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Modeling of coagulation and dispersion of aerosolsin the atmosphere
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e-mail: atcelada@iie.org.mx

Recibido el 14 de mayo de 2008; aceptado el 4 de noviembre de 2008

A simple model to analyze the effects of coagulation and turbulent dispersion on the behaviour of atmospheric aerosols is proposed here. This
model does not use the concept of monomeric structure for the aerosol particles as proposed by Smoluchowsky to describe the coagulation.
Instead, a probabilistic estimate of the production rate of the aerosol particles that are created by coagulation is carried out in the model as a
function of the diameter ranges of the particles that collide. Only collisions of two particles with preservation of mass and volume are taken
into account, and it is assumed that coagulation always occurs. The dispersion process of the aerosol is implemented by means of a simple
Monte Carlo approach, where the mass fluxes are estimated with the mean wind field and the distribution of the turbulent fluctuations of wind
velocity. Coagulation and dispersion are coupled in the mathematical formulation and numerical solution of the mass balance equations of
the model. With this model we studied the steady state behaviour of an aerosol released to the atmosphere by an elevated point source. In
particular, we studied the way in which the processes of coagulation and dispersion affect the distribution of the particle number, and also
their effects on the concentration of the number of particles as a function of the downwind distance from the emission source. Qualitatively,
some results obtained, such as a very fast consumption of the smallest aerosol particles near the source, and the accumulation of larger
particles at greater distances, are in agreement with documented experimental findings.
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En este trabajo se presenta un modelo sencillo para el estudio de los efectos de los procesos de coagulación y dispersíon turbulenta sobre el
comportamiento de los aerosoles en la atmósfera. En este modelo, a diferencia de la teorı́a de Smoluchowsky, la descripción del proceso de
coagulacíon no considera estructura monomérica alguna para las partı́culas del aerosol, sino que se realiza una estimación probabilista de
la tasa de producción de las partı́culas por efecto de la coagulación, como funcíon de los intervalos de diámetros a los que pertenecen las
part́ıculas involucradas en las colisiones. En el modelo se consideran solamente colisiones binarias que conservan la masa y el volumen del
aerosol, y se supone también que la coagulación ocurre en toda colisión. Por su parte, el proceso de dispersión del aerosol en la atḿosfera
por efecto de la turbulencia se instrumenta en el modelo a través de un proceso de Monte Carlo sencillo en el que los flujos de masa se
estiman mediante el campo de viento medio y la distribución de las fluctuaciones turbulentas de la velocidad del viento. Estos dos procesos,
coagulacíon y dispersíon, se introducen de manera acoplada en la formulación mateḿatica y en la solución nuḿerica de las ecuaciones
de balance del modelo. En este trabajo usamos este modelo para estudiar el comportamiento en estado estacionario de un aerosol que
es descargado a la atmósfera por una fuente puntual elevada. Los resultados obtenidos muestran los efectos de la coagulación sobre la
concentracíon de ńumero de partı́culas, y la distribucíon espacial del aerosol como una función de la distancia hacia donde el viento sopla.
El consumo de las partı́culas ḿas finas, cerca de la fuente de emisión, y la acumulacíon de part́ıculas con díametros entre 0.12 y 0.96µm
conforme el aerosol se aleja de la fuente de emisión, son algunos efectos que coinciden cualitativamente con evidencias experimentales ya
reportadas en la literatura.

Descriptores: Aerosoles polidispersos; dispersión turbulenta; coagulación browniana; coagulación turbulenta; modelación mateḿatica.

PACS: 82.70.Rr; 92.60.Mt; 92.60.Sz

1. Introduction

The increasing concentrations of aerosols in the atmosphere
represent an environmental problem because they produce
damages to human health, reduce the visibility in the atmo-
sphere, modify the properties of clouds, and play an impor-
tant role in climate change, among other adverse effects. A
complete understanding of the aerosol interactions with the
environment requires multidisciplinary studies involving the-
oretical and experimental methods in order to quantify their
effects on the environment. This has led to the development
of numerical models that simulate the processes of transport,
dispersion and transformation of aerosols in the atmosphere
and determine their chemical composition and size distribu-
tion. In general, aerosol transformation refers to chemical re-
actions, coagulation, condensation, evaporation, nucleation,

and gravitational sedimentation [1]. Among these processes,
coagulation is particularly important because it contributes
to the aerosol size distribution and has an important influence
on the mixing state of the aerosol components. Moreover, co-
agulation may be considered to be the main growing mecha-
nism of the fine particles (with diameters ranging from 0.001
to 0.100µm) [1,2]. Aerosol coagulation is a very relevant
process in engineering areas where the processes depend on
the particle size distribution (e.g. inkjet printing, painting,
water treatment, etc.). Also, as a result of the fossil fuel com-
bustion in industry and heat engines, fine and large particles
are produced and emitted to the atmosphere in the residual
gas of combustion, and the size distribution of these particles
changes during the first few minutes after emission due to
such growing mechanisms as coagulation [3].
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Most of the models for the atmospheric dispersion of
aerosols that have been reported in the literature take into
account the aerosol processes through modifications of the
Gaussian plume model [4,5] or through the numerical solu-
tion of some approximations derived from the Reynolds av-
erages of the mass balance equations [6]. Nevertheless, the
numerical approaches that ordinarily are used in these mod-
els give over-smoothed space–time distributions of the pol-
lutant concentrations which in no way reflect the fluctuat-
ing and random character of the atmospheric turbulent dis-
persion [7,8]. On the other hand, in general these models
do not consider coagulation in their estimations because it
has a limited effect on the mass distribution of large parti-
cles [9-11]. However, the coagulation process plays a very
significant role in the size distribution of fine particles in such
a way that, when coagulation is neglected, the aerosol num-
ber densities become overestimated and a wrong estimation
of the mass distribution among all the aerosol particles re-
sults, even if the total mass of the aerosol is calculated ad-
equately [12]. Moreover, the atmospheric aerosols had a
polydisperse nature in general, and the coagulation theory of
Smoluchowsky, which is the basis of many applications both
theoretical and experimental [1,2,13], cannot be used to es-
timate properly the atmospheric aerosol coagulation because
it deals only with aerosols that have a monomer structure.
In order to overcome this limitation, in 1994 Jacobson [14]
extended the application of the Smoluchowsky theory by in-
troducing the concept of volume fractionfijk to distribute
the volume of particles formed by coagulation between the
intervals of adjacent sizes in the monomer description; and
Celada and Salcido in 2003 [15-17], on the other hand, pro-
posed a statistical estimate of polydisperse coagulation based
on the probabilityQγ

αβg that the collision between particles
of binsßα andßβ will produce a new particle with a diameter
in some other binßγ .

In this work, we propose a very simple mean field model
for coagulation and atmospheric dispersion of polydisperse
aerosols. In this model, the air-aerosol system is contained
in a spatial region inside of which the aerosol processes such
as emission, transport, dispersion and coagulation may take
place. This spatial region is modeled as a 3D lattice of cells,
each one of them being considered an open reactor that can
exchange aerosol particles (because of the wind) with its
first nearest neighbors. In this model, the mean wind field
and the distribution function of the turbulent fluctuations in
the wind velocity are assumed to be known, and the mass
fluxes between adjacent cells are estimated from them using
a Monte Carlo simulation approach as described by Salcido
et al. [7,18-20]. Furthermore, inside each reactor-cell the
aerosol size distribution may change due to the coagulation
of its particles. The aerosol coagulation is estimated with the
mean field coagulation model proposed by Celada and Sal-
cido for polydisperse aerosols [15-17]. All the lattice cells
of the simulation domain are updated in parallel according to
the mass balance equations for each time step.

The aerosol coagulation-dispersion model was used to
simulate the behavior of an aerosol released to the atmo-
sphere by an elevated point source and to analyze the effects
of the coagulation and dispersion processes on the space-time
distribution of the number concentrations. The spatial distri-
bution of the number concentration was studied as a function
of the downwind distance from the emission source. The ef-
fects of coagulation can be summarized as a significant re-
duction in the number concentrations of the finest aerosol
particles near the emission source, and the accumulation of
particles with diameters between 0.12 and 0.96µm, at greater
distances. Qualitatively, the aerosol behavior we observed in
the simulations is in agreement with the experimental obser-
vations by Zhuet al., [21,22] and Weijerset al. [23] with
aerosols of traffic emissions.

2. Formulation

Let us consider a numberN of air pollution point sources, lo-
cated at pointsxs (s = 1,. . . , N) inside the spatial domain of
interest, S. Each one of these sources discharges the sameΛ
different pollutant species into the atmosphere, and the emis-
sion rate for the speciesα (α = 1, . . .Λ) will be denoted by
Qα(xs, t) for the source located atxs. The pollutants’ mo-
tion in the atmosphere is assumed to be governed by their
advection caused by the wind fieldv(x, t), which will be
expressed as the mean wind fieldu(x, t) plus a fluctuation
term w(x, t). We assume also that the turbulent component
w(x, t) can be computed from the probability density func-
tion F (w, t) of the turbulent fluctuations in the wind velocity
by a Monte Carlo process. Here,F (w, t)d3w is the probabil-
ity that one wind velocity turbulent fluctuation will have its
value betweenw andw +dw. The probability densityF (w, t)
depends on the state of the atmospheric turbulence, and we
assumed that it can be calculated for any given turbulence
scenario from the experimental data.

For any simply connected region,R, located inside the
spatial domainS, the mass conservation principle, applied to
the mass transport phenomenon of the pollutant speciesα,
can be expressed as the well-known eulerian mass balance
equation

d

dt

∫

R

µα(x, t) dV = −
∮

∂R

Jα(x, t) · n dA

+
∑

s

∫

R

Qα(x, t) δ(x− xs) dv +
∫

R

rα(x, t) dV (1)

where ∂R denotes the boundary surface of the re-
gion R, µα(x, t) is the mass density of the pollutant,
Jα(x,t) = µα(x,t)v(x,t) is its mass flux vector, andrα is the
production rate of this pollutant due to its physical and chem-
ical transformations in the atmosphere.

Now, let {Ci} denote one finite discrete partition of
the spatial domain S, composed ofM rectangular cellsCi

(i = 1,. . . , M) with the same linear dimensionsLx, Ly and
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Lz. For each cellCi, the volume average of any intensive
propertyF (x, t) is given by

〈F (ri, t)〉 =
1
V

∫

Ci

(F (x, t) dV (2)

whereri denotes the position of the cell (defined by its ge-
ometric center), andV denotes its volume. In terms of cell
averages, the mass balance equation for the cellCi can be
expressed as

d

dt

∫

R

〈µα(ri, t)〉 = φα(ri, t)

+
∑

s

〈Qα(xs, t)〉 δ(xs, ri) + 〈rα(ri, t)〉
(3)

whereδ(xs,ri) is equal to 1 ifxs defines a point inside of the
cell Ci and equal to 0 otherwise, and

φα(ri, t) = − 1
V

∮

∂Ci

Jα(x, t) · ndA (4)

denotes the pollutant mass exchange rate (per volume unit)
of the cellCi with its neighbors through its boundary sur-
face∂Ci.

If only interactions up to first nearest neighbors are as-
sumed, the mass exchange rateΦα(ri, t) can be modeled in
terms of the cell-average values of the mass density and wind
velocity in the cellCi and its six first neighboring cells, as
follows:

φα(ri, t) = φinput
α (ri, t) − φoutput

α (ri, t) (5)

where

φoutput
α (ri, t) = 〈µα(ri, t)〉

{ |vx(ri, t)|
Lx

+
|vy(ri, t)|

Ly
+
|vz(ri, t)|

Lz

}
(6)

φinput
α (ri, t) =

1
2

3∑

k=1

× 1
Lk

{〈µα(pk, t)〉 [|vk(pk, t) |+ vk(pk, t) ] + 〈µα(qk, t)〉 [ |vk(qk, t) |+ vk(qk, t)]} (7)

with

pk = ri − ek Lk qk = ri + ek Lk (8)

whereek (k = 1,2,3) are the unit vectors along the coordinate axis, andvk are the cell-averages of the wind velocity components.
Within this modeling framework, the cell-average of the mass density of the pollutantα in the cellCi, at timet + δt, can

be computed as follows:

〈µα(ri, t+δt〉= 〈µα(ri, t)〉+δt

{
φα(ri, t)+

∑
s

〈Qα(xs, t)〉 δ(xs, ri)+ 〈rα(ri, t)〉
}

(9)

Nevertheless, the model with interactions up to the first nearest neighbors calls for the mass exchange rate [defined by
Eqs. (5), (6), and (7)], an integration time stepδt which does not exceed the eulerian time scaleτ defined by

τ =
1
2

(
Lx Ly Lz

Ly Lz |Vxmax | + Lx Lz |Vymax | + Lx Ly |Vzmax |
)

(10)

where |Vxmax|, |Vymax| and |Vzmax| denote the upper
bounds to the wind velocity components in the X, Y, and Z
directions.

The influence of atmospheric turbulence on the pollu-
tants’ dispersion process is represented in this model through
the turbulent fluctuation componentw of wind velocityv. At
each cellCi of the simulation spatial domainS, the cell-
average of wind velocity can be expressed as:

v(xi, t) = u(xi, t) + w(xi, t) (11)

where u(xi, t) is the mean wind vector in the cell. The
turbulent componentw can be computed through a Monte
Carlo process once the probability density function F(w, t) is

known. In the computer simulations, for each cellCi and
any given timet, a randomly selected valuep of the probabil-
ity density F(w, t) (as estimated from wind velocity measure-
ments for a given turbulence scenario) will define (depend-
ing on the particular statistics of the turbulent fluctuations) a
small set of fluctuation values{wn}, and one of them can be
selected randomly to fix the wind velocity. This Monte Carlo
estimation process, however, requires knowledge of the mean
wind field u(xi, t), and of the probability density F(w, t) at
each cellCi of the simulation spatial domainS.

The probability density F(w, t) may be estimated from
wind velocity measurements carried out with fast 3D
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anemometers. For example, in Fig. 1 we present mea-
surements of the wind velocity x-component (vx) and their
1-minute averages (ux), for the 01:00 – 02:00 hour pe-
riod (local time), obtained with an ultrasonic 3D anemome-
ter, on March 15, 2001, in the southern part of Mexico
City. These data were obtained during a micrometeorolog-
ical campaign carried out in the Mexico City Metropolitan
Area (MCMA) by the Instituto de Investigaciones Eléctricas
(IIE) with support from the National Council of Science and
Technology (CONACYT) [24]. For the purposes of this
campaign, three micrometeorological surface stations were
installed at sites located in the North (Azcapotzalco site,
19◦30’09.4” N, 99◦11’12.2” W, 2190 masl), Northeast (Tex-
coco site, 19◦27’53.1” N, 98◦59’ 54.4” W, 2250 masl) and
South (Xochimilco site, 19◦18’18.3” N, 99◦06’6.2” W, 2250
masl) of the MCMA. Each station was equipped with a 3D
ultrasonic turbulence sensor and with conventional meteoro-
logical sensors for temperature, relative humidity, pressure,
global radiation, net radiation, and precipitation. The sam-
pling rates were 10 Hz for the ultrasonic sensor and 1 Hz
for the conventional sensors. One-hour averages were cal-
culated for all the meteorological parameters and for turbu-
lence parameters such as friction velocity, scale temperature,
Monin-Obukhov length, sensible heat flux, and turbulent ki-
netic energy, among others. Additional information about the
campaign and the micrometeorological data can be found at
www.geocities.com/mexicomdb.

In Fig. 2, the probability density of the wind velocity tur-
bulent fluctuations wx around the 1-minute averages is shown
for the same case. As can be observed, the distribution of the
turbulent fluctuations presents a Gaussian behavior as a result
of a fully developed state of atmospheric turbulence. This be-
haviour, however, changes throughout the day and the turbu-
lent fluctuations can have different distributions, as presented
in Fig. 3 for the experimental data obtained on April 1, 2001,
in the same micrometeorological campaign.

FIGURE 1. Wind velocity x-component (gray line) and its 1-minute
average (black staggered line) for the 01:00 – 02:00 time period of
March 15, 2001, at a micrometeorological station located in the
southern part of Mexico City [24].

FIGURE 2. Distribution of the turbulent fluctuations of the wind
velocity x-component around the 1-minute average for the 01:00
– 02:00 time period of March 15, 2001, at a micrometeorological
station located in the southern part of Mexico City [24].

FIGURE 3. Distributions of the turbulent fluctuations of the wind
velocity x-component around the 1-minute average for the a) 01:00
– 02:00 h, b) 06:00 – 07:00 h, c) 07:00 – 08:00 h, d) 16:00 –
17:00 h, on April 1, 2001, at one micrometeorological station lo-
cated at Xochimilco [24].

The production rates〈rα〉 are related to the physical and
chemical transformations of the pollutants in the atmosphere
and they represent the mass pollutants’ sources and sinks. Es-
timating the pollutants’ production rates comprises, in gen-
eral, a very complex problem. In this paper, however, we
shall be concerned only with the production of aerosol parti-
cles by coagulation processes.

In two recent works, we proposed a simple mean field
coagulation model for polydisperse aerosols [15,16]. This
model (hereafter referred to as MFC), as does the Smolu-
chowsky coagulation theory, considers an aerosol made up of
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spherical particles that coagulate each time they collide and
participate only in binary collisions that preserve the mass
and volume of the aerosol. In the MFC model, however, an
aerosol particle is not considered to be composed of an inte-
gral number of monomers; instead, the aerosol size spectrum
is divided into a given numberΩ of non-overlapping diameter
intervals (or bins)ßα withg different lengths in general, and
the size distribution is described in terms of theΩ number
densitiesnα of the aerosol particles contained in the inter-
vals ßα. Thus the aerosol has a polydisperse nature in this
model.

Besides, the coagulation dynamics depends not only on
the concentrations of the particles in the bins, and on the
collision frequency (as described by a coagulation kernel),
but also on the probabilityQγ

αβ that the collision between
particles of the binsßα andßβ will produce a new particle
with diameter in some other binßγ . When a collision takes
place in the system, it may involve one particle of some bin
ßα and another one of some binßβ with a probabilityPαβ

which depends on the particular collision driving mechanism
(brownian motion, turbulence, or some other) and on the val-
ues of the aerosol number densitiesnα andnβ in these bins.
These particles will coagulate, producing a new aerosol parti-
cle which may belong to one of the binsßα andßβ , or to some
other binßγ depending on its volume (which must be equal
to the sum of the volumes of the incident particles). This will
occur with some probabilityQγ

αβ . So, the mass production
rate of the aerosol particles in binßγ may be expressed as:

rγ =
1
2

Ω∑

α,β 6=γ

PαβQγ
αβ

−
Ω∑

α,β = 1

Pαβ (1 − Qγ
αβ) (12)

where the first term on the right-hand side represents the par-
ticles created inßγ by the collisions of the particles belong-
ing to all other bins different fromßγ , while the second one
represents the particles of the same kind consumed by their
collisions with particles belonging to other bins. This equa-
tion does not, of course, take into account any effect of parti-
cle loss through mechanisms such as wall adhesion or others.
The probability factorPαβ can be expressed as:

Pαβ=K(rα, Dα, rβ , Dβ , . . .)
{

nαnβ ifα = β
2nαnβ ifα 6= β

(13)

wherenα andnβ are the number densities of particles inßα

andßβ , respectively, andK is a proper coagulation kernel de-
termined by the particular collision driving mechanism. The
kernelK will be a function of the incident particles’ prop-
erties, such as their mean radiirα and rβ and their mean
brownian diffusion coefficientsDα andDβ , and some other
characteristics of the motion regime of the gas in which the
particles are suspended, such as turbulence.

The probability factorQγ
αβg takes into account the poly-

disperse nature of the aerosol, and it is related to the volume
conservation when the particles collide. It might be possible
to find out this probability experimentally; however, for pur-
poses of this work it was estimated numerically as follows.

For each triplet (ßα, ßβ , ßγ), the particle radiirα andrβ were
made to run over the corresponding bins, and the respective
particle volumesVα andVβ were calculated for each case. As
it was assumed that coagulation preserves volume, the vol-
ume of the new particle isV = Vα + Vβ . Then, each timeV
matched the radius of a particle inßγ , a counterqγg

αβgas in-
creased by one. Finally, the probabilityQγ

αβg was estimated
by dividing the counter by the total number of cases. In the
computer implementation of the MFC model, the probabil-
ity Qγ

αβg is implemented as a lookup table. The inclusion of
the polydisperse nature of the aerosol through the probability
Qγ

αβg in the theoretical formulation of the model constitutes
one of the main differences between the MFC model and oth-
ers based on the Smoluchowsky theory.

In order to reflect the polydispersed nature of the aerosol
and to conserve the aerosol volume, in 1994, Jacobson [14]
extended the application of the Smoluchowsky theory to the
simulation of particles with volumes which are not multiples
of that of the monomer by introducing the concept of vol-
ume fractionfijk.This fraction is utilized to distribute the
volume of the particles formed by coagulation between the
intervals of adjacent sizes [25]. An important conceptual dif-
ference exists between Jacobson’s model and our approach:
in Jacobson’s model, the fractionfijk represents a distribu-
tion criterion of the particle volume formed by coagulation
among adjacent size intervals, and it is introduced as an ele-
ment that makes it possible to keep the monomeric concept
of the Smoluchowsky theory for numerical estimates of co-
agulation of polydispersed aerosols. In the MFC model, on
the other hand, the probabilityQγ

αβg has a very clear physical
meaning within the formulation context of the model [15-17]:
it represents the probability of the creation of one particle in
the diameter intervalßγ as a result of the collision of particles
that belong to the diameter intervalsßα andßβ .

In previous works [15,16,26], we showed that the MFC
model could reproduce the brownian and turbulent coagula-
tion experimental data already reported in the literature by
Kim et al. [27], Rooker and Davies [28], and Okuyamaet
al. [29]. For brownian coagulation, we considered the brow-
nian coagulation kernel [2]

KB = 4π(rα + rβ) (Dα + Dβ) (14)

where the particle radiirα andrβ were interpreted as their
respective mean values inßα andßβ , and the diffusion co-
efficientsDα andDβ matching these mean radii were used.
For brownian coagulation under turbulent conditions, the co-
agulation kernel was considered as the superposition

KBT = KB + KT (15)

of the Brownian kernelKB and the kernelKT drawn by
Kruis and Kusters [30] to represent the effect of turbulence
on coagulation:

KT = εc

(
8π

3

)1/2
(rα + rβ)2

(
w2

a + w2
c

)1/2 (16)
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whererαg andrβ , as above, are interpreted as the mean radii
in ßα andßβ , andwa andwc are the particle relative veloci-
ties due to inertial and shear turbulent effects;εc is an empir-
ical coefficient (with values ranging from 1 to 3.5) introduced
by Celada and Salcido [15-17] to modulate the collision effi-
ciency.

3. Simulation results

Numerical simulations were performed to study the disper-
sion and coagulation processes of an aerosol emitted by a
power plant. The aerosol size distribution and number con-
centrations were analyzed as functions of space and time un-
der several conditions of emission, coagulation, and atmo-
spheric dispersion.

For the simulations, the emission and meteorological sce-
narios were adopted from Buckholtz’ work [4]. Here the
emission source was a power plant of 750 MW (located in
a flat, arid area covered by bushes) using coal as fuel. The
aerosols emitted were composed mainly of aluminosilicates
with a diameter range from 0.01 to 61.44µm, and with a bi-
modal size distribution with maximum values of the number
concentrations in the particle diameters of 0.03 and 0.96µm.
The aerosol dispersion took place on a clear, sunny day un-
der meteorological conditions defined by a wind speed of
2.10 m/s and Pasquill stability class A. The velocity and tem-
perature of the emissions were 16.76 m/s and 393.15 K, re-
spectively. In Table I, a summary of the general character-
istics of the emission source, characteristics of the aerosol
emissions, and meteorological conditions is presented.

TABLE I. General characteristics of the emission source, aerosol
emission and meteorological conditions [4].

Characteristics of emission source

Emission source: Power Plant of 750 MW

Stack diameter: 8.23 m

Stack height : 76.20 m

Combustible: Carbon

Effluent temperature: 393.15 K

Plume effective height: 483 m

Aerosol characteristics

Aerosol type Aluminosilicates

Density 2.40 g/cm3

Diameter range 0.01 – 61.44µm

Emission velocity of the aerosol 16.76 m/s

Meteorological conditions

Air temperature 283.15 K

Atmospheric pressure 1 atm

Mean wind speed 2.10 m/s

Cloudiness Sunny day without clouds

Atmospheric stability A class, Pasquill classification

Relative humidity Low

TABLE II. Diameter intervals and number concentration of parti-
cles in the emission source [4].

Diameter intervals Mean diameter Number Concentration

[µm] [µm] [# cm−3]

β1) 0.001 - 0.020 0.010 n1)52,613,299

β2) 0.020 - 0.040 0.030 n2) 415,573,785

β3) 0.040 - 0.080 0.060 n3) 362,914,064

β4) 0.080 - 0.160 0.120 n4) 34,255,783

β5) 0.160 - 0.320 0.240 n5) 731,952

β6) 0.320 - 0.640 0.480 n6) 973,484

β7) 0.640 - 1.280 0.960 n7) 1,134,797

β8)1.280 - 2.560 1.920 n8) 702,842

β9) 2.560 - 5.120 3.840 n9) 230,980

β10) 5.120 - 10.240 7.680 n10) 40,182

β11) 10.240 - 20.480 15.360 n11) 3,688

β12) 20.480 - 40.960 30.720 n12) 178

β13) 40.960 - 81.920 61.440 n13) 5

The plume rise and the topographic complexities of the
terrain were not considered in the simulations. The mean
wind field was considered uniform along the X-axis direc-
tion, and atmospheric turbulence was assumed to be homo-
geneous, isotropic and completely developed, which allowed
us to use a Gaussian distribution function for the turbulent
fluctuations. The aerosol size spectrum was divided into 13
diameter intervalsβα, whose lower and upper bounds and
number concentrations are described in Table II.

The values of the input parameters in the numerical sim-
ulations, such as the domain’s spatial dimension, spatial and
temporal resolutions (∆X∆Y∆Z and∆T), the initial condi-
tions, the mean wind speed, and the standard deviations of
the wind velocity components are included in Table III.

3.1. Effects of coagulation on the number concentration

In order to observe how the coagulation process affects
the number concentration of nuclei (< 0.12µm), accumu-
lation (0.12 µm < dp < 0.96 µm) and coarse particles
(0.96µm < dp < 7.68µm), in Figs. 4 and 5 we present the
time evolution of the number concentration up to the steady
state condition, for cases with and without coagulation, re-
spectively.

For the nuclei particles (diameters< 0.12 µm), in the
steady state condition, the number concentrations fell dras-
tically. Particularly significant was the case of particles of
0.01 µm because the number concentrations decreased by
57% (see Fig. 4a). An important reduction in the nuclei parti-
cles has also been observed by Zhuet al. [21,22] for particles
of traffic emissions with diameters smaller than 0.025µm.
They pointed out that this kind of particle reduced its con-
centration by about 25% in the nearest zones to the emission
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source, and they concluded that the particle loss was a conse-
quence of the coagulation process.

For particles with a diameter between 0.12 and 0.96µm,
the effect of coagulation on the number concentration was ac-
cumulation, as can be observed in Fig. 4b. Here the number
concentration, in the steady state condition, is greater with
coagulation than without coagulation. The particles grow-

ing from nuclei tend to accumulate in this mode, coagulating
very slowly into larger particles. This accumulation of par-
ticles was also observed by Zhuet al., [21,22] for vehicular
emission particles with diameters close to 0.10µm, which in-
creased their number concentration at the same time that the
aerosol moved far away from the emission source.

FIGURE 4. Aerosol number concentrations as a function of time for (a) nuclei and (b) accumulation particles with mean diameters from 0.01
to 0.48µm. Simulation results obtained with the MFC model for the cases with and without coagulation.
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FIGURE 5. Aerosol Number concentrations as a function of time for coarse particles with diameters from 0.96 to 7.68µm. Simulation results
obtained with the MFC model for the cases with and without coagulation.

FIGURE 6. Aerosol number concentrations of particles with mean diameters from 0.01 to 7.68µm as a function of downwind distance from
the emission source. Simulation results obtained with the MFC model.
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FIGURE 7. Steady state vertical distribution of number concentrations at downwind distances of 80, 320 and 880 m from the emission source.
Simulation results obtained with MFC model.

Rev. Mex. F́ıs. 54 (6) (2008) 422–432



MODELING OF COAGULATION AND DISPERSION OF AEROSOLSIN THE ATMOSPHERE 431

FIGURE 8. Steady state vertical distribution of number concentrations at downwind distances of 1840 and 3840 m from the emission source.
Simulation results obtained with MFC model.

TABLE III. Input parameters used in the simulations.

Spatial domain

X direction: 4000 m

Y direction: 2400 m

Z direction: 2400 m

Spatial resolution

∆X : 80 m

∆Y : 80 m

∆Z : 80 m

Temporal resolution

∆t: 1 s

Initial conditions

Emission aerosol velocity: 16.76 m/s

Mean wind speed, wind speed standard deviations and turbu-
lence intensity

Mean wind speed: 2.10 m/s

σx : 0.50 m/s

σy : 0.50 m/s

σz : 0.50 m/s

Turbulence intensity : 0.24

For particles with larger diameters, the effects of coagu-
lation in the simulations were reduced in such a way that par-
ticles with a diameter greater than 0.96µm reached the same
steady state concentration when the coagulation process was
enabled than when it was not (see Fig. 5).

3.2. Number concentration as a function of distance
from the emission source

The trend in the number concentrations for downwind dis-
tances from the emission source is shown in Fig. 6. Here, for
all particle modes, a gradual decrease is observed in the num-
ber concentrations at large downwind distances. The most
significant reduction was observed for particles with diame-
ters around 0.01µm. The concentration of these particles fell
by 24% within the first 240 m from the emission source.

Similar results were found by Weijerset al. [23] for
particles from traffic emissions with diameters smaller than
0.013µm. They observed that the particle concentration was
reduced by between 50 and 60% within the first 150 m from
the emission source, and they suggested that, in the nuclei
particles, the coagulation was more important than the atmo-
spheric dilution.

In Figs. 7 and 8, the vertical distribution of the steady
state number concentrations as a function of downwind dis-
tance from the emission source is presented for 80, 320, 880,
1840 and 3840 m.
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4. Conclusions

A simple model was proposed for analyzing the effects of
coagulation and atmospheric dispersion on the behavior of
polydispersed aerosols. Coagulation is accomplished by in-
cluding a probability functionQγ

αβg to conserve the aerosol
volume and to represent the different particle diameters in the
aerosol. With this function we overcome the limitation of the
Smoluchowsky theory in modeling the coagulation of parti-
cles with no monomeric structure. The aerosol dispersion
in the atmosphere was taken into account through a Monte
Carlo process for the mass flow.

We used this model to perform numerical simulations of
the aerosol steady state behavior around an elevated emis-
sion point source burning coal. The results of the simulations

showed that coagulation has an important role in the decrease
of number concentrations of particles and in the the change in
size distribution at a distance away from the emission source.
Furthermore, the simulation results present coagulation as the
main mechanism in the decay of the number concentration of
nuclei particles (diameters smaller than 0.12µm), close to
the emission source. In addition, the accumulation of par-
ticles with mean diameters between 0.12 and 0.96µm was
observed. Finally, in the coarse mode particles (diameters ¿
0.96µm) the coagulation influence is not perceptible. Quali-
tatively, these results are in agreement with those observed in
2003 by Weijerset al. [23] and by Zhuet al. in 2002 [21,22],
with aerosols of traffic emissions on a motorway in Amster-
dam and two highways in California, USA, respectively.

1. J.H. Seinfeld and S.N. Pandis,Atmospheric Chemistry and
Physics. From Air pollution to Climate Change(John Wiley &
Sons, Inc., E.U.A., 1998) p. 1326.

2. S.K. Friedlander,Smoke, Dust and Haze. Fundamentals of
Aerosol Dynamics, 2a. ed. (Oxfod New York: Oxford Univer-
sity Press, Oxfod, UK, 2000)407.

3. E. Lipsky, C.O. Stanier, S.N. Pandis, and A.L. Robinson.En-
ergy & Fuels,16 (2002) 302.

4. H.T. Buckholtz,Evolution of particulate emissions from a coal-
fired power plant.Ph D. Thesis, Lawrence Livermore National
Laboratory, California University, E.U.A., (1980)167.

5. C.M. Sheih,Atmos. Environ., 11(1977)1185.

6. A.E. Aloyan, V.O. Arutyunyan, A.A. Lushnikov, and V.A. Za-
gaynov,J. Aerosol Sci.28 (1997) 67.
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México (2006) 120.

18. A. Salcido, A.T. Celada, M.L. D́ıaz, and A. Rodas.Modelacíon
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