth of particles is expécted within the flame. As the
temperature decreases downstream of the flame, saturation
conditions for the vapor are reached and the vapor may
either nucleate to form new particles or condense onto exist-
ing particles. Further growth may take place by Brownian
collisions leading to larger coagulated particles. Particles
may &lso be generated by chemical reaction in the flame
under the high temperature conditions, in which case most
particles are formed within the flame and further growth is
controlled by coagulation beyond the flame. Such particu-
late formatior is typical of most powder production methods
that use aerosol reactors. The aercsol dynamics for such a
system are described by the General Dynamic Equation
(GDE).?® Assuming that the size distribution of the particles
is described by a unimoedal lognormal function, the aerosol
dynamics can be described by the first three moments of the
aerosol size distribution.'®

The rate of change of the zeroeth moment, M, (particle
concentration), is given hy;'8.17

dM,
d—tD=I+kC—§M02 (8)

The first term on the right hand side accounts for particle
formation by nucleation, the second term for particle forma-
tion by chemical reaction, and the third term for the loss of
particles due to coagulation.

The rate of change of the first moment M, (total aerosol
volume) is given by:

dM
d—t‘ =Iv" + 2(S = )M, + kCu, (9

The first term on the right hand side accounts for increase in
aerosol volume due to the formation of the nucleated parti-
cles, the second term for volume change by condensation or
evaporation, and the third term for the volume increase due
to particles formed by chemical reaction.

The rate of change of the second moment, M, is given by:

dM .
T = 2 — DM+ M + RCo P (10)

The first term on the right hand side accounts for the change
due to nucleation, the second term for the effect of conden-
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sation and evaporation, the third term for the effects of
cosgulation and, the last term for the effects of chemical
reaction,

The rate of change of the saturation ratio of the specjes is
determined from vapor balance and is given by:

a8 _ _ Ik’ _ o R '
dt = S DMy + - (11)

The first term on the right hand side accounts for the vapor
loss by nucleation of particles, the second term for the
change due to condenaation or evaporation, and the third

Greek Letters

& = boundary layer thickness of the jet

¢ = coefficient of condensation from Equations 13
and 22 (Reference 16)

v = surface tension

n = coefficient of condensation from equations 11 and
20 (Reference 186)

o = gize deviation

3 = gurface tension grouplt {=myu23/k;T)

£ = coeffient of coagulation from Equations 9 and 19
{Reference 16)

¥ = coefficient of coagulation from equations 12 and
21 (Reference 16)

{ = coefficient of condensation from Equations 12
and 21 {Reference 16)

Nomenclalure

C = chemical species concentration
€, = specific heat capacity of gaseous apecies
AH = enthalpy of combustion
d; = jet diameter at inlet
d, = geometric mean diameter
f = number of grams of fuel for 1 gram of oxygen
I = nucleation rate!6
(=n,2s5,(kgT/2rm)V/252(2/9y)18Z1/2
exp{—k*InS/2)
k = chemical rate constant
k* = number of molecules in a critical cluster
kg = Boltzmann constant
n, = number of molecules of metal specie at satu-
ration
m; = molecular mass of metal specie
M, = kth moment with respect to voluma
R = vapor source rate
r = radial position
r; = initial radial position
Re; = Reynold’s number at jet inlet
S = gaturation ratic
8, = surface area of a molecule of metal specie
t = time
T{x, ¥} = témperature field
T; = fuel temperature at inlet
T, = ambient temperature
i = axial velocity component
u; = axial velocity at jet inlet
v* = critical molecule cluster volume
t; = molecular volume
vy = radial veloeity component
x = axial displacement
x. = flame height
x; = initial axial position
Y, = oxygen mass fraction in ambient
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Flgure 1, Schernatlc of the burner showlng particle formation and growth mechanisms In the
flame.

term for addition trom any vapor source, The expressions for
the various terms are described in the nomenclature.

Equations 8 through 11 constitute a set of coupled ordi-
nary differential equations that are solved using the Adams-
Moulton routine, DGEAR.!® The evolution of the first three
moments My, M, and M, from these equations are sufficient
to describe the particle size distribution completely.

Results and Discusslon

The model presented above is used to predict the forma-
tion of particles from a lead vapor feed introduced coaxially
with the fuel gas at the jet inlet. Table T lists the physical
conditions of the simulated system.

The particles formed are assumed to follow the fluid
atreamlines. An initial radial position r; and axial position x;
{=0) is assumed and the new radial and axial positions are
determined using the radial and axial velocity components
in Equations 1 and 3 after a small time increment. The
procedure is repeated successively to determine the location
of the particles in the jet at any time £.

The theoretical temperature profile Tx, r), is determined
for three initial radial positions of r = 0, 0.05 and 0.1 ¢m and
are plotted as a function of axial displacement in Figure 2.
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Figure 2. Theoretically predicted flarme temperature for inltial radial posl-

tions: r, = 0, 0.05 and 0.1 crm.
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The effect of feed rate of lead vapor on the formation and
growth of lead particles is shown in Figure 3. The feed rates
used are typically in the range of those encountered in an
incinerator operation (a 210-kg/week of lead® is equivalent
of 7.2 X 107 ug/m? feed concentration simulated in the mod-
el). The saturation ratio, S, i3 an inverse function of the
temperature and decreases rapidly with the increasing flame
temperatures. No nucleation or condensation effects are ex-
pected in the unsaturated vapor conditions prevalent within
the flame. Any particles expected to be formed by nucleation
within the flame undergo evaporation and disappear com-
pletely. The evolution of the number concentration, volume
average diameter, and total aerosol volume for vapor feed
rates of 108, 107 and 10% ug/m? along the flame axis is plotted
in Figure 3. The formation of particles for the 105 ug/m? feed
rate occurs earlier than that for the lower feed rates s the
saturation conditions are reached sooner. Once the particles
are formed, they scavenge the vapor (by condensation) thus
suppressing nucleation and further increase in particle con-
centration. For lower feed rates, the number of particles
formed initially are insufficient to quench nucleationt com-
pletely, resulting in higher number concentration than that
for the 10® ug/m?® feed rate. The total volume of lead vapor
that has condensed out of the vapor phase is a measure of the
upper limit of the collectible particulate from incineration of
the wastes. A significant observation may be made: If the
vapor feed iz high, the particles formed are fewer and larg-
er—a condition that is very desirable for efficient control of
emissions. However, if the vapor feed rate is low, the result is

TABLE L. Physical conditions for the system.
Metal species Lead
Specific gravity 10.1
Surface tension 500 dyn/em
Molecular weight 207 gm/mol
Flame
Fuel Methane
AH 210.8 X 10° kCal/mol
Cp 8.3 kCal/mol K
T: 208 K
T 208 K
Yo 0,232
f 0.25
d; 0.2com
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Figure 3. Effect of vapor feed rate {ug/m® on the resultant lead asrosal
characteristics along the flame axis (r = @),

a large number of smaller sized particles which are difficult
to collect by control devices. In practice, however, this ex-
tremity is partly subdued by the presence of suspended
particles that offer surface for vapor to preferentially con-
dense out, a point which we discuss later in this paper.
Since the temperature is a function of axial location, x,
and radial position, r, the particle concentration for the
streamlines with initial radial positions r = 0 (centerline),
0.05 and 0.1 ¢cm (wall) were studied for comparison and are
shown in Figure 4 for a vapor feed rate of 108 xg/m?. It is
observed that though the formation of particles at'the inlet is
significantly affected by the initial radial position, all parti-
cles evaporate in the flame and the formation of the particles
by nucleation beyond the flame surface is not affacted great-
ly.
Most incinerators will have other particles (such as flyash)
present that can act as seed particles for vapor condensation.
Typically the flyash particles are nonvolatile (such as Si05)
and do not affect the vapor balance of the metal species
under consideration. The effect of the presence of & mono-
disperse seed (0.1 xm diameter) at different initial concen-
trations (104, 104 and 10® # /cc) is shown in Figure 5. Forma-
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Figure 4. Eifect of inltial position, r, on tha resultant lead serasol concentra-
tion along the strearniines for & vapor feed rate of 10® ug/md.
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Flguwe 5. Effect of inltlal seed concentration on the resultant lead aerosol
characteristics for a vapor feed rate of 10° ug/md, inltial ssed diameter of 0.1
um, and an Initlal seed geomatric standard deviation e, of 1.0

tion of new particles by nucleation is quenched by the pref-
erential condensation of vapor on the seed particles. This is
evident from Figure 5: there is an increase in the particle
diameter with no change in the number concentration.

The effect of different initial seed size on the resultant
lead aerosol characteristics for a constant feed rate of 105 ug/
m? and seed concentration of 108 # /ec is shown in Figure 6.
The number concentration does not change as the vapor
condenses onto the existing seed particles. The associated
inerease in particle size indicates that condensational
growth dominates. This indicates that seeds may be used to
scavenge volatile metal (in vapor state), and then be effec--
tively captured in particle control devices,

The model can be used to simulate more realistie polydis-
perse seed distributions. A typical flyash size distribution'®
(Mp = 108 #fec, dy = 0.1 um, and o = 1.5} is assumed to be
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the seed, and is used to predict resultant lead aerosol charac-
teristics (Figure 7). For a typical lead feed rate of 108 pg/m?,
most of the vapor condenses onto the existing seed particles.

Conclusions

A model accounting for various physicochemical and aero-

sol dynamic phenomena has been developed to predict vola-
tile metal particle formation in flame systems, The model
has been applied to a simple methane-air flame system with
a lead vapor feed. The effects of inlet vapor feed rate and
seed particles on the resultant lead particle size distribu-
tions have heen determined. No volatile metal particles are
expected to form inside the high temperature flame region.
As the temperature decreases downstream, rapid nucleation
of the vapor leads to formation of small particles. In the
presence of seed particles, condensation is expected to be the
dominant mechanism. Controlled experimental tests are be-
ing performed to verify the predictions of the model. After
verification, this model can be used as a predictive tool in
real incinerator systems. It can also be used as a design tool
to minimize emissions of toxic volatile elements.
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